-1 NANO PCR: METHODS AND DEVI CES FOR NUCLEI C ACI D AMPLI FI CATI ON AND
DETECTION 5 Field of the Invention The invention relates to anplification
and detection of nucleic acids. In particular enbodi nents, the invention
provi des i nproved nethods, devices, and materials for performng the

pol ymerase chain reaction. 10 Background of the Invention The pol ynerase
chain reaction (PCR) has becone the conventional technique used to anplify
speci fic DNA or RNA sequences. U. S. PatpAt No. 4,683,202, issued July
28,1987 to Mullis and U. S. Patent No. 4,683,195, issued July 28, 1987 to

Mil'lis et al . descr heNnbITRMHSIONRANIS DEVICES FORREAIFCIA¢E di sclosure
15 of the PCR nethod, it has had a profound effect on the practice of

bi ot echnol ogy and bi omedi caAMEETRHGASTONGND IHAFEGTIOMNuUsand

subsequent |l y-issued U.S. patents reference one or both of these

di scl osures. Typically, the anplification of a DNA sequence is perforned by
first selecting and obtaining two oligonucleotide prinmers conplenentary
ends of a target 20 DNA sequence. The prinmers, a pol ynerase enzyne, a

m xture of 3t he foulieldefithe Inveptient i de tri phosphates, various salts and

buffers are m xed wth the target DI ich,i,s heat above.about 90 Cto
denat ure the DNA, Béqvgpﬁl%grgl?ﬁ%%otaggggg m&c?ag Idgt-egtl’qpa%dd"él eﬁ\iﬁ“ﬁh

si ngl e- st r andggrtiohiar bABBIIALRS theANEaAbI Provides Baprorciten6ds, 88A6ds! nd

hybri di zation or binding) of the prinmers to the ends of the DNA 25 tenpl ates
i s promoted bynateriphd fpr perdirming therpolymeseseicb#in a¢actiot-e to | ess than about 60 C.
The tenperature is then rai sed above about 70 C for a period of replication,
a process al so known as prinmer extension. The pol ynerase reads each DNA
tenpl ate 18trand i Backgrodnd bfxhbInwdntieti on, synthesizing a conpl enentary
strand fromthe ends of the prinmers inthe 5 to 3" direction. This

conpl et es one cycl d1gPolyarasechainseaction EGRhas Regome the sonvertianah t i ng nateri al

for a new cyc M g r atd i mer
anneal i ng, anlt %?%%psegéﬁg%gwe%ﬁg%%%tess Sg%ﬁ%%%leg'g-'%-gtegﬂﬁ%xponenti ally
i ncreasi ng (24,688,202 issuked fudpR& 3987 toNhlio andjii$aPatehtaNget,693NAS, issued July

28, 1987 to Mullis et al. describe the basic PCR technique. Since the first disclosure

15  of the PCR method, it has had a profound effect on the practice of biotechnology

and biomedical science. More than a thousand subsequently-issued U.S. patents
reference one or both of these disclosures.
Typically, the amplification of a DNA sequence is performed by first

selecting and obtaining two oligonucleotide primers complementary ends of a target

20 DNA sequence. The primers, a polymerase enzyme, a mixture of the four common
nucleotide triphosphates, various salts and buffers are mixed with the target DNA
which is heated above about 90° C to denature the DNA, separating the target
double-stranded DNA into single-stranded DNA templates. Annealing (i.e.
sequence-specific hybridization or binding) of the primers to the ends of the DNA

25 templates is promoted by slowly cooling the reaction mixture to less than about 60°
C. The temperature is then raised above about 70° C for a period of replication, a
process also known as primer extension. The polymerase reads each DNA template
strand in the 3’ to 5° direction, synthesizing a complementary strand from the ends
of the primers in the 5’ to 3’ direction. This completes one cycle of DNA

30 amplification, which creates starting material for a new cycle. With each complete

cycle of denaturation, primer annealing, and primer extension, the process generates



sequence. To begin a new cycle, the reaction m xture is again heated above
90 Cto denature the doubl e-stranded product into single-stranded DNA
tenpl ates. The priner annealing and extension steps are then repeated. 5
This basic PCR anplification schene, together with various extensions and
nodi fications, enables many different nethods for the manipul ati on and
detection of nucleic acids, including for exanple diagnostic and forensic
assays, which require the creation of a2threshold ampunt of DNA from a
small initial sanple. PCR technology is used, for exanple, in infectious
and genetic diaf @@schentidlly iviéasislg (P)NAurdBerafdopibe ofIBELSFIBANGroed INA €XPr essi on
studi es, drug devel opnment, and forensic _ fingerprinting. f%is has becone the
st andar d t echseu§Bse- florbegina ngwicyele; tha reactiopemixtyre inagaphbeatadbqua®’iG fcat i on

of viral and el | s - i Al i ests are
avail abl e for lag%ghg%tﬂl?endgegl%%, or Q]Bgﬁﬁ%ﬁ{#nsg gggﬁi’ggg‘ﬁ@ﬂ* %‘Fiﬂ)?%égacrr%tee,

i ncl udi ng: H Yriiner sftiealihgnd setensid ¥tepshepthen tepsatéd.and C vi ruses, which 15 can
cause liver cancer;_ human &api | I.omarvirus, which can cause ceryvical_ cancer;

RSV, whichSis the [TaisdragPERamplifeationschems wesiner With Namgusiexicnsionsandnf ant s:
i Pt or y Ghenaton b OF na R i AR AR B Ml Gl A TRk B 0
cause |ife-t hueleicanidsdndidiegpfoeexample diagqistinandidténsictassagndvidtihmquire

n suffer su

and PCR-based tec ogi e§ st romdsevera stantia
limtati od8. 2hd RINA tegbenoimg, gehe Expressivhistudids, d?GRdevedopteRt, Bad datedsc hnol ogi es

Fidelity: Accyracy .on n | sequences |jmts conventional PCR For

exanpl e, Taq, %%%EP%E&%EM%%@@&%@% ot FBF"GW’ anpl i fication,
exhibits an ec . ; 'dga(?ﬁ',gr = QL 2PRER. during
PCR. This neg%e?ﬁjti%g{oﬁ’taﬁg q%%%ltﬁgaﬁpl 1 fi célta}hg)r?a%t?nér%ﬂggfgé%% ggrl r D%IA sequence

wi | | randon y bagdidmgnoiio destsapgpavar abte farldgtediinDad/ o quantfyiagpathogeis, fool ecul es
in the PCR product, aver. 2 ycles. -3- racy..on_diffjcult target
sequences (e.§ ﬂP@PF‘%&-%p%X&%B%ﬁﬁ?@%’ﬁ@% £26'B and C viruses, which

15  can cause liver cancer; human papillomarvirus, which can cause cervical cancer;

RSV, which is the leading cause of pneumonia and bronchiolitis in infants;
Chlamydia trachomatis and Neisseria gonorrhoeae, which can lead to pelvic
inflammatory disease and infertility in women; cytomegalovirus, which can cause
life-threatening disease in transplant patients and other immuno-compromised

20  people; and, Mycobacterium tuberculosis, which causes cough and fatigue in its
active state and can irreversibly damage infected organs. However, despite
addressing needs in numerous areas, current PCR and PCR-based technologies still

suffer from several substantial limitations.

25 Limitations of Conventional PCR and PCR-Based Technologies
Fidelity: Accuracy on normal sequences limits conventional PCR. For
example, Taq, a thermostable polymerase commonly used for DNA amplification,
exhibits an error rate of approximately 1 x 10 errors/base pair during PCR. This
means that the PCR amplification of a 400 base pair DNA sequence will randomly
30 introduce approximately 40,000 errors among all molecules in the PCR product over

20 cycles.



an even nore significant Iimtation of conventional PCR and PCR- based
technol ogies. The error rate for conventional polynerase enzynes such as
Taq, depends strongly on the target nucl eotide sequence. For exanple, when
the 5 sequence is GtCrich (as seen for exanple in the 5 regulatory region
of the chicken avidin gene), PCRwith Taq is oftentines not a viable
process. Likew se, sinple repeating sequences, such as trinucleotide
repeats (AGC)n or other tandemrepeats -8A)n, can increase Taq's error rate
to 1.5 x 10-2 errors per repeat sequence. See, Shinde et al., Nucleic Acids

Research, 31:974. Bekuhby o difiddPirged SotRbmres 3. G0 fichaVRpédl sbRBcdspued for
pol ynerases that have beéeen geneti cal Ig@engl neered to have increnentally

hi gher fi del i ey eyén more|significan limitatiomekeonventioaadl PGRandBER Hpased del ity and

Phusi on Pol ynerases.. Length Li i ions: The.length of the target sequence
to be anpli firT§°8ﬁ‘é? 88 Tk Elré’g%cfngﬁ%ﬁnff«;%‘w{??f SR HOt ﬁsggﬂ’ew reports
have clai med aepdnidé btectelyosh th targhBmeRAHENEREMR. For &nimde, Hhekithobases, this

is highly unusual and quite difficult in routine practice. Mreover, PCR
anpl i fi cat$ onsesfuencsrig Cﬁrgrlyét(wsemﬁoa@wnl%mdm § regdateniiegionof the ¢higkerd set of

and cost-of f el ERS AT CRa i RIS hot (RRe pleidse £ Bbutsiile s aboun

300 to 400 baggsafiny deqildicts, fidh ad Bingelbstidairtpeats§A GO of GthebRAGEN egRats 20 havi ng
hi gh G C cont g%t%mﬁlﬁ nmted Anplification: (%rrent PCR t echni quegqgre al so
linmited in théA)mesmiaereate Tagpprariretate ba XchPcl eors Rt repeat seleaes: r3e€d out in a

reaction m xt . p j nely. Id.ng,: S O ogr essi ve
enzyme degr adgpll%gﬁ ,e Bﬁ\/&%ﬁl %ﬁﬁlﬁqﬁlﬁ&%@’ ? %g?io?rl"oggn%%@, g{vg?a?k%tshf%g erial can
be anplified. béanigsel farpelyni2iaséi@hithapd bdeh @aiatioallycenpinedred ty hvee ext ended
beyond 30-35 c¢cycl es. Rohustness: Conventional PCR typically requires

signi ficant victEraentaly hg@a@&%@-edemwgamtﬁ}emese &nciude Higg agdc| ers),
substantial h g., tedious optimzations), and m ni mum anmounts
of starting ng'.qgég?ﬂa?@%g%%sbf which contributes to maki ng conventional PCR
a costly and ti nme- Cemghfinigtignso Tas fenghbf he target segtence s beaampkfied slgo cal | y
take from several hours for normal sequences to _several days. to weeks for
di fficult seqﬁ%féegrrerft ACrigehnisHe MGOTieB TePisdvpekimed mplification of

15  sequences up to 10 to 20 kilobases, this is highly unusual and quite difficult in

routine practice. Moreover, PCR amplification of long target templates is only

possible on a limited set of well-behaved DNA sequences. The practical upper-limit

for fairly routine and cost-effective amplification of DNA on well-behaved

sequences is about 300 to 400 bases in length and is generally reduced for sequences
20  having high G-C content.

