1 | NTEGRATED M CROFLUI DI C DEVI CE FOR GENE SYNTHESI S REFERENCE
TO RELATED APPLI CATI ONS This application clains the benefit of U S.
Provi si onal Application No. 60/963,673, filed August 7, 2007, the
5 content of which is herein incorporated by reference. FIELD OF

| NVENTI ON The invention relates to gene synthesis; specifically, to

met hods and syst enENTECRADED oSICRON.UIDIY ©msiTcandes RMNE emmsherts
ol igo-nucleotides directly on a mcrofluidic 10 devi ce. BACKGROUND OF
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fabrication of a_nul chanmber mcrofluidic device for de novo gene

synt hesi s byFﬁgggnBFlﬁﬂVFHEIB?ecursor ol i gonucl eotides and anplifying
the assenbled tenplates in a single reaction in the sanme chanber. 25
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but is not t o] ns an. Lnge
ﬁleOf|UIdICh§E§?gg gggagpsggggper%orkﬁgagnglngep gé%% E%ﬁ?ﬂ%§95D¥%
assenbl e a péobmofholkitgohiigbent:tdestides 30rgents whth tbherdesiiedc
coding s gue e The devi ce conprised of two pol ynerase chain
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electronagnehég m.crom xer, _shuttle m crom xer, volune nmeters, and
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gene SynthesbginglEQBDHELQQEhgﬁstgﬁﬁﬁoi65§E5g3§ﬁgpéegebﬂﬁ8log1es and
micro~PCR applications have been reviewed (Auroux et al,
15 Lab Chip, 2004, 4, 534; Zhang et al, Biotech. Adv., 2006,
24, 243; Chenet al, Lab Chip, 2007, 7, 1413; Zzhang and
Xing, Nucleic Acids Res., 2007, 35, 4223).

Kong et al (Nucleic Acids Res., 2007, 35(8B):e6l, e-pub
April 2, 2007 and US Patent application publication US
20 2007/0281309) describes fabrication of a multi-chamber
microfluidic device for de novo gene synthesis by
assembling the precursor oligonucleotides and amplifying
the assembled templates in a single reaction in the same

chamber.
25 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 performing two-step gene
synthesis to assemble a pool of oligonucleotides into
30 genes with the desired coding sequence. The device
comprised of two polymerase chain reactions (PCRs),

temperature-controlled hydrogel valves, electromagnetic



genes by pol ynerase chain assenbly (PCA), and the full-length gene
was anplified by a second PCR The synthesized gene was further
separated fromthe PCR reaction m xture 10 by the solid-phase PCR
purification. Accordingly, one aspect of2 our invention relates to a
two-step nethod for synthesizing doubl e-stranded DNA in a
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Once the PCR amplication has concluded, the PCR product
30 may be purified on the device. Accordingly, in the two-
step method, the device may further comprise a
purification chamber in controllable fluid communication
with the PCR chamber. In this method there is the further
step of: (d}) loading the PCR product mixture into the



As with the PCR products, the tenplates produced by PCA may al so be
subjected to error filtration. Accordingly, the device may further
conprise an error filtration chanber in controllable fluid

comuni cation with the 5 purification chanber. This nethod further
conprises the step of loading the purified tenplate into the error
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chanmber to the next via channels
be purified (and optionally, error-corrected) before being
used for PCR. According, the device may further comprise
a purification chamber in controllable fluid communication
25 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.
30 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.




15 conprising valves. In certain enbodinents, the valves are
responsive to tenperature changes. In particular, the valves that
control sealing of the FOR chanber are prefereably able to w thstand
at |east 6.8 psi of pressure. 20 To carrd out the synthesis reactions
as described herein, the devices nmay be operably linked to a heating

el ement, a cooliigh etiBfEMtR Prd QPSS At tHL- SRSt e ANsk Al eatnaze
controller. In another aspect, our invention relates to a
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and a plurality of different oligonucleotides wherein each
cligonucleotide has partial base complementarity with at
least one other oligonucleotide, thereby obtaining a PCR

20 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.

25 TImmokilization 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
30 method, the device for one-step synthesis may comprise an
error filtration chamber in controllable fluid
communication with the purification chamber. In this
method there is the further step of lecading the purified

double-stranded DNA into the error filter chamber to




25 Figure 1. (A) Schematic of one enbodi ment of the gene assenbly
fabrication process. (B) Schematic illustration of enbodi nents of
FOR- based gene synthesis. One-step synthesis conbines PCA and FOR
anplification into a single stage. The two-step synthesis is
performed with separate 30 stages for assenbly and anplification. 7
Figure 2. Enbedbmentsuble{&)rfdechbpr €t Scherdin copiethel ¢ her nal
cycler; (C Photograph of the thermal cycler with PCA chip. Fi gure
3. Enbodi ment>8FeFrEedrat ed two-step gene synthesis 5 chip. (A
Schematic; and (B) photograph of the microfluidic device (40 nmx 35
my). Figure EheEﬂﬁbgPﬁﬁn@%dd@eYMGQSC%%n@@$@§l%%@ tye phonayr Epiclofr
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wi th hydrogebryabyes. wThe d9e PCRnS ERELE 05, Rt Ayl oged Vaiﬁ’%a%")eéfso

controlled by two separate thernoelectric heaters (TE 1 and TE 2).

(C) Phot ogr aph etlafuhotet bpchiede 3yt hesd sstdp ptod et ol id-iphradenPCGR
purification 5-.m Figure 6. Schematic of enbodi nents of
the MutS er r%}EIQZBﬁ?: %?%?lrkgr%%%tse%g%d(%a%%nr\[}%% ‘:ilofl%? %?%%dcﬂ_sjr%' gel

el ectrophgresis 1o separate.the m snmatched DNAs capture t.S
enzyie | Pom The TRTCRES DAISTFIRSH ACre Saqibnces ity Sty dLpHiRs to
Mit S error falfenidMilSyeneyi@esds, | SB0DML E ZEwk O RNt i PAT§iEd es

or nickel chelate 25 particles. Figure 7. DNA quantity () before and

(0) after MAZCRYrbRefFIeBI$RY. 18 AJeT6h bRA DNALS ol 62 i t dmzo i ey &

of 50% i ncor t e ( Mo} i nserti - 50%
orrect sequongel (B TEQ" be DA Sarby e v PP 10098 perd ot Jagr - e

sequence. Fi flweds. n&Enodveaenten ofng Aph@Chiber bas ethgenexisynthesisnnels
system cp rising.PQ@ assenbly, PCR anplification, buffer exchange
and error”fi T gt ¥ By sthematic of fully integrated device for

gene synthesis. 8 Fi%ur 9.. Conceptual description of gene assenbly
fabri cation %?o%%%%a GRS R 6719, VEETRIR T BISRPRS1IVe to

bi 0i nf or mat i eeme + 4k Lo f G akgeaki NG, ther DN BeaUence 4410 OPtj sl
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control sealing of the PCR chamber are prefereably able to

withstand at least 6.8 psi of pressure.

20 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

25 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, & polymerase
chain reaction (PCR} chamber configured to contain between
1 nL and 100 ul of fluid, and a chamber configured for

30 solid-phase purification of the PCR product, wherein the
chambers are in controllable fluid communication with one

another.




5 Figure 11. One enbodi nent for PCA. The nethods of overl ap

ext ensi on, successive extension, and thernodynam c bal anced

i nsi de-out pol ynerase cycling gene assenbly (PCA), and |igation based
gene synt hesi s. Figure 12. Enbodi nentst of (A) The Gene-CD
instrunment; (3) 10 Schematic illustration of the mcrofluidic
structure enphoyetcfofldhei Caner G pha f DM hdt giomgdise SCheimtrie

di agrans of device operations in one enbodinent. (a) digonucl eotides

and PCR mi xt ch & RRT e“PhHEE $ht &P Pr dhardierts POA s RHerr eawdidt ed.

(b) PCA- 15 assenbl gz spluti on was, mxed with fresh PCR m xture
containing outer primers. (c) Mxed reagent was positioned in PCR
chanber, an pflicatio : - S i.zed
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magnet i ¢ beatrst IEy AT HelT 5P ribtlictd RET et &R hit SPIHPRTIH: Bk e ith
Figure 14. (& Photogsabhstiodr ane dbelomdxefqenmbodi nent. Col ored dyes
(blue and red) were well m xed after being 25 shuttled three tines

bet ween two ghanbes sy s {P)gSchasptlc ﬂ&é* %fﬁép%&&pé-:gee exPatd R al

arrangenent with a syringe punp, electromagnetic m-xer,

t her noel ect r¢enheatess Bod ehater atiuisrtionof FilgureCR orddectt her mal
response of in situ 30 photopol ynerized hydrogel valve. The val ve
functi ons0welre ¢eghdin repeadaidecs The tins etscshibwedd ideddvians) tilons

of valve functiaons. Figure 16. The | . cyclin rofiles of the,

cust om bui | t¢ "?ﬁ%r‘?’rﬁ? Wc?%‘??rﬁ%%ﬁgo‘fﬂp‘%éf%’ﬁﬁﬂjé@wq el He A1
9 was used indhiget epperatatiee T eedhacki £on red1dwat efnd epperad i) be
for thermal cycling. The tenperature difference between the heater

surface and ¥#IPPPSiTrR PCR ehebhriule hameres experidiage)vavases that
conpensat ed i V r i e 17, ( P esults of
U002 S LA FRA0T A LA E: Lo (A RN

t he conmerci a ermal " cycter an si ngl é-'chanber devi ce.
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(B) Two-step gene synthesis results of the cormercial thernmal 10
cycler and t¥e*Thtegrated two-step gene synthesis device. Figure 18.
Agar ose gel 1(1. 5% el ectrophoresis show ng the synthesis yields with
ol i gonucl eotti¥e Bbreeht it orebics 38 b pRI Rt erl Yrierrto a fluid-
concentrati ops,@f 5 O 150-4 PM for the two-step process. Syntheses were
conducted using a 15 conmercial thermal cycler. (a) PCA results. (b)

PCR a”plific?ﬁiéﬂbfﬁé%”$§bect, cur invention relates to a system for

20 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

25 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

30 stages for assembly and amplification.




Figure 19. Agarose gel (1.5% electrophoresis conparing the synthesis
results conducted within comercial thermal cycler (machine) and

m crofluidic device. (a) One-step 20 process (device: single-chanber
chip); and (b) two-step process (device:7two-step chip) conducted

wi th an ol igonucl eotide concentration of 10 nMand a pri ner

concentrati ori@ird. 2. pMbdd gwsec 20 T efdecthnf; elmyt iuhdrermer ajure
and 25 incubation tine on DNA extraction conducted within

m crof | ui di cERRVIRRIa: Breden: alfd) sthmderrpoicRf ude (hemnal myde
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based on kno %ssb%b%}h%?% S ubE?)nQJW%%%éD%PH}% reaction
(PCR) and |igaseoehaidydedsdian (4 GR35 Gapponents required for
perform ng gene assenbly are devel oped, mniaturized, and integrated
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shoul d not behdnbeted(ND dhe SPecifnteemmd e sowexenpl {Hdedor to
t he expl '8i E)%cog]i[)i nations of el enents described herein. Figure 1(A)

shows th ng Fa5ife Fibot He? AUETRE 0 kSRSt | Epingnd

gene assenblyrdmidod-d0r- & £4 | oSy Nideti ¢ gene. This enbodi ment
i ncl udes four process steps, which are polynerase chain assenbly

(PCA), pol ynigkgizee chaiinhedicrenrs (FERn arpl (A tigred mdferofexchange
(not shown i ' e L(A)), and error_filtering. 15 The PCA step
assenbl es a %%%#g%%nss%lr‘%g ojTelaasglorﬁuc eoti't ]se (i}ﬁq?%e% %Er?g‘t ﬁﬁéc)f 20- 60
bases | ong) fathoidaDned doiid b= -sdH sk PN (€ atd €@d Heigdgdie)vatidds t e
desired ngt h and sequence information. The quantity of the

assenbl et t efpt AP ENLTS IMMERIT) sth e e o &t Y imgdie 2o
1B). As the assenbled praductic & S0 apni@lns same; DN Wi hy )i ncgiyrect

sequence, the product is filtered by using an enzymatic error filter
cont ai ni ng MR enzame. 0T stwlept qrurddriess tinshesise it iad vwirtdd ustl 1 dFo

iagfjgg’raitﬁ thﬁaesést&p@ ﬁLPrtfffcaCthicpn %15 era<Ht1 ra 5s6 ergn)(_buf fer exchange) is

Figure 6. Schematic of embodiments of the MutS error

20 filtering steps. (A} Conventional method using gel
electrophoresis 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

25 particles.
Figure 7. DNA guantity (B) before and (e) after MutS error
filtering. (A) 760 bp DNA sample with a mixture of 50%
incorrect sequence (2 deletions and 2 insertions) and 50%
correct sequence; (B) 760 bp DNA sample with 100% perfect

30 seqguence.
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.



25 conjunction with the PCR anplification and error filtering steps.
This step will extract the full-length tenplate, and rel ease the
full-length tenplate to a buffer optim zed for error filtering. CGene
synthesis on a mcrofluidic device (als® called a 30 "chip") my be
conposed of a nunber of conponents. Figure 2(A) illustrates the

m ni at uri zedriderared . cyei@Fpiir]l perdOF P PGE aferRCR s 1desi gn s
conposed of a PDMS fluidic structure on a silicon substrate with
phot 0- pol ynerd 2t Hy b gy OGRI & ISy dr ogel val ves are used 11
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actual se -u%‘%‘fr‘?h thde,\]r?’?mefm%c r%‘?]%ér%o%ﬁoc%T ir]‘-ﬂﬁ d‘lﬁhtgkoc%( @faé’ﬁ(?r ap
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sof tware. Figure 3 shows one design of an integrated two-step gene 10
synt hesi s chtplamird i iFle TRy R legnq s PCY Fnid PCRE GFsamp vhe
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ol i gonucl eotd:flesr¢4P hasas)e i GENG SHIESI s process was first
optim zed on_a single chanber thermal cycling chip (Figure 2(A)).
Then the optT¥HY%Rl ¥¥ciPerarst 20 dissarans syihtdfasice g0 3P dINA ion care
i ntegrated two- ne, sym-hesi hi n .(Figure The ,synt hesi s
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gener at e]g t he ful Ijo%g?gcgg h product from 25 oligonucleotides with a
concent rat i SR 1810 (B ydreedy (ryh Sreslt S8 mbidicES a

l'arger quantddy Din it | sd@ngtdy NA-4 hap- it hecomeradale Lhey Blsitioned
cycler. Figure 17(B) shows the results fromthe two-step integrated
chip. The clearPBamhanbahe ayed esBIR dnon bura tdewi o Berformed.

illustrates at )S t he synt hesi zed uct is full-length DNA
(Figure 17(B§C§)’. %\é?eéfyrgﬁfsalrrzp C|¥f]g|)rcoa |%tn,arﬁ1e saarrgpﬁszmn%cyh be sUb] ected
to DNA extr goimmen adeh hidddrd excthangeadsl hehdridaer MpHRoasse bhdd et
extract e full-length DNA froma pool of assenbl ed products that

contain CHILVERS 8%% 3 SHRAME - dfe WP do 197 i1 Yaithesdhat ifng

the solid- phase: DNA B FACt) 0N UREES S d) 1 &l Ryi (g RAseG CHNGRnt,
is to use 5 silica-coated nagnetic beads to capture |ong DNA at a | ow
pH val ue, wasH thes egurdiath wdre elasieduffter oland ahdmffdmase t he

captured DNA$ th | val ue of 8.5. Fiqure 4(A)
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beads are cardlicwesh idydd tdiedeads omnberrd Glediusiingd d1tur mgnef

| ocat ed derneath the beads, chanber. The DNA extraction chip can be
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To denbnstrate the

extraction chip is shown in 15 Figure 4(B).

concept, we $avian@Emmhuyed slddiomeaated oagna ¢ teadsodrarmric
I'nvitrogen. \Th srlsl ia?r?' co t ed magnet.ic beads from ot her commerci al
suppliers or g can acf <6 e USEH S Ve Hhave optim zed the process

par anet ers dfidures TINA Bd riacd il chigpdnsdisd Mol Qi thp DNA
30 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



20 | adder as sanple. The yield, defined as the percentage of DNA
captured and rel eased, is 42%for our chip using the standard

prot ocol provided by Invitrogen. By incorporating our own rel ease
process (which is enhanced by heating), 9w have increased the yield
to 70% In short, we have 25 successfully devel oped the DNA
extraction chip,uséd cin care beenipdegnated sddbdr dihedreR «hi (headre
desirabl e chi o onent for ene synthesis is the error filter. The
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pr ocess and mﬂlagiglrbrpfretmtsool i d-phase error filter. W have
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i nventi or&l ncl udes t&f fol |l owi.n 1. r%lpl ce conponents for PCA

sol i d- phase BNE ST TGS or?“%nldf Sh&de Brir 0% i (Rer wc\?@tr‘?éi/e
denonst r at echAdres fer frwmnce wfothese cqﬁrmort%?{cﬁl&?eoﬁ%ﬁaé@ta%
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synthesis ay QMBS Yon of 0.4 M.

Figure 20. The effect of elution temperature and

25 incubation time on DNA extraction conducted within
microfluidic device (B: 3 min) and standard PCR tube (O: 3
min; ¢: 2 min).

DETATILED DESCRIPTION OF EMBODIMENTS

Our aim is to develop an integrated lab-on-a-chip

30 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




2. Novel nethods for perform ng gene synthesis on a chip. W have
repl aced the conventional gel electrophoresis 5 nmethod for DNA
extraction and error filtering by solid-phase nethods with fluidic
regul ation controlled by hydrogel valve30l The yield of DNA extraction
is al so enhanced by incorporating a heating step. 3. The results

i ndi cate thatLory. destisen€ats Otdqes Fed NFdO SRt i ale et is 1Qur
devi ce provides higher efficiency and quantity of assenbl ed product
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DNA ext r act | 9pEehb®esmped e ressaen tHel el @ase yikd dxpihie iy dr ogel

val ve can al sg.bg, contt lé%%f%m%% Nt eQr Ilfe%%me?%ee.r. The chip can be

powered by an electrica ht oug el'ecttical connection
pads around the chi The integrated chip my enpl .
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structured Fiwgew e & Shans] 4esi g, gsyhtesds andnagsaiid or drautgensg a

usi ng overlapping oligos. It includes the processes of 30
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DNA mi cr oar regl iRk chsnchain atgadNuicdrei CPOR)I dsuReisiBarachi,ord, bulffer

5011-8, 2004 i al | | eoti t hesi . Th, ,
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Nucl ei ¢ Aci ds: Reseaned (32(20) , FPat 20 Hen | - t
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purifies the assembled product. To integrate these steps
into a c¢hip, an extra step (buffer exchange) is added, in
25 conjunction with the PCR amplification and error filtering
steps. This step will extract the full-length template,
and release the full-length template to a buffer optimized

for error filtering.

Gene synthesis on a microfluidic device (also called a

30 “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-

poilymerized hydrogel valves. The hydrogel valves are used




We showed that mcrofluidic syntheses were successfully attained with
| ow ol i gonucl eoti de concentration of 10 nM 20 and pri ner
concentration of 0.4 pMusing one-step and two-step PCR-based gene
synt hesi s processes. Mre full-length pibducts were generated by the
two-step process, but the resulting error rates of both processes

were not veryo déd4Erend . pdhessyrthesd Zath 4,0 S;d'\?ﬁév\é@{ﬂ fdred by
DNA 25 sequencing to have an error rate of -1 bases,
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beads for t SO|I se FCRprlflcat on to se arat t he
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found thet aswhitidsheath shockntarchie usetkd e ehanee fde Sk Dk steps
extraction efficiency. W showed that a 70% extraction effici enc and
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nt er 'so

hel p prepare the sy esi zed gene 1n a SU|ta ution 15
for in vitroassmblyee prlotwid synthe s arplintiegptate: DA ey rdre same

correction thod on e t accur of synthesi zed
product s. Forf S%rﬁ%%n?‘rrg# ?/%rnlg?ﬁ%rfﬂrdt% Zﬁ@lprocess t akes -2
hrs 'nleg PCRs (30, c ech and the FOR purjfication (<
10°mi 1y, 190 W G <2 A BT AT Qe
was denonst raj %mmwm@; C%@S@n@n (e B Lo oAl Lo G001

conpare with experinents in tube, the volunme of reactors and
structures' @ff nereioralkzenueleciides dovih kAt lantThe lgente Jyrdtiegel s

more cost- 25 Gldee mr%er]gl% ihesiss 0, deslon. Al IMH098le rnay

val ves, reaction c m cr'om Xers, ation are
fl exi bl e anccwyanihe «cab etk dpwre vi t}h)ou.t Hignitfhe it deisdgh recipe was

modi i Caéd N sedd 190 s%’er?élgensjfz()é %b%sljel\]rkblgn an integrated two-step

gene 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

25 oligonucleotides with a concentration as low as 10 nM
(Figure 17 (A)). It also produces a larger quantity of
full-Jength DNA than the commercial thermal cycler. Figure
17(B) shows the results from the two-step integrated chip,
The clear band in the gel results from our device

30 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




30 Gene sequence fidelity and production efficiency depend on
specificity and conpl eteness of buil ding-bl ock oligos hybridization.
The primary bioinformatics objectives are to ensure that each
ol i goner has one and only one 17 conpl @@entary target sequence and
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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

30 erroneocus DNAs from the product, the enzymatic error
filter is used with MutS enzyme (see Figure 6). The Mut$s
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




Optimal ol i gonucl eoti des are designed for gene assenbly by LCR or PCA
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pre-anal ytical . bi ndi means for trappj d concentrating an te
were di scl os®dt Ar%‘%ﬁ%%%tf %i%or%%%%ﬁ mse 1D 49 ﬁb‘%i az“g%%%ql
lysis washe tig: aprOpeHs Vand &fip iadi @f foehime sddBig-Aadad icalor

devi ces havi ng. chanbers and fl ow passages with at |east one
cross-sect i ofal t¥f nensi on on the order of 0.1 pmto 500 pm were

di scl osed. Reaction volunmes of 5 pL or lower were predicted. 30
Desi gn of mni'¢e Jt3 YR dbeceyss ekl visiene | aips that @npendmot ogeal drovisle

nU|tiChanne|a§%@%§§ié é%ﬁ%t£§%gﬁgéqgiéﬁléﬁcﬁ%p. Beside the chip

design, we have also developed hardware and software for
25 reagents regulation, temperature 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
30 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



di mensional mcrofluidic systens of varying degrees of conplexity
(Jandi k et al. J. Chromatography A, 954: 33-40, 2002; Cabrera.
"Mcrofluidic Electrochem cal Flow Cells: 20 Design, Fabrication,
and Characterization", Thesis, 2002 Depadtnment of Bi oengi neering.
Seattle, University of Washington; Cabrera et al. Analytical

Chemi stry, 78n658:s 666pal2001sf Nbdohadeh ey tegidessiAccounts of
Chem cal 5 Research, 35(7), 491-499, 2002; and MDonald et al.

El ect r ophor e3#&oma41callvig 2000; all of which are incorporated

herein in thei ryeat] redynod® £4e St &M N JORONS)SHAN; hesew té}»)diép.