Limited Amplification: Current PCR techniques are also limited in the
number of amplification cycles that can be carried out in a reaction mixture.
Repeated heating and cooling cycles result in progressive enzyme degradation,
which limits the factor by which starting material can be amplified. Conventional

25  PCR amplification can rarely be extended beyond 30-35 cycles.

Robustness. Conventional PCR typically requires significant volumes of
reagents, bulky equipment (e.g., thermal cyclers), substantial human labor (e.g.,
tedious optimizations), and minimum amounts of starting material, each of which
contributes to making conventional PCR a costly and time-consuming process.

30  Current PCR techniques typically take from several hours for normal sequences to

several days to weeks for difficult sequences or long template. Conventional PCR



requires a significant amount of time to cycle and equilibrate the
tenperature of the reaction m x. Moreover, tinme-consum ng optim zations can
be required in order to reliably anplify targets that are | ess than ideal
Tightly controlled conditions (e.g., tenperature, pH, and buffer
ingredients) 5 are required for performance of conventional PCR techniques.
Additionally, various contamnants can interfere with PCR anplification by
directly inhibiting or interfering wth4polynerase enzynes used to copy the
target DNA or RNA. This further limts the quality of starting materi al

that can be used. for .anplification. S i.tional requir nts on
the | evel of ube&PFW ?ﬂgﬁc%'@?c@éoﬁgﬂwggie%g Bﬂﬁﬁg%wotﬁe eé%ﬁ"é’?@on
t echni ques. behetich thixe MémBbvek, thatdogsunsih@ pptiiRat&e caebé adefuited Besarteed. The

performance environnment of conventional PCRis generally limted to
| abor at or i es, reliablyiamplifi tetgptsshai ercilesathaa ideglr enot e | ocati ons, doctor's

offices, at the patignt’ edsi o out | he field Sensitivity and
Specificity of Di a@ﬁh@&'?@‘)ﬁ#@n@@ﬁﬁ ei&?ﬁf‘?*’%?ﬁlﬁcﬁifb%‘gw efén%?(g% stic and
forensic KkftsaRrequaes #tpetoRmMeSoftontdhtion] POR techtidles A @lifibtallgyvarious
robustness, and target length achievable in a PCR reaction. The

above- ment i oneentamingats ean iptesferewihdiGRoamplificatipn by dsecdlysnlybitmgorent  PCR set

limts on the; i . f i hR order to
el apl y car r et iig i BoR e o hh bicilo L0, B BB DGR EFRAA. 1k O 5, 10,
of any pat hogamntheelimits ihe qualitg bEsmrtiddmdieriglthatican be asedifor anglificakibh sndr assays
that rely upon conventiqgnal ,PCR or PCR-based . technol ogi es. The specificity
of a PCR-bas ealaeﬁsaegﬁl&gml&qwrm%the&Veﬁaﬁm@@é tﬁﬁtg’épgwegﬁ’é’t epends

criticallypon i } : {1 d read as well
asI t Ihe I e%%t h%@q{&ﬁ%&%& %@§§?°%ﬁesy§f°§{$%£tﬁﬁ g%t{r?ﬁbsgeig?g llgéa ﬁ?/agrrpl i fi edsand
identified. 2perfoamed.hEsepeafotmarich enviroaasning,convantiemd] PR rgahérally BaRedased

technol ogi es and, detection systensg e generally linite .th respect to
overal | speedt,oriél?‘?r?tEF% Lis T @raéh?@km BRele oca ?Rf”g] % cﬁ%ét.fie

Incremental | pR{AMEHERIGE, rQuetyefg onal  PCR methods and devices have been
proposed with respect to sone of the isolated performance paraneters

descri bed above. FSansigx#npidSpedifcityalf Didgnodicsc [The esnsivitgRf PCRabasedr eact or f or
anpl i fyi ng_ DNA usi jcroquantities of sagple fluid. in U S Patent No.
6015, 56005 | o Bl firare 21 andsSsaR ePiEoT e SVl IRl 2Pt ¢ ur o

robustness, and target length achievable in a PCR reaction. The above-mentioned

limitations in performance parameters of current PCR set limits on the minimum
amount of starting DNA or RNA necessary in order to reliably carry out PCR
amplification. This, in turn, limits the sensitivity of any pathogen detection system,

20  diagnostic, or forensic kits or assays that rely upon conventional PCR or PCR-based
technologies. The specificity of a PCR-based diagnostic, forensic, or pathogen
detection system depends critically on the accuracy with which DNA can be
amplified and read as well as the length of the target DNA or RNA that can be
reliably amplified and identified.

25 For these and other reasons, current generation PCR-based technologies and
detection systems are generally limited with respect to overall speed, efficiency,
cost-effectiveness, and scope of use. Incremental improvements to conventional
PCR methods and devices have been proposed with respect to some of the isolated
performance parameters described above. For example, Tso et al. discloses a PCR

30  microreactor for amplifying DNA using microquantities of sample fluid in U.S.
Patent No. 6,613,560, issued September 2, 2003. Alternatives to high temperature



-5- DNA denaturation have al so been proposed. For exanple, Purvis disclosed
a nethod of electrochem cal denaturation of double-stranded nucleic acid in
U S Patent No. 6,291,185, issued Septenber 18, 2001. Stanley discloses
anot her nethod of el ectrochem cal denaturation of nucleic acids in U S
Patent No. 6,197,508, issued 5 March 6, 2001. Dattagupta et al. have

di scl osed a nethod of using priners to displace the DNA strand fromthe
tenplate in U S. Patent No. 6,214,587, isssued April 10, 2001. Millis,

supra, suggested the use of helicase enZynes for separating DNA strands. In
view of the Iimtations of conventional PCR, and despite the proposal of 10

various i ncr dPRifdgnatprsgonhasiealie beenmiepased. cfariensmplenRaisidisclased ar t f or
i mproved  metDads; AeviSaRmidnte 1%'0%'(18@3-@19@&&%& laEi]:i'é& ggon,
mani pul ati on,” sequenci ng, and detection of nuclerc acrds.” Su ry of the

| nventi on 15 Phfgt Nt 629151850 iksig Septainbacs, JEHC Stdidsl disslcded afsthatiraethed
br eakt hrough technology_ to ger_f orm PCR. The technol og% descri bed herein

al so pernit s abeRetrechepicahdqnp B ofyuolaie ecidsiniLhf Ratens He. 687,568, issped i ng. The
t echnol og | i i r i . rat.ures or using
controll e§ trrg%trpmgggtg@gf blﬂaﬂaﬁn&)ga%bgégiﬁgl%ﬂg%acgég?{g&gy%sr e§ see%’c;tﬁt rol when
desired duri nijsplplthecDNAGHagEonz theaempplafeiia &X.$. Patent Nos 6214, 587 i¥siidiy
substantial inprovenents in a nunber of perfornance paraneters. Dubbed
"Nano- PCR, " tAtd 10200 o Mulis, supv e, sugaesied therisgof helicass eyaymes forsenstatiag
detection an Igg&%%spati on of nucleic acids. Brief Description of the

Drawi ngs 25 . and 1B illustrate exenplary flow charts of PCR net hods
that do not rely Inmieweofifler limitatiencyfidonveptiohd] BER, 2hd A€spite thegtropdsel efxenpl ary
met hods qf and .arrangenents of elenents of a regcti on g@grrber for applying
tonsion 18 a VBRAUSIAPERENENEREMEECHo B FPmaRAceed I the pEdesimprevedr) Gs. 3A and

38 i1 1 ust rat 6uiRIR0gks;c, oA SRSk ARASIHR BleanifBAEAT RafipiariBu [ ERGbAR, Chamber

for applying tension to strand usi ng optica magnet
and detection of nucleic acids.

Summary of the Invention

15 The methods and apparatuses described herein provide a breakthrough
technology to perform PCR. The technology described herein also permits PCR to
be performed without reliance upon thermal cycling. The technology may be
applied at a wide range of ambient temperatures or using controlled temperature. It
is possible to exercise precise control when desired during replication and

20  amplification, thereby enabling substantial improvements in a number of
performance pai'ameters. Dubbed “Nano-PCR™,” this technology introduces a new

paradigm in PCR-based detection and amplification of nucleic acids.