Suitable materials for fabricating a mcrotluidic device 10 inclu
but are not Wénhaed teplayedithsl e@nrecopoiahere] GO@gtRghoresis

bonate, poly(di met i | . (PDVS), pol t hyl, meth l,
Yoo RonaLe, ROLU PRl MR L oxane) PO o ROLY (PRI, P et )
PDVB, whi ch gielsos e pHied £iwist RNl b 1dH i s creid a2l i e pho

processes, a passivating agent may be necessary (Shoffner et al.
Nucl ei ¢ Aci d3YfRe_@at cre lves 375h a3 7ol e hagwh DI & 8l &C ey | haatd Irip

agents are k Lot Jg_gy:gr' | ene DDM See Zhang
et al, Biotech. A%%?,ggo%%%o 4, Az%é{(#lgare Ig&(elsrg ispttaéllg'n of mcrofluidic
devi ce 20 f abriThat i omsuEchnoldgygte ndlaidisgr mbderdeal sgn desi gy andn
surface ssivation, techni ques for PCR mcrofluidics. ' Controllable
Tl 0 cobunFEATTonoTEr Gt ROt he Mo b Cost 17 it oA he
reaction flukdsi camnmbde smyesghdiom pner | peadihioned g.anatdhercyit hin the
device in a manner 25 regulated by the user. Once way to provice
comuni cat i ofPBHERRieE 2 henefdvede Wirifherens sswidhahahnied ssor@wefast m

of a m crofluidi hannel JJ f1 Ui | _-hawi var i abl e |.engt
In sone enbolg‘%frirﬁe trg, one %ilﬁrree%'s%%% gcf e (%lraolsgtyﬂsec alllgnd%}?egc 3%9 gta
channel is l&ss &GN H0O g 4 e ot hesherdoid Nt SHu Hfer dxnEngigen ofd
the cross_section of. a channel is larger than 500 pm Mcrofluidic
fluid flow behees ofljri??%mrﬁ crof |l uidic channel is non-ideal and may be

dependent onge Zdraeddt WetddHhdN opest i@se fOUgnNessy diQidh rFigure
viscosity, surface tension, adhesion, and cohesion. Further, flowin
channel s bas&Bbn Teetd@igitarcors sttt wara grolsstebctionalt graofid ePCR,

are control '}%’t@ mtnir:%%)agpﬂ%]‘ %9%‘5}‘59{?&“%%; i1 Igegaqﬁn%sta narr ow

di rensi on of a cha as the nost” profoun ec w. Vias in

a channel caneryee desi gneterisopr ormite hirectilondedd o, arad satoefature

solid st%e check val ve.
sensors located beneath the PCA and PCR chambers are for
thermal cycling. The thin film heater beneath the DNA
extraction chamber 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

25 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
30 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

microarray {Richmond et al, Nucleic Acids Research, 3,




The m crofluidic device of the present invention may 10 conprise a
PCA chanber and a PCR chanber (2-step chip) or the two reactions may
take place within the sanme changer ('synthesis chanber'; 1-step
chip). Channels are one way to connect the chanbers. The volune in
each chanber may range from1 nL to 100 RL. Specifically, the vol une

of 15 each chanbes, nByobp detywehe B and: dh s e ok0 dd- m e rs20
nL and 1 RL.; 1 RL and 10 RL; 7 RL and 20 RL; 10 RL and 20 RL; 20 RL

and 40 RL; 4Bhewe obiguners arel FORRIakrpIob RUridiedaatcd amamdlied
fluid access. a n vice. 20 is, by providing.valves.
111119 l&@ e]fr)l\gg ?%%?erg@s l?sglrf_igdrrn_glu Ji Cs?t:egpes dll rion dand

M crofluidic valves Tnclu exanp cham ¢,
pneunatic, nmghetecasandy el fed rassath Oy ackemt aletfialy CaONA add@tehtd th
at | east one dinmension smaller than 500 Rm A representative flap

val ve of The"HeRus FRIHREeriHErTor U B4 Db $ruded 2 iace
hydrogel val¥esordi ALkl VapMESam¥BXs V&l ¥fon NRIDFANGE 48l m%&@%ids

val ves and el astoneric val ves. Patents describing species o

m crof | ui di cResdaeshi ngd (k) U.S.6%, AQB55; 6, 418, 968; 6, 620, 273;

6, 748, 975; 6, 767,194; 6,901, 949; and 6, 802,342. 30 Controlling the
flow of fl uilntdwouddmahsimel sd nayeotown ity otrgh RIS Asiel ioforf |dwip was
control nechani sns_that, include an expandable material. Such flow
control nechg%}?gh%aﬁi e Yot oo %&rqtﬁfr tHE T St drayio1d of
i ncl ude, 16 orpiexedpd Byme 22z 4@t 044 Bl S Fi@tp syl in URHL GO ACtanM thra
fluid, such as, for exanple, water, a solvent, or the |like. Exanples
of suitabl e TatetTaleVdorrathian ude FeT o hyalrigalaepdty maast ife ghe
swel | abl e polyhBeLs)., Suc oo f I y | anl de,

expandabl e mat er(|5 alvgl%grﬁijmn yn r%%erefr(ggﬁt%a%?egﬁép'eﬁg%oﬁbrﬂe%ﬁCpoqoyanerrosl

(SAPs), and/wxs otdeelrizediviaii ea mteriaien dpdimagelmonmy awkldhadmally

col l apse in response . to nunber of factors, far, exanple, pH,
terrperature,a‘(ftbj’r[:‘feétes(i1 rré\ﬁ%fc?f—’ WUt i O 1072 EnyPTe St kG gfps sealed

thereof .18y 0 sn@! ¢ i dvenOr @}%iﬁﬂ%ikE@,iﬁ he hy Hpaelgdmy Jegl atg tdhe
flow of fluid through a channel. For exanple, hydrogel may swell at
t enper at ur es"Het oveE ST tHUE TRt oLy @ ramatemt 2 8

shrink at a gﬁpﬁ{% £ ‘?p ve, 320, ]E%%Es al l owing fl ow t hrough the
channel . 15 ESRever Si % b o%kl ng rra%/ used to performserialized
reaction prages pthin a mcrof |l uidic device. For serializgffd
reaction pr oc%s%ﬁ%fé%ll tﬁlln%%/ Hblec%%%h}la it e st%r?t\sé%e EhdE S s H Ly
cheni cal reaettionsednditl oD CESSES W 16l e Nl wih Cordeyd Ce nM
wi t hout e6<p05| ng the reaction . ,

2 and “primer concentration of 0.4 pM using one-step and two-
step PCR-based gene synthesis processes. 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

25 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
30 obtained comparable synthesis yield and error rate with
experiments conducted in PCR tube within a commercial
thermal cycler. The resulting errcr rate determined by DNA

sequencing was 1 per 250 bp. To ocur knowledge, this is the




20 materials to the environnent once they have been introduced into
the mcrofluidic device. Common materials for hydrogels include e.g.
pol y- Nl PAAm pol yvi nyl al cohol, sodium pol yacryl ate, acryl ate

pol yners and copol ymers with an abundante of hydrophilic groups. 25
Nat ural hydrogel materials include agarose, nethylcell ul ose,

hyl aronan, apgh ot hefc et Waddy deri e hINd®FS:1 rﬂrﬁifé{{ﬂéﬂéii Gtwo—
device may include a m xi ng nodul e such as a shuttle m Xer

el ect romagnetieP rises . sYH-Istrittd e 30 mixing, a solution is shuttl e
bet ween two chanbers connected by a narrow channel. The abrupt

openi ng at thkcrhanhigl -dhmnbereguaictd areng ossc‘rtéaiaala:hadm,c veed \dectd rafipe
at thejunctlons a%?cjlrcdélatestheflo [.n | ect rona ettl d
m xi ng, al t €f natThy naghet St it enté}eatseydltt g et an

magnet i ¢ @eqdﬁepan_»é heu fif £ ofd Wit 6 deit cywridiSe A0 dptll NG tikg . we
solution containing the magnetic beads. In another aspect, two liquid

streanms are BTRRRCEIG IWQ%r%‘dglrFaa %ﬁiﬁ%lmwltqwéiteat% farqdibgs
are mxed dw r qﬁﬁ% { ﬁﬂgnpq

vel ocity of t%ﬁg?l ui dg ﬁﬁrey Sfenécge@icér{r]reé%fest e uid |tg{cersg%§edd
by increasi rgradiect ehgmn die tHER czham*te:lorson:la;stume ermfurteasdnnm,etm@

m xi ng. In anoth asp ct, the m chann anch into
LB e harT O S ST dE A S €T ind I & HOhEe the
resi denceg t i mren ém&ﬂ&mm&m&&y Ngsyd rﬁfﬁbnﬁecfniﬁfa@f lauidjsc channel .
Inlets can fluidically connect a mcrofluidic channel to 15 tributary

m cr ochannel Xt it ehrraret bir @R 1h ¢ 'ech dhirie oo i - kffvegl rﬁi\i?-‘n loading

Syringes, Cﬁ%f‘”"%m FOTRA BRARRATS 1haff i

m crof | ui di c({eayi c&)°Quidet3d ncionpries opammgsl waitorof ﬂauna a«rmﬂdukrhﬂp
channel 20 and can §3§0 be connected to coIIectlon or s bsor ent

material forPTEHAT ng'T | WHFFTORIDSDR 16t .2 1Iruie ution

necessarys t of €O oFidhe Vol une, f ﬁﬂdﬂéﬁﬂ”ﬁ&ﬁﬁﬁ%é@é'“dktfﬁ%egrate DNA
m crofluidic device. A volume neter may conprise a chanber or a

channel of d&f%Jed¥oremss e wfdéiﬁar@at@dlgeﬁmmmﬁha@tccuracy

i ntroductio at cli a defined
Lol Mt 1 0.4 e AR eatad, SS6l | Q% dGalld Id!

vol ume of fluid act uat or al ITectional novenent of

fluids wthideromscraféd) dites desdwoess E)«zemﬁ ary ract uatansiimelusde PCRs

syringe purrpﬁ?tO bul bjrs bel | ows, hr a or_30 bubbles intended to
4 e i

force movement® ofY i @ Chhét tpr‘i}’c]tﬁfr%as“d:fnt%% Wi Mave a

t hi ckneszp orpidiesih rensiomed d.essdhan 7152"n}_-;£j imeter. Such punps
i ncl ude the rrechanl cally actuated reci rcuﬁ ating purrps described in

24 U.S. patefts B, 7 Sratelol| I it
2005/ 0106066, ﬁr%ﬁ%%&@&uﬁ? TRy bﬂe%éecfg“tlgdgp bfyqﬂladnl?o‘:}esbfn in

robotics. Elrelctrobsim? i tcpmpse atierarmy aimmibe wissd experiments in PCR

tube, the wvolume cof reactors and structures’ dimensions
can be scaled down substantially to provide more cost-

25 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

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

to ensure that each ocligomer has one and only one




to regulate the flow of fluid in mcrofluidic devices. 5
Alternatively, centrifugal force is used to propel fluid in the

m crofluidic device. U S 5, 610,074 described a centrifugal rotor for
the isolation, in a sequence of steps, &ff a substance froma m xture
of substances di ssol ved, suspended or dispersed in a sanple |iquid.

10 Mul ti pl e safpletertLr ProcessedsSquandangousiy sumanshaf déach
plurality of fractionation cells, each of which contains a series of

i nt er connect @4 IYRARDLEP el e d° ¥ efit & o5 LU E et BUG T Reh | WG rtwdidual
steps of th I I néﬂQW. | aty C t

this 15 cen??%éﬁg%iigp%%%%at e %%@b?#%@gc%{nglﬁ%% %gé;%u%agﬁe%oydrphae
sanpl e |iquidomplene oinet 62 fiklacte ondklal anyo sdsgenofy tdeeypreses Such
gover ned ?y T?ihcorrbi nlgti]gn both t he gﬁﬁged and, di rect{% on of rotation of
the rotor>ant gr avi tat ¢ onFle £ HF &R ThtEHBHNettd ot LA e %nd
passages of each 20 conpartpent are sjzed and angled to prevent

pr edet er i ne%h%@%@%lﬁe%aw P A Ty PR LT AT IgVet FaRIvimgt
the conpart mepiqe&enei fssemiy and Sihesis, % Ofs JENqIES, have
been synt hesi zed de novo from 25 oligonucl eotides to asse e a viral
genone (7.5 wbtiGel | NREtokl goBci@nddjA 200250207,y 10dB)g racterd aphage

genone (5.4 “l%)é'reSn%ﬁh & ci. U 2003, . .100,

.al, Proc, Natl. Acad. S
15440), and a gene ¢ usi}‘e(?o%sall—%r%eesJa%e%ZtC?(a“?%oaLﬂmLfn oLy med g
Nat|. Acad. SehpetiBAir00dm) 10ds d:ESY3)hyIhed Bk aigestd sseddield 6, DNA
reported to date is 582 kb, the genone of a bacterium (M/copl asma

genitalium DY VERE? End" SO0 ARSI TR @bsEHIRES al Theag iy, Po0s,
319, 1215). Furdherims %n%@ﬁ@%%%@% S&ﬁ%éfrﬁ'éa%’o&@u”&q

25 with high-density DNA m croarray technol ogies (Tian et , re,
2004, 432, 1950 SreRichmihoiefomiatidwuc| Bl €11ci ds0dResiq, 2004, ; Ihou et

5011) providing mllions of. uni i go eot i des a

si gni fi cantIE)l/f'I TP %?m?%hcﬁh%(ﬁ)deri%%‘lﬁcde% %@4) are adapted
ol i gonucl got t dlejecoOMPArietyH Qod o GRVENth il # it hesi aeyene

ol i gonucl eotides (USD 0.2 per base). DNA bionolecule as |arge as 15
kb (Tian et &FSeMNatXire, 2004, 432, 1050) has been successfully
constructed with oligonucl eotides fromDNA mcroarray thus far. 10
Gene synt hesTie U hgEeapivte gfasdee diwns yerad i apruciedt inkde ey efour

been demnstiggfgré Tizf?” £t Gal 'aﬂ\@td‘)r %Iﬁ%;%@aiﬁo@riﬂ;&%ﬁér&#%ohn

i ncreasi ng conpl exity of ‘ol i‘gonucl €ot | synt hesi
unf easi bl e. fssumangiehatrd poodsofh GO dli 41 ) 1 bl dugeinived teiodri des
is the pool |limt, and that each oligonucleotide is on average 40 bp
with 20 %@ oVETRHp: S tHerh e Ty g%%’ttgedb*s%}u bl RY o“‘ghftﬁfe IqSTHnided T he
fragnent propmpem&f@%%derzcgbféﬁé@g% HS) Aevesulls I8 QeNes
and DNA fragments |arger than about™ 1.2 kb, nore 20 than one rounds
of synt hesi sPEW Hlehi eTREe bead e adel POR duvenmlsreind o3 hesisrbly
from ol i gonugleatide I@?W&!]? I rel ﬂ@/ da gl or i.n
series, as giscrll%ed%%e OW. %‘é%ﬁ%‘f%o‘%?ha }?ag“g?]?\lgl gdra u({rgd' ol#{% ¢
assenbl y andAsidd hesssafetommb i goric! 2014 desnd miseéne20ligo {Rouillard
25 et al, Nucleic Acids Research, 32, Web Server issue, 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
30 {Li and Stormo, Bicinformatics, 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 seguence. In




25 mcrofluidic device would be routine for producing DNA of up to
1.5 kb; specifically in ranges from300 bp to 1.2 kb and 500 bp to
800 bp. We envision that it would be practical to use a chip to nake
DNA of at |east about 100 bp. 30 A vari g8y of gene assenbly nethods
exi st, ranging from methods such as |igase-chain reaction (LCR

(Chal mers angoii moyy Biot iues, t i e)ar 24802, i 2 Pl cMNsNisHe ret
al, Gene, 60(1), 115-27, 1987) to suites of PCR strategies (Stemmrer

et al, 164, €EHNUOLEF idensio FohRENGU dHP 18 toplatepdan POR.8),
Protei n Engi ' - 92 §@%h 1), BioT [

14-6, 1992, oun%dﬁcg%g% L?]&ﬁc%esl C |(%lsr&§?esg}en§rc ,l 321:(%&-523&%” E%&g};e
Gao et al, Nusdeicedcddsemeag &1,tled 43mROO[E Xilangretclaqt iNea eirgd 5

Aci ds Resgar h, 32(12), €98, 2004) (Figure 11)._ Wile nost assenbly
or ot ocol <0 StETITNFT T e o ST TRRS | Stbpl GG <yt Hd Hle 9513 T5h. SErEPosies -

with PCR ampdéddedt i@ drddhe Dl 24 9806 r SNGnP WAk ReIMBeR reg

those two points can be quite different. Inthe case of LCR the

initial oligods lgeypopid stearchong et tvol tavad gshosptier yedtled 5

ends that al | i gase to coval ently .connect these "buil ding
bl ocks" toge({i%‘ye\%f%#oe or mgfcﬁuerrnlletneﬁisacfl%ecneplta el.mweasesge}ﬁbﬁlﬁmﬂ[omever,
makes use ofcamgphosphos yd@ingsh OF 1g0s] BUHRTHh girdergo. repetd,t intee RERnd

cycling (ﬁ) extend and create 15 a full length tergjl ate. Additionally,
t he LCR% 0ce5 sSFEGIF IR YIS YR DO rfcEhtFatR G T8 A I (Sifg-16y9 r%’r'r“'g‘%/lx

wher eas bot hysingle sd¥anded and double std anded RAR0Atians 1h7a<\/1q£ ’

concentration requirenents that are nmuch lower (nM 10-9 range).
Publ i shed syhifesis attEhptGhdavet usled Bildigormmigiary 40 Cide A58~

20- 70bp, ass [ rough__hybridi zation of overl.aps (6-4 .. Since
many fact or sfga@e’ S%Q(Seirl’mgcncgaa ‘f:)%l HE T EngtH 2hd Chipos Jtélrb n lgrqp%‘i‘% gos 9
(Tm secondat§obd rpiedditem 0 Gzdlcuhe sitze ankdhelreragens tyefnddtis
25 popul ation could have a |arge effect on the efficiency of assenbly
and qual 1ty OFCHslsdi®i ed genes. The percentage of correct final DNA

product relies on the quality and nunber of "buil ding bl ock" oligos.
Shorter ol iRt Hege ?biEINYRASR PSRt T FHFErEE i FH 19Re ¢S4 by

oligos, but ymre 30,011 re.r i i he PNA. )
Besi des, the redct}Jced&{’)ver ea(%s&})f S ogr%é%}?&)éssq;rfelg%t's |H%'r ﬂgﬁg DPn%
of the anneat¢qgemeacis ofr, rshidivipeanotrese orgrspecs fwicclaneeaftimgyt &

reduce the effici of the assenbl rocess., 27 A tinme varying
her mal £ eIk rof brERo THE G1eib THGH S Hoskd . tiped e
m crof | wai cogtemiLr $0idd ave LR 3l difdoatd o oire PO reactinens to

occur.The time varying thermal field nay be applied externally, for 5
exanpl e by preEPeRA e M1ty diethrds cdon top et rrideitmimethod,

neat | ng bl ocly: ofnd Ny easl oyl D Zudd crgfdul dice devd g,

. . 1 sSer, or
exanple as a tJhI n %I m eater\y%ocate%ll mredi tely'ecfbe ow t e]-%%&land
PCR chanber scaliculenpat af e tdontuot #-ede fdare e snd el rie npenst nereod  (The
heati ng el emenct{ . L

and acceptable melting temperature variation (ATm) among
25 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
30 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 mutated

c¢ligos with lower Tm into a final product.

Microfluidic device




10 in conjunction with a tenperature sensor linked to a heater

el ement, or integrated into the reaction chanber. A tiner varies the
duration of heat applied to the reaction chanbers. The tinme varying
thermal field may al so be applied to regal ate ot her aspects of the 15
m crofluidic device, for exanple in actuating tenperature responsive

hydrogel valnesrofihgideipesaiete of dhe dhesdml fdedo iy Ma silicon-
according to the denaturation, annealing and extension steps of PCR

or PCA reacthamed Tyipeaany, faeeleiedcitanare ‘d@ﬁ&“{weﬁf de T LR

For 30 sec. npeart B8 oot 1R 1 UE o) <R WM e
for 30 sec, ahndsaohass, emmmnoﬁoﬂcﬂﬁujpmm;ngbfﬂ'h]atdw@dm and

t enperatures used na Cg@var endl ng on the co 03| tion of 25 the
ol i gonucl 8ot FYEESOP A RS o SR PANRISHE  and

the reagent st ysedi oho¢g, eﬁf@&@éﬁﬁlﬁ@g%ﬂﬁ%@é%ef&mrﬁ?%@ﬁn
enzymes that i ncorporat e nucl eosi de tri‘phosphates, or deoxynucl eosi de

tri phosphat e%ech@l@W%ndIIBOOlae Bémkbwr@@yﬂ t@laﬁm@t@flfag Fa@Ri gillﬁfexSlon

an ol i gonucleot ide or a-DNA, fragnent. .For enera di scu

concer ni ng po?yrrer%ses seedV%Jt son, %Ub%r%igs 3(1%9873 Iec repare
Bi ol ogy of thectepenidid Hips W Arhammcamemcﬂmectmwf 1253nll?&rtkad
Calif. Swtabl e pol ynmerases include, but are not I|mted to, MDD

pol yner as®; 0 Ib%jr%%r%%%roﬁ']a bt § e Rsees Ear gl pol ynerase |,
"Kl enowu fra ment, T7 polynerase, T4 polynerase, ol ynerase and
reverse 5 tr %%cﬁ?mb*f%%ltm@fo?ew%vw@ k FHovih- |5Pv‘i£ﬂef ii 5}&587 128;

pol ynmer ase hav of - r J;jiﬁ%
may be used ?ogggp %%at% %fa\[% acﬁ?%##g%%ﬁ{lﬁtp &‘%};PE pol yrrer ase
possesses 3'biaped’ dewmm&lé@sep@rﬁ@ﬁmzm@ammg dthe vhatyent hifssaosmy

t | eot - t PCR Assenbl PCA
PR assenbl yoTRbb: phF sre SRATEN ot Gif Gt ST SHET o] FECoTb hat | On

Wi th at {gastckesol Fg@enygh et i fes: havi NG 0P| EIENEBLY &Nds: Wiieiy
can anneal such that at |east one 15 of the polynucleotides has a

free 3'-hydroxgletapabi@s ofn pyl yaiel eotThie ¢dalee e%fémb‘afﬁ‘%rﬁ aeple
{)/(I;:\FII“IrIENr Sify%?g%% %@e ngl a%%)% %%g?i%%/agen nd@%%ﬁfie)
Over | appi ng cbngonlliegtieesenayube i xedk | or an@be stendat ech RZRmbers.
[eecti on conkayning, ANTES, -POLYTELase. a0, BT Ly, The, ovel) appi S
doubl e- stpangded: Peiel £&g@€t 8. 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 analyie were
disclosed. A common fluid channel was used to transport
25 «c¢ell 1lysis waste to an open veant or to an off-chip site.
Analytical devices having chambers and flow passages with
at least one cross—-sectional dimension on the order of 0.1
pm to 500 pm were disclosed. Reaction volumes cof 5 pl or

lower were predicted.

30 Design of microfluidic systems using laminate technclogy
allows multichannel analysis and the formation of 3-
dimensional microfluidic systems of varying degrees of
complexity (Jandik et al. J. Chromatcgraphy A, 954: 33-40,

2002; Cabrera. "Microfluidic Electrochemical Flow Cells:



sequences that serve as priners for the elongation by polynerase in a
PCR reaction. Products of the elongation 25 reaction serve as
substrates for formation of a | onger doubl e-strand nucleic acid
sequences, eventually resulting in the gynthesis of full-length
target sequence. The PCR conditions may be optim zed to increase the

yield of thepdarget 2000 QNA SEAUSNRE ©ha30 Mad o iRER based jnet beds
have been described to synthesize genes from oligonucleotides. These
met hods ar e Beveativesmn dyh & ald Yndeat iarce B aaidilde- GIRLvETBIIQY et hod

(Gao et al, Nugleic Aci Resear ch, 31:e143, .2003) 29 .succesgsive,
PCR ( Xi ong eb%\é%fl,n%u%r} ’e?“(s:ab&:el s e“Ié‘(esaeia'r c%n,adjﬁff:le%% cf(%“ﬁf‘)s,t rd’tjaﬁsjs' 658
asymet ri cal 6 RCR X% POR) DLSant ih etwial te Biddecmiqpigs,s b Thenli?22) ,
overl ap extension PCR (CE-PCR) (Young and Dong, Nucl eic Acids

Resear ch, 2 3RBR I 250t 7 pr SR IHRP rardd Bearand pichasiai g, 2ls: 827,

1992) and P %qu tep ntdhess PTRS) i t ,

Nucl ei ¢ Aci c% Resear%%&%lzs?'w%\lﬁz%%g@' quo%f a\%ﬁi c%ﬁ(ﬁ;g:ikﬁggr@por ate
by ref er encelthermior sl deardien adaptlted t erasiseriht,e tao POR teeripsindt endtn
a mcrofluidc device. lg‘hDA- PCRis a one-step process for

const ruct i ng-&5Mtet 1  geHes" " Fotr adj acent ol i gonucl eoti des 17- 100
bases in Iegth with overl,aeglfsS of 15-17 bases are used as priners in a

PCR reacti o TP qudit T3y Bf° tHE thaP T i il e S5 highisy+ee

limted, j@nditdeidesui@nird 6ast i O GaUS &S Ayl @8 WINBLIH Gopolymer
singl e-stranded anplification of the two halves of the total sequence
due to an ext€¥s) ofpraliecanwrrid kil prd s Sy IS Susgejuel®DMSCR

cycles, the |.C EN fr ts, which overlap
each ot her, S@?_@V@{% ub ée{ﬂs &a’%l]}a/ae%{spf {ﬁb)lm&ge’n ggggspoduc_t. 20 TBIO

ol T andon 5t sans 2 SR AT oo M BTGP IRt i R
of a gene sefueficeadddriaglidbidiatind hend Bl:O i veerse wentraigied dgenti cal

regions of tenperature-optimzed priner overlaps. The TBI O net hod 25
i nvol vesl ¢ompF et i oh Bt eEHt1He FRSAT gedy R RASI TR or (Fhaffner

with the tersniy fnd.iuld yn sy hesizet nsj dlos faaprentaodi O - -
bi di rectional el ongation nust be conpleted for a given outside priner
pai r before Ihetaledet pasmvafidg dgwects onad lelongati orhaeartt akel

pl ace. 30 Successive PCRis a sSi st PCR appr.oach in which f
t he sense pr%%ef%é%(ﬁ?%p%h% ?Q)é Whaﬁ&of&%ﬂﬁt%‘_wﬁ teEp:'tO\c,)gnc N
asssenbed, angbéhexant2sENSEr P | e Sr B 105 PON dnt Or d 418) isBicO b iadd  of

the tenplate to be assenbled. Wth 30 this approach,_ bidirectional
anpl i fi cali offR¥¥FRriakPDUEREP PRI, Pt ¢ LU INT At oeidks urtggign and

anplificati 0&%&&@,&&%%%&? B '&%% St SOMREELE: o IR i vl ves

two 2 steps. First indivi r agnent
‘Controllable fluid communication’ refers to the device

design such that the reaction fluids can be moved from one
locaticn to another within the device in a manner

25 regulated by the user.