Brief Description of the Drawings
25 FIGS. 1A and 1B illustrate exemplary flow charts of PCR methods that do
not rely on temperature cycling.
FIGS. 2A-2C illustrate exemplary methods of and arrangements of elements
of a reaction chamber for applying tension to a DNA strand anchored between
opposed surfaces.



traps. FIG 4 is an illustration of an exenplary method of and arrangenent
of 5 elenents of a reaction chanber for applying tension to a DNA strand
bound to a polynerase fixed to a substrate in a fluid flow FIGS. 5A and 5B
illustrate exenplary nethods of and arrangenents of elenents of a reaction
chanber for applying tension to a DNA strand anchored at one end in a fluid
flow 10 FIGS. 6A-6C illustrate exenplary nethods of and arrangenents of

el ements of a reaction chanber for applgZing tension to a DNA strand
suspended in a fluid velocity gradient. FIGS. 7A and 7B illustrate

schemati cs of exe devi.ce or rf.orm a PCR.nmet hod tha; does not
rely on terrperatu;’rﬁc‘%é{s‘iar’i'&?’grlﬁuts&%tf3 ogs gagapgquentﬁ ehtf
Description ofeafaHca e for AlpiliGedsBHAD L INA SEE(d Ridd GtalGndgaei® " nucl &l c

acid,"” "polynucleotide,” an ol1 gonucl eoti de" are ereln to include a
pol ymeric fortapsf nucl eotides of any length, including, but not 20 limted

to, ribonucl eotide r. .deoxyr.i bonucl eotides. There,.i s, no intended
distinction in | engcﬁ %%%ﬁ%‘*qa%génteﬁ%dfuyﬁﬂ?tgﬂif’fa’ldrf"é"éa&g?r&?rﬁé’?r efer only
to the prigraryemghts €4 HabtidH chhriser 06 ap tenbitaSto a INAQrhAd PoidlRedi ment s

these terns can include triple-, _dou@?e- and singl e-stranded DNA, as wel |l
as triple-, dpelpheraseifisedsto agibstrate inafleiddloRNA. They al so i ncl ude

forms of the polyrore St d BBty BFetiy Soeiohs o7 a5f BRipRefiof ol c aci .
" pol ynucl eot | embnia0ela feAbfEMHELER WrizflyingaBlils « IOA ¥daRKichBRAYE! eot i des

(containing 2-deoxy-D-ribose), polyribonucleotides (containing D-ribose),
any ot her typenesmdgppfividflewti de which is an N or G glycoside of a purine

or pyrimgine bas o) ol yners._cont ai ni-ng .30 _nonnucl i di
backbones?dfor engp eg%%é]%?ﬁ%ﬁe&f’&!’ .,mr}%?)é%oé@gﬂﬂgﬂgegwggﬁogge fﬁAs)) and
pol ynor phol i néf A reactioar dh@bérforapliing bdrSioh t@ADANN btradd sabfendédiara flid Corval | i s,

Oreg., as Neugene) polynmers, and other synthetic sequence-specific
velocity gradient.

FIGS. 7A and 7B illustrate schematics of exemplary devices for performing
a PCR method that does not rely on temperature cycling or thermal denaturation.
15
Detailed Description of Embodiments of the Invention
Definitions
The terms "nucleic acid," "polynucleotide," and "oligonucleotide" are used
herein to include a polymeric form of nucleotides of any length, including, but not
20  limited to, ribonucleotides or deoxyribonucleotides. There is no intended distinction
in length between these terms. Further, these terms refer only to the primary
structure of the molecule. Thus, in certain embodiments these terms can include
triple-, double- and single-stranded DNA, as well as triple-, double- and single-
stranded RNA. They also include modifications, such as by methylation and/or by
25  capping, and unmodified forms of the polynucleotide. More particularly, the terms
"nucleic acid," "polynucleotide," and "oligonucleotide," include
polydeoxyribonucleotides (containing 2-deoxy-D-ribose), polyribonucleotides
(containing D-ribose), any other type of polynucleotide which is an N- or C-
glycoside of a purine or pyrimidine base, and other polymers containing
30 nonnucleotidic backbones, for example, polyamide (e.g., peptide nucleic acids
(PNAs)) and polymorpholino (commercially available from Anti-Virals, Inc.



nucl eic acid polyners providing that the polyners contain nucl eobases in a
configuration which allows for base pairing and base stacking, such as is
found in DNA and RNA. 5 As used herein, "prinmer" refers to a

si ngl e-stranded pol ynucl eoti de capable of acting as a point of initiation
of tenplate-directed DNA synthesis under appropriate conditions (i.e., in
the presence of four different nucleoside triphosphates and an agent for

pol ymeri zation, such as, DNA or RNA pol yryerase or reverse transcriptase) in
an appropriate buffer and at a suitable tenperature. The 10 appropriate

| ength of a priner,.depends .on the iintended use of.the prinmer b typically
o5t 1 east 7 eSO, B SRl ap GRS o artep e neei ¢ o B0

nucl eoti des i mucRRG4dM pSlMers pR¥idHg ikat €2 pdlAn&e UBMBRInuCREBAEs MuUch as 30 to 50
nucl eotides long. PCR priners are typically about 20-30 base pairs |ong and

are chosen t copfgwetien whishelews fordbasspainng anddagpstackdngnspch as.is f@mdin 3') of

the target 15 u nd the opposite strand downstream (i.e., 3' to 5')
of the sequen@%@ﬁﬁg&' ends of the prinmers define the ends of the

anpl i fi ed BCR produgd usefPhéri| prifiey refefdtb aisthghPiraadédplghutldoige SapaBleCC
content as AT content and no [ong stretches of _any one base. Furthernore,
the priners shd@btingwsta paimodiniiaten efdegplete-dirpgted INA synthesiavnden| | vy

conpl ementary t . 0 TRl 8 i S th.ceprimer. di.nper” 20 formation
or ot her secor?gg °§g§?§;§§§'ﬁ§%(ldﬂdgﬁsﬁlﬁc??essg%c%uorf tf r%fl'f‘%)re%rrfuﬁ%ggél | ecul es

general |y requiiplosphatbLindiaapar fat pslgSeitiatibn) siich be, DICA @R RINA pélsuakRsdwvibr i d
conplexes wth the tenplate. A priner need not reflect the exact sequence
of the tenpl atrévass transeidptasgkin gu prprepriatn hufics anthatarruiteble yenepsratymsr T ze with a

tenpl ate. {fhe = A pte’ . or Tnri Palel 1fen rs to the
segnent ofl-Bt heab? %?83% 1{3@{ ?fc?%?{:%e%gndfg np@?#é@dﬁgg%g@ée I.Im%ﬁge'ﬁt erm "primer
pair" means a tggitalbfis @t letse 7 auclevaliesdomparal, iore typieally mge Bom Y6 30hat

hybri di zes with the_caonplenent of .the 5 end of the DNA_ seguence to be
anplified and r&lclgondw%gﬁhe%ewmﬁ%rﬁm‘Pra%om%wampg@swm@%13 03 end of

(e, Seauence, Lickasaibid e s RpIAIR u S LR GIRRL 1  Toens
anot her nucl eichosenitd bapbmeplementarSel anetstrand ypstredm Kiydor 3°do 3 Jtaf dhe tergest s when
hybri di z atliSOn sgc(fucelflur:es aﬁ«f tﬁg OIi)pSosi%%{rgnds golwen%%rga\g (iFeh,a?p tcg 9 I"){jc‘l)lf th_e8s_cquence. The 5°
ends of the primers define the ends of the amplified PCR product. Primers may
contain approximately the same GC content as AT content and no long stretches of
any one base. Furthermore, the primers should not contain structures that are
substantially complementary to one another. This insures that “primer dimer”
20  formation or other secondary structure does not occur. Short primer molecules
generally require cooler temperatures to form sufficiently stable hybrid complexes
with the template. A primer need not reflect the exact sequence of the template but
must be sufficiently complementary to hybridize with a template. The term "primer
site" or "primer binding site" refers to the segment of the target DNA to which a
25  primer hybridizes. The term "primer pair" means a set of primers including a 5'
"upstream primer" that hybridizes with the complement of the 5' end of the DNA
sequence to be amplified and a 3' "downstream primer" that hybridizes with the 3'
end of the sequence to be amplified.
As used herein, the term "complementary" means that one nucleic acid is

30 identical to, or hybridizes selectively to, another nucleic acid molecule. Selectivity

of hybridization exists when hybridization occurs that is more selective than total



| ack of specificity. Typically, selective hybridization will occur when
there is at |east about 55%identity over a stretch of at |east 14-25

nucl eotides, alternatively at |east 65% at |east 75% or at least 90% In
one alternative enbodi nent, one nucleic acid hybridizes specifically to the
ot her nucleic acid. See M Kanehisa, Nucleic 5 Acids Res. 12:203 (1984). A
primer that is "perfectly conplenentary” has a sequence fully conplenentary
across the entire length of the prinmer ad8d has no mismatches. The priner is
typically perfectly conplenentary to a portion (subsequence) of a target
sequence. A" %&r@tsgéhﬁé@f icd18y, @emb@hﬁandi\iyn@Mﬂ?%cdw%%ﬂme%s ab the
primer and 10 the hucleodtide in"the target nucleic acid wth which it is
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strand at the desired bf“mar- binding site. 15 As used herein, a "probe" is a
nucl ei ¢ achd depdaiRes. b3:208 ﬂaﬁ‘ﬁg to a target nucleic acid of conplenmentary

sequence through onge wy oonds, us IIy t hr ough

corrpl enent ary baser}bgﬁuﬁ atlfj %‘g‘?"?@%”ﬂ’% qéﬂf/c}}aﬁaéﬁ uﬁB Yormatl on, thus
form ng a duplegm &&ﬁdﬂﬁh&gﬂﬁ@ossfﬁlerehﬁ&%ﬂgtmdﬁmepnﬂmbiﬂdhaags miSmachdd! ghe bi nding
site."” A probe can be labeled with a detectable |label to permt facile 20

det ection of tprigepivtypicallysperfeetlyl camplementaey torﬁepqm@b@uhmumb)mfm taeggt to its

I AMtabel, attached b d f
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chenical qo phiysinfeddotid® aithe tardeiuchiAamd ﬁflthhiiﬁ&hﬁlstaﬂigﬁecﬂﬁf@nbﬁ at t ached to
probes include, but are not limted to r adi oi sot opes, fl uorophores,

chr omophor es, cgaplensatary.cThedermyisubstantialiioeamplemeniary s whemused in seferenseda dense