Once way to provice communication between the device
chambers is via channels. ©One form of a microfluidic
channel is a fiuid channel having variable length. In
some embodiments, one dimension of the cross-secticon of a

30 channel is less than 500 pm. In cther embodiments, one
dimension of the cross section of a channel is larger than
500 um. Microfluidic fluid flow behavior in a

microfluidic channel is non-ideal and may be dependent on



5 the DNA of interest are synthesized: 10-12 60ner oligonucl eotides
wi th 20bp overlap are m xed and a PCR reaction is carried out with
pfu DNA pol ynerase to produce DNA fragnents that are -500bp in

| engt h. And second, the entire sequencezof the DNA of interest is
synt hesi zed: 5- 10 10 PCR products fromthe first step are conbi ned
and used as tde teopl ale §lra-Saeond- PR feact iond hyspabess, DNA
pol ynerase, wth two outernost oligonucleotides as priners. Al though
PCR assenbl yswsfage of ¢igpherel enthiaesnf 20 706esiomwor KuweiHe f,orf lshorin
DNAs, there niga% be}a Iirri(is] to the maxijjum nunber of ol onu_cleqct.i de
that can be FASEERHI 2L THi W & THGIE T2ty ot " i FHpose e
size limt ogréneleoudte Soriarsherk DWWy prduttagdhS0lwididn 910 dilinfeter.
problemis to nake the DNA in series. In this scheme, 20 nultiple
smal | er DNA Begyrients maer @y it sdan iof pardiawie] masegdramest
chanbers, i 1hke 1 S, ..0r=4 1. Serj ; | ngqr C

t oget her as%%%%‘%@%r%ﬁ o(?ét%rg 1CPI(EEA]M T ea\{::'tealssora]ﬂ?o&r hg{s}:‘tsdex{rgbﬁ %n?% a

"l arger" DNAldsagmenttd qrrsubse qlicrdctBCRanpiidw cat it laf atdierd

wor ds, PCR 25 sserﬁg%é/ usi ‘g ol i gonucl eotides would result in a
tenplate (a J¥3#sT-7 e‘H?)%p iie) for PCR anplification. A nunber of
first-run tenpl ates so produced nay serve as precursors for PCA
assenbly of DA T+areht 9t arder-¢hat tHee Rreteitunt Teii dreday hus

produci ngy secOndy 140 4 e5EA aliinnd N A tArshR themmsoondrund emplat es
may serve as the precursors for the assenbly of a third-run tenplate,
and so on. Thes app? oeedcagnhanaepested ang |Witheldedia ethiBNAanger
obtai ned. 3 ‘S'I'hlgt olé on(%:l oéi,d_esl_ussteéj icr}u{ h)e syd}'gahnesils reactinoenswa
are single s rahde T eCul' 83 f of assenbl ngp nuci el ¢ acius that are”
| onger than thecolhgonucheathgtodtsel fThAny @l ugdnuc| it dehamayebenay
from 10-200 bp in length but nore 5 commonly from 30-100 bp, 40-80
bp, 30-60 bpramgrl oyt tomnont ylQO-170 bpperiEmphly A tPEA whamserot
cont ai ni a plurality of oligonucleotides refe o.th ool of

o T gonuct 2ot Taeh eblelinY SO MEEL T ariate thLt pehdthg i 9
gene or to a,PNAdragnens .1 Neie 1 hat alerWmLt,-hez imntaf}ﬁﬁ'z% ngactjions,
and devices are used in series, the PCA chanber in the subsequent
series of reaedidhsumouwtd oM@ @ YIool4 fuiD&d ragEnt sinanstead, and
ol i gonucl eoti des for assenbly into tenplates for FOR

d i gonucl eot}@estlare usual |y synt hesized. 15 digonucl eotides may be

synt hesi zed on a solid support in an array format, e.g., a mcroarray
of single stommdenly DNA sagment sf Byid hestged ta sidhamsea @omion device

substrate where each o]igonucleotide is synthesjzed on a separate
feature OF 15CaY oo Gt HHES SUBELTat 0. M Ty ST HI A W) TSP ovitF 114 HEP20
art; they nmayxie, CONSHAEHBL:, Gustrdn 0F dgfedimdri PUNhAsed 4 F ama
commerci al vendor. Methods and techni ques applicable to

ol i gonucl eot¢HRCEYyMR Rl e dptvatel i Hleupporiroklers witlarptaryegst one

format have been descri be for, ex e, in WO 00/58516 and Zhou et
L et ol e SEthSRet el et s W00 Fi by pepresentat VS AR Five

of the genus is described in U.S. 6431212. Also included

25 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.

30 Contreolling 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,



A i gonucl eoti des may be synthesized on one or nore solid supports.
Exenmpl ary solid supports include, for exanple, slides, beads, chips,
particles, strands, gels, sheets, tubing, spheres, containers,
capillaries, pads, slices, 30 films, plapes, polyners, or a

m crof l ui dic device. Further, the solid supports may be bi ol ogi cal,
nonbi ol ogi cafst OF gAML Cond NOLHATH Cyp O &mﬁa@@twm a,thﬁru%g{,- Rh as,
supports that are substantially plianar, the support nay be ﬁhy5|c§1Iy
separ at ed i nforregimmss, forted32 axamjyent widh thenkdches, Epapiess of

wells, or chemical,barriers (e.g. dr ophobj ¢ coati.ngs, etc.).
ai gznucl eot?‘ﬂjeg‘%ﬁ'ﬁ?/ TB%JC%H%J(C%e%D% otqé/\l%o T Htfb]db% i Wsa)
cl eavabl e |ip&kagee /DI b Yg. FOswEXBIPl €, pd hgns0d )i d JuSURROS trd@Ye:Reple,

functionalized to provide cleavable |inkers for coval ent attachnent
to the ol PgoRREY2o¥ Y tRIEdearhesxpaikdal hpirea e meal hecaimaiy grefammed to

atons in length i Y, e e i 1.t.hin .an
ol i gonucl eot‘?%’:Iesl“zlilﬁzl'\df %‘ﬁ%@%%é/ﬁte%dﬂhﬁ%% dﬁ%@%& [ nmgcﬁé/ur %%séy%ﬁt \Measllqsa%lf
vari ety of cheavabhes noiediese s anayaivabl et cdhiespgd 0f woddahgehase

and mcroarray oligonucl eotide synthesis (see for exanple, Pon,
vethods Nol 2 B GTEE9 PR -%%%Srlgg%*f, TR %t Rl fﬁﬂi{:g)rﬁié%ersi%ﬁé%n
67: 99- 134, J988igth f 5 1S 386sn 2 9064 % ordith 2% 830, @RdieANd 13,

U.S. Patent Publication Nos. 2093/b18622 and 2004/0106728). A
sui t abl el @l eawabl Bndrov et §o P PG el dee dvdorgesik aml eseqwldfee the flow

compati bl e W et e N 60T, Ll B! £CLiN0 SEoH OF e Dol Gy de

bases, the oice o suppor and/ or e ‘of a

delivery. 20sd1 PNet asffsd ratties Sl haniwci eot itdes W Renkr eVbdednhBuadh
solid support for use in the mcrofluidic device, for exanple, as

part of the #Chamacl i amd cdtanhel .atAl 4 etaraba vl yre db@gonurdceot ikdas my
be synt hesi zed. and sngequently introduced into a mcrofluidic

devi ce. 25 BRCHUEEY helYuamFeyehithi i ot eot i des provi ded by DNA
mcroarrays is usually less, we contenplate the use of DNA

m croar rays ReVeRENbE? PBICkbautmay e tesead . per iRk ofe wiadiieed

devi ces. 0| gonuel 60t4 oo BNA chi, af s, Gr s, vl known, | npdhe 30

art (e.g. Affynetrix, mat ri The ol 1’ go-nucleotides array chip
i s positionegeiinlihecdnceattindimrdevs oes suich mdiatbd hesirable to

N | eotides i mmobilized on the DNA hi | | | eotid
Spots) aro ARCCRIT & 1T NE S5 AT oh ToR A THY Podtiq i oo

chanmber. Thew DNA ar4 ayi eyt Dei iF @ SEkF Bod ondeath o @@B@fiﬁé@-@@@%é@on
the mcrofluidic device such that the integrity of the device is not
conpr oni $ed BHEEHALS tHe U1 RIHGET Y¥ise @pet schey have been

intreoduced into the microfluidic device.

Commecn materials for hydrogels include e.g. poly-NIPAAm,
polyvinyl alcohol, sodium polyacrylate, acrylate polymers
and copolymers with an abundance of hydrophilic groups.
25 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
30 mixing, a solution is shuttle between two chambers
connected by a narrow channel. The abrupt opening at thé
channel-chamber junctions to create chaotic advection at

the junctions and recirculates the flow. 1In



5 operates in alignnment with the functional features of the

m crofluidic device. The DNA array and conponents of the mcrofluidic
devi ce may be pressure-bonded together, or a patterned adhesive such
as a doubl e-si ded adhesive patterned with a | aser, nmay be used to
bond the surface of 10 the microfluidic device to the DNA array
surface. Gengi gkl Yomb§fe £LOTEL £nGENSI SEAULNLRy I Ra IHOKED £omnd Nfg-o
fixed length (N) oligonucleotides as appropriate, as discussed above.
The ol i gonuctieneidectlehgt dgisaty pheahtlyi@Oegodbasest hd el ¢ gl difc

the overl ap hetween sub- 15, sequences i s conmonl t N2 but may vary
fom 640 bpIebhegr 1 TUaF 1 95408 S Dot anc SB SO Bt Phe
anount of panéiabtbasee£sPl eneni@stihyr NBYpyEr Y P ety o tdifns are
assenbly nmethod used. For the overl appi ng gene assenbly net hod

denonst r aP edAef et Ot AeoPCA BPrgoructevrndbss everig: 20iatl botifs e s
and & ends, nexceplut hosecA0r /M Ads theendsil {he resulling PR, -
tenpl ate. Base pair m shat ches between ol i gonucl eot1 des nay affect
hybri di zat i onidependiogion ¢thetinat fiteidf tie mshdrode tMrssrad € hase at
or near the 3 end of the oligonucleptide nmpy inhibjt 25 extension.
Fovever , o GHEITTENCT cbTOFE BT S en o e Ui cf 1A heat Thus
resul ting inchenpéat &5 £ONt S &hHGr & EORS1eACGRTH NG Yin consiler ation
of the overlap sequence, nelting tenperature, potential for

cross- hybPi digaeFbn Bt Bheohdargnee+ utt peanenol | forrdhebtirfe 30

design is ne r | £ an i ficati S of
105 or nore gggﬁ%%gsggég}%%ség ?gs)u%%la%éé‘]%é 'fngl%lr o%ggg %n&ﬁ?{gﬂ J‘S/
(Kong et al.r&sttence Acids. Res, 35(8):e61, 2007). Miltiplex gene
synt hesi s has been denonstrated froman 34 oligonucleotide pool
cont ai ni ng - 600=tt stomsti ot | goamthgot ies £ Thadref 1wd dic Neanes1 432:
1050- 1054, 2004). An oligonucleotide may be 10-200 bp in | ength but
nore commonl ¥ +#bfn 28R 78T B FR 1 ERgERINEET tATT - EvhE et at FRarn el gfo

the PCR assepbly, ok gORICHSOLEMLS] £ angR; £ %éﬁéﬁé\ﬂi&ge&m&@i Yot f
5-20 nM 5-15 nM 10-20 nM and preferably about I OnM PCR assenbly
ol i gonucl eot$tles maen destypbduiniih clomshelr aandmay akde ilpg connected

t enperature,. po tial for cross-hybridization and secondar

structure int$h%§§6é?br%§??%h %¥rﬁ%§??ﬂr%9%%O%HQHW%§ %ﬁ@é e as used
herei n ref er snt fo@uatLhei 6f aci € & efpien cenhs asidtd Mgy f d oM @ PCR: .
assenbly reaction and serves as the target nucleic acid for the
reproduct i onPBFLlehe CORPTEFRMERFYLRET atidt byt PCRULa¥pf 4 F4C RAnRRM ng

an 15 assenblysreactiphy the-SR assembl Yo hI duCt $n %&@,Ubék?sn%lf}:i/ent

stranded DNA of variable sizes due perhaps to inconplete asse

and/ or concatrabersalresul témgvimg af laddefrof pProductsetas vi sual i zed
by gel electrophoresis. In sone enbodinents, a first-run tenplate is
assenbl ed frbm bsigoretimes necessary to control the volume of fluid

volumes within the micrefluidic device. A wvolume meter
may comprise a chamber cr a channel of defined volume at
25 demarcated sections such that introduction of fluid to the

demarcated sections result in a defined volume of fiuid.

A fluid flow actuatoer allows directional movement of
fluids within a microfluidic device. Exemplary actuators
include syringe pumps, bulbs, bellows, diaphragms, or

30 bubbles intended to force movemsnt 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



20 nucl eotides. In other enbodi nents, a second-run tenplate is
assenbl ed from DNA fragnents conprising at |least two first-run
tenpl ates, the two tenplates being the PCR reaction products,
optionally purified and error-filtered,2gbtained fromthe first two
runs. Athird-run tenplate is 25 assenbled from DNA fragnents
conpri si ng aﬁ.é.eg%témp SErENE I FLTPIAL e%Hp 180G SO P By 1Al KRGS €
Chain Reaction (PCR) PCR, as is well known'in'the art (e.g. U’S.
4,683, 195; AL EBY P0X0aEmd 411965 88 dial |pumcompor dteedbdreradiad by 3Gnd
reference) i(;sr sedr(gkg)oi.nccsr easEﬁLt e concecntrati on of a tar %gt n%cl ei o
aci d sequenc®” i & TaNptE wi thott BN dTRedliT 88 g se be use
avai l abi | i t yr®frdipeie SgEIENGEy idd oTITRLd Gh 0 des 19N SW trBlikes.
forward and reverse 35 oligonucleotide priners which are typically
10 to 30 dase) paddsed el @Naidht A MRYAr RXCRSS Ofuddie B igRIpaIf Wis)
added to the sanple containing the desired target or tenplate. The
two priners H ecleompl@rmntsidia dleriemd 3.5 Sedudhded gfesdrdbed a
tenpl ate res |V T ] is first .heated to depature the
doubl e str ancgegﬁgltieﬁlp aa]t e]l%gtnd(;g ﬁoe%rleccﬂoeollesflta&lé)ﬁlﬁeén t%eseﬁgruierrr]é:re {0 the
tenpl ate. Foitaw hgammealbdtgange siidrakd enipalyerasSes et didyd to the
primer/tenplate hybrids and extend the prinmers along the 10 si,r(ljgle
stranded t erfpt3RE.VEdi HPRFAAED AT (HSPPLs99 it ofS¥e riiiid so as
to formey canplefEn aansidanthe Igyddhes U LSeR6A 1Qfn RAIN f el aNd ¢
reverse prinmers, ‘a conplete copy of the original double “stranded
target is nedleeluteel untel ofawyicires igh deddtsur stdan,othylviiah zatriterins
and 15 pol ynerase. extensi gn my vary as needed to anplify the

tenpl at e. P@ Sgarflr%gr( C?%flenr $1o 4 escetqeugg'nccgjaﬁ%ea{: er?ﬁcﬁ“e@ ¢ ctleciJq that is
conpl enent argoripos Betkdrov pordh iagh afndihe dierplatepsequaitee for use in
PCR amplification. A PCR prinmer is a single- 20 stranded )
pol ynucl eot i e Trl Pt Wit |38t i ‘R ‘G dtiecsspas &adfe &tdGsy a8 £his
poi nt ofy 4 niddath ondor Lampl atgrdi dpeted ONA Sy RS|S ddwe;h%d by
presence of a suitable polynerase and cofactors. Priners ar

typical ly frigm 1pnwlao imcidectd doss iaf |idmytiyaaridrenger .arfthe tagremo £
“primer 25 ir" refers to set o rimers .i.ncludin L forwar d”
or "upstrea %orgflrn%re%%ajts t%/aan‘?elr |ezG{eshPXMa[ hcqrrf?emcaotr‘?pqne%éo%th o P

end of the DNA teifHeiet obeargdidn et antk actor r8MEIERIViTational

"downst r eant' cgqrfl mer_that hybridizes wth the 3' end of the sequence
to be anpli figEe 30° 15 %W%%ﬁﬁtﬁ%ntqwb@@%ﬂ RIS AmYat reh
sequences) atcddion A mdtd e &NARPladdhe M ale phlaifed, hy RCAL iRCA

ol i gonucl eoti des are single stranded ol i1 gonucl ecti des used to
assenbly a doublre stofard BNAtEmHatent drigusedquam RERflowing the

anplificati o&mp%q%nperril ners are single- 36

Gene Assembly and Synthesis

Genes or genomes have been synthesized de novo from

25 oligonucleotides to assemble a viral genome (7.5 kb; Cello
et al, Science, 2002, 297, 1016), bacteriophage gencme
(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, FProc. Natl. Acad. S5ci. USA, 2004, 101, 15573). The

30 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



stranded pol ynucl eoti des for anplifying the whole of the full length
doubl e stranded DNA tenpl ate. The PCR precursor mx conprises
reagents at concentrations necessary for PCR anplification as well
known in the art. 5 The PCR precursor npg includes for exanple,
dNTPs, polynerase, buffer and 0.4 pl4 PCR prinmers. Atine- varyi ng

thermal fielgit;s @pphigdh{ory AGH applidd caly onandh Ty %%l Tylan et al,

includes: an initia denat'urati on at about 95C for n, | owed

by 30 or 10 Mefereyct@d! of4idenatWhtdnh atRYFOdgt &0 slec, l‘amﬂeﬂ]q ng
at 40-60C fo S an e on abou C for. 0 sec,
Mast extensi STTQT B T GHOLb mid bt G e e s e Hay ARy

dependi ng onolhgomat LE€r Died her taer@igaiﬁﬁléat}eupj I MBfer RO IMTEIAS € 1o
ot her reagents used. 15 Purification PCR products may be purified in
ways adap? abPEi®® @f i FOIT PR o HeIPREC L et Fdp ph%@@?es&c%amuw | s an

i mportant an S r

the 20 puri f?%ﬂz{a\e{l onyoﬁgp%oﬁ%%%%?%ﬁ ﬁiiﬂjﬁpﬁs gc?]l%/ om‘gbuf f er
exchange (Tamzt) al DNEAriaiomﬂmrmle 7&s bS5, 1 R2003) {Tilre et al,
purification,of nucl C e done w t h DNA- bi n ner
such as pol y& ?%W%hef%[?@to W%&p%%%eb&% atti o %ﬂd]sllf %d“%e%%s d
(Wl fe et al with e@li@m@ép&@ld@s% 2350l 2MA 3B c 202 a ) Sty £ OTHDN

techni que. Extraction is achieved because nucl eic acids have the

tendencyjgo ddina sfsBan@ﬁéé?@ &é‘lﬁéﬂea BESENSE @fo ayigihconcentration of
chaotropic salt oom et al .~ Cdin. Mcrobiol., 28:495- 503, 1990).

The extract e@lmmlefrbe%i@%s alF@V%dt%@quéﬁmmyS@f}i@ilt éT:IlaTn &in éelqueous
| ow salt buf d c at to ver snal | urre 37 Solid
phase puri fI%%%I%% rrggf f@%ze%jrr%&gﬂet |I€ %l:s’ c"f)laﬁh Wt as”}q ca,

sol -gel sil |@<anp15¢;k11c§a PBrdl L@suc DECH @ cﬁ@cbls,caéﬁ@tkseh@mrhy become
structure. erget hat nmet hods using silica, sol- silica, silica
0

particles, #F £ bF abr SRS Thzore RIUet 6%@%?‘?% ve an

addi ti ongh %Pﬁf&%él)eéﬂ@@é'igetﬁQip Sl ol efd@lyud iy he
chanber to wthstand fluidic flow Accordingly nagnetic beads are

preferred bechigenanlextedanal s nagnetenzge bl d:pxplw:ém t20 daptawer law
agirate (he pradscdhe M0 RANELL €, heagsal o0 LI BRE T 1o

extraction efficl ency an I ng capa I‘tal

of the presentodumvedntiomibact udes Itmelms&rojtmgm&ha: beads coaded
with silica. The beads are introduced into the device via an inlet.

The silica 15t nynet FROMRRAES BeItmni il AR nl thdRreiee

Wi th a nagnetnandss&Vesshdd Yo £NoRgen £ REOACLS: p The, AIR AAdud S,
may be eluted fromthe silica coated nagnetic beads Uusi ng an” aqueous

| owsal t bufPER . aThremd by avad t s whthéohs blf drero heyores idif etemtas r om
that used in {g@ﬁéxgﬁ herein may be adapted for use in series, as

described below. We envision that a single round of PCR
assembly and synthesis from oligonuclectides in a

25 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.

30 A variety of gene assembly methods exist, ranging from
methods such as ligase-chain reaction (LCR) (Chalmers and
Curnow, Biotechniques, 30(2), 24%-52, 2001; Wosnick et al,
Gene, 60(1}, 115-27, 1987) to suites of PCR strategies
(Stemmer et al, 164, Gene, 49-53, 1995; Procdromou and L.