T o 5 b8l céﬁff&*’ 8] e RSP e or s,

and enzyne siptéadathe prinier Bloaly sﬁﬂimenﬂy yorfplgimiiithgato hiybridive sdlettivel$aorits pr obes
are relatively short. Generally, probes are at least 7 to 15 nucleotides in
| ength. Ot her TePEEES siped atdhe degiedprimer-biwling sitt0 nucl eoti des | ong. Still

other prohgs are SW& Llﬁnag be‘bﬁ'ar}ﬂl I%f&a%dé?&\fif:ofr’ﬁngﬁg’to Z?aggéo 90

nucl eoti dés | ong. er br es are onger S
nucleic acid of complementary sequence through one or more types of chemical

bonds, usually through complementary base pairing, usually through hydrogen bond
formation, thus forming a duplex structure. A probe binds or hybridizes to a "probe
binding site." A probe can be labeled with a detectable label to permit facile

20  detection of the probe, particularly once the probe has hybridized to its
complementary target. A label attached to the probe can include any of a variety of
different labels known in the art that can be detected by chemical or physical means,
for example. Labels that can be attached to probes include, but are not limited to,
radioisotopes, fluorophores, chromophores, gold particles, quantum dots, mass

25  labels, electron dense particles, magnetic particles, spin labels, molecules that emit
chemiluminescence, electrochemically active molecules, enzymes, cofactors, and
enzyme substrates. Probes can vary significantly in size. Some probes are relatively
short. Generally, probes are at least 7 to 15 nucleotides in length. Other probes are
at least 20, 30 or 40 nucleotides long. Still other probes are somewhat longer, being

30 atleast 50, 60, 70, 80, 90 nucleotides long. Yet other probes are longer still, and are



at |least 100, 150, 200 or nore nucl eotides |ong. Probes can be of any
specific length that falls within the foregoing ranges as well. A
"thernophilic DNA polynerase" is a thernostabl e DNA pol ynerase enzyne
havi ng an optinum tenperature at which it functions, which is higher than 5
40C. Otentinmes, the optimumtenperature for the function of a thernophilic
DNA pol ynerase ranges fromabout 50 Cto 80C, or 60C to 80C. These heat
stable enzymes were introduced to provi.ge nore robustness to the repeated
cycles of heating and cooling the enzynme during conventional PCR A

"difficult sequence" refe t 0 sequences on ich a pol ynerase _enzyne 10
has a tend_enc@tfeastshoppl,gon%@é)rmogftﬂwi@hg?slef%mﬁﬁ?smaﬁ S OERMEECIER 11 cul t
sequences 'nClth'ﬂ?alfse\ﬂfﬂﬁﬁ'ﬁﬂg?or%oin%eﬁéﬁ Alas el dues (e.g. segnents of 6, 9, 12,

15, or 30 base palrs or longer) having greater than about 50% G and C base
pairs that are calA &ier®0philic BNAegoplpneres:” isethesnostzble DNiAapolymegrasaandem r epeat

segnents, polyrepe .sequences ,such as pol y-A sequences, . tri.nucl eotide
epeat T egl onnakn BHRE MhOPRBUE UGN & SLl i Dat B, VACh HERIER | | ke
Hunti ngt onss, 49pd OAREAMEURE oftiRh &iRfetfure IGAHE ABRon SMLiMIRYpHAc DRA
Conventional Pol ynerase Chain Reaction (PCR) To performthe standard thernal

cycling pol ympohseereseainges fram ebauh SOSC bog8QC, @60°PGdo RO These peatstableeat
stabl e) DNA pol ynerase, .one typically executes the. follow ng steps: 1)
prepare a cocl?f’é@esc%‘?ﬁﬁﬁ H&W@X Wd%ﬂlpfee‘f’g‘“z“eﬁ ﬁf@PFﬁng,cyfges ?fi mer pair,
a DNA pol ymer a3gnnsAahd cootsie hej:80 iwath Wab@fiohdl TR ube; 2) add the DNA to

be anplified to the tube 3) place the tube in a tenperature bl ock of a
thermal cycler (e. d\ “dfickit seqinee’t Efer9®OBqEEMcG POVIECRa Phlymerdse Eyoines ) 4) 25

Programt thermal .cycler.with s ific reaction_condjti .g. a period
For " Cher 1 ABNAPTHG of i otk BRERE: PHBOIToRR Bremalss PROTE0TDove. about
90C for abOUtse%wh@esanIﬁd%}éé@‘énce@oﬂ%bﬁ_ﬁre@iﬁiu@‘(@.%ﬁ&dgﬂﬁnﬁ)bf%l 9vioy 15,@9B0bNng to
about 50 to 65 for 2 mn d a period f ol ymerization, also called
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to b | I f d
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the total nunigequeatesaye BpoytAaeqlehtdsctainiicleotide aépeat Rgivas bd RUndut . - 10-

15  sequences associated certain diseases like Huntington’s, and other such problematic

sequences.

Overview of the Conventional Polymerase Chain Reaction (PCR)
To perform the standard thermal cycling polymerase chain reaction using a
20  thermophilic (i.e. heat stable) DNA polymerase, one typically executes the
following steps: 1) prepare a cocktail containing a PCR buffer, a dNTP mixture, a
primer pair, a DNA polymerase, and doubly-deionized water in a tube; 2) add the
DNA to be amplified to the tube 3) place the tube in a temperature block of a
thermal cycler (e.g. Perkin-Elmer™ 9600 or 9700 PCR Thermal Cycler) 4)
25  Program the thermal cycler with specific reaction conditions (e.g. a period for
thermal denaturation of double-stranded DNA by heating to above about 90°C for
about 1 to 2 minutes, a period of annealing by slowly cooling to about 50 to 65° C
for 2 min, and a period for polymerization, also called primer extension, by heating
to about 70 to 75° C for a few minutes) that are to be repeated for about 25 to 35
30  cycles. Executing the method produces about a 2" fold amplification of the starting

material, where n is the total number of cycles of amplification that are carried out.



Wil e sone Iimtations of conventional PCR stem from how the conventi onal
technique is typically carried out, several |imtations in the performance
paranmeters stemdirectly or indirectly fromthe reliance on thernal

cycling. Overall reaction yield, anplification efficiency, sensitivity,
robustness, and 5 portability are each, for instance, restricted by thernmal
cycling. The Nano- PCRTM nethods overcone not only limtations due to
thermal cycling but also several that _gge inherent to typical

i mpl enent ation of conventional PCR Nand- PCRTM 10 Nano- PCRTM net hods and
appar atuses can dramatically extend the detection and amplification
capabilities of th¥hiles Wﬂ@ﬁ@%‘éﬁ%ﬁ@&@@ﬂ@ﬁ:@e@ﬁ@ﬂh@ﬁ%rough sever al

limtations | WA t abl ares typical
per formance pa gﬁﬁggtmﬁﬁﬁgﬁt&ﬁpﬁgﬁ%ﬁ%ﬁ?%@%ﬁﬂ PP 1@%bl e 1:
Per f or mance ﬁﬁérﬁé&czaﬁfm&wmﬁﬁlﬁlrm oY indirbalycfrdiotibMelifiefoarth@nae Par amet ers
Current Ceneration P Nano- PCRTM Mt hods and Devi ces Accuracy-nor nal
sequences Typiveking. Pvasell reactiongrield soplification efffcinncy cepsitivity, relystiepaandibout 10
4 errors/ e @yachi eved.
ncour acy vnorPTaplide g 4 et HBIORANS, Bk Qotnp ThENERRIECT O

y g

| ess than abqnéthodkrdifbfcﬁﬁi&hbmlﬁﬁﬁmﬂm dG€30 therdd] &y cting busdlseqapatal igguence.
1.0 x 10"3 errors/repeat rich or repeating sequences) sequence can be

achi eved wi t Hare gheren ﬁodwn@émlplémelﬁathwcorrV@ﬁn‘m@bPCBn process. Length of
anplified sequence Typically limted to about Can anplify extended 300-400
base pairs. sequences of up to 20,000 base pairs or nore. Overall reaction
yi el d Reagent and MndoyPER™se Reagents can survive nore degradation

enerally |imts than 1 cycJes of DNA ampl ca nto o] 30- 35
grrpl i fi Cg}q Ion zy éﬂaélg_-P&g"T_x%{etfmdss and apparatuses anI zllmatECIa yexteng 83 udtetectlon

and amplification capabilities of the polymerase chain reaction by breaking through

several limitations imposed by conventional approaches. Table 1 compares typical

performance parameters of current PCR with Nano-PCR™,

15 Table 1: Performance parameters of current PCR vs. Nano-PCR™
Performance Parameters Current Generation PCR Nano-PCRTM
Methods and Devices

Accuracy-normal sequences | Typical error rate of about 1 x | Error rates of less than about
10" errors/base pair. 1.0 x 107 errors/base pair or

better can be achieved.

Accuracy when replicating | Typical error rate of about 1.5 | Error rates of less than about
problematic sequences (GC | x 107 errors/repeat sequence. | 1.0 x 10 errors/repeat

vich or repeating sequences) sequence can be achieved with
precision control of the

replication process.

Length of amplified sequence | Typically limited to about Can amplify extended
300-400 base pairs. sequences of up to 20,000 base

pairs or more. -

Overall reaction yield Reagent and polymerase Reagents can survive more
degradation generally limits than 100 cycles of DNA
amplification to about 30-35 | amplification.

cycles.
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Robustness

Requires tightly controlled
operational conditions i.e.

temperature, pH. Need

Allows for temperature and
pH variations. Can work with

a broader range of starting

15%.

Highly Pure starting material. | materials. More tolerant to
possible contaminants and
less sophisticated extraction
methods for preparation of
starting material.

Sensitivity Typically requires more than | Requires less than 10

1000 polynucleotides/ml polynucleotides/ml analyte.

analyte.

Specificity Rate of false positives in Rate of false positives in
diagnostic kits can exceed diagnostic kits can be much

less than 12.5%. Improved
specificity decreases need for
costly post-processing and
bioinformatics steps used in
confirming the sequence of

the target DNA or RNA.

The common denominator of PCR and PCR-based technologies practiced to

date has been the use of thermal cycling to sequentially denature DNA, anneal

primers, and then extend primers via a polymerase enzyme. The methods described

herein, dubbed Nano-PCR™, and apparatuses for performing those methods utilize

the application of controlled amounts of force or stress to the nucleic acid molecules



t he application of controlled anbunts of force or stress to the nucleic acid
nol ecul es -12- to provide new alternatives to thermal cycling for

i npl enenting DNA or RNA anplification. As used herein, applying stress to a
nucl eic acid includes direct and indirect application of force to a nucleic
acid that tends to stretch or elongate the nucleic acid. As exanples,
stress can be applied to a nucleic acid by direct 5 application of

mechani cal tension, by hydrodynamc stregses in a fluid flow, or

el ectromagnetic fields, whether acting on the nucleic acid nolecul es

t hensel ves and/or.pn surfaces,  substrates, .or. rticle d i ke that
are bound to 3?181' népvcalteg@zu&s.tq °§¥%@ﬁ\§y§‘6§|f9%‘gfﬁ%?@?‘nm ' can break
through one Orniflfgaten. Udised heih, abhI9E strB@ito E%‘g@lefcra%m ihé108&| diecf £R1L i ct ed

the perfornmance and scope of 10 conventi onal . Cycling of Mechani cal
Tensi on The appdifechariplinatioh of doreerto e naeleicanisl that tensls e stras¢hcoralongstethovi des not

only an alternative.to, thernpl denaturatiaon.of doubl e-.stranded DNA (dsDNA)
but ai 50 o 15uRqeid AP 5REs o BEeDRg Bk Sbk ABRE, of the PCR
process. N_ano'aFﬁﬁEth of mecHAGRE téhsiofVbyBREQBaRmIichtasERs i 4 AdkIfRRy, 6f DNA or RNA
by exploiting e effects of precisely controlled forces, such as

mechani cal , hythcbompagnetie fielsls, whstheraotipgan ithe nusleiq acid melecules themseivgy RNA

nol ecul e and/ qr .pon the.pol i.zin enz a2 lacr easi ng .t erature of
sol ution conpPPdBhgh AR MRk S eI mel BRCET RolR R B ol ecui
produce anal ogeids Ix @iy bpliciis, Nado-URTY A Bk K864 GHe 3 Ysdr€ of @8 be
initiated by increasing tensign applied to a DNA tenplate to above about 65

pN t o denat ur dimitatiopnihat bave traditiecngly ressisiedi theyperéoringece azdiseeneiafg of priners
can be eff;gct . decreasing tension on the DNA 25 tenplate to bel ow
about 50 plﬁl t%g%ﬁﬁgévﬁag‘ryidrriers to anneal to the tenplate. Tension in the DNA
tenpl ate can then be adjusted within about 0 to about 30 pN during

extension of the priner via enzymatic polymerization in order to control the
progress, rate and(oFimgdMaechgnicsl Tension eplication. As with thermal cycling

in conventional P%W%%ﬂgoﬁgnﬁtﬂﬁg%sﬁﬁ% BE1diE R Fidvidds Rotinfyy A 09r ammed

cycle in 30 Nano-
alternative to thermal denaturation of double-stranded DNA (dsDNA) but also a

15  unique capability to precisely control each step of the PCR process. Nano-PCR™
introduces a new approach to amplification of DNA or RNA by exploiting the
effects of precisely controlled forces, such as mechanical, hydrodynamic, or
electromagnetic stresses on the DNA/RNA molecule and/or on the polymerizing
enzyme.

20 Increasing temperature of solution comprising a DNA molecule and
increasing stress on a DNA molecule produce analogous results. Thus, a
polymerase reaction cycle can be initiated by increasing tension applied to a DNA
template to above about 65 pN to denature the DNA. A step corresponding to the
annealing of primers can be effected by slowly decreasing tension on the DNA

25  template to below about 50 pN to allow primers to anneal to the template. Tension
in the DNA template can then be adjusted within about 0 to about 30 pN during
extension of the primer via enzymatic polymerization in order to control the
progress, rate and/or accuracy of the replication. As with thermal cycling in
conventional PCR, cycling of stress can be repeated in a pre-programmed cycle in

30 Nano-PCR™ methods.



- 13 In the exanpl es bel ow, various nodes by which these nmethods can be put
into practice are described. Hydrodynam c stresses and/or electric fields
applied to the nucleic acid nol ecules, |ike nechanical tension can be
cycled to perform Nano- PCRTM wi t hout reliance on thermal cycling. O
course, although Nano- PCRTM 5 net hods can be performed w t hout any
tenperature cycling, this is not to say that control of tenperature wll
not be advant ageous in sonme enbodi ments-ks-nore fully discussed bel ow.

Fi gures 1A and 1B show exenplary fl ow di agranms for Nano- PCRTM net hods. It
wi || be appreciate rati Lt asi ot ocol
w ll be nmade as apg}l%ﬂ%ﬁe&%@éﬁs& gfcué%gg?%ﬁoﬁggky@%%ésgéﬁ?}#ecﬁ%;%ﬁ8?{cI oni ng,
10 nut agenesi sntoPrictive &8 desefilRdn Mydrodyismidatbageidintetsetiofelds bspliedtto r oom
tenperature and standard buffer_ conditions, application_ of tension above
about 65 pN t dhemsleieacd maleedes, Bkpmeghanical feesionsseatarcyeled to perfarm Nemior i ng)

into single st VA e PN, ' ] ];Jggg)_ tMre" is
under st ood toP[)e a terrperegﬁre we’frﬁ?r?y@ﬁ%' %cﬁgﬁge’raéﬁnlgg 0 coF ortabl e

| abor at or y515 nhethqirecat be pesforngdneitiatut ynyetemptraite Az lifg, thistihaortotshiythat nodel of
the force- induced nelting of DNA at roomtenperature has been described by

f
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Doubl e Hel i x 1 | B B a@%zf 001; and,
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Condi ti ons" BiPgRBanethods2lt wADb&Sphr&idied dal4ljeratioas mgl dddéticng wathedrasicof Rouzi na

and Bl oonfield as desgri be herein, it is possible for one of ordinary
skill to det emtﬁ@qanﬁ E’%E‘P FRRTGPTIZE f‘%‘éﬁ%‘ilgﬁtasksﬁ&?h% feaurRage, &POBHEner ina

manner  angh o9 auiiaded e Aeitoh Qcnid¥ehid fihdpeh BltectloBMBEr at ure cal cul ati ons.

Slow y decreasing the applied tension bel ow about 65 pN in the presence of
25 prinmer ol i gonuclAsoointesperamreandrstandatddusiet entlitivas,mpplicatipnf tenkionpr i ner s

to tenpl ate in a er al ogo. sl ow 00| i enat ur.ed DNA bel ow
the melting  POPYREhoBHEbDUPOIGHOREER FEYA i Gota demriarotiapdt erneHEBlor i ngly.
during a pri mege, BRNaRhhdd DNARSDNANS AR Rsditihdif %rddin feniécdiglee jaci d tenpl ate
strand can be slowly reduced froman anount that causes dsDNA to nelt to an
amount that pendérsteod® tpra teeperameewdthimthe notmategngelof cotnborthbid labdratery o
maintain tlg ns Itgmnpeggm%s,%rgl}yra%ggt 256222% C. A theoretical model of the force- induced

melting of DNA at room temperature has been described by Ioulia Rouzina and

Victor A. Bloomfield (“Force-Induced Melting of the DNA Double Helix 1.

Thermodynamic Analysis™ Biophys J., 80:882-93, 2001; and, “Force-Induced

Melting of the DNA Double Helix. 2. Effect of Solution Conditions” Biophys J.,

20  80:894-900, 2001). Using the equations of Rouzina and Bloomfield as described

herein, it is possible for one of ordinary skill to determine a precise level of tension
that will melt a primer in a manner analogous to conventional melting point
temperature calculations.
Slowly decreasing the applied tension below about 65 pN in the presence of
25  primer oligonucleotides can permit the selective binding of the primers to template
DNA in a manner analogous to slowly cooling denatured DNA below the melting
point temperature of a primer in a thermal cycler. Accordingly, during a primer
annealing step, tension applied to a nucleic acid template strand can be slowly
reduced from an amount that causes dsDNA to melt to an amount that permits
30  primer annealing. It may also be desirable to maintain tension on a DNA strand at a

level that substantially inhibits polymerase action, for example at about 30 pN or



| evel that substantially inhibits polynmerase action, for exanple at about 30
pN or -14- greater but bel ow about 50 pN, until unbound prinmer is flushed
fromthe reaction chanber to minimze non-specific binding and non-specific
primer extension. The application of tension to a nucleic acid tenplate in
the range fromabout O to about 30 or 35 pN can be used to slow the rate of
pol ynerase activity. The exact 5 speed of the enzyne depends on vari ous
factors, including the anbi ent tenperaturg- or anbi ent concentrations of

pol ymerase and/ or nucl eotide triphosphate substrates. Tension greater than

about 35-45 pN at ropm.tenper e pronotes the natu r,oof r eadi ng
exonucl ease ag?mrhy?@ow%%gé%ﬁggﬁ%ﬁg Bﬂ?e%ﬁ%%%%@)}h%&?ﬂmnt of a
Nano- PCRTM netchadbéras meaiieindf-spdciic biftling M tinpesific phlee eRengonibl e- st randed
DNA (dsDNA) containing a target sequence, one Or nofe oligonucleotide
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a 15 non-thermal ly-driven process, for exanple by the application of tension

suffici ent toorembisat epapyuivatienspfpelymarage andiyrsueleotidetziphesphatgsubiietes. 65 pN)

to the dsDNA, . n i : -driv rpcess. to pronote
ybr i di zat on St ERAPE Rt e dasfs AR oGl ERburkad bER B Rl £ DIOTE
wher e t ensi on presgredsiag excauclena betlvity of e pdsiveseyizymeuci ng the tension
applied to the ssDNA, (d) pern‘itjting t he 20 to extend the priners to

form dsDNA; and, () sxepnlary sppodimestof Neano-PERTY methpdsansqmpgsg®: of DNA
orocess: 1t Re Bk 8lutele SOAALRSRnd ADNATIEING, odilabd e Tl FatEbY T
denat ur ati on iose oomorecdigopiciestiderbrandrs, | fyr éxamplegdhpaimof privcere asreplemetteryper at ur e

above the nelting tenperature of dsDNA, .but rather that a 25 _physical or
Techani cal | f o Be3 R edigH SP%n?&ﬁadétS&O@efeewpﬁa»fpea&feu&éﬁgﬁe@# y on

t enper at ur e. -t s dra r S { A t ensi on
to the DNA s;ﬁpgﬁ%?&%%lpﬁé a%%égﬁ/%%ét@igbd |5C§?‘?ggﬁg¥§& c gdﬁlg’c(g? force,
by fluid fl odendtyrimgtht dsDNA dito sihglasstredded DNA (DN A, templateostrabyls didiveg act i on of

one or nore denaturipn ents. descr.i bed herein, the effect. of such a
force may 1§e Qpp-g&r@aﬂ}%dr?\gen process,Afor example By H:e appﬁcation of tension suigﬁcmnt to

cause dsDNA to melt (e.g. tension greater than about 65 pN) to the dsDNA; (c)

controlling the non-thermally-driven process to promote hybridization of primers to
complementary template strands, for example, where tension was used to denature
the dsDNA, by reducing the tension applied to the ssDNA; (d) permitting the DNAp

20  to extend the primers to form dsDNA,; and, (¢) repeating steps (b-d) until a desired
amount of DNA sequence amplification is obtained.