20 reaction. Magnetic bead refers to a nanoparticle, bead, or

m crosphere, or by other terns as known in the art, having at |east
one di nension, such as apparent dianeter or circunference, in the

m cron or nanometer range. An upper 25 pgnge of such dinensions is
600 pm but typically apparent dianeter is under 200 fim and nay be
1 -50 Rmor 5 -p20-NMs WY | notedd r@ﬁﬁ%@:ﬁg&,ﬁ-a%ﬁu@ Paydd Cles SRY
be conposed of, contain cores of, or contain granular domains of, a
par amagnet i cetorakupk? phr arbgpietdionimtesy,i dl4-Such ¥y 3urte dFel Ceonand
Fe304 (a-Fe crystal o.a -FeCo, as-Cobalt CrPt 3, SnCos,

Ni ckel and nl%{faefl%l‘zﬁ%@%% Wﬁ?’ 2 FeZr, ﬁ\%gzgﬁzpél’ @ﬁ ,Etf(r:Tﬂ'rio'
exanpl e. Thesecred €ricd $s neys be F1or reds 3 Nt B tdidRs e theads 1pic1e3&
m crospheres with binders such as polyners, silica, or other known

material 52 S PR &t r att { oh) met Hod 2 G) DA @ dlck)i -onffheirle most
successful | 1 0 rl and. i ' ' - fluidic chips.
The sol - gel y%%%kgi%e%%i&% xt ure%%]@gg%}? uqdz}rénhogﬁ\r/g)vveg:rlygpg!olg{ogc
extracti on efynichertcied ahhseprotlumidivitly BOR rangrlafd idadi icors yst ens
Wl fe et al, Electrophoresis, 23:727-733, 2002). Error Filtering 10
Qi rent ol | GHRITTEHTS Gyt T 0 4 S g1, fistR 15 BT 2o

that are ei therqpfeaedif £dyeder moated, c e iy e det rdHentald b1 oligo
contain internal deletions in the sequence that introduce errors to

the finall DORCatier b, reqeired iy RajeadnrBX(120) ,5'e6rls that
2004; Ho 1 i 0 - : e ho
243, 2002) - A THOUGHT ok RELTE 11 G ot o o B | i

usi ng pol yadsybains et gpdtled ects aphor edis {(BAGE)1 drentp igitgperdfar mance
i quid chromat ography (HPLC) net hods, these prqocesses wl | ,
dramati cal | YT @E\%'e kf‘h‘ée‘(:%rrs't DEER YRS OFo TPEITRIAG X & 2T @@ Frhe

error rate, i@k reiddidd eFdig OF i @ Ifr COFdBGld A 05888 SiChASite
t hose based on enzymatic affinity capture ‘and sel ectively m smatch

cl eavagel a2 bigl bk eden o vikenteleHis quesd FiokorBNA or ridre déiR evtdas®sray
be 25 incor ed 1 ntp. 1 i dic device for us ef or r after
PCR amplifi E%%lnge%x%%b a%&{%%:!{]#%&ule%n or t hee rueb'ym@a I)f r%;iq Fat ched
bases i ncl udehdttaarecttotsindgrid etk tandng yaved idowaffd i yarchat e

enzymati c m smatch cl eavage, consensus shuffling and ol igonucl eqtide
hybri di zat | S E50F & 6hs STREFTR i TENET YT ddifntade® dHfD

m smat ched fiagoentsyarepeppygd) upon binding to an i mmobilized

m smat ch bi nding protein (e.g. I\/Lt S). PCR assenbly of the remaining

fragmentsy yighds: & aevs pop atd on Qi 1 d_ngtde g 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

25 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 cligos have lower
mutated rate compared with that of longer oligos, but more

30 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.



39 sequences enriched for the consensus sequence of the input

popul ation. In oligonucleotide hybridization, oligonucleotides are
anneal ed to i mmobilized oligonucleotides that are 5 conplenentary to
t he PCR assenbly oligonucl eoti des undersannealing conditions. Once
hybri di zed, the oligonucleotides that are not hybridized, and thus
likely to coptgj [ Vi 14C af f.1ni. 1y
capt Uy e, it at o BNA a5 Gant ey Si 10 B Feroued T rom tha prodloe ted
sol uti on usi ngaDNAG nd § Nt € hm i nelfl hgl grotéd nscs uoh AlsldvutESRand T4E7.
Enzynmes such_as. T4E7 endonuc#&gse V and T7E1 can recogni ze and cut
the DNA at nfSRhtth°dFte! Carflet™ ST fC Kt Reselft chil%32( 20)
el 62, 2004 showpind hatie MHS £2401 d efliE LT85 1 Dy 16 eeligrd10l d relative

to conventional gene synthesis techniques, yield DNA with one error

: . Y ! .
per 10k basecpanpte Thed MeES1dpouil Mrzr el DN stefiett Srarteos aparat ed
fromthe cor . USI I e I.S...TQ | r t ;
this affin iy eabrur e PofE Frb Rttt o S faie
descri be beadsvibasedtsol ¢xhpias ez <ha orret rogl Alphyhad tdr | rombyidd zed
hi stidine-tagged MutS (Bi et al, Anal. Chem_., 75, 4113-9, 2003). W\
contenpl at e *JEJF%@%%J_#( %rt}é‘?ldpcﬁ%eﬂ%,m&n@iqr%b%j ysh gemperature
Bi ool ecul ar - ERgEOERE Nearilds 48 -GndS9NufOro erigy Hééﬁfﬁ%;éﬁbﬂ@ﬂ@h
has m snatch 25 binding preference conplementary to MitS. rtain
enbodi neh¥s bt ¢hel presern Viviem i ornpeied udes orercdnp ikad fid tx ati on
enpl oying a h filterl t ho i.scl osed herein or
conbi nat i ongP{ ?%%eréeo%.%énr?%’el r!t)a]%:tllr\% %%%aﬁ%gcﬁ%%va%ae?tlﬁ? ated %
are capt ureda 3pimnd wdepyedthatdusasl dero s egrentsppisia tdieche
endonucl ease proteins such as the conpination of MutH MitS & MutL
(Smith and MBERFCHOD PRt ORGE 1 . Head: 1%t Varoind e geuy-L 50l d 15a7) |
and the T7EL;{J0Ubd BbpBed FFOCredididre ASALyr AQSCls 0PZn87-91,
1995). The cl eaved segnents are then filtrated fromthe product based
on the skgnenicyeZbubyiqideoheehi fed etawm ophorasivatiTig scqmooesyire
can be incor . 1 nt Lcrofluidic structure without 5
i nmobi |1 zi ng‘p%l‘g&g%b\l?%i}ﬁy%%\g é;fr i‘}J jEsj‘{rjepsb'ort. MutS refers to a
DNA- m smat ch,,,bi ndi n rotein that recognizes, bi nds to a variet
of i Spa 1 oo BRo STERER ST 0] 15t e L T T A | S ing to
Exenpl ary MitiSe piodiet iisat 116h Udenndnll i of Eam@ted i d Bsh to el ypepti des
10 encoded bgcnuclelc,aC|ds havi ng the foll ow ng GenBank accessi on

Nos: AF146225-% MRAFSeRT us) T YRFAD3M8 ¢ kbl dopsids taeg idgnptured at
AF144608, Vi br Lyti, AF034759 i . AF1Q4243
( Hono sa%(lS eh%%&ﬁﬁ%%%%@%g'mcUg)fg&&gﬁe&gyc( d%h?q%%é)egs})f%eﬁFf 9905

(Mus nuscul ugdp 2 ARDLO09 ééb@§T§%ﬁﬁe@%)se%EQ%%,é%l@ +SARI-QRSE: For
AHO06902 (Hono sapi ens), AF048991 (Hono sapiens), AF048986 (Hono

sapi ens), 03811ded Thed ntStension 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

25 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
30 a 3' hydroxyl terminus of a PCR primer, an oligonucleoctide
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



aquaticus), Ul6152 (Yersinia enterocolitica), AF000945 (Vibrio
chol arae), U698873 (Escherichia coli), AF003252 20 (Haenophil us
i nfl uenzae strain b (Eagan), AF003005 (Arabi dopsis thaliana),
AF002706 (Arabi dopsis thaliana), L10319;6Mouse), D63810 (Thernus
t her mophi lus), 027343 (Bacillus subtilis), 071155 (Thernotoga

maritima), 4 i f i : n

t yphi nuri urr)U,BE%E' Oé%q)}ljﬁ ?%i;é’%g%ﬁ %@%e%%gg”%@ﬂdg’r 2:%/41€iaare ,nOt
MB4169 (S. ckimevisdage), MID 8Ly a sy phd hurpaingmears Mo I00Y-
(Azotobacter_vinel andii). Exenplary nutS honol ogs include, for

exanpl e, eukBPyHPFEERBHE - I\%‘?—%TI 0 NELE 2 Shd- VEBHIE- SR Dt ei i qrsad -
U.S. 5,858, 754 aotyfe333e 158) - pdhend £18 | STRQ AN r 48 NRONRARS se
prokaryotic MutS proteins as well as honol ogs, orthol ogs, paral ogs,
vari ant s, >ortfamgmehrsasherabl  oThehieh med stnefconmpadsesiono-A and
het er o- di ner n | tiers of various tS proteins. Conpact. Disk
(CD) - Bas edE§ %g%rgeﬁsséée nktl)?‘f/ln 1pré§%fe Il(Iaes“ﬂscll;-,/iylrTl%ﬁ ycpaépsabal l\/f’uto\f el oais\/é)sfsu and
several seripyrsheps mugbasusynthesiepng-old gNRIchient e Muldifitng
oligos, assenbling the oligo segments by |igation and/or pol ynerase
cycling, rendving' et HRdFR R IPLEITTRRES 5 (9 i1t eFX Pk Rl
and anpl i fyi Aga& gy 9gne: by: pol et ase £hai &b F8act a1 dde i g desirable
to integrate these gene assenbly processes and required conponents
into a sibgl endevpseattiuwh asrarsonpact disk format (referred to as
Gene-CD) to provide an automatic gene synthesizer. 10 One device
format is a EORpAsterddsk (KDY )F based mcrofluidic (Figure 12). This
approach provi des several advantages on fluidic delivery and fluidic
regul ati on. bR £isémb Ty packetso Date bes prgedied es@ dchand gmvwats fdromn
chanber to chanber by using centrifuge force which elimnates the 15
ext ernal punpYPARYECANY Maddy, 1o, Bt PP IBEE cYp(ags haping,

2004). The fathsli Emdhon: ¢ atgasam ben cot ralies easy wWitdy Prograyembl e

rotational speed. Also, capillary valve nade by a sudden expansion in
channel WP anef etlie apell hyee bphobies viad v e2 ncke by thedzgpprl ceapainleofof
hydr ophobi c ial.to zone i n_ the channel can be incoyporated
wth the restobr i ritSride R Pl b SIAY G et S Wit dover
the fluidic tieBndssdsLetps bymara e Swth chedrdetyEesmd yws € harmet™
outlets by usi Coiolis force selected hy the direction of rotation
and speed (B¢ TR otNeW | Enabpnrh Bl iS5 KaRelpyragyips)andridie
reagents exchapgg, a@%@lmg ¥ @4k o e dd gase ehaide reastd oy (HCR),
pol ymerase chain reaction (PCR), a(%%l err%r filtering can be sol ved
usi ng r eer setphdzed o7CR ore axchangeottn onm @ gy, wi tio ootemsd i |drat
with C18 an Pl bead espectively caref ul | ontrolled
flow race ( J2neret o T SR ELIREHRG wlft oS S B ot (e “hpon
Enzymati c eraomedliitie@r ¢oedemovey i i Moulss+ectarssiiencel £ian el d
incorporated into fluidic structure wwth colum filled wth MitS and
TAE7 i rmobi | 73 HERIsE 1 TheIer VA2 DA 2§ ridtfi PGP N O umms

and | ocal i zeg, Dymdisi 9 £, Si NRER FESEFI Sl T oS8 QD & t8le LB ngation
mcrofluidic device Is fabricated. Finally, the tenperature control

for perfdy m epphospheryiationsubOR aterl ROR Winatbeormohf evelbnger

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 sequence.

30 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:el143, 2003),



5 using external heater or infrared as a heating source (G ordano et
al, Analytical Biochem stry, 291, 124-32, 2001). For performng |arge
gene (e.g. 10 kb) assenbly, nultiple mcrofluidic colums can be

i ncorporated into one Gene-CD 10 and opewat ed simultaneously to

achi eve maxi mum effi ci ency Long DNA sequence will be divided into
segnents with,each §\e %I@g é’;l te. f ol um,
and then Ilnk%d tosgjet er at ﬁ i nal s@e%l%?&fsap%%%rocct ypi ng,
fluidic conpdohen?s, n2y0be, fabxl catwinditr usa hgPEof tDA+RERIgr Endhar «@NC
mlling on po ycrbon e. materi :§ ee al , Bi onedi cal

W o odovi censt b oy S aguTi BRa, Bt £ VI3 e o e e NGRS

M crof | uidic @levp@e f absiheatd o Bohd) nsxﬁ@@plem A4S g R%lée?mbﬁase@z e59,

| i t hography process to create the poI ydi net hyl si | oxane PDVB) casti ng

mol d, we havé0@dopbeadeonai exndi st ondifo{s) Frpid Eprr&ﬁbt detisd
t hat t d t i Th 3
Struchure wer et ShethS Sor BT L It s T een

350 (Objet Geookttid esdldmmmctm,t el phes ool yaer avet esf avhi(dfuld#@ur e
720) and supp ort materi (Full Cure 705) |ayer by layer. The
phot opol ymer Wl%?ﬂé?oﬁﬁge?i’ﬁe’ﬁe HEOFT i it e g dtat P%f%ceiifpﬁeidv%%

printed. Upogssonpleti ofer thend abrd cat ed Btsuct W & MasiSpaked in 25%
30 tetranet hyl anmoni um hydr oxi de (TMAH) solution for 3 h to renove

the suppogt al . des 19@9% pSARROL t gﬁg&gg{

The m crgqél u[?%%ﬁr{misd ﬁa% soaked |n wat er%%rCE ﬂrdél&ef% y é%ﬁl\}lﬁ\H
Thi s net hod peovs deldoar #3)aesot utl yomic U tpimen Thel 06 dd seanith
y-axi s, and esol ution_ of m axis, well-suited fo
Lenor ot i ng_tFRRERAE HOTRTTEVENS S bt Ul bR AR hatie 19T i giers in
process. COneyEP@H Yea®t he@f . r'empd Aot Of y per S Hethaglsi Stk a5 Gk b

phase photopol ynerization (Khoury et al, Lab Chip, 2002, 2, 50) and
contact |iquid WH&H&@’?%@“%O@W?%‘-&?W (1RACH Forcaisas 2N ab

Chip, 2004, 4ovipBl. itidiged Photamsksdo facllital & conat %ﬁi:gn‘%j

structures w th superior resou tion. eve 10 was
with different h?eégm‘sal o% & QorrneEe t dhom ’coct]aamee&e(stmmgmtthé) 2vamilanking

width: 0.2 and chanber.,s (hei ght to.m n| he dead
vl e of - cORhE e B sl P A P&
precursor wags phuepes Bk byy 18mmi Xi Ned Syt ansh 184 »hm adkﬂb@é;gaéachr;tw

curing agent in a 10;1 volunme ratio. The Cgoecursor was poured into
the nol d, degEldded YieiAcudRenamerrnstedo hihl - karptdureedurcta

convection oven at 75C for 3 h. The 3-mmthick PDV5 sl ab was then
peel ed o fTBEY t PenRRR LS arprdEoreRcenbn $RIL S D0rawd e pirgredomhdie

Cuberr are (SRR ERIAR 22 ST Y BT B s o

treated w t hthe carboxy-terminal half of a gene sequence. 1In

addition, the TBIO primers contained identical regions of
temperature-optimized primer overlaps. The TBIO method
25 involves complementation between the next pair of outside
primers with the termini of & fully synthesized inside
fragment. TBIO bidirectional elongation must be completed
for a given outside primer pair before the next round of

bidirectional eleongation can take place.

30 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



el ectrical discharges treatnent (Kimet al, J. Colloid Interface
Sci., 2001, 244, 200). Finally, the device was 25 cured in an oven at
75C for 2 h to ensure irreversible bondi ng between PDVS and t he
silicon substrate. To prevent sanple evgporation, the bonded device
was deposited with a 2 pmthick Parylene C using the PDS 2010

Paryl ene Deppgsifi é§%§éﬁp16fé%%eég¥9n?ﬂt%ﬁﬁ%éﬁgcé%¥§ﬁnJé?ﬁ:g%i%%%er

Paryl ene C create arrier to contro er vapor diffus

Paryl ene al sprjpassivatedsihe nonescour facel bfaidiel fievd tcieor nising an
preventi ng unwant ed pr ot ei n, absorgti on 1%Shi net al, J. Mcronech.

M croeng., 200%35% 1871988 P&HY -2t APt Rat ors A 2006, 126, 270).
44 Preparation of hydrogel valves Thernosensitive hydrogel val ves
were sel ect eBPFariRYU &e Fegud atioms ancf%‘b?ﬁilrﬁqfdnll%ﬂf‘?]r daagngts of

Hydrogel yas;gynbiesszed,fobdow g the smtbod suggested; e van der 5

Linden et al, Lab Chip, 2004, 4, 619.” Tenperature-sensitive nononer
N-i sopropy! aek i/ amideediN RAAM 12862 Mgy ,o NN apred ey Ireinee i szt ray | 2R de

(BI'S, 7.88 crosslinker and, 2, 2'-dinet hoxy-2-phenyl acetophenon

(DVPAP, 18, BEORG) Tahot b T A b O r T e TS 000 syt B produce
di met hyl sul f oA der AgndPMBQ haenes at i @@ 1 e S, SAMH iMrond, the
containing 2% Bl S crosslinker. The &gecursor was purged with nitrogen

to remove ox§yehle aFRIFPPER vith M humFoiest o sl hafierfidsd 5-
phot o- poiy_mEId) Zﬁéf‘% Ogg'rocﬁll%té %%ﬂ%&aﬁﬁwr&%r%s&ﬂngf .and usneétl

Si gma- Al drich (SIngapore e mxture was then injected into t
fabricated chs$ ptlm;sitr@azalatem feyra ngecdritt oRGh 1t dwves taicoe st ol es;okerat

phot opol ynerized in situ at 32 ith a chrom um mask defining the
Exposed ar ed RS Dt 45 S s T Hart 1S 1Sl Bt o Lt SV et o5
nm (dose: 252rimlé€es2) using Omi Cure 20 Series 2000 W illum nation
system (EXFO, Canada). After ultraviolet exposure, the device was

pl aced on a Aptpbaie BER 6O dmb Keaps IWArOgeloMad Mas: QReN o ANh 1NBp
unpol yneri zed precursor was renoved with de-ionized water at a flow
rate of 500 Weykniel¥ oforosirt Uik alvymd mpey 28 puniptn(i4900 tSex i es,
Col e- Parmer J st GoMPaRYd: S AR o {48, dgul Co. g, baked gl (pC
for 3 hin anoven to dry its inner surface an ydrogel ™ val'Ves. e
NI PAAmM basedvhtyidiogel sisgldersamsenst i | VEh v taa dnpete o idigallimit on

solution te ergéure (LCST) of 32C (van_der 30 Linden et al, Lab
Chi p, 2004, "ﬁr}e @jblerr%t%fbﬁi%%ewwq)d%%ﬂ HtSeHpdat i dd el ow
32C, bl ocki ngrétieed | 44 di & £hannele Mia &4 esmerad ur erabayes 38Gerddie

pol ymer chai ns becane hydrophobic, causing the hydrogel to shrink and
45 20 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. 1In other words, PCR

25 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

30  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.



allowing fluid fl owi ng through. The opening and cl osing of valves
were controlled by varying the tenperature between 4C and 60C. An
exanpl e of the integrated hydrogel valves in the mcrofluidic device
fabricated with the printed 5 photosensktive resin nold is shown in
Figure 5. PCR thermal cycling The PCR was perfornmed by using a

hone- made t C j i d fan thernpel ectric (TE)
heat er/ cool gfﬂ%gé%ﬁgﬁé%%%#ﬂ %;SF r o%%?ﬁan eaaﬁkhnet?ir%se ectTic cont rol-
kit 10 (Ferrofeg]e USAardnsimsd e nds HIAG: 4yl idge rampldifd ercids
FTC100 tenperature controller and FTC control_ software. The

t her noel ect rFedhedterloRgehodedy e IMEer EfRs i ¥t wiitth was

control | ed by hen {00 denper aldr € G IOl d R hp ’%}nT'fé{'Rgech but more
t hernocoupl e (5TC TT-T-40-36, OVEGA 15 Engi neeri'ng) was hounted on

t he TE heat erommombenastiren t he-1@hpar at4G<50 g uledGdm faetback to

t he FTC100 tenperat ur troller. T te ur.e di fference between
the thernoel €¢LT1¢ %e%q—(cafd]a% Ja%tjuearfghi%mggﬁ ecrﬁ’{rg?% ‘%CH“gﬁa\ﬂcﬂ%ng a
chanber was gnbidr ot edofiSd NyehEal ddf Bld DS s 20 W Ghvdiaser

i dentical dinensions_as the actual device but a thernocoupl e enbedded
i nsi de the PCREMaMBE?OFIISRISFLIPOR TR RURBICTHe REMIGER ure drop
bet ween t he i nsl t hﬁLﬂJ ted, d.u t

FTC contr ol (gﬁ?%%a?iﬁ%%ggg%ﬁpn%n %’t?éeg?%uér}?n% t ee%rpe atI?P(;'n. Cklgiﬂ% 2%%1:
desired it@nperen urlee pswoiihes wasrgrogrammethd ey iascomue ersddiriough
the FTC control, software i.ch controlled the FTCLO0 tenperature
control l er usThy & ﬁ%(%@%ﬁﬁ?%%l}r%t% AVRREHET T v TV dl'gori t hm
to optimze thectesperadul® cESRONSE s SO fener sy Btead
anmplification Published gene segnent of GFPuv with a total |ength of
760 bp (sequeht@PslaeRided t oo IsyEeniig 134 i o- a8aked dasor PCR.
substitutions) was selected for synthesis. It was 46 assenbl ed using
37 of 40- nerChhgorueieQoides ¢ govite) Botd deshagi3e@0 bp overl ap

(Tabl e 2;: Bi nko i i I es 2005, 33,. e55). The.
b syt ool LS BeBlas DTS i Buttiee ion 3 ki s
devices and am dheagtfowdestd, 0= 25 0] PCR ¢tdpes-av tdF as cooersi®dnded DNA

t her mal cycIerqﬂSDNA En)gi e 2,TC-(§0,0, Bi o- Rad) for conparison of the
synt hesi s pefF PNt e r§§r}i‘1‘ff%‘7s? Vi &8 FER UaS FAI et R iR adhere

one-step progess, o Lo E N @58 Mol Vs G &g, A fd cadh on RCREd oA

single stage, or 10 as a two-step process with separate stages for
assenbly andoanpbédtiten i on. tithesWretstep. phoowss dre PCGR I upeowasin the

conduct W 50 r ti Lxt.ure incl.udin X P buf f er

(Novage%i(,) lgl%\/l o?%%%%ﬁy e%%z%&gsl\f}e%% ecg’f %{ﬁ%’? rc<l131 %%cgr?e ru %%anﬁd

of ol i gonucl otrh desgorfhndr®i 1 pMrodcAdS Mothwedd andl temeiseudd | mers,

and 1 U MOD Hot_ Start (Nov ,eng. The PCR was performed under the
Jr%%@@ 2t?ﬁ?afjo‘$ i

fol | owi ng cofiit Pttt oh A d5SLED cycl es
of 95C for %ﬁﬁ&rtar@e@jnﬂla&tn@%&tgf%éﬁ HAfe I8 e3USES 1N, for

| ast extension at 72C for 10 m n. he PCR protocol of the two-step
process was exsyent¢al 1y Thel A5 s amvhtZior ethea ondVst gl priveiads .Res.
For PCR %ssegr?j Yi 1 $5.29, M Ego{g) i gonucl eotides were used without the
forward and Teversed primers.” For gene anplification, the assenbled
product was gfié%éﬁ%f%%%&éé%f£§§rhe synthesized on one or more solid
supports. Exemplary sclid supports include, for example,
slides, beads, chips, particles, strands, gels, sheets,
tubing, spheres, containers, capillaries, pads, slices,
30 films, plates, polymers, or a microfluidic device.
Further, the solid supporits may be bioclogical,
nonbiological, organic, inorganic, or combinations
thereof. On supports that are substantially planar, the

suppert may be physically separated into regions, for



25 anplification reaction mxture containing a final priners
concentration of 0.4 pM Mcrofluidic syntheses were conducted with
the same PCR conditions in adjusted chanber volune. Al processes
were performed with desalted oligonuclegbides from Research Biol abs
(Singapore) without 30 additional purification. Solid-phase buffer
exchange Sol j d- e er_exchange was_ conduct.ed using the ghetic
beads based %%’I f‘?plt:lgalﬁi%rnenrr‘%}%%’d ? Oa"?egse'Sv‘\f (?Clclhs PCR ¢ eeénnl-cl?gP Kit,

| nvi trogen) leariderof taigi ¢ et egsobiandodk/inds Stangard 0. 2-nml PCR
tubes (as control) with the synthesized PCR product and 100 bp DNA

| adder (New &nghemes1ddOideld ) B8 LOMHddd FOra tdhe idHlort
experinment perforned in PCR tube, the 100 5 bp DNA | adder or

PCR- synt hesi Feer{p¥lductl¢gvtde wesn kasediai ety 5 Fir ixageslds diee Bplsd
of purifigati f (L nvi e and, i d, f o N T
beads wer% t %%%%trﬁér%f%yf%%% lJto re{rr}g e lgdefsu({)lee:aﬁ;agt}:gln .ﬂ@(ers
washed t he beadscowd herdh0r tpla dimavais i cnge Horif d leirg i daaigery . tihreee 10

times, and |lpaded 7 pL of elution buffer (10 nmM of TrisHCL, pH 8.5)
to the washe Ig]é%]asm&l%%y JFa i ton %ﬁfs’rjéf dYeade- Mt e Hﬁ]l%tkbd at
di fferent comgidionsi f2by 80Gd a¥1 LA d)md Qe 1OPHAY 20 the maltdpn

efficiency of bound DNA." The concentrations of the original and

el ut ed DNA sahidesudbegierde ad urad nd conpired! suidwnaviir situ
spectro to 1 Drop Technal-ogies).. .Sim/|ar proce
nhs condiict el TN vio- LM T (T b LT eVl A Dl SR
100 bp | addein orthPCRprafiucil{d giysarnthdagnetdrheads] (dompldlddtide

purification bufferjaéll 20 pL) were first |oaded into MB and M4,
respecti vel ySYRFRFS vbﬁﬁre%%f&?’f'?é@]iﬁﬁ R matrh gl s . BiHese two

sol utions wes®: 1% xego4isi N an Bty Nl Sy I iA1ge, pu; ( Cﬁ%&%ﬁw E00),
e

pushed to the bead chanber (C3), and incubated for 1 mn.
impurities ih4hel Ptdd Ehdanber’ 3er I8 @heh WbHetk 25 th 8#kSly and

buffer intr e .a flowrate iJmn for 15 mn

W th beag% gg{)%h?%%{%? Qéf)kgfrlrrcganteln?n nbg%sn'etﬁﬁ%ﬁé%%:sasnem ech). After
washi ng, el o bLIdeEzs Y 1 b Bfadird Se HGvapld Gudiethy Py WRS selected
i ntroduced isgct)o t he bead chanber, and incubated with the beads at

25-80C for 3tP2-FHUH T Tl ase " Yotd' D, Sirha afatifetd’c Beads
were activelyraloth & grddl Mk Skl RAd0Ie 12148 O s dih R &l

el ectromagnets with e setup shown in Figure . A permanent nagnet
was nount ed 99l Ed f$eidtte, antsusperdatbdetal mragdrovated tetwveen t wo
el ectromagnet s

20 In one aspect, the oligonucleotides may be provided on a

sclid 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.