The use of a “non-thermally driven process” in the methods described herein
means, for example, that dSDNA denaturation is not accomplishéd solely through an
increase in temperature above the melting temperature of dsDNA, but rather that a

25  physical or mechanical force is exerted on the nucleic acid that does not rely on
temperature. The non-thermally driven process may comprise applying tension to
the DNA strand, for example by direct application of mechanical force, by fluid
flow, by application of an electric field, and/or by the action of one or more
denaturing agents. As described herein, the effect of such a force may be affected

30 by temperature so that it may be desirable in a given circumstance to control and

optionally to modulate the temperature during one or more steps of the methods.



30 by tenperature so that it may be desirable in a given circunstance to
control and optionally to nodul ate the tenperature during one or nore steps
of the methods. -15- A target sequence to be anplified can be contained in
isolated DNA or in a mxture of nucleic acids and can be contained on

conpl enmentary strands of equal or unequal |engths. A nethod may al so
include starting with a conposition conprising RNA and produci ng a DNA
tenpl ate using reverse transcriptase or-&3simlar 5 nethod. A target
sequence may alternatively be provided on a single stranded nucleic acid,
rendering step (b) &%ﬂg&%&;’ﬁa{dtéﬂe 1ﬁddrc§ﬁb&¥6dtﬁnecfﬁ§s61§t€&b1\9@or@%”pone”tS
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can optionally be varied over time. The amount of tension applied to the template

strands in step (d) can varied according to the known or estimated progress of the

polymerase in relation to positions of difficult or error prone subsequences, such as

G-C rich segments (e.g. segments containing greater than about 50% G-C base pairs,
20  or greater than about 70% G-C base pairs) or the positions of segments containing

repeating sequences.

Accuracy of Nano-PCR™ over Normal and “Difficult” Sequences
‘When tension is applied to the template DNA during the primer extension
25  step, a polymerase can be induced to “reverse direction™ and the exonuclease
activity of the polymerase can predominate. It will be appreciated that at the atomic
scale and over times on the order of a single polymerase/exonuclease step, the
process is stochastic. However, when considered from an average over the time
scale of several steps the polymerase is seen to exhibit sustained exonuclease
30 activity when the applied tension is greater than a threshold that can be theoretically

predicted for a given temperature and solution conditions.



30 activity when the applied tension is greater than a threshold that can be
theoretically predicted for a given tenperature and solution conditions.
-16- By applying a nodul ated amount. of tension to tenplate DNA during the
primer extension step in an anmount below the threshold at which the

exonucl ease activity of a polynmerase beconmes predom nant, e.g, bel ow about
35 to 45 pN at roomtenperature and nornmal PCR solution conditions, nore
preferably in the range 5 of about 10 tel&© pN, Nano- PCRTM can provide
substantially increased accuracy of replicating DNA over conventional PCR

Furthernore, this %Fm | BYES EUJ?N that are
difficult using cogﬁ\iﬁtﬁﬁon g‘%@g& Off%ﬁﬁ&nggng% t ensi gn applied to
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pol ymerase can be estimated by nultiplying the elapsed'tinme by the known
rate of repli csagmgmtSfB@revchreplmbwdmammappf\@eagplenwtenalmmwh@f tenS| on.

Thus Nano- PCRTM ts accurat not _only nor

Compl ates but e by CafubiiBlas it Ss S8 Poptip hertpiierifbea 25
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rates of approxi
tension on the template in direct response to the changes in length of the template

strand so as to calibrate the applied tension precisely according to the progress of the
polymerization reaction and the particular location of the “difficult” subsequences.
In embodiments where it is not practical to directly monitor the progression of the

20  polymerase, the position of the polymerase can be estimated by multiplying the
elapsed time by the known rate of replication for the polymerase at the applied
amount of tension.

Thus Nano-PCR™ permits accurate replication of not only normal target
templates but also difficult sequences (e.g. GC rich DNA, tandem repeat,

25  microsatellite or trinucleotide repeat DNA) to be replicated and amplified with
substantially increased accuracy relative to conventional PCR. As an example,
where one of the highest fidelity polymerases currently available (e.g. Phusion
Enzyme) is used in conventional thermally-driven PCR, error rates of approximately
4.0 x 107 errors/base pair are observed in favorable cases, that is, only on well-

30 behaved sequences. By contrast Nano-PCR™ methods as described herein can

produce an error rate less than about 1.0 x 107 errors/base pair, less than 5.0 x 10°®



4.0 x 10-7 errors/base pair are observed in favorable cases, that is, only
on well 30 behaved sequences. By contrast Nano- PCRTM net hods as descri bed
herein can produce an error rate less than about 1.0 x 10-7 errors/base
pair, less than 5.0 x 10 -17- errors/base pair, 1.0 x 10's errors/base pair,
5.0 x 10'9 errors/base pair, 1.0 x 10'9 errors/base pair, 5.0 x 10-10
errors/ base pair, or even 1.0 x 10-10 errors/base pair. Furthernore the

nmet hods descri bed herein can permt the-dfff-i cient anplification of

ol i gonucl eoti de fragments having a GC content higher than 50 percent, 60
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herein, such results can also be obtained over microsatellite regions, polymerase

slippage regions, and other tandem repeat regions, which are difficult sequences

when using conventional PCR methods.

20 - Amplification Efficiency
Where amplification efficiency is defined by the equation N = No(1+Y)",

and N is the number of product copies, N; is the number of template
oligonucleotide copies, n is the number of cycles and Y is the efficiency, efficiencies
greater than 80 percent are achieved. Under certain conditions, amplification

25  efficiencies greater than 85 percent, 90 percent, 95 percent, 96 percent, 97 percent,
98 percent, or even 99 percent can be achieved. Such amplification efficiencies can
also be obtained where the GC content of the oligonucleotide fragment is greater
than 55 percent, 60 percent, 65 percent, 70 percent or even 75 percent.
Amplification efficiencies greater than 50 percent can be achieved where the GC

30 content of an oligonucleotide fragment is greater than 50 percent, 55 percent, 60

percent, 65 percent or 70 percent. Efficiencies greater than 60 percent, 70 percent,



Amplification efficiencies greater than 50 percent can be achi eved where the
GC 30 content of an oligonucleotide fragnent is greater than 50 percent, 55
percent, 60 percent, 65 percent or 70 percent. Efficiencies greater than 60
percent, 70 percent, -18- 80 percent, 90 percent, 95 percent, 97 percent, or
even 99 percent can be observed. In conventional PCR, these high GC-rich
regions are anplified and sequenced with the addition of various denaturing
agents, including but not limted to sodl&m hydroxide, TMA chloride, TMA
oxal ate, TMA acetate, TMA hydrogen sul fate, 5 anmmoni um chl ori de,
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anplification described herein, en a much higher, degree of 15
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range of tenperature conditions, limted only by factors such as the range

of tenper at ur describpdibereiftin 8i¢ absea¢rorfsuchpalymerniecdaparadtigneddisiiesand t he
melting point tenperature of the prinmer/tenplate bond at a given tension.
20 O course, it will be appreciated that tenperature can affect the rate
and accunacy of p@Royisieasendtibyabtinand the nelting of DNA under tension.
Generally, the ampunt of tension required to nmelt dsDNA is decreased with
i ncreasing t enper &onveationa] PERmathods ganerelly relynn nipesa cangrobandeyshingof yp t o
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requi remenss Qfecision and control over the PCR process than allowed by thermal cycling alone.

Moreover, the methods described herein can function under a wide range of
temperature conditions, limited only by factors such as the range of temperatures
under which a chosen polymerase can function and the melting point temperature of
the primer/template bond at a given tension.

20 Of course, it will be appreciated that temperature can affect the rate and
accuracy of polymerase enzymes and the melting of DNA under tension. Generally,
the amount of tension required to melt dsSDNA is decreased with increasing
temperature. As a rough guide, from about to 0 to 20° C, up to about 75 pN can be
required to melt dSSDNA. At about 60° C, the amount of tension required to denature

25  dsDNA can be about 45 pN. The melting tension decreases to about 7 pN at just
below the free DNA melting point.

Although it is generally not necessary, it may be advantageous to control the
temperature during one or more steps of the methods depending on requirements of
an individual application. For example, the temperature of the reaction mixture can

30  bemaintained at a temperature that optimizes the accuracy, polymerization rate,

and/or tension response of a chosen DNA polymerase, that increases or decreases



an individual application. For exanple, the tenperature of the reaction

m xture can 30 be naintained at a tenperature that optim zes the accuracy,
pol ynmeri zation rate, and/or tension response of a chosen DNA pol ynerase,
that increases or decreases -19- the amount of tension required to achieve
DNA nelting, or that is otherwi se advantageous because of the individual
devi ce or working environnent. Unless otherw se desired, the tenperature
can be generally constant, and the entif® process can be perforned at or
near normal roomtenperature. Unless otherw se indicated, 5 the exanples
herein are de 14 opriate at
room t enper at Eféééhﬁ%%g‘éﬁeﬂ&ogf@%ary SE&W%@W{Z@?%? I\;tdbhs%?eg@%%g gdj ust the
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i nstance, can be conducted at bel ow C, C, 50 40 C, 30 C, or

even 25 C. Am@taplengnesqaeﬁgcreaahthbéenmmeabwh&b devblsgtrmded DNA 40 C, 35 C
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15  thermal cycling. For example, a method can comprise a denaturation step in which

an amount of force less than about 65 pN is applied in concert with an increase in
the temperature of the solution to less than about 90° C, alternatively less than about
80° C.

The methods and apparatuses described herein may be carried out or

20  operated at temperatures below 90° C. Oligonucleotide denaturation steps, for
instance, can be conducted at below 80° C, 70° C, 60° C, 50° C, 40° C, 30° C, or even
25° C. Annealing steps can be conducted below 50° C, 45° C, 40° C, 35° C, 30° C,
or even 25° C. Furthermore, polymerization steps can be conducted below 70° C,
60° C, 50° C, 40° C, 30°C, or even 25° C.

25 Similarly, pH and ionic strength of the solution in which the DNA is
immersed can affect the tension-induced melting curves of DNA. Accordingly, by
adjusting the levels of force applied to DNA in the methods, Nano-PCR™ permits
using a wider range of pH and ionic strength solution conditions to carry out the
PCR process than in conventional PCR. Similarly, all these and additional

30 parameters can affect tension control of primer extension. The methods described

herein can be adjusted for and even take advantage of these effects. Thus Nano-



using a wder range of pH and ionic strength solution conditions to carry
out the PCR process than in conventional PCR Simlarly, all these and
addi tional 30 paranmeters can affect tension control of priner extension. The
nmet hods described herein can be adjusted for and even take advantage of

t hese effects. Thus Nano -20- PCRTM net hods can be nore robust to a w der
range of tenperature, ionic strengths, pH and buffer conditions in general,
whi ch neans that it can be perforned i+20x wi der range of situations,

demandi ng | ess stringent extraction and purification of the starting DNA or
RNA material, paiRdmCARMBEs (HRR nioRSOBIsRf 2 Wiiel A ObPtempEAfia ThaBNL S and enzyme
inhibitors that typically restrict the scope o convgntl onal PCR In
preferred i nplstengthsapHand bufftreopiitione ircgenefal, odhickameanstthatgt cmtketperfomsedcan  be

d by flushing th ] . of the Nano- PCRTM F
xanpl e, an ulbAPITH SeRR B BBATE oh B BFFTFARE SR IRREPR r oduced
into a Nano- RERENAYS DRA driRDMAelS), 4% @h B8 thdrd rdsiiank RAFAHORE Chamber, e.g.

by any of 10 the means descri bed herein for retaining DNA for the controlled
appl i cati of ofcontaminagts. and kkezymsinhabitorsthatdypicallyf lestsintttie seapeof conwentienatt i on
chanber and r ents agre . flushed.in.  This can_.prqvide,.substanti al

Fobust neas. t o TG REFECRHIRSFEEILE: the BrSaie ot R mR i Sbor e

anpl i fi cati on peReBENedyTHERRES the Bafipl @ Lpad SraNONakY-BCRM pfoeBise Mol onal  PCR. 15
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conventional PCR.
15
Nano-PCR™ Using Direct Application of Mechanical Force
Nano-PCR™ methods can be performed utilizing various methods to directly
apply mechanical tension to DNA strands as a non-thermally-driven process that can
provide for DNA denaturation and/or precise control of the activity of DNA
20 polymerase. There are several different ways to apply tension to a double-stranded
oligonucleotide. For example, DNA strands may be anchored in an array to a
movable element, to individually controllable elements, or to particles that can be

manipulated.

25 Using opposed coated surfaces:
As an example, the process can be performed using nucleic acids anchored to
opposed coated surfaces, generally as illustrated in Figures 2A-2C: Coated surfaces
are prepared by attaching a first complexing molecule (e.g., streptavidin) 201, 207,
which can be the same or different for each surface, to two substrate surfaces 203,
30  209. The coated substrate surfaces are arranged in opposition to one another at a

suitable distance apart. Double-stranded nucleic acids 205, where both ends of one



are prepared by attaching a first conplexing nolecule (e.g., streptavidin)
201, 207, which can be the sane or different for each surface, to two
substrate surfaces 203, 30 209. The coated substrate surfaces are arranged
in opposition to one another at a suitable distance apart. Doubl e-stranded
nucl ei ¢ acids 205, where both ends of one -21- strand conprise a conpl exing
nol ecul e that is conplenentary to the first conplexing nolecule (e.g.,

bi otin) which can recognize and bind to-2he first conplexing nolecule, are
i mmobi |l i zed onto the coated surfaces. Force can be applied to the ends of

the i mmobili Z%@aﬂ&'@&rﬁﬁﬁsc@%ﬁ?kﬁﬂg iRfcER T s 6&&?plé§h&kﬁ9%ﬂ§ gt ween the
coated surfaces or by lateral translation of one or bdoth surfaces. For

exanpl e, one conipiaxingmblecralegs biodin) which capvesbgrizednsihind tocthe fiosipri se a

novabl e elenment, ,such i ezoelectic el.ement.. Tensiop sufficient to
cause dsDNA t&0%‘W%%?§?uqﬁ%€mtﬁﬁsim&8&ﬁm %dﬁﬁ%gctes'rggtﬁf’f’ erature) can
be applied to 4 EEed\MCth@bﬁs ofihik BismotAlifdUfmic IR a%ilﬁ@ﬁﬁﬁe@hf%ﬂé‘ﬁis%_@e freed
strands. Both e anchored and the 10 freed strands can be replicated using

appropri at & priefegen thgepand|syniasesses by latprabiragslasion of ppgorrhotlesurfacesnnls can be
flushed away and optional,ly coll.ected h nly,the anchored strands
Wil he rooli 8B RTstnoth FREHEEHE] pER plciBble siicht S ErRRRA AR 2P o
during repli cafdréht!Rchmrdbisloeledtio@]chieny MTerfontsaffien todaké &ONA té hRilt

anchored tenpl ate strands. The R(ﬁ/cl e can be repeated as desired. 15 In
vari ations of (agdgsehterthinaboygst ﬁrn@mttmqmwgeamhq appliep pobe audeiat ed

surfaces 215, 217, .Of t | .0 t orm an

array of i ndia\é}]déﬂ%lr?{i;cu?ﬁf\l/na qréeh Szdléér?eaa%?s%egqg?& gg’cﬁg%ftﬁ%if%ﬁ%%aayaﬁﬁee

i ndi vi dualiby dartddeaasid chybe Rplatt nsihg appropriite primesAnd poBynpiagr anmabl e

processor as illustrated in Figur eé)ZC. Such a control circuit can include a
&ﬁa@ eflgh

f eedback chanAaeierably, thedfrsd stgan eskaway apd optienatiyenliecied soritters to the

processor. Pripti i i . rn sites
for anchoring O%HI}% @gaﬁéehsolr%d%l&g&éur g%%%@%@%ﬁ?@@%é#ﬁ%% Seﬁ%eegrret hod
can al so conprcaf e gomthlled dhrifgaéplicationd wgodutate thagmoust dfterdsivh appHedb@Ither
channel conprising the coated surfac?s and apparatus for delivering (and

optional ly sta8fhorgd templaiesiraadss dpe pyle ran Rerrepestedasiiesizad: on and for
oo . ; . : .
col I ectingsreacti O'Tn%ﬂﬂbtﬁé Sfa d%gic?b‘gdg‘ggﬁo %ﬂfeh&ﬁocfﬁﬁﬁ@%siﬁj&dﬁ&qs 0

anchoring a nucleic acid to a sur are nown, 1n t not limted
to coval ent bendacey,218;217gee-onbrth hurthees canchlso be arranged to form an array of

individually movable elements 219, each of which may be individually addressed by
a control circuit driven by a programmable processor as illustrated in Figure 2C.
Such a control circuit can include a feedback channel that reports force and/or
20  displacement parameters to the processor. Printing or lithography techniques can be
used to pattern sites for anchoring molecules on a surface. A device for performing
the method can also comprise a channel for introducing reagents to the chamber or
channel comprising the coated surfaces and apparatus for delivering (and optionally
storing) reagents separately or in combination and for collectiné reaction products.
25 A wide variety of suitable methods of anchoring a nucleic acid to a surface are
known, including but not limited to covalent bonding, antigen-antibody, and
streptavidin-biotin.
Arrangements of fluid flow can be utilized to orient and extend DNA strands
between opposed surfaces. For example, as illustrated in Figure 2B, DNA may be
30  anchored at one end to a surface 213 having passages for fluid flow distributed

between the anchoring locations. Flowing fluid though these passages can be used



streptavidin-biotin. Arrangenents of fluid flow can be utilized to orient
and extend DNA strands between opposed surfaces. For exanple, as
illustrated in Figure 2B, DNA may be 30 anchored at one end to a surface
213 havi ng passages for fluid flow distributed between the anchoring

| ocations. Flowi ng fluid though these passages can be used -22- to orient
and extend DNA strands nore or less uniformy in a desired direction, for
exanpl e towards an opposed surface 211 o22array of novable el enents, which
may have passages distributed between anchoring surfaces to receive the
fluid flow ThUSentandBHRRDNRY TIPS 6r RECHRoHAE, i esitdplAs b far 11 st
surface, flowng 5 fluid through openings in the first surface towards and
t hr ough openi rgsmple tewadcammppossd stirface Zdbpoamy Qfonwablerqlem«tntss whichoeay and
anchoring DNA,strands oriented. in the low to th surf ace.