25 Because the quantity of oligonucleotides provided by DNA
microarrays is 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
30 art (e.g. Affymetrix, Combimatrix). The oligo-nucleotides

array chip is positioned in the microfluidic device such

that the oligonucleotides immobilized on the DNA array

chip (oligonucleotide spots) are accessible to the



48 (QGvHX, Magnet-Schultz Ltd). Alternate magnetic forces were
applied to the netal arm when 180 out-of - phase vol tages were supplied
to the el ectronmagnets, which swng the netal arm and the nounted
magnet. The el ectromagnets were 5 power through the solid-state
relays (ODCM 5, Tyco) and a DC power supply (HL3003, Diginess).

El ectromagnetic forces were r | ated through the rel ays |.ng an
anal og vol jtaﬁ%a%ﬁ%tgjo%hé% iﬁgﬁ%%ﬁﬁﬁr&a‘%f} onst™ st r%@ Ya
conmputer W thaq bab\hEW piegisindNatd onadhd Nsid-Wmites) -+ LG Rgar ose
gel el ectrophoresis Synthesized products were anal yzed by 1.5%

agarose gel MheSpeleldic GlRotice G sqdorip atltr)Titst sithadianidayice
et hi di um br om BL. 9-.Rad r r , Vi ized .usi yphoon
9410 vari ablgégﬁn%geef&?Aners ac?n%‘lﬁ%s%}?%%cte@%]%llﬁ@é%Ocejacjt%féo- O-olérsgses
were perfor nedepdtdO0iV £ nrgrbemt nv it ht HOOE opcd iastdelr  {New d=ngl fandh)e
and 5 pL of DNA sgﬂ@l s collected fromcomercial thermal cycler_ and
devi ces. DNA"Sebw Jr‘%gf: VsG%p alit thi: AP ovaEtd iR it dsitde

products wergi 20, saauencedk+ o Lheek 54&%)%5@1:5%&dé}%g&3{&, or a
synt hesis products (w thout further FOR purification) were cloned

into vector PEVReNRTORDER{1vTwitudyen ambulrlansiioterbckdhmsive

chemcally c TOP10 ce]ls. After .overnight gro on | x

Luria- Bertan‘;%?1%3&13?11&%1%a"‘rrl%‘Il ate E{Svﬁ”'lfh 100 if)eg/ur'ﬁecgg‘:oof Oa%iqclﬁ IE"llhr)f,ace3 of
i ndi vi dubd cohenmesryel el i€ ke bael g5 ove iDNA xahByrediaf{od t h 100
pg/mM of anpicillin). The plasm d DNA was extracted by using Q Aprep

Spi n M ni pr epedteial Y AGEN ,ccﬁi&dle@@é] Gdyudrasears b Bhdbfown into
nal

(Singapore). In total, 150 individual sanples were sequenced using

ML3 30 for waf tHehdl ¢ ediet seV s it eR G 1SS T APRIMREtad: pradgcess:
96 frommcr L di i a 48 ;. %Hﬂﬁi For =St
process: 54 ?Ir%)%&%%? g%({).l\:;%l c e%i%]é{%ér;ﬂ&p%ge%lonﬁ - ﬁ(ﬁ%%aﬁﬁp
Al'l sequenceZ(esllbssed9 Ter elanatly zed st ngyeselpre igec el ysils- t ool
Vect or , and the errors were verifi by visual confir i on of
the ol ect? opROTeTrERE b1 SEFTERIGE 60 Mindts CafRaY o T ST by
Devi ce oper agp&di A P4 By S1 O G Wb Ngred oMM il ddepogh 1 ohe/ alméeBint
(Cavro XLP6000, Tecan Systens) was used to mani pul ate reagents inside

the m crof | uPHiRaHevd € 8 sihi GOk eRYE: HUHTY 162 Y6 afrtl edfenvd ITHH radwi e
and di spensi g SAROEM S Mbd NGd 0 VRLUME, { esplutl gl of Detd s ddan 10
nL, as contro%e@é%g a&l_%\%éll p'rogramn%\léatlona F(f.grllst ntgs. o) };L
control the hyidiogelenat viesa el Hdmer nathe yRITA ngl isjonuld baeoiusdy @k lap
separ at e%é{, t TE% dul es WIC?TD jndiyidual tenperature contrallers
vere usetl ( FQUETs) - one TE ol DLTE TS 5 1 0CH Y Uhddr® ('S
PCR chanber sot o-iper fo5m ¢ ey temper gl £ £y Cling @t thesdthalesTE
modul e (TE 2) was | ocated under the hydrogel valves to control their
action. between oligonucleotides may affect hybridization
depending on the nature of the mismatch. Mismatches at or
near the 3’ end of the oligonucleotide may inhibit
25 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

30 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):e61, 2007).

Multiplex gene synthesis has been demonstrated from an



The overall device operation of the gene synthesis device was
illustrated in Figure 13 with the volunme defined by 20 each chanber.
A igonucl eotide and PCR m xture was first | oaded into the PCA chanber
through the inlet port (A). The sol uti?@ was t hen seal ed by the

hydr ogel valves (V1 and V2) and thermally cycled with the

t hernoel ectrjc. heater to. asse e ol.igonucl eotides. After PCA the 25
hydr ogel val ?/gﬁg?%ic%%%t 3 %n% %%%%H}l%%dN%drlcg %ﬁﬁﬁr}%‘}] Q/adsgop_urrped
into meter chasbest Mies anch s et taneousd yure xeta tihy sn- eopml 207 une
of fresh PCR m xture containing outer prinmers fromneter chanber M.
To enhance mM&i AYLIPRPSPE%ILR r AL htR 13@0Y Betiteeretaic! huG Mpre

chanber s (Clca&qorspyog}}ozaiy@-iér%% ﬁ'%% e A% Pl @&Q#@Mﬂ%

preci sion syringe punp at 1nlet rt B nd t hen noved to

chanmber wbt hohydn®geCR vad varsb | W3 aingbnidg 1 keptdeopearangd terorPCR 25 nM,
anplification, the, h ogel . val ves_ (M3 and V4)_was 50 open ai n,
and the sol u??%ﬂlgbggmeﬁ"%% %e@‘%ﬁdﬁ%’erlw{ttw'oﬁﬁi% e%&’r y
A3), and sinygbbanepushy e M ddb1hes PBgNald Cehendss sotditd Ol gned
defined by neter chanber Md in the beads chanber (C3). Wth the

DNA- absor bed” Helyneeneidrbrisi o chptip bdl by tefrerrnare, meritiahdor
inpurities s I C y\g§pe o i t el.utjon. fer was

| oaded and mgég%jé%%@f%e nag%let%p(i:d b%%%sé{é%% uév\%ls]}% hlerﬂue;heﬁ eased
into thelel uf¢omatbidfesf Haigwits obr tdiandt®ow di rection, unused inlets
and outlets were plugged with netal pins. 10 For exanple, to direct
PCA m xture TenpOR €hasbessd therd it et SEd A-1AY)a frafc1sol d drphaseeJuRce

purification were plugged. Two i crom xers were devel oped to
ef fectivel y FEXUHHENPCA PR cUER VR TR BS e 8 HAk tan® FVFORS the

anpl i ficati oaarggﬁri Aec 18 ¥ the; aregnetdge bf@ﬁllsodﬁéé&fﬁgﬁ%é%gi on and

el ution buffer sol i d- phase FOR purification. ene synt hesis
chi p was to bengbyrténpedy ast amerieh-Rop. i ibypirehty t of perdwing an

automati £. gene_syni hesis...To contr he cost, and sinplify th

fabri cat |f%n %?%%%%isy of ST Rk 20 1 g%%%aab?séer%sk?ﬁ%sp,r?éﬁ% %‘p%rcgoa%es
utilizing sisptendedi oL of ruet UieEe asiy d@tdodso e slesh rathon 1t e
14 shows our approaches using shuttle m xing and el ectronagnetic

m xi ng. In shEEEMRLY @(@ﬁi}}@;‘?r SoP i3 mTeS sHt'H e detheenladRe T idnber s

connect ed by, 2,83 £ 9V 25 LMl eq THY SqLArs ed fduced, than,

di ffusion distance of two m xing redgents, and the abrupt opening at
channel - chantrerojlimentonsa cf vat edrwhaotmel stk ect | arsatb Xdd §rome ta logso-
and reciscul ated the flow (Gan .et_al | . Phys. Lett., 2006, 88,
394109) 2 Bor B ONELE? {oat i e o TR APPSR ok (TR HAHEE ST e
(Nguyen and W, adselbTeOneedn DXTOeNGnen 29 Womdby s g . atFi Da e Ida
denonstrated the performance of the shuttling mcrom xer. Two col ored

food dyes (bfteSantH? ™kt e Svel Hgr il Batera ShutRe B tHe 4R nes
bet ween two fgﬁg¢@%§ ﬁ%o&héﬂ§wvéﬁgfbnally purified and error-filtered,

obtained from the first two runs. A third-run template is
25 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

30 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



51 of 150 uL/m n, punped by a precision syringe punp. This nethod was
effective with conpact and sinple fluidic structures as conpared to
ot her reported nethods (Nguyen and Wi, J. M cronech. M croeng., 2005,
15, R1). Mxing was 5 conpleted within Zcsmin in our application with
a fluid volune of 19 pL. No visible air Bubbl es were trapped inside
the sol ution nt. neodym um rar.e. earth nagnet S il tQ
capture. mgndt Lo Beadeot I e M S G A el T ol 16 & B

Anal . Chem ,p2004, i76ledd24, Aafidr@nneetesd ot athChiPine20G5:1i6,1 H55;
G umann et al, Lab Chip, 2005, 5, 560), as it provided a strong
magnetic fordddediphRvere $HMRIR My Hubettho e e tEuEsd e

aggregation E)ém%fégé. (?}??o%mgu | Rer £NA) o t%négrg%a%y 71:33 $233)5 3

and hi nder the beads 1 contact wt siTe
bi onol ecubesstétquentet | oh. tHe takel stur erd fatctt hee beadshavenisxtvwetd i xed

w th solutio have devel oped an roac 0 itate the solution
i nsi de the cﬁjaﬂ%mgrh?ﬁﬁgr%ol a}t%%:&ﬁ‘:ﬂﬁgﬁ%#ﬂgﬁ%a%quﬁ Srfng
flexible metahedrddhad vWaSariesSRNGW Ghethdy tyo el edroramgnet s.
When out - of - phase voltages were applied to the el ectronagnets,

al ternati ng nebhefied faoreesl e yeviekbtlee nhldteBvihgathe et dio 4hm
and t he per i, nul . i, Ngi.ng; nBgn d
t he magneti gﬁ%@g&s an a%?(% %W%%gs%%%%m@ I's sl m%log{pqg?%l%ch
was enpl byedsimghe xst henadait tamp baifd eraddiny DNedound theg et beatso £
in the final gt;ﬁ) of PCR urific?%éi)on at a r&'xi nr%rate of 0,5 Hz. In
situ hydroget vaP i " Bur i 7y The" PCROTF ot SUPHHEEIFT % 5T Uil 1yt the
variation fremR3dhdl &0 94 costeh £ el® ApiessWreifrs3.ad dslplete
(Chiou et al, Anal. Chem, 2001, 73, 2018). Potential trapped air

bubbl es woul @RV ¥ i ik ecBigbieri} tdoHale prlesyifed ofayat piss radd4Ghe

(Liu et al, Anal 7 . 52 . Therefo . the
preferred m crova \C/%?\r/%%?gdg%gofabcﬁl%n%%?%%%%%’an%léie%as l%{.]’S apns(‘-ll to
ensur e sugcessiuhesesd isgraiside ROR maxt e meéddad tdhenghainberthelhe
hydr ogel val ves re tested prior to use on the 5 single-chanber
devi ce (Fi gu?%m%]gajet%vi th a liquid flow meter (SLGL430, Sensirion)

connected between a constant pressurized water reservoir (8 CEjSi) and
the device. THe PTOIRT 2™ %7 i &0 i dreSREEHvhi Yora Ul e He 3tV hrds 1s

subj ected tocsRpeindh¥er$00h i Ngandh heati Ngh byr & HO tdgiimal eclidnce

heat er underneath the device. Figure 15 shows the valve's tenperature
and the floweatesasif urich i onst oficdtmeon Thed VIR epdimensi ors swerele 5

1.5 b hy | : CST
(320, AL Reraii Ty v Skl FOREL R 6 oLl B EF 185 i e

val ve, indi cedpsbby éheadetig®ase 4 npdiww ¢atenidNehi dinerd.enpansitade-
was above the‘{]hgdrocgel 's LCST, the hydrogel shrunk in volune and
al l oned for FHIFAFF WR NP GRIGIETI hR Tharifel Prosetsrli Sate i ak ur e

15 the val vigo T {HiCtd 90Sa MRT & Fh G Vs I ePEAARL & W Iy YALYE & PRENITY to
an 30 nucleotides in length, or longer. The term "primer
25 pair" refers to a set of primers including a 5' "forward"
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.

30 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 oligonucleotides
used to assembly a double stranded DNA template for

subsequent PCR amplification. PCR primers are single-



20 closing tinmes of -5 sec and -20 sec respectively (see inset in
Figure 15), limted by the ranping rate of the underneath heater, and
the water diffusion rate of the hydrogel swelling/de-swelling process
(Richter et al, Sens. Actuators B, 20043599, 451). The closed val ve
25 exhibited no | eakage (zero flowrate) at 8 psi, showing that it

was strong e I cha r.Yu et. al,. . Anal,. Che

2003, 75, 19%%@2%%‘%%%&%%&?@%?% fp%oot%mojlly%lrr} SHRIBIOAT s e
val ve coul d fathsiamgtla @s@Esserecodindgd toNR20km@siatdMng et al, Lab
Chi p, 2006, 6, 30 46 and Wang et al, Bioned. M crodev., 2005, 7, 313
al so descri begk t ber spes@ssidt hitt egimadt O3 Of r LA Al dty ROl ETRIiAGGn S
NI PAAm hydrogel valve with PCR by nanual insertion of pre-synthesized
hydrogel i n B#eS$$d0 pht hsE CRER hick Ha t kg |ahgre BB Kwvryeie the art.
synt hesi s pr S i t i i Q of

fluidic s%r u@?ﬁr%co aégf%%nﬁ%bﬁgaﬁgyﬁ%lﬁo%% qthgTs}'P%f)lvﬁurr‘oer
of interestipgl wdeisadl Wioperties ¢ hat veaker idrisyperior for
constructing 5 highly integrated biological mcrosystens, its
nonspeci fic @r@ixﬁéﬂvégﬁﬂﬂ@tﬁ@éhﬁazfaf‘ﬂefé‘digqé}%:ali%l € gl ds Res.,
2007, 35, 4223; Huang et al, Lab Chip, 2005, 5, 1005) and

per meabi | i t yampl Waiezt apornd Prakashl Bt \icli 8. Actiattorsl B, 2006,
113, 398) cqyld pose problens in 10 performng PCR in mcrofluidic
envi ronnent , S5PF HE FatCR oWl Ue ARF & Rilgh Lolfewed: eyvvelufi

ratio. Tp.a s_these obl ens ., hav Qﬂ?%? the .fabricated ..
devi ces g?tﬂﬂgging¥£f%i %%{%%%ﬁ&fra it ¢h %#ea d% rb§PrF§f’p8n§8$ﬂﬁ§9
wat er vapor giffaséen and iprReedihesunace 13 compat '7'2'°éyf¥“§t§'0
PCR m xture (Shin et al, J. Mcronech. Mcroeng., 2003, 13, 768). A

t her noel ect r$ec mogivd ea Wi d ot heatersd des @ dy Foan feas 10t linzed Ther time and
thermal cycling. Figure 16 showed the tenperature profiles of the
ther mal cycle?MRPERTF HER FROM A LREIGYE i Oh I platie Phdse

i denti cal di{f&ﬁﬁiﬁg@b@%@%ﬁéfﬂpﬁ%éﬁs@%r & tﬁ@ié@?@éﬂsgecde.

enbedded wit hi er. Tenperatures at the heater su

and mﬁthi%etgﬁtagié%ggger were neasured. The tenperature difference

bet ween t ons indicated that the 500 pm 25 thick

silicon subs te could cause a te rature drop of > ' i ch was
%%R?i %@O(?Lﬁ%t%p%rl%tl% %lfnPf er el "&‘Vc ianéépﬁ%@%\é@?iang and

conpensat ed
cooling ratesiestfmielc fdomds gure 16 were 2.4C/ sec and 4. 3C sec,
respectively, which were faster than those in commercial thermnal

cycler 30 (DMWY ERgbies PTEx 2000t i dhei PCR chaghieravasa e si oned, widdy a
volume of 7 pL. Gene synthesized by PCR met hods contained both
full -1 ength SNEPERPTHRBFHEERArF RS W YR sHEr S dempthstheafter

synthesi sy ggl et gcts ophoresi s, ervéfgaéiefn%)ﬁgéeﬁgg%é_,o &WAM%%J:

54 success of the synt e%is,'in to separate t | engt'h” pro
whi ch was t herclextgact®ah feoml hedmel . Whasi ng/ ged S@ktFBCT | AVt s.The
-SrﬁgepgNRAmpgrglaL?relbﬁ;étlsaots:{orgugf tr?ué Ste éséfc?ss c?anxg gehedcpﬁé)emgfék{]gDBPAr— Ciens ing
polymers such as polyethylene glycol. Solid-phase
extraction on silica resins (Wolfe et al, Electrophoresis,
25 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, 18%0}). The extracted nucleic acids are subsequently
30 eluted in an aquecus low-salt buffer and concentrated into

a very small volume.



5 introduced into the PCR chanber through the hydrogel valves that
wer e kept opened by thernoelectric heater at 60C. Once the PCR
chanber was filled with the solution, the hydrogel valves was cool ed
to 4C, sealing the chanber. Since silicgn with high thermal
conductivity was 10 used as the device substrate, the PCR chanber and

r%s:a??glrexgla wae%ﬁa%)%eéllq:’#d%&t%er ngrt t Il‘lltnlnllazned é}t'crlet]ner ?c{/é;seads coated
operation. Thethystbped, vadVvegdinssibide, I@pllckbelmﬂzhﬂetd anst tion
tenperature tp seal the PCR chapber during 15 ther rral cycling,. which
coul d reach B*¢%® %%‘Eﬁ“ée%ss’rﬂqup%ss@@@t@?e g gieddedsharsing

t hermal i nt esfefences@hdgsBdscr: dhe @Iﬁmbav%amdom.cweeﬂthe PCR
chanber and val ves was to use, a pol yner substrat eésuch as

pol ycar bonat 8y ¥ 26tPetcaisd sthiicopttfaeisine wopd oo 1VEIAR or an

| sgl ation Zoaddiemdsna:g BHERE£S St & hﬁjﬂd\@if{)ﬁie heat élolgﬂttaaln%ngextlmgl v
substrate, as ort.e et a and. .Ya

ot al o MR Sty ot e o B R
and two- stepnm@t:sg'ribémsafl’éleparé@ma dyst@rses areutreamenit nfagmaRCR
assenbly was

t he nunber ?élgle?gsan%@?%otl dﬁ%ag%ﬁé%gﬁ n%(%m;ésséﬁr% yéa\?\'{ia;gs nuc et

| ar ger tH@n WW@%@%tw P PER pifgiride dertirr INA |extarpttiiadDNA was

construct ed &fOMRAeiop a0 B0 UL EPHBbdW 110 dens of o
ol i gonucl eotides with various nelting 30 tenperatures. The efficiency

of successf utegenen sitbdeshent €ldedion severad idRadat fRotls the
i ncl udi ng the pg_lﬁg/marase concentrations of assenbly oligonucl eotides

and anpl i fi cat¥ off gREFRRSIC RPAT rIRATRS B pioplid i esThot begls are

ol i gonucl eot | S0y al ,

J. Biotech. ,ilg%%%(ﬁ 124%121%%)1:}5%' etslc‘i‘Llyal t%po]baséltlﬁl ne }?? 2

ol i gonucl 2ot ¢oket eothdnpgnaterc d@emwm ironsi pal steghreint 0fe @ERuUcH #6Eh a

bp) was 5 synt heS| zed,froma of shor ucI eotl (.40. bases)
usi ng t wo- stEPTECR PrOCERE y‘?r?%a%ef |%‘t}§t}%‘|g c?ﬂteerﬁcr%%tl on
from5 to 25pﬂi§dluc§tfk§j Y B Snncent fadh Olfhef rm&al é&a‘c_QaLﬂ Mndis
was conducted on the comercial thernmal cler. Desired full-1length

product 10 WeR24§ r's¥ing e E@EIEOM DI drebises e Howt- s@ﬁtter
primers (P%ﬁ@fg@plyﬂi ad’g)j%f t [

the second PCR ( PCR anmp ::h(l:%'{i %én) o&neg&:lﬁy?ﬁgdén}‘l{% o"ﬁeé dﬂ{ VI ce
desi gn (FogureaScignt he PCR anplification was performed with the PCA
product diluted 15 with an equal volume of fresh anplification
reacti on m xtagreest Gelbed@cteOphwresis nasudst fare PCeassanbl y

(Figure 18a) and PCR anplification (Figure 18b) were, |IIustrated for
the i ndi cat §b-OF TYPIHICT eotd oY Nd St i iferme e TR i hs- N Hihe TR RY

has snearingagelcdSsWis, aifdh£atd Naidatad hg,assambl edpraduct
contai ned a spectrumof DNAs, the majority of which possessed | ower
mol ecul ar we§ghewriqgnese mesﬁh@dnft%mgewl( mcbmtemowarp;r@dm sipper
assenbl ed_from ol |C?Pnucl eotj de concentra %\%ons of <10 nM

quant it y*of 259019 | TGt F BRI bl %%w%v&wqmsﬁaﬂw%

h CA gel | b I h
;rrgl ini cg'?i o%ﬁ'%%eﬁ i&nrg%gers S o%ril ecgﬂrr%ﬁgééé/ %OE%L)SJI dﬁlcwi&éyﬁi Hesi zed

wi th an ol i ganuciiedte desttonoeitsdti®nsdh 5 nMianske: PEid@may be
concentration of 0.1 pM 0.2 pMand 0.4 PM 30 respectively. O her
1

sanpl es wer VMR SheP s SAHp B A01°Y cP é@btpﬁlfi Hafahegar domains
ol i gonucl eotéfje g%g@;é% é@% %jfc %M;]_S Meh as

Syntheses wit h an oli gonucl eot i de concent rat| on > 10 nMdand a
primer cdhcerhe af¢rb ofnd. He FM a0 2l |edbd o, pr ovirelzo t he-

Cobalt, CoPt, CrPt3, SmCos, Nickel and nickel allioys,

CuZMnAI, o-FeZr, Nd2Fe)d4B, NoTi, for example. These

materials may be formed into particles, beads or



56 desired full-length (760 bp) product. In contrast, syntheses
performed with 0.4 pMof prinmer all successfully produced the target
760 bp DNA. O the four sanples, sanple 2-3 with an oligonucl eoti de
concentration of 10 nM5 and a prinmer cgpcentration of 0.4 pM
produced the nost full-length product, even though sanples 3-3 (15
nM 0.4 pM 4- 0..4. have .nore full-1ength -DNA

gener at ed inﬁ?gﬁ??é‘%lrzéo%n‘f %h ﬁ&rp(ierésp.s alﬂlseaaS n I%%%S’fisnlcﬁlncgag, “4n
ol i go- nucl eodtider comeemtiiatéofas. 10 nM and a 10 prinmer concentration
of 0.4 pMwere selected for gene synthesis on a mcrofluidic device.
Wth the optssi zedoiodsgonker £otisle @dchddd MBS asNic et Afdions, R-Puv
(760 bp) was successfully synthesized froma pool of short

ol i gonucl eot $ESCE 3D bhase )i hiatst prd Rrd thwgommeraiep in micro-

(single-cha . ehip t wp:- St m I ui di eyi :

dom nant aﬁf%%&?%eé%géssl?\é\@n%r%%lug%gagelr%o fba%n%dglle}?lt%%eg 3“3? i mages
(Fi gure 19).pdheleibanl hyveste nat@obyietidsaofi an o OF 1 ¢t chi ol b \d e
were - 50% of the controls perforned n%CR tubes with a 20

comnerci al  t Fephafy JeJrJFyTJrfésr%l%ﬁ‘%LH 1% et Dy hel MREE Vi dhe
(2.87 pL) inpiderchanned s; betyeem 1 hezs PCR ehaber (7 pl) and the

val ves. The oligonucl eotides m xture within the dead vol une did not

assenbl e, buﬁrggfltﬂpggﬂjn%o - 30% of the eluted solution. The gel

results als hat 25 paryl ene was conpatible with PCR

reactionym X i I ) inst _
cvapor at 1 on 1 et ot B L e R B AR A ¥ dse oy
one- st ep pr oeesdyct hetian-stepe privee ssraenarat ed thawi maoted, or more
full-length product fr the sane 30 anount of injtial,

ol | gonucl eot T TR T hbY iR KT prEcoeial (HeSiokelibl 3 dite Sequence

anpl i ficati ophaereneondlusd egr s il t anequst fha Whingh copetad for the
fi xed anount ol i gonucl eoti des and nononmers (dNTPs), and rendered

i nt er medi ar YNip¢bU@ tAC1H$ lRepR@fCiol B ld B, viel ght 2Q guteoves7 argh) .
The process compstifio 1 Nk m i 4 - oces

resul ti ng§i n nnr(g‘s%]%ﬁ[’l %%\ﬁg?w ﬁlgad%e?tdc %}led‘%ev\%%%s)%az%&g’r ggcpe'sseq\?avds 2002) .
reported to Aktimongh refntabd el d hahi ddreicnssistdygs pracass, pwhi fihed first
sonetines failed to generate full- 5 length DNA (Gao et al, Nucleic
Aci ds Res., 00% BATYRTHALlanG Pl HeCNRAG P dU s, OBdgan-

32, e98). CopersyRtdest SLv iy ther dndd-Sdaibiy 0aesse Al o 1l d owedh 401
different annealing tenperatures to optimze the assenbly and
anpl i fi cati oA ProOTEdS sl b pdratal ycally THeC paswariieel csetjueiitk Wawe - To

identifi by FNA i i d S om 1| :

m cr of | wﬁgi cé(f evi c%ﬁ%?%%%? %ﬂ(}s h%s/efr%ﬁgﬁé;{nece)’d%ﬁ r%%{‘ffﬁ& outr'd °F
further puridrcat+on tsingoPGREIRe ds TORDO ad orhickge Meed«®d on enzymatic
(I'nvitrogen). Full-length target along wth internediar roducts
were all 15 %fglnféhtﬁf00%9%?Lﬂ%%tagw<5ues%le%&%\b?ﬂpﬂb§?%%%tﬂ? THRA AR R R
products. Tabi&jl shows the sequencing results. The error rates per
ki | obase (kb) calculated fromfull-length clones were 3.45 in device

and 4.36 in RRA ube-f0f pidie w-mﬁ%ﬂ&fmr%%@ ngapploé n device

and 4.10 in PCR tube for the two-step process. ese values were
within the ramerpdrated eintor a atesrofpordied dadv 86 par ki Hdlare eir

al, Nature, 2004, 432, 10%0'. Xi ong et al pﬁgd eic Acids Res 04,

32 oot thotaro s AR T e Bremo e e G tor The
removal of mismatched bases include but are not limited to
enzymatic affinity capture, enzymatic mismatch cleavage,

consensus shuffling and oligonucleotide hybridization.

30 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



25 30, e43; Wthers-Martinez et al, Protein Engr., 1999, 12, 1113).
Most errors (> 85% were associated with single-base insertion,

del etion and nutation. The indifference in error rates inplied that

t hey were independent of the 30 syntheskg nmethods (device versus PCR
tube) and processes (one-step versus two-step). Hoover and J.
Lubkowski, Nucl ei c Acids Rehs. a,rt2002Egj 30, e43 and Tian et al I}Ilatur e,
2004, 432, 1050 POFHT et DUt ThatCh He Yreftisdts s S 0 5ghe input
attributed tgopheagihjty of synthetic oligonucleotides, not fromthe
fidelity of polymerase enzynme. A igonucl eotides were chemically
synthesi zed paser pyshaste ¥ ide oM Al bl 5198 el eAk AN e
Rill, 5 BioTechni ques, 1998, 24, 256). The overall yield of

full -1 engt h gl ot iesd ideicrerh suldi grnudlee bl didges beltectiede | engt h

i ncreased:, F I I 4. 6% of ol igo- nucl eotides wa

full-] eng? h f?‘%mp?%%n?%tgﬁ‘%ﬁn%% tgiaesgp—éI)EgnagSSseyng‘r'h esi lgporrb% C qtjf%srﬁlgder
bui | di ng bl cekseof i sy ntdredici dld gorprateatidesiicont, aitieng bot h per f ect
mat ch sequence, and inpurjties with m smatch (single base and multiple

bases) coul PatYOMKALPardsTiPtled® i THe REF IsHFSSSs aan tdeiferdied Y

products of {Mncorgecin SRAUANGCSE s | Ny oI 85T, 4e DNA pol ynerase has a
15 replication fidelity of -10-6 base/duplication (Cine et al,

Nucl ei ¢ Aci 96, . 3546 i.ch - d I n
the error r g?neR%?Z %@%?ﬁcgt?%ﬁgnelﬁéf p(gra(}jcﬁﬁyteg’. Iger I‘%rfri %A Sdrerflee cga;?ﬁ{%rteey S
in a m crof |andli cemewed ef mming ithen g r adprio ves Tutel cac auriacy DNA syirdmtaesits
20 products as denonstrated by Kong et al d(@I\Clgcl ei.c Acids Res., 2007,
35(8): €61, EPUHMPrRTCEIHEHCH FHit M oPER Ot ist e s SyitHe S5 |

However, it woufd &educe-tdesdandddaridimeAnd-deagents £R616t anmd
el i m nate human process factors. 25 PCR product cloning and DNA

sequenci ng WY Fleduisreat¢lo s Cahatetan lac liraltad & s iRe gaagdiiot
was obt ai ne PP e e inval v i I tQ

efforts. Tod3o %%tl?)fl' aégf%’r or - 4r %@5&3%%?@%&?& ylaetsﬁechectere%oc 53 es
wer e sequencelds (B hkawskatiste alg dMucteaitcl A dsya3(: Restha2(ihb, 33,
e55; Carr et_al, Nucleic Acids Res., 2004, 32, el62), which m ght
contain eith%%cm?fu%%t?%recﬂerkﬂdm%lped“%ﬂﬁ THEWRET % H3=9 g5 -

DNA. The greaierndtslodangtinsy@ld mia tsr@%r&éfm:sstaeﬂ% QeSS d NFHRAS e
the possibility in obtaining effective full-length clones, and 59 in
achi evi ng arFreffrert fRreedyhaisiagbugel lactomphsirdo. donesQBi4te
in FOR tube) t - o} Xo) jned,full-le
product s, whtl %Q%ﬁg}% eérhe%%%% tsr%e:dton Og# olﬁjﬁcio:d&léng%aﬂn% elgdnleq sﬁtellﬁl C’{Q}J& !
process {@bowt demecwoiite SoafddHrae o | orleisd (6 77 dr deGR ddrea)h)y (WHadd e
1). Thereforge, the Ivvo-gt,eﬁ process would be preferred in m.nimzing

the nunber of"ERLHALE SERATEY HY-DotR flafer fo1akr ddrem-
gene, and theseffori-of moni ngand M seauend gy ©EPECi®lY o Ahnd
ong DNAs. Deeble, Genetic Analysis: Biomolecular Engineering, 14,
181-6, 1999) for error filtration which has mismatch
25 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 combinaticns thereof.

In selectively mismatch cleavage, mutated DNA are captured
30 and cleaved into smaller segments using the endonuclease
proteins such as the combination of MutH, Mut$S & Mutl
(Smith and Modrich, Proc. Natl. Acad. Sci., 94(13), 6847-
50, 1987), and the T7El {(Youil et al, Proc. Natl. Acad.



10 Thermal Iy enhanced solid-phase FOR purification For applications
such as cell-free protein synthesis (Mei et al, Anal. Chem, 2006,
78, 7659; Noireaux and Libchaber, Proc. Natl. Acad. Sci. USA, 2004,
101, 17669) (which directly use syntheti;g genes for protein 15
expression) and integration of enzymatic error filtering nethods

(Bi nkowski et, _al, cl gl c, Aci es. .. 2005, 33, e55; rr, et al,
Nucl ei c Acidéc#@s.$920§Zf9 2,9§%§%: ?Qﬁw?i%ﬁy%g %ﬁgm$é§%eﬁ%?ﬁEF%§
Res., 2005, 831t£58:dBrowh €he aprodhOchemed. on 200d, sSafen®24i28) b PN
chip to reduce 20 the error rate of synthesized products, a

sol i d- phase Bufferaekimadgel prbeerlkonesis nt ByFatioor3h ¢de Rew- st ep

m cr of | ui di c; | Lhiz | Cs d i,fication
met hod (Charblceﬂgel\nh?(gﬁgﬁ %+€%nﬁﬁgpﬁ%§lgf%vﬁ$’g€§%gcﬁhﬁg%{ ocess was
i ntended to purohylihen@Stias senbteth psodeciid rompsdwort priners and
dNTPs, and to prepare the buffer solution for downstream application.
Si |'i ca- coat edutBgret¢es beads moatgi sied pcisi vphdfyg theotlemi cehat
integration (Liu et al, Anal, Chem, 2004, 76, 1824; Cho et al, Lab
Chi p, 2007, 7°C%85)Z%3 ¥oMpated te° 30 WAt tnwe] dieskei teeasry i v
met hods repo by4 .J ect ¥ 9phoy esl 2 ;
West et al, %%ﬁgl %:tﬁz??%?%g%s, éiz%%gé %EG 664?%%5 B?%gecfnrf%lrgaer%?ﬁ; S
Anal . Chem ,PRO08ing5indBsde, BO: Chae gedw tiohi wrdlizeddhesaneles
approach,as ot her, reported nethods (West. et al ens. Actuatars B,
5007, 1250 6eA OB anhor 4C bE Gl 2 |ham%&%0€%f,]f%%nglé§?ﬁoéaw
was first adsocbesiontiwosheasidézar sundace,smnerishj girionicg 5
strength conditions. The unbound inpurities were washed away, and

then the adsoPbRe BRRS Wasthal basdlr i1 $o0 4t ['OFPweh a hi gher pH (10
M of TS HAraRbbflo B)es Te) Chapgednd Ciudtd vgs; JALst Q0448 200 ddho
t a Known

standard PCR tubes using 100 bp DNA | adder w quantity
(1.19 10 pg)sapithe) coRfPOTSIDI [Dwermgus hegappt oags he ahdo g ol wc)o)

suggest ed. by turer. The reage s nodified t

t he desi Egi% o%@%é@?l ﬁ‘f‘%ﬁ’ cm‘ﬂ%%%és.ap%ﬁ@yﬁézgﬁg%? n%a%%?%do%é@@:&l
establ i shed ysimg £OR énbe, amgo O bp(haaslesapidesild Droceshr e yaso
applied to mcrofluidic device for 100 bp DNA | adder and PCR

synt hesi zed PreRt) THEO 19380 Eimtsapiam® bl DNALT adbierriius 19 pg)
or PCR produg ué@i@?%PQ)UY‘@PSi esge £ 1AM { he, i ndiog; capabi |44y, 4§t he

ChargeSwi t ch beads aded. Based on the manufacturer’s protocol, the
20 Char geSwi t'é¢hbbeadshabatake bi nde d03b e Bt claandiech DINAso W X h ARNMIR Hs2 of
> 90 bp;,thu 100 bp, DNA | adder was_ sel ected, as the co The DNA
extractiBh | BT P beaf B e Bt Eat Uf o SFH (HEL TLh, ang
DNA el uti on. (Aheo INp &l e1t 1o Long) |1 ANS0L10 678 RAkh 1 EIPET ALAHL) 1 HRE L,
25 investigated to increase the extraction efficiency. The extraction

efficiency, HEY?hedMRusde pofdeh? affeharmpna kempreretl ehd r& Biked,
A , Ue 5 ma CH o
was shown ingkl guf ;2 su%}% f‘\}lhﬂf% O{Tﬁ%ﬁn&% ’}F?Amg\}g@ ,gon?ﬂlf%\h“

sanpl es were determ ned s spectrophotoneter.
measur ement WaguIEpeabechpint bes X i més63 The( svkbnagel bxtryagiimmrium) ,

}

of 1 1 ensY ol 190, Dby P\ aieg s, 85,100 |1, FCE Lube, 1 45, 24

buffer (10 ndMedvilsise HCln1 pdb&s 5)s. hagh iher adsorded 1Ry yas

subj ect ed tO(Azotobacter vinelandii). Exemplary mut$S homclogs include,
for example, eukaryotic MSHZ, MSH3, MSH4, MSH5, and MSHE
proteins (see U.S. 5,858,754 and 6,333,153). The term is

30 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




61 increasing elution tenperature, the rel ease of bound DNA was
enhanced. The extraction efficiency increased effectively to 86%in
PCR tube and 70% in mcrofluidic device when incubated at 60C for 3
mn. Further increase 5 in tenperature gid not inprove the extraction
efficiency. The extraction efficiency was slightly inproved (< 10%

W th increasi incubation time (2 mn to 3 mn). The thernall
enhanced DNAéé(; utall%éjner@%it}?aa He u}}{aojteo Bly C)levrest hsee)‘?eerr?;iersaetrd‘ragae %éocst of
pH vari ati onsidh Taé SsyiGhdrt £ 1g apl ildbidel ddcirdas ebdtierymlg manrisym

of bound DNA (Cine et al, Nucleic Acids Res., 1996, 24, 3546). For
PCR synt het i @5 $P0Erd tiHe LbdFATTEIEEIT iRy endadsi lerad 7% %

5,350, SRR 00 10 B Mo SR e

m crofl ui di ¢ devi ce ate ese
ef fici ench es(wekeet over thmrerer 86%ant aifh 1% dcty eved feore 160 bp

DNA | adder, r ectively. The differences could be due to the short
o mer s and HORBREHET cRHL TS Gt <o ASGH e A0 T ighi e A e
wavel ength ofh&S9 qund i & &tsdNA. pridtes SHOP 4t eXddiactd Pedfddmency e
indicated that the inpurities (short priners and nononmers (dNTPs)) in
the PCR produciii@gte I¥RREUTNI 3 thetRd st chlfdhdedBNA eafercigdiko

Sl e, V | . s |

that “achi evert T G o By A P s £ Qe Bt G B v e
|, 254 Al 0 75, 188 d it hi ; gel

ren't c?ochi 120 ( 8@/‘3 %ﬁme% % l,(%%ﬁ?najlgf aChceomQaa%od%l?sqgéé[glfgjgs?e%gg densel y

packed mi cr afiadurd£hi et Si{Fopnestraict urtel { AdrdaMstpeivialas Senssral

Actuators B, 2007, 126, 664). |t could be easi Iéﬁli,nt_egrat ed with nost
mi crof | ui di 2B I B0 T HOMRT ©xdF 8 Tibf i1 i ot istigpsrgrutation. The
nodi ficationg;.ang; @l b ovwed suceessd ylrexidactd on é}fdorﬂcﬁfé?:gr%m chﬁmber

quantities of DNAin 7 pL of elution buffer in < 20 mn. The hig
| oadi ng capaled tengmber dyy ars)nmesepartfuad ardncalediidblel frmates the

oxt 1ot i g BT G g e P PP e i 92(1),
Breadnore etl4d55Anat00Lhermhe 20034175, fUBBxa Wl ®©in dla AradrolQhem

2006, 78, 5704; Sapper et al, Sens. Actuators A, 2007, 139, 139) were
desi gned f orSTNA 5 iJUrRFI TR ¥F o 1 ot Gtft e atPeSshp 17l h ARG 1 T

bi ndi ng Capaﬂ?&ii\Ye %acﬁ@r&gre@r@lm&-e%sﬁhﬂ{ tirhec,q{arﬁmcﬁi(a?mégéy, and
effectively increased the extraction efficiency from42.2% (25C) to
70% (60C) i mydecpi@rof | A ie nhod dey U queisierstt igvent igrdiephwitic o
be limt i C by the 10 specific .enbodi nents described herein.
Vari ous %diﬁ?%%‘ffaglr\sg%fat S Avention TH 5 di(fairbﬁoﬁ o 1O st ibed

herein will tecoresappareant diorddoseskidt esbddi dhefiarid feomidie,
f or egoi ng descriqpti on and acconpanyi ng figures. Such nodifications

are intended' PP PET vﬁh%i#ﬂ@%%é%c’bpﬁé‘ TUHSRS s LT irdscht
I nvention i g,diy&ect ed,d aieacted ndividual, § eatyre.cSysiam fmieri al
and/ or nethod described herein. In additi'on, any conbination of two
or nore suchsdexgtieredsyy the direction of rotation and speed (Brenner
25 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
30 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



systens, materials and/or nethods, provided that such 20 features,
systens, materials and/or nethods are not mutually inconsistent, is
i ncluded within the scope of the present invention. In the
specification and clains, all transitioQ?I phrases or phrases of
i nclusion, such as "conprising,” 25 "including,"” "carrying,"

" v e of,"

"having," "c LnLng, ! rconposed, of “forned of " .
Favolvi g “SRafenelf: kacERARPEgee s oot 't pad SpSit bRty juwing
to nmean "inchudimglbutendtitt dbheded 00n antket heief @I €xo ENELIPASSE e
the itens |isted thereafter_and equival ents 30 thereof as well as
additional it&ns2PEnFytefe Fiankiyi obaf phrRSEAt@Fe phrmkesl ofor

i nclusion "cgpsksthngs0hh - i Sti ssenti Y., 0f 1 e

i nterpreted gs closedgoé %§€19Efggg%§%hpgggé,g@%s%%%t?%%%ygg1?éﬁ£%¥%d
i ndefinité antivpesxtatnahdhians? as UsEdahedeiwn & rhednelspecddtcati on
and in the clains, unless clearly indicated to the contrary houl d
be understooégf8rﬂﬁﬁﬁ eétafe ?a%%g;caﬁh l%%%ﬁ%%%?%%’"iéﬁ& %?%L ess
clearly indigabed.5 to the contrary, should be understood to nean "A
or B or both". Various publications are cited herein, the disclosures
of which arerbPCOEPPEahely DYt gsesence (b Nyl NEY Nt L &L Ifliitiple
pertinent part, as is undérstood fromthe context of 10 the
publ i cati on Berhgititddc ¢tpleagescahdre iheoppesentd spend fomatGeome -ail
a docune [ r by.r rence_and/or_referred to herein, .

Mncl ude: Snt T SRer et o Bl LA Y e A R LE LR A Jf " S Prctency.

t er m nol ogy, Lang/ DNAt Bequacos poL Bt edé r &f €1 @ne etn €lo Csmnd St $ISRL e each
define terns 15 differentl¥ than they are used or defined in the

present specPFIRALF oRSSERRIBHeReNP2CPtFPTEAET ohl $HAIF COHETDI . 2TABLE

1 Errors andtﬁéﬂﬂﬁﬁé&?@o%é‘tﬁ@f Synthestsnof fFRuycuising one- step
and two-step processes in the mcrofluidic device vs. standard PCR

tube (maching), rgﬁfgrp£89§pgﬁffSff@iayg_ééﬁﬁbégggé%ngflﬁgifgbricated
15 wusing soft lithography or CNC milling on polycarbonate
material (Lee et al, Biomedical Microdevices, 3{4), 339-

351, 2001).
(VII) EXEMPLIFIED EMBODIMENTS

Microfluidic device fabrication

20 1Instead 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

25 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%

30 tetramethylammonium hydroxide (TMAE) 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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resolution of 42 pm in the x-axis and y-axis, and a
resolution cof 16 1am in the z axis, well-suited for
generating thick and multilevel structures without
lithographic process. Conversely, other rapid prototype
methods such as liquid phase photopolymerization (Khoury
et al, Lab Chip, 2002, 2, 50) and contact liguid
photolithographic polymerization (Hutchison et al, Lab
Chip, 2004, 4, 658) utilized photomasks to facilitate
constructicon of structures with superior rescultion. Two-
level mold was designed with different heights for
connection channels (height: 0.2 mm; width: 0.2 mm) and
chambers {(height: 0.5 mm) to minimize the dead volume of

connection channels.

Poly(dimethylsiloxane) (PDMS) precursor was prepared by
mixing Sylgard 184 base and Sylgard 184 curing agent in a
10:1 volume ratio. The precursor was poured into the moid,
degassed in vacuum chamber for 30 min, and cured in a
convection oven at 75°C for 3 h. The 3-mm thick PDMS slab
was then peeled off from the mold, and connection hegles
were pierced. The microfluidic device was assembled by
bonding PDMS and silicon substrate (500 pm-thick). Both
the PDMS and silicon substrate were treated with
electrical discharges treatment (Kim et al, J. Colleid
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. Paryliene also passivated the inner surface of
the device in preventing unwanted protein absorption (Shin
et al, J. Micromech. Micrceng., 2003, 13, 768; Shih et al
Actuators A, 2006, 126, 270).
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Preparation of hydrogel wvalves

Thermosensitive hydrogel valves were selected for fluidic
regulation and ccnfining PCR reaction. Hydrogel was
synthesized following the method suggested by van der
Linden et al, Lab Chip, 2004, 4, 619. Temperature-
sensitive monomer N-isopropylacrylamide (NIPAAM, 286 mg),
N,N’-methylene bisacrylamide (BIS, 7.88 mg) crosslinker
and 2,2'-dimethoxy-Z2-phenyl acetophenons (DMPAP, 18.86 mg)
photoinitiator were mixed in 500 pL of dimethylsulfoxide
(DMSO), generating a precursor solution containing 2% BIS
crosslinker. The precursor was purged with nitrogen to
remove oxygen, and wrapped with aluminum foil to avoid
unwanted photo-polymerization. All the chemicals were

purchased from Sigma-Aldrich (Singapore).

The mixture was then injected into the fabricated chip
using a l-ml syringe through the access holes, and
photopolymerized in situ at 32°C with a chromium mask
defining the exposed area. The sample was then irradiated
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 uL/ min for 40 min using & 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
critical sclution 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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allowing fluid flowing through. The opening and closing of
valves were contreolled by varying the temperature between
4°C and 60°C. An example of the integrated hydrogel valves
in the microfluidic device fabricated with the printed

photosensitive resin mold is shown in Figure 5.

PCR thermal cycling

The PCR was performed by using a home-made thermal cycler,
which included a fan, a thermoelectric (TE) heater/cooler
(9501/127/030, FerroTec) and a thermoelectric control kit
(FerroTec, USA) consisting of FTA600 H-bridge amplifier,
FTClL0O0 temperature controller and FTC control software.
The thermoelectric heater was powered by the FTAG00
amplifier, which was controlled by the FTC100 temperature
controller. A T-type thermccouple (5TC~TT-T-40-36, OMEGA
Engineering) was mounted on the TE heater to measure the
temperature, and used as a feedback to the FTCI00
temperature controller. The temperature difference between
the thermoeiectric heater and actual temperature inside
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 fhe operation. The
desired temperature profile was programmed into a computer
through the FTC control software, which controlled the
FTC100 temperature controller using a PID {(proportiocnal-
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, T811A and CB812G base

substitutions) was selected for synthesis. It was
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assembled using 37 of 40-mer and 2 of 20-mer oligo-
nucleotides with 20 bp overlap (Table 2; Binkowski et al,
Nucleic Acids Res., 2005, 33, e55). The PCR synthesis
reactions were performed both within the microfluidic
devices and in the standard 0.2-m1 PCR tubes with a
commercial thermal cycler (DNA Engine PTC-200, Bio-Rad)
for comparison of the synthesis performance. Synthesis via
PCR was performed either as a one-step process, combining
assembly PCR and amplification PCR into a single stage, or
as a two-step process with separate stages for assembly
and amplification. The one-step process in PCR tube was
conducted with 50 pl of reaction mixture including 1x PCR
buffer (Novagen), 1 mM of MgSC4, 0.25 uM each of dNTP
(Stratagene), 5-25 nM of oligonucleotides, 0.1-0.4 pM of
forward and reverse primers, and 1 U KOD Hot Start
(Novagen) . The PCR was performed under the following
conditions: 2 min of initial denaturation at 95°C; 30
cycles of 95°C for 30 sec, annealing at 50°C for 30 s,
72°C for 30 sec, and last extension at 72°C for 10 min.
The PCR protocol of the two-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
cencentration of 0.4 pM. Microfluidic syntheses were
conducted with the same PCR conditions in adjusted chamber
volume. All processes were parformed with desalted
oligonucleotides from Research Biolabs (Singapore) without

additional purification.

Soclid-phase buffer exchange

Sclid-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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in standard 0.2-mL PCR tubes f(as control} with the
synthesized PCR product and 100 bp DNA ladder (New
England, 170 ng/ ul} as conirol.

For the control experiment performed in PCR tube, the 100
bp DNA ladder or PCR-synthesized product (7 pl) was mixed
with 5 pL of beads and 11 pl of purification buffer
(Invitrogen), and incubated for 1 min. The beads were then
captured by a magnet to remove the supernatant. We washed
the beads with 150 puL of washing buffer (Invitrogen) three
times, and loaded 7 uL of elutien buffer (10 mM of Tris-
HC1, pH 8.5) to the washed beads. The elution buffer and
beads were incubated at different conditions (25-80°C for
2-3 min) to optimize the elution efficiency of bound DNA.
The concentrations of the original and eluted DNA samples
were measured and compared by UV-Vis spectrophotometer

(ND-100, NanoDrop Technologies).

Similar process was conducted on the two-step microfluidic
device (Figure 5C). The 100 bp ladder or PCR product (7
pL) and magnetic beads (5 ul) in purification buffer (11
ML) were first loaded into M3 and M4, respectively, 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 washing, elution buffer
(10 mM of Tris-HCl, pH 8.5, 5 ulL) 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
l4db. A permanent magnet was mounted on a flexible and

suspended metal arm located between two electromagnets
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(GMHX, Magnet-Schultz Ltd}. Alternate magnetic forces were
applied to the metal arm when 180° out-of-phase voltages
were supplied to the electromagnets, which swung the metal
arm and the mounted magnet. The electromagnets were
powered through the solid-state relays (ODCM-5, Tyco) and
a DC power supply (HY3003, Digimess). Electromagnetic
forces were regulated through the relays using an analog
voltage output board (PCI-6713, National Instruments), and

a computer with a LabVIEW program (National Instruments).

Agarose gel electrophoresis

Synthesized products were analyzed by 1.5% agarose gel
(NuSieve® GTG®, Cambrex Corporation), stained with
ethidium bromide (Bio-Rad Laboratories), and visualized
using Typhoon 9410 variable imager (Amersham Biosciences).
Gel electro-phoreses were performed at 1006 V for 45 min
with 100 bp ladder ({(New England) and 5 uL of DNA samples

collected from commercial thermal cycler and devices.

DNA sequencing

One-step and two-step overlapping synthesis products were
seqguenced 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 Ix Luria-Bertani (LB) agar plate (with 100 pg/ml
of ampicillin), individual colonies were picked and grown
in Ix 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
precess: 96¢ from microfluidic device and 48 from 0.2-mi
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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were analyzed using sequence analysis tool Vector NIT, and
the errors were verified by visual confirmation of the
electrophoregrams of ABI PRISM® 3100-Avant Genetic

Analyzer.

Device operation

A precision syringe pump with multi-position wvalve {Cavro
XLP6000, Tecan Systems) was used to manipulate reagents
inside the microfluidic device. This syringe pump is
capable of withdrawing and dispensing reagents with a
volume resolution of better than 10 nlL, as controlled by a
L.abVIEW program (National Instruments). To control the
hydrogel valves and thermal cycling simultanecusly and
separately, two TE modules with individual temperature
controllers were used (Figure 5). One TE module (TE 1) was
located under the PCR chambers to perform the temperature
cycling, and the other TE module (TE 2) was leocated under

the hydreogel valves to control their action.

The overall device operation of the gene synthesis device
was illustrated 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 soclution was then sealed by the hydrogel wvalves (V1
and VZ2) and thermally cycled with the thermoelectric
heater to assemble oligonucleotides. After PCAR, the
hydrogel valves (V1 and V2) were opened, and the sclution
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 wvalves (V3 and V4} was
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open again, and the solution was moved to meter chamber M3
(through inlet port A3), and simultaneously mixed with the
magnetic beads sclution defined by meter chamber M4 in the
beads champber (C3). With the DNA-absorbed magnetic beads
captured by a permanent magnet, the impurities solution
was washed out. Finally, the elution buffer was loaded and
mixed with the magnetic beads; the DNA was then released
into the elution buffer. To control the flow direction,
unused inlets and outlets were plugged with metal pins.
For example, to direct PCA mixture to PCR chamber, the
inlets (A4-A7) for solid-phase PCR purification were

plugged.

Two micromixers were developed to effectively mix the PCA
product with fresh PCR mixture for PCR amplification, and
mix the magnetic beads with DNA solution and elution
buffer for sclid-phase PCR purification. The gene
synthesis chip was to be developed as a bench-top
instrument to perform automatic gene synthesis. To control
the cost and simplify the fabrication 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, Rl}. Figure 1l4a
demonstrated the performance of the shuttling micromixer.
Two colored food dyes (blue and red) were well mixed after

shuttled three times between two chambers st a flow rate
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of 150 pL/min, pumped by a precision syringe pump. This
method was effective with compact and simple fluidic
structures as compared to other reported methods (Nguyen
and Wu, J. Micromech. Microeng., 2005, 15, R1l). Mixing was
completed within 1 min in our application with a fluid
volume of 19 pL. No visible air bubbles were trapped

inside the solution.

Permanent necdymium rare earth magnet was utilized to
capture magnetic beads in the micrcefluidic device (Liu et
al, Anal. Chem., 2004, 76, 1824; Herrmann et al, Lab Chip,
2006, 6, 555; Grumann et al, Lab Chip, 2005, 5, 560), as
it provided a strong magnetic force. However, this strong
magnet could also cause the aggregation of beads (Rida and
Gijs, Anal. Chem., 2004, 76, 6239), and hinder the beads
from full contact with the desired biocmclecules in
solution. To make sure that the beads were well mixed with
solution, we have developed an approach to agitate the
solution inside the chamber (Figure 14b). A permanent
magnet was mounted on a 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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Therefore, the preferred microvalve would be able to
withstand at least 6.8 psi to ensure successful sealing of

the PCR mixture within the chamber.

The hydrogel valves were tested prior to use on the
single~chamber device (Figure 5b) with a liquid flow meter
(SLG1430, Sensirion) connected between a constant
pressurized water reservoir (8 psi) and the device. The
flow rate variation was monitored as the valve was
subjected to repetitive cooling and heating by a
thermoelectric heater underneath the device. Figure 15
shows the valve’s temperature and the flow rate as
functions of time. The valve dimensions were 1.5 mm x 1.5
mm X 0.5 mm. At a temperature below the hydrogel’s LCST
(32°C), the thermally responsive hydrogel swelled and
blocked the valve, indicated by the decrease in flow rate,
When the temperature was above the hydrogel’s LCST, the
hydrogel shrunk in volume and ailowed for fluid flow
through the channel. As indicated in Figure 15, the valve
functions were highly repeatable with valve’s opening and
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 closad 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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The gene synthesis process was integrated intc a chip
composed of a PDMS fluidic structure on a silicon
substrate. Although PDMS has a number of interesting
material properties that make it superior for constructing
highly integrated bioclogical microsystems, its non-
specific protein adsorption {Zhang and Xing, Nucleic Acids
Res., 2007, 35, 4223; Huang et al, Lab Chip, 2005, 5,
1005) and permeability to water vapor (Prakash et al,
Sens. Actuators B, 2006, 113, 398) could pose problems in
performing PCR in microfluidic environment, which has a
small volume and a high surface-to-volume ratio. To
address these problems, we have coated the fabricated
devices with 2 pm-thick parylene, which created a barrier
to against water vapor diffusion and improved the surface
compatility with PCR mixture (Shin et al, J. Micromech.

Microeng., 2003, 13, 768}.

A thermoelectric module with heat sinks and fan was
utilized for thermal cycling. Figure 16 showed the
temperature profiles of the thermal cycler obtained from a
calibration 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-20C).

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

gel electrophoresis was usually conducted to confirm the
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success of the synthesis, and to separate the full-length
product, which was then extracted from the gel by using
gel extraction kits. Some DNA could be lost due to these
steps and the pipetting process. The PCR mixture was
introduced into the PCR chamber through the hydrogel
valves that were kept opened by thermoelectric heater at
60°C. Once the PCR chamber was filled with the solution,
the hydrogel valves was cooled to 4°C, sealing the
chamber. Since silicon with high thermal conductivity was
used as the device substrate, the PCR chamber and hydrogel
valves were positioned apart to minimize thermal
interference between the PCR thermal cycling and the
valves’ operation. The hydrogel valve has to be kept below
the transition temperature to seal the PCR chamber during
thermal cycling, which could reach a temperature as high
as 95°C. One way to suppress the thermal interference and
reduce the dead volume between the PCR chamber and valves
was to use a polymer substrate (such as polycarbonate) (Zou
et al, Sens. Actuators A, 2002, 102, 114) or an isolation
trench to suppress the lateral heat flow 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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F16 33 TCTGCCCTTTCGAAAGATCCCAACGAAAAGCGTGACCACA 57.4 20 40 R16 34
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oligonucleotides (Cox et al, Protein Sci., 2007, 16, 379;
Wu et al, J. Biotech., 2006, 124, £56).

To identify the baseline of oligonucleotide and primer
concentrations, a segment of GFPuv (760 bp) was
synthesized from a pool of short oligonucleotids (40
bases} using two-step PCR process by varying
oligonucleotide concentration from 5 to 25 nM, and primer
concentration from 0.1 to 0.4 uM; this was conducted on
the commercial thermal cycler. Desired full-length product
was first assembled from cligonucleotides without outer
primers (PCA assembly), and then amplified by adding these
primers at the second PCR (PCR amplification). To match
the microfluidic device design (Figure 5c¢), the PCR
amplification was performed with the PCA product diluted
with an equal volume of fresh amplification reaction

mixture.

Gel electrophoresis results for PCA assembly (Figure 18a)
and PCR amplification (Figure 18b) were illustrated for
the indicated oligonuclectide and primer concentrations.
The PCA has smearing gel results, indicating that the
assembled product contained a spectrum of DNAs, the
maiority of which possessed lower molecular weights than
the desired target (760 bp). For products assembled from
oligonuclectide concentrations of < 10 nM, the guantity 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
toc 1-3, except that the oligonucleotide concentrations
used were 10 nM, 15 nM and 25 nM. Syntheses with an
cligonucleotide concentration of > 10 nM and a primer

cencentration of 0.1 uM and 0.2 uM failed to provide the



F17 35 TGGTCCTTCTTGAGITTGTAACTGCTGCTGGEGATTACACA 57.0 20 40 R17 36
TGTAGAGCTCATCCATGCCATGTGTAATCCCAGCAGCAGT 56. 2 20 40 F18 37
TGGCATGGATGAGCTCTACAAATAATGAATTCCAACTGAG 46.2 20 40 R18 38
CTCAGITGGAATTCATTATT 56
desired full-length (760 bp) product. In contrast,
syntheses performed with 0.4 uM of primer all successfully
produced the target 760 bp DNA. Of the four samples,
sample 2-3 with an oligonucleotide concentration of 10 nM
5 and a primer concentration of 0.4 pM produced the most
fuill-length product, even though samples 3-3 (15 nM, 0.4
uM) and 4-3 (25 nM, 0.4 uM) have more full-length DNA
generated initially from the PCA step. Based on these
findings, an oligo-nucleotide concentration of 10 nM and a
10 primer concentration of 0.4 puM were selected for gene

synthesis on a microfluidic device.

With the optimized oligonucleotide and primer
concentrations, GFPuv (760 bp) was successfully synthesized
from a pool of short oligonucleotids (40 bases) by using

15 either one-step (single-chamber chip) or two-step
microfluidic devices. Strong, dominant band of the desired
products were obtained in the gel images (Figure 19). The
visually estimated yields of microfluidic devices were ~
50% of the controls performed in PCR tubes with a

20 commercial thermal cycler. These were limited by the dead
volume {2.87 plL) in the channels between the PCR chamber (7
uL) and the valves. The oligonucleotides mixture within the
dead volume did nect assemble, but contributed to ~ 30% of
the eluted solution. The gel results also demonstrated that

25 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
30 amount of initial oligonucleotides. In the one-step
process, the assembly and amplification were conducted
simultaneocusly, which competed for the fixed amount
oligonucleotides and monomers {dNTPs), and rendered

intermediary products with lower molecular weights (Figure
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19a). The process competition was minimized in the two-
step process, resulting in more full-length product. The
two-step process was reported to be more reliable than the
one-step process, which sometimes failed to generate full-
length DNA {(Gao et al, Nucleic¢ Acids Res., 2003, 31, e143;
Xiong et al, Nucleic Acids Res., 2004, 32, e98}). Gene
synthesis with the two-step process also allowed for
different annealing temperatures to optimize the assembly

and amplification processes separately.

The assembled sequence was identified by DNA sequencing.
Synthesized products from the microfluidic devices and PCR
tubes were cloned directly without further purification
using PCR®2.1-TOPO® cloning vector (Invitrogen). Full-
length target along with intermediary products were all
cloned to reflect the real composition of the synthesized

products.

Table 1 shows the sequencing results. The error rates per
kilobase (kb) calculated from full-length clones were 3.45
in device 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, e43; Withers-Martinez et al, Protein Engr., 1999, 12,
1113).

Most errors (> 85%) were assocociated with single-base
inserticn, deletion and mutaticn. 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 peinted out that the greatest errors were



Primer 65 CLAIMS: 1. A nmethod for synthesizing double-stranded
DNA in a mcrofluidic device, the device conprising a PCRassenbly
(PCA) chamber in controllable fluid communication 5 with a pol ynerase
chain reaction (PCR) chanber, the methoggconprising the steps of:

(a) applying a tinme-varying thermal field to the PCA chanber

containing a i i ff l 180 | de I I ase,
wherei n eac ha1 %P%Iﬁ]l‘[l%%dh u%f) etgljtl% d@ﬂﬁg}ét%aé?i %ﬁ?%}geg%i%o%pﬁ%eﬁ@a%ﬁly&vﬁ ‘th
at | east onenot hrowl tlgonficiebt t de £ t el wlwyr ass exrdd ynng. t he

ol i gonucl eotjdes into tepplates for PCR in the absence of term nal

PCR pri ner s;OPJ(%?mI‘%Ja%I??I & He" NP R H bIUTE 195 st % DS it PR

15 PCR chanbmt}ilnaté@e@'r\ﬁf@meopt@e.% RISCIE SN gy £ONPr i sing the
term nal PCR prinmers, dNTPs and pol ynerase; and (c) applying a
ti me-varydngBipEeranridiesd 1998 he2PCR Thanbethe tdrermblyl abtalichin faull-

PCR product | re 20 comprising the doubl esstranded . 2.The _.

method of ol A B vHaraT A HeS o 6T TR ot TS el Wbl o e
chanber in costgoh!| abtecddsed d Eormawigste oromi 64 ey ROR shiagier, the
met hod further conprising the steﬁ o] 25 (d) | oading the PCR product

f:
m xture i nt PEREEPutiEF cEr T ohtbhz th oln o T9sted P base-long

doubl e- st rangded: INA; 5 thesgby. separating the doubl e-stranded DNA from
free dNTPs, priners and unpoJTymeri zed ol i gonucl eoti des.

10 The building blocks of synthetic oligonucleotides
containing both perfect match sequence and impurities with
mismatch (single base and multiple bases) could all have
participated in the PCR process and generated products of
incorrect sequence. In contrast, the DNA polymerase has a

15 repiication fidelity of ~10-6 base/duplication (Cline et
al, Nucleic Acids Res., 1996, 24, 3546), which was 3-4
orders lower than the error rate of synthetic gene
products. Performing gene synthesis in a microfluidic
device might not improve the accuracy of synthesis

20 preoducts 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.

25 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

30 Res., 2005, 33, e55; Carr et al, Nucleic Acids Res., 2004,
32, eleél), which might contain either undesired truncated
DNAs or the desired full-length DNA. The greater full-
length yield of the two-step process increased the

possibility in obtaining effective full-length clones, and



3. The nethod of claim2 wherein the double- 30 stranded DNA is

i rmobi i zed on magnetic beads. 4. The nethod of claim3 further
conprising the step of extracting the doubl e-stranded DNA fromthe

66 magnetic beads by subjecting the beadgi mmobilized DNA to heat shock
conditions of 60C for 3 mnutes. 5.The nethod of any one of clains 2

to 4 whereinj, fhg: iéliﬁ)?:arﬁ ULEREL_ £00DT L SES, %&5‘{]%1}'}%4 tcgllﬂ# O £our

chanber 5 in contro | uird communi tation wt e purification
chanber, thechetdod(Iur4hein cotpriwiag phedistap of (thd e)wd-oadipng t he

doubl e- st ded DNA produced i e d) into the error filter
Chanber 1 o B g oirer Desy il SR Pt sy patstqids greater
m smat ches. 4Ra@. Ther npthosk-&f £h aime loybhesreln the-deyi ca, i ther out

conprises_a purification chanber in controllable fluid communication
wi th the PCACEhEBR?  Cloresrel Mot T uikn HRGR clope ) si filpk ke Bt eflhfzefore,

(d) I oading ed_i ep.(a)_into the 15 . .
purificati on&i{:|‘§a%1§(<[>;rlr)é ?%ffp%%%’% ngoxfg%sx%% r%{%%%%%e#)h%? e%%/nlsnélpzalrn itnhge
t he tenpl at esufisom ¢ eeo INTPSs edoke udpod yiede z:esk of & geimtecd reain dessoand

then proceeding to step (b). 7. The nethod of claim6 wherein the
tenpl ates ar Erg‘?rn%%??i 78 o ettt DedtonYeE g2 h Pt AP DT % m

7 further cogprisifngly hleo}_st@cpm%fm@g racting the tenplates fromthe
magneti ¢ beads by subjecting the bead-inmobilized tenplates to

heat shocko copgl Lhonsy o oedarsch (R ES A7 %;PFEP@&P nany one of
oty oo POl e forl A = LU COITDL L B0 MATANS e
(e) loading ¢healenphat e QreducezDd®, slep (8H9 i el tdwenerarad filter
R coed TRUSahErD Bres. HELL COREED 88: PP o ) I8 P ERde S
(which directly use synthetic genes for protein
15 expression) and integration of enzymatic error filtering
methods (Binkowski et al, Nucleic Acids Res., 2005, 33,
eb5; Carr, et al, Nucleic Acids Res., 2004, 32, el62;
Fuhrmann et al, Nucleic Acids Res., 2005, 33, e58; Brown
et al, Biochem. J., 2001, 354, 62725), on chip to reduce
20 the error rate of synthesized products, a sclid-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
25 assembled product from short primers and ANTPs, and to
prepare the buffer solution for downstream application.
Silica-ccated 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
30 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.



67 10. The nmethod of any one of clains 1 to 9 wherein the device
further conprises a mcro-mxer, the nethod further conprising the
step of: in step (b), mxing the PCR precursor mx with the 5
tenpl ates produced in step (a); and/or gp step (d), mxing the PCR
product m xture with DNA-adsorbing solid phase nedia. 11. The net hod

of any one of,clalas; i %@cﬁ t eyl | r i

a fluid-fl 0\?\/é act%t olr1%Lc 181%% e re}éeﬁoﬁ% %ﬁ%ﬁ%%ﬁ%e@%%t %J%%etqo
fluid-flow actadds (West peinprlr fementdcfwgeord 38 THE (gt HIddk ,0f6 Gy
one of cl ai 1to 12 erein_the chanbers in. co [ 1 le fluid
communi cat i orglr%\?‘{lrﬁoﬁ?\eg\gn fhé?“?/fa &%h’el%@%npﬁ’si%@a‘l 3&1\ Ve

14. The net hogli oét ci@ésrdad Whet &ithd hei vadtyes,af&-d eshRansiveyd Gonic

t enperature changes and wherein the val ves that control sealing of

the PCR chanbe¥ernd e apprd ol o 3 hsthmdiarourdhsimsi gl isis ofe gy ewsiiras
15. The net ho%\é%)];t aryy O{]r??r?ftl'?é aécﬁ@o%béc? ﬂIéAVWa% erl%r]lezaoscait&ein eéllscoeidtsion

operably lin o a heaiing elenent; a cooling elemen a
t enper at ur e-wetisox , hagide A peNPEr atNiref cort s-elcBr .pH SEQUENGR 4| STI NG
<110> AGENCY_FOR SCI ENCE TECHNOLOGY AND RESEARCH <120> | NTEGRATED

M CROFLUI DI ¢ A CENE "SANTHES 'S B B% 285% 11 e i3 dig $ F b dgees
<151> 2007- 085 Ofg <l®®>#hnA ladder with a known DNA quantity (1.19

10 npg) as the control following the approach and protocol

suggested by manufacturer.

The reagents volume was modified to match the design of
microfluidic device. After the baseline protocol was
established using PCR tube and 100 bp ladder, the

15 procedure was applied to micrefluidic device for 100 bp
DNA ladder and PCR syntheslized product. The total amount
of 100 bp DNA ladder (1.19 pg) or PCR product (1.98 ug)
was less than the binding capability of the ChargeSwitch
beads loaded. Based on the manufacturer’s protocol, the

20 ChargeSwitch beads would bind double-stranded DNAs with
lengths of > S0 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

25 1investigated to increase the extraction efficiency.

The extraction efficiency, defined as the percentage of
DNA captured and released, was shown in Figure 20. The
gquantities of the original and eluted DNA samples were
determined by a UV-Vis spectrophotometer. Every

30 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-ECl buffer (10 mM of Tris-HCI,
pH 8.5). When the adsorbed DNA was subjected to



<170> Patentln version 3.4 <210> 1 <211> 40 <212> DNA <213>

Artificial

Sequence <220> <223> primer <400> 1 agaggatccc cgggtaccgg

t agaaaaaat gagt aaaggad0 <210> 2 <211>. 40 <212> DNA <213> Artificial
Sequence <220> <223> primer <400> 2 actggagtga aaagttcttc tcctttactc
attttttctad0 <210> 3 <211> 40 <212> DNA <213> Artificial Sequence

10

15

20

25

30

increasing elution temperature, the release of bound DNA
was enhanced. The extraction efficiency increased
effectively to 86% in PCR tube and 70% in microfluidic
device when incubated at 60°C for 3 min. Further increase
in temperature did not improve the extraction efficiency.
The extraction efficiency was slightly improved (< 10%)
with increasing incubztion time (2 min to 3 min). The
thermally enhanced DNA elution could be due to either the
temperature effect of pH variation in Tris-HCl buffer or
the increased thermal momentum of bound DNA (Cline et al,

Nucleic Acids Res., 1996, 24, 3546)}.

For PCR synthetic product, the extraction efficiencies
were 76.6% (+3.38%, -5.66%) in PCR tube and 61.3% (+3.51%,
-2.56%) in microfluidic device when incubated at 60°C for
3 min. These efficiencies were lower than the 86% and
70.1% achieved for 100 bp DNA ladder, respectively. The
differences could be due to the short primers and monomers
(dNTPs}, which also absorbed UV light at a wavelength 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, 664). 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 uL of elution buffer in < 20 min. The high
loading capacity (micrograms) was particularly desirable

for extracting PCR-synthesized products. Most solid-phase



<220> <223> primer <400> 3 gaagaacttt tcactggagt tgtcccaatt
cttgttgaat40 <210> 4 <211> 40 <212> DNA <213> Artificial Sequence
<220> <223> primer <400> 4 cccgttaaca tcaccatcta attcaacaag
aattgggaca40 <210> 5 <211> 40 <212> DNAgs213> Artificial Sequence
SEQUENCE LI STI NG <220> <223> prinmer <400> 5

10

15

20

25

30

DNA extraction chips (West et al, Sens. Actuators B, 2007,
126, 664; Breadmore et al, Anal. Chem., 2003, 75, 1880; Wu
et al, Anal. Chem., 2006, 78, 5704; Samper et al, Sens.
Actuators A, 2007, 139, 139) were designed for DNA
purification from biological samples, having a binding
capacity of nanograms only. The short heat shock (3 min)
effectively increased the extraction efficiency from 42.2%

(25°C) to 70% (60°C) in the microfluidic device.

The present invention is not to be limited in scope by the
specific embodiments described herein. Various
modifications of the invention in addition to those
described herein will become apparent to those skilled in
the art from the foregoing description and accompanying
figures. Such modifications are intended to fall within

the scope of the claims.

The present invention is directed to each indiwvidual
feature, system, material and/or method described herein.
In addition, any combination of twc or more such features,
systems, materials and/or methods, provided that such
features, 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
cf," "made of," "formed of," "inveolving" 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



tagatggtga tgttaacggg cacaaatttt ctgtcagtgg40 <210> 6 <211> 40 <212>
DNA <213> Artificial Sequence <220> <223> prinmer <400> 6 ttgcatcacc
ttcaccctct ccactgacag aaaatttgtg40 <210> 7 <211> 40 <212> DNA <213>

Artificial

Sequence <220> <223> priner g400> 7 agagggtgaa ggtgatgcaa

catacggaaa acttaccctt40 <210> 8 <211> 40 <212> DNA <213> Artificial

Sequence

10

15

20

indefinite articles "a" and "an," as used herein in the
specification and in the claims, unless clearly indicated
to the contrary, should be understood to mean "at least

one. The expression “A or B”, unless clearly indicated
to the contrary, shculd be understood to mean “A or B or

both”.

Various publications are cited herein, the disclosures of
which are incorporated by reference in their entirety or
in pertinent part, as is understood from the context of
the publication being cited. 1In cases where the present
specification and a document incorporated by reference
and/or referred to herein include conflicting disclosure,
and/or inconsistent use of terminology, and/or the
incorporated/referenced documents use or define terms
differently than they are used or defined in the present
specification, the present specification shall control.
TABLE 1 Errors and efficiencies in the synthesis of GFPuv using one-

step and two-step processes in the microfiuidic device vs. standard

PCR tube (machine).

Error type One-step Two-step
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 61 109
Bases sequenced 12160 121860 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




<220> <223> primer <400> 8 ccagtagtgc aaataaattt aagggtaagt
tttccgtatg40 <210> 9 <211> 40 <212> DNA <213> Artificial Sequence
<220> <223> prinmer <400> 9 aaatttattt gcactactgg aaaact acct
gttccatggc40 <210> 10 <211> 40 <212> PNA <213> Artificial Sequence
<220> <223> primer <400> 10 gaaagtagtg acaagtgttg gccat ggaac

aggtagttt 'ti'ﬂlgl.]fz’}%l]g]onu%%%%%légs <§é“n:2>fo[3):l‘\mi‘:he 760 bp GFPuv segment

Label SEQ Oligonucleotide sequence T, Overliap Length
ID NO (5" to 37) (°c) (bp) {nt)
FO 1 AGAGGATCCCCGGGTACCGGTAGAAALAAATGAGTARAGGA 44.5 20 40
RO i ACTCCAGTGAAAAGTTCTTCTCCTTTACTCATTTTETCTA 50.7 20 40
Fl 3 GAAGAACTTTTCACTGGAGTTGTCCCAATTCTTGTFGAAT 50.5 20 40
R1 4 CCCGTTAACATCACCATCTAATTCAACARAGAATTGGGACA 52.2 20 40
F2 5 TAGATGGTGATGTTRAACGGGCACAAATTTTCTGTCAGTGG 50.7 20 43¢
RZ ) TTGCATCACCTTCACCCTCTCCACTGACAGAAAATTTEGTG 56.6 20 40
F3 7 AGAGGGTGAAGGTGATGCAACATACGGARAACTTACCCTT 50.5 20 40
R3 8 CCAGTAGTGCAAATAAATTTAAGGGTAAGTTTTCCGTATG 47.1 20 40
F4 9 AAATTTATTTGCACTACTGGARAAACTACCTGTTCCATGGC 53.6 20 40
R4 10 GARAGTAGTGACAAGTGTTGGCCATGGAACAGGTAGTTTT 49.8 20 a0
F5 11 CAACACTTGTCACTACTTTCTCTTATGGTGTTCAATGCTT 50.4 20 40
RS 12 TATGATCCGGATAACGGGAAAAGCATTGARCACCATARGA 53.2 20 40
Fo 13 TTCCCGTTATCCGGATCATATGARACGGCATGACTTTTTC 52.8 20 40
R& 14 CCTTCGGGCATGGCACTCTTGARAARAGTCATGCCGTTTCA 60.5 20 40
7 15 AAGAGTGCCATGCCCGAAGGTTATGTACAGGAACGCACTA 51.5 20 40
R7 16 CCCGTCATCTTTGAAAGATATAGTGCGTTCCTGTACATAA 50.4 20 40
F8 17 TATCTTTCAAAGATGACGGGAACTACAAGACGCGTGCTGA 57.7 20 40
R8 18 TATCACCTTCAAACTTGACTTCAGCACGCGTCTTGTAGTT 49.3 20 40
Fo 19 AGTCAAGTTTGAAGGTGATACCCTTGTTAATCGTATCGAG 51.1 20 40
RS 20 TTARRATCAATACCTTTTAACTCGATACGATTAACRAAGGG 40.6 20 40
F10 21 TTAAAAGGTATTGATTTTARAGAAGATGGAARACATTCTCG 50.7 20 40
RrR10 22 GTTGTACTCGAGTTTGTGTCCGAGAATGTTTCCATCTTCT 52.1 20 40
F11 23 GACACAAACTCGAGTACAACTATAACTCACACAATGTATA 43.6 20 40
R11 24 TTTGTTTGTCTGCCGTGATGTATACATTGTGTGAGTTATA 54.9 20 40
Flz 25 CATCACGGCAGACARAACAAARAGAATGGAATCAAAGCTAAC 48.7 20 4Q
R12 26 ATGTTGTGGCGAATTTTGAAGTTAGCTTTGATTCCATTCT 52.3 20 40
F13 27 TTCAAAATTCGCCACAACATTGAAGATGGAAGCGTTCAAC 54.1 20 40
R13 28 TTGTTGATAATGGTCTGCTAGTTGAACGCTTCCATCTTCA 49.5 20 40
Fi4 29 TAGCAGACCATTATCAACAARATACTCCAATTGGCGATGG 53.5 20 40
R14 30 TGTCTGGTAARAGGACAGGGCCATCGCCAATTGGAGTATT 54.4 20 490
Fi5 31 CCCTGECCTTTTACCAGRACAACCATTACCTGTCGACACAR 54.5 20 40
R15 32 GGATCTTTCCAAAGGGCAGATTGTGTCGACAGGTAATGGT 55.3 20 40
Fig 33 TCTGCCCTTTCGARAGATCCCAACGARAAGCGTGACCACA 57.4 20 40
Ri6 34 TACAAACTCAAGAAGGACCATGTGGTCACGCTTTTCGTTG 51.4 20 a0
F17 35 TGGTCCTTICTTGAGTTTGTAACTGCTGCTGGGATTACACA 57.0 20 40
R17 36 TGTAGAGCTCATCCATGCCATGTGTAATCCCAGCAGCAGT 56.2 20 40
F1l8 37 TGGCATGGATGAGCTCTACAAATAATGAATTCCAACTGAG 46.2 20 40
R18 38 CTCAGTTGGAATTCATTATT 20
F_ 39 AGAGGATCCCCGGGTACCGG 62.5 20
Primer
R 40 CTCAGTTGGAATTCATTATT 46.2 20

Primer




<213> Artificial Sequence SEQUENCE LI STING <220> <223> prinmer <400>
11 caacacttgt cactactttc tcttatggtg ttcaatgctt40 <210> 12 <211> 40
<212> DNA <213> Artificial Sequence <220> <223> priner <400> 12
tatgat ccgg ataacgggaa aagcattgaa caccat ggga40 <210> 13 <211> 40 <212>
DNA <213> Artificial Sequence <220> <223> primer <400> 13 ttcccgttat
ccggatcata tgpaggggca tgactttttc40 <210> 14 <211> 40 <212> DNA <213>
Artificial sequence <220> <223> prinmer <400> 14

1. A method for synthesizing double-stranded DNA in

a microfluidic device, the device comprising a PCR-

assembly (PCA) chamber in controllable fluid communication
5 with a polymerase chain reaction (PCR} chamber, the method

comprising the steps of:

(a) applying a time-varying thermal field to the PCA
chamber containing a plurality of different
oligonucleotides and polymerase, wherein each

10 oligonucleotide has partial base complementarity with at
least one other oligonucleotide, thereby assembling the
cligonucleotides into templates for PCR in the absence of

terminal PCR primers;

(b) loading the templates produced in step (a} into the
15 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

20 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:

25 (d) loading the PCR product mixture into the purification
chamber to immebilize the double-stranded DNA, thereby
separating the double-stranded DNA from free dNTPs,

primers and unpolymerized ocligonuclectides.

3. The method of claim 2 wherein the double-

30 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



ccttcgggca tggcactctt gaaaaagtca tgccgtttcad0 <210> 15 <211> 40 <212>
DNA <213> Artificial Sequence <220> <223> prinmer <400> 15 aagagtgcca
tgcccgaagg ttatgtacag gaacgcacta40 <210> 16 <211> 40 <212> DNA <213>
Artificial Sequence <220> <223> primer €400> 16 SEQUENCE LI STI NG

cccgtcatct ttgaaagata tagtgcgttc ctgtacataad0 <210> 17 <211> 40 <212>

DNA <213> Artifigci SEJYE <220> <223> DI i <400> 1.7. N
agat gacggg a%%%g%%g%a Cgcg?ﬁ t%%% eg&%%% T@££§%%% ﬁ%gﬁi%ﬁ%}%ﬁﬁﬁégﬁgi
Artificial Segaesteck220xdxlP3»s psf ne®°C for 3 minutes.
5. The method of any one of claims 2 to 4 wherein
the device further comprises an error filtration chamber

5 1in controllable fluid communication with the purification

chamber, the method further comprising the step of:

(e} loading the double-stranded DNA produced in step (d)
into the error filter chamber to remove double-stranded

DNA that contain base-pair mismatches.

10 6. The method of claim 1 wherein the device furtherx
comprises a purification chamber in controllable f£luid
communication with the PCA chamber, the method further

comprising the step of:

(d) loading the templates produced in step (a) into the
15 purification chamber to immobilize the templates, thereby
separating the templates from free dNTPs and unpolymerized

oligonucleotides; and then proceeding to step (b).

7. The method of claim 6 wherein the templates are

immobilized on magnetic beads.

20 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
25 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 produced in step (d) into the
error filter chamber to remove templates that contain

30 base-pair mismatches; and then proceseding to step (b).



<400> 18 tatcaccttc aaacttgact tcagcacgcg tcttgtagtt40 <210> 19 <211>
40 <212> DNA <213> Artificial sequence <220> <223> prinmer <400> 19

agtcaagttt gaaggtgata cccttgttaa tcgtatcgagd0 <210> 20 <211> 40 <212>
DNA <213> Artificial sequence <220> <223» priner <400> 20 ttaaaatcaa
taccttttaa ctcgatacga ttaacaaggg40 <210> 21 <211> 40 <212> DNA <213>

Artificial guence < < p 0> 21 Jdiaa
agaagat gga aacattctcgézlqgkq %@ﬁ"%% 5%?@4‘6’90(1 %\%ﬁ gggégArt ICI E
Sequence SECAUENTEVIESTINEK@2020mprises a micro-mixer, the method

further comprising the step of:

in step (b), mixing the PCR precursor mix with the

5 templates produced in step (a); and/or

in step (d), mixing the PCR product mixture with DNA-

adsorbing solid phase media.

11. The method of any one of claims 1 to 10 wherein

the device is operably linked to a fluid-flow actuator.

i0 1z2. The method of claim 11 wherein the fluid-flow

actuator 1s a pump or a centrifuge.

13. The method of any one of claims 1 to 12 wherein
the chambers are in controllable fluid communication with

one another via channels comprising valves.

15 14. The method of claim 13 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.

i5. The method of any one of claims 1 to 14 wherein
20 the device is operably linked to a heating element, a
cooling element, a temperature-sensor, and a temperature

controller.



<223> prinmer <400> 22 gttgtactcg agtttgtgtc cgagaatgtt tccatcttct40
<210> 23 <211> 40 <212> DNA <213> Artificial Sequence <220> <223>
primer <400> 23 gacacaaact cgagtacaac tataactcac acaat gtat a40 <210>
24 <211> 40 <212> DNA <213> Artificial Sequence <220> <223> pri mer
<400> 24 tttgtttgtc tgccgtgatg tatacattgt gtgagttatad40 <210> 25 <211>
40 <212> DNA <213> Artifici aISEél?E%ggrL% <220> <223> primer <400> 25
cat cacggca gacaaacaaa agaat gga aaagH ac40 <210> 26 <211> 40 <212>
DNA <213><1Af% | AGeNcal FEBetiIeRce TEGRO0GY2 R8> RpIEAREY

<120> INTEGRATED MICROFLUIDIC DEVI‘CE FOR GENE SYNTHESIS
<130> 3921

<150> .US 60/963673
<151> 2007-08-07

<160> 40
<170> PatentIn version 3.4

<210> 1

<211> 40

<212> DNA

<213> Artificial sequence

<220> .
<223> primer

<400> 1
agaggatccoc cgggitaccgg tagaaaaaat gagtaaagga ) 40

<210> 2

<211>. 40

<212> DNA

<213> Artificial sequence

<220>
<223> primer

<400> 2
actccagtga aaagttcttc tcctttacte attitttcta . . 40

<210> 3

<211> 40

<212> DNA

<213> . Artificial sequence

<220> :
<223> -primer

<400> 3 :
gaagaacttt tcactggagt tgtcccaatt citgttgaat 40

<210> 4

<211> 40

<212> DNA

<213> Artificial Sequence

<220>
<223> primer

<400> 4
cccgttaaca tcaccatcta attcaacaag aattgggaca 40

<210> 5

<211> 40

<212> DNA

<213> Artificial Sequence
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<400> 26 atgttgtggc gaattttgaa gttagctttg attccattct40 <210> 27 <211>
40 <212> DNA <213> Artificial Sequence <220> <223> prinmer <400> 27
ttcaaaattc gccacaacat tgaagatgga agcgttcaac40 <210> 28 SEQUENCE

LI STI NG <211> 40 <212> DNA <213> Artificial sequence <220> <223>
primer <400> 28 ttgttgataa tggtctgcta gttgaacgct tccatcttcad40 <210>
29 <211> é%:ﬂb DNA <213> Art i fSEQUENCE Sd§UENGCe <220> <223> pri ner
<400> 29 55535 primer

<4Q0> 5§
tagatggtga tgtiaacggg cacaaatttt ctgtcagtgg 40

<210> 6

<211> 40

<Z12> DNA

<213> Artificial Seguence

<220>
<223> primer .

<400> 6
ttgcatcacc ttcaccctot ccactgacag aaaattigtg 40

<210> 7

<211> 40

<212> DNA

<213> Artificial sequence

«220>
'<223> primer

<400> 7
agagggtgaa ggtgatgcaa catacggaaa acttaccctt 40

<210> 8

<211> 40

<212> DNA :

<213> Artificial sequence

<220>
<223> primer

<400> 8 ) i
ccagtagtgc aaataaattt aagggtaagt tttccgtatg 490

<210> 9

<211> 40 ,

<212> DNA

<213> Artificial sequence

<220>
<223> primer

<400> 9 .
agatttattt gcactactgg aaaactacct gttccatgge 40

<210> 10

<211> 40

<212> DNA

<213> Artificial sequence

<220>
<223> primer

<400= 10
gaaagtagtg acaagtgttg gccatggaac aggtagtttt 40

<210> 11
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tagcagacca ttatcaacaa aatactccaa ttggcgatgg40 <210> 30 <211> 40 <212>
DNA <213> Artificial sequence <220> <223> prinmer <400> 30 tgtctggtaa
aaggacaggg ccatcgccaa ttggagtatt40 <210> 31 <211> 40 <212> DNA <213>
Artificial Sequence <220> <223> prinmer <400> 31 ccctgtcctt ttaccagaca
.accattacct gtcgacacaa40 <210> 32 <211> 40 <212> DNA <213> Artifici al
sequence <220> <223> prinmer <400=EQREN§§atlsTINGCg aaagggcaga ttgtgtcgac
aggtaatggf ,<§£Q> 33 <211> 40 <212> DNA <213> Artificial sequence
<220> <22243pr inrerfiefl0%eqdidnce

<220>
<223> primer

<400> 11
caacacttgt cactactttec tcttatggtyg ttcaatgett 40

<210> 12

<211> 40

<212> DNA

<213> Artificial Seguence

<220>
<223> oprimer

<400> 12
tatgatccgg ataacgggaa aagcattgaa caccataaga 40

<210> 13

<21l> . 40

<212> DNA

<213> Artificial sequence

<220>
<223> primer

<4Q0> 13 '
Ttcccgttat ccggatcata tgaaacggca tgactttttce 40

<210> 14

<211> 40

<212> DNA :
<213> Artificial sequence

<220>
<223> primer

<400> 14
ccttegggca tggcactctt gaaaaagtca tgocgtitca 40

<210> 15

<211> 40

<212> DNA

<213> Artificial seguence

<220>
<223> primer

<400> 15
aagagtgcca tgcccgaagg ttatgtacag gaacgcacta 40

<210> 16

<211> 40

<212> DNA

<213> artificial Sequence

<220>
<223> primer

<400> 16
Page 3



SEQUENCE LI STING tctgcccttt cgaaagatcc caacgaaaag cgtgaccaca40 <210>
34 <211> 40 <212> DNA <213> Artificial Sequence <220> <223> pri mer
<400> 34 tacaaactca agaaggacca tgtggtcacg cttttcgttg40 <210> 35 <211>
40 <212> DNA <213> Artificial Sequence <220> <223> prinmer <400> 35
tggtccttct tgagtttgta actgctgctg ggattacacad0 <210> 36 <211> 40 <212>
DNA <213> Artificial sequence <220WERG2BESTINGNMEr <400> 36 tgtagagctc
atccatgcé§CQ@?BFaﬁﬁﬁﬁa%gﬁcﬁﬁEﬁﬁFﬂB‘¥2ﬁﬁgt§v <211> 40 <212> DNA <¥13>
Artificial Sequence <220> <223> prinmer <400> 37

<210> 17

<211> 40

<212> DNA
<213> Artificial Sequence

<220>
<223> primer

<400> 17
tatctttcaa agatgacggg aactacaaga cgcgtgotga 40

<210> 18

<211> 40

<212> DNA

<213> Artificial sequence

220>
<223> primer

<400> 18
tatcaccttc aaacttgact tcagcacgog tcttgtagtt : 40

<210> 19

<2il> 40

<212> DNA

<213> Artificial Sequence

<220
<223> primer

<400> 19
agtcaagttt gaaggtgata cccttgitaa tcgtatcgag 40

<210= 20

<211> 40

<212> DNA

<213> Artificial Sequence

<220>
<223> primer

<400> 20 .
ttaaaatcaa taccttritaa ctcgatacga ttaacaaggg 40

<210> 21

<211> 40

<212> DNA

<213> Artificial sequence

<220> .
<223> primer

<400> 21 ‘ :
ttaaaaggta ttgattttaa agaagatgga aacattctcg . 40

<210> 22

<211> 40

<212> DNA

<213> Artificial Sequence
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t ggcat ggat gagctctaca aat aat gaat tccaactgag40 <210> 38 <211> 20 <212>
DNA <213> Artificial Sequence <220> <223> prinmer <400> 38 ctcagttgga
attcattatt20 <210> 39 <211> 20 <212> DNA <213> Artificial Sequence
<220> <223> primer SEQUENCE LI STING <400> 39 agaggatccc cgggtaccgg20
<210> 40 <211> 20 <212> DNA <213> Artificial Sequence <220> <223>
pri mer <4%gg 40 ctcagttgga attcatsE@lieN2d LISTING

< >

<223> primer

<400> 22
gttgtactcg agtitgtgtc cgagaatgtt tccatcttct 40

<210> 23

<211> 40

<212> DNA

<213> Artificial sequence

<220>
<223> primer

- <400> 23 :
gacacaaact cgagtacaac tataactcac acaatgtata 40

<210> 24
<211> 40
<212> DNA
<213> Artificial Sequence

<220>
<223> primer

<400> 24
TTTgETtgtc tgccgtgatg tatacattgt gtgagttata 40

<210> 25

<211> 40

<212> DNA

"<213> artificial Sequence

<220
<223> primer

<400> 25 . .
catcacggca gacadacaaa agaatggaat caaagctaac 490

<210> 26

<211> 40

<212> DNA '

<213> Artificial Sequence

<220>
<223> primer

<400> 26
atgttygtggc gaattttgaa gttagctttg attccattct 40

<210> 27

<211> 40

<212> DNA

<213> Artificial sequence

<220>
<223> primer

<400> 27
ttcaaaattc gccacaacat tgaagatgga agcgttcaac 40

<210> 28
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<211>
<212>
<213>

<220
<223>

<400>

SEQUENCE LISTING

40
DNA
Artificial Sequence

primer
28

ttgttgataa tggtctgcta gitgaacgct tccatcttca

<210>
<211>
<212>
<213>

<220>
<223>

<400

29

40

DNA

Artificial Sequence

primer
29

tagcagacca ttatcaacaa aatactccaa ttggcgatgg

<210>
<211>
<212>
<213>

<220>
<223>

<400>

30

40

DNA

Artificial Sequence

primer

30

tgtctggtaa aaggacaggg ccatcgccaa ttggagtatt

<210>
<211>
<212>
<213>

<220>
<223>

<400

31

40

DNA

Artificial Sequence

primer
31

ccctgtectt ttaccagaca accattacct gtcgacacaa

<210>
<211>
<212>
<213>

<220>
<223>

<400>

32

40

DNA

Artificial Sequence

primer
32

ggatctttcy aaagggcaga ttgtgtcgac aggtaatggt

<210>
<211>
<212>
<213>

<220>
<223>

<400>

33

40

DNA

Artificial Sequence

primer

33 _
Page 6
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SEQUENCE LISTING

tctgccettt cgaaagatce caacgaaaag cgtgaccaca

<210> 34

<211> 40

<212> DNA

<213> Artificial sequence

<220>
<223> primer

<400> 34

tacaaactca agaaggacca tgtggtcacg cttttcgttg

<210> 35

<211> 40

<Z212> DNA

<213> Artificial sequence

<220> .
<223> primer

<400> 35

tggtccttot tgagtttgta actgctgcetyg ggattacaca

<210> 36

<211> 40

<212> DNA

<213> Artificial Sequence

<220
<223> primer

<406> 36

tgtagagctc atccatgcca tgtgtaatcc cagcageagt

<210~ 37

<211> 40

<212> DNA

<213> Artificial Sequence

<220>
<223> primer

<400> 37

tggcatggat gagctctaca aataatgaat tccaacigag

<210> 38

<21l> 20

<212> DNA .

<213> Artificial sequence

<220>
<223> primer

<400> 38
ctcagttgga attcattatt

<210> 39

<211> 20

<212> DNA

«213> Artificial Sequence
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<220~
<223>

<400>

primer
39

agaggatcce cgggataccgg

<210>
<211
<212>
<213>

<220
<223>

<400>

40

20

DNA

Artificial sequence

primer
40

ctcagttgga attcattatt

SEQUENCE LISTING
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