i ncrease the HMARDRASSASE Qﬁtﬁl%ﬁe‘ghetg‘??na% °%& agsyo l:‘i?E’IVg%heaﬁ‘l“g%f”abl e

primers can berpys %ét’ﬂodﬁ@é&xfﬁds@Qndhbﬁn%’ibl\m?ﬁ%ﬂ@fo@ﬁgﬁsurfa%tﬂo‘éﬁﬁ%b' e

primers" 10 conprise chemcal noieties that can be activated by chemical or
physi cal nét hdhhsdthrdﬂgh@pemugsumthatfasjlsmfg:edom@ds methrmhtopunngdmacsmondt ed for

exanpl e by photgactivation sing.a | aser ,at. a riate Y n Many
di fferent acti® Wg‘?cﬁtﬂ PRO S@ﬂg"rﬁhﬁﬁfﬂ S‘E'ra(‘}& d @oﬁg\%\ﬁ?g@n%@ogﬁt %’iﬁﬁﬁu n be
converted i nt @oQf to4RddeRsHd shitface! | onal corrpl exing groups. In a variation of
the nethod, activatable primers are allowed to 15 anneal to the anchored

singl e-str anded nualoen@e%@ﬂmglumpcnQf@ncmdeﬂh@ndeéhdadhrcaghemwamblpl ication is

f d h I d d ,ured
Chr ough ¢ he aBFFEELAR g SBF 1 GROFOETD: EREMLATAIG: o A PuRHE PRREYf oo copy

strands wiibl cbhefiseshemidabRoleli€s thskichy BE adtiveted b9 @hémiehl driphyFital HRdtBods.
Activation allows the copy strands to becone 1mobilized on the opposing

coating surfadaegse “paiivw euRs3 Aregeerbantil é?ﬁé@teédfoa g¥amplg by bploaddivabef ee of

apl 11 cat} on el 0 aphhan 5l asle, MENCEBL UG EL L3RR RN Do

rel eased, for exa tTOR ehzyive recogni zes a

sequence near gacsupatafénbwd iiethd aftf whible canied cdngertediitto i uhBl@bk hastigieen
introduced into the end of the copied nucleic acid by the priners. 25 Using

optical or ragREPleingERPs. Mrotaratonefithe @e@pé,ea@wa}talapanwef%g AlGWeddODNA can
utilize oRki cal,Qf (JRIAGhbSA single-stranded nucleic acids. Primer extension and fragment

replication is performed. The resulting double-stranded nucleic acids are denatured

D.

through the application of tension to the template strand. The free copy strands will
then comprise the activatable groups of the primers. Activation allows the copy
strands to become immobilized on the opposing coating surfaces. This cycle can be
20 repeated until a desired degree of amplification is obtained. When desired, anchored
nucleic acids can be released, for example by the use of a restriction enzyme that
recognizes a sequence near an anchored end of the nucleic acid or that has been

introduced into the end of the copied nucleic acid by the primers.

25 Using optical or magnetic traps:
| Another way to directly apply tension to DNA can utilize optical or magnetic
tweezers or other traps to manipulate particles to which the DNA is anchored. An
optical tweezers traps particles with forces generated by optical intensity gradients.
Dielectric particles polarized by the light’s electric field are drawn up the gradients
30 to the brightest point. Reflecting, absorbing and low-dielectric particles, by contrast,
are driven by radiation pressure to the darkest point. Optically generated forces



tweezers or other traps to mani pulate particles to which the DNA is
anchored. An optical tweezers traps particles with forces generated by
optical intensity gradients. Dielectric particles polarized by the light's
electric field are drawn up the gradients 30 to the brightest point.

Refl ecting, absorbing and |owdielectric particles, by contrast, are driven
by radiation pressure to the darkest point. Optically generated forces -23-
strong enough to forma three-di mensionaf3trap can be obtained by bringing a
| aser beam wi th an appropriately shaped wavefront to a tight focus with a

hi gh nuneri calstrodeidugh & fofR§ thrbd-EitieRsidrhl kiap bisd BerdRgingd BNPrifiginha R hseXt ended
bet ween beads 301 tapped at the focus of a |aser beam 303. Tt is possible

t o nani pul at e beamgdthanAppioprigelyishapgd wawefeant tnsa ightfecusrwithya Bigh nomereali cal

tweezers as il ratedqin FEi . i.all il able i cal
tweeser o arr ayet it MrScriefed sl o PR IBIEL AL BURGEA Brfys 00
i npl enent at i oappld attha focay ofaf lasep béeaB03. VIEBZREsible e Rabpuldte Rrfersibersand D.

G Gier, Rev. Sci. Intr. 69:1974 ;1998; and, U, S. Patent No. 6,055, 106
(2000). AA opf pedicles uringay aray 302 or eplivativieprarsas ilpsimediioFigwe3B. 105, 106, or

nore pairs of 10 optigal ar net | . i fi i QR, usi ng opti cal
or magnetic t\é’g}“&&? %ﬂva@%%gsgﬁﬂﬁ%@*’%sée\é\gﬁag’? iﬁg&lﬁ%@p&?&%ﬁg&b}& teic acid
i s anchored t gn@pRidRériidplemBationcdfas apthy 686 iceIttiebserd séé Bi R. Difestoéigad The
particles may be adapted to be nmani pul at ed usi n%popti cal or magnetic traps.

Tensi on suf f i &-&htCries, RevnSaiungtr. £9dIPARL998) andth i Patent Nat 6055 Ho(280ut 65 15
pN, is applied J i i . 3 t.he applyscat | rce
(e.g., opti caIA%?pﬁ%gtg‘%g%ﬁ%c)WO&?hgﬂgﬁe{}? élllll{gtsa ) lIra e’s@l ’Plld;’g&itdrll&?ﬁg&%éefﬁat uration
of the nudDei opticdl dr mapestic tvesegeran can be reduced in the presence of priners
to allow the priners d nucleic .acid to anneal. Polynerization_ by

pol ymer ase can be ﬁw@r}ﬁﬁt@a%wgfoamai&maw#aw‘?ﬁeﬁsws e PRSEOFIBgEat t he
cycle, tensio e A s SHGHR he i randed
nucl ei ¢ aci ds %%ﬁﬁghéﬂﬁgﬁﬁsa vaﬁdgﬁ?%,Bﬁ%ﬁgﬂicrﬁgég&fa%g%gﬂ%lg}nae%%aanc hor ed
at one end t onedheadThdgttidles mhaytppddptedtodbefrhaniphlitbdusing opticak anphgneliy a
magnetic field. Fluid flow rate can be ﬁ?‘a}o control tension on fhe

nucl ei ¢ aci d. TPS:| enawgﬂﬁgf@nwe dEnaiTh s o iekgPRle T thRAo8t 8% and

sequenti ahky ; W Aok (2RI §ni e
b ey tllcj) . %&Hﬁg&zﬁ%@t{lfggﬂucwﬁe 8RPREhThe ﬂ?astlo N OIt%)E (ég., é}g‘t‘ﬁﬁpo:b

5 using activatable pri . w bead n be brought
i nt o proxi m t ynagnetic) tdthe parpicles) resulting in the denaturation of the nucleic acid. The

tension can be reduced in the presence of primers to allow the primers and nucleic
acid to anneal. Polymerization by DNA polymerase can be initiated by further
relaxing the tension. To repeat the cycle, tension can be increased such that the

20  resulting double-stranded nucleic acids are denatured. In a variation, a nucleic acid
can be anchored at one end to a bead that is trapped in a fluid flow, for example by a
magnetic field. Fluid flow rate can be used to control tension on the nucleic acid.

It is possible to begin from a single target molecule and sequentially

populate an array with copy strands. Copy strands can be anchored to new beads

25  using activatable primers. New beads can be brought into proximity with the copied
strands. Alternatively, beads having pre-immobilized primers can be brought into
proximity with the copied strands in conjunction with the denaturation step.
Manipulation of the beads in this fashion optionally may be automatically controlled
by a programmable processor.

30



strands. Alternatively, beads having pre-imobilized priners can be brought
into proximty with the copied strands in conjunction with the denaturation
step. Manipulation of the beads in this fashion optionally nay be
automatically controlled by a programmabl e processor. 30 -24- Nano- PCRTM
Usi ng Hydrodynam ¢ Stress Nano- PCRTM net hods can be perfornmed utilizing the
application of tension to DNA by hydrodynam c stress in controlled fluid
flow. Methods using this approach can b2 performed in a microfluidic

devi ce, which can be a benchtop device 5 or alternatively can be reduced to
a portable size su SpRik im;ap LN a handhel d devi ce.

Nano- PCRTM net hods%&%nl%llipm ng@?ﬁe ap{)@?g’gﬁcﬁg’r‘f%f tension to DNA by

hydr odynam c st r es Namo-RCRMmmitHods| c4nl hei pbrfotmed atdizidgethp epplivatiemloftensign any

arrangenent tha vides .for.,a controlled. rate,_ of id flow_ .Usin
anchored DNA 66%%3@@&0@“%%385%? Cﬁ‘ﬁf"ﬁlﬁﬁﬁl@%\wi\&{fgh _ thig m::tg hod
usi ng pol yner BBroAle gﬁfe r etfBrmfed S5 ﬁ%?@ﬂﬁiﬂig%e@r%&' Whicfl 8h e %ﬂcﬁﬁ')ptd'aﬁce

foll owi ng step se Is imobilized on a surface that 1 s arranged
such that 5f| wrdltemativedy édndeesiucaddo atpogalde siza swchas naayderihcaxporettdims e.  For

exanple, a surface.in a an r chanber .t hat has heen.coated w.th a

fi rg}[) conpl exit\‘iﬂ&?‘f‘&‘i!l a?‘g}“c Sgei}s“galeﬁv ?‘ﬁ‘f‘?ﬂﬂﬁ pralécamof)@P?ﬂ%F Athat has
b di fied ) . ¢

een nodifie bgﬁygisi{q&%%mﬁ gﬁfes§ fcndoted ﬂxﬁ&fﬂb@'@aﬂﬁfgt@x‘fﬁﬁédxﬁiﬁ%%&ar y

conpl exi ng noi e anti gen-anti body, Idine to N =NTA, or
bi oti n- st r eptaaangimenpsiat providesrfges candoNed fate ofdhad flowd i n the presence of

primers, for exanple .ds an rimers can be,suybjected.to fl te such
that a force suffi ﬁ%’?ﬁ%"r 4&& P@@Wo%ﬁh"?_@a‘? m%ﬁa‘?%g%%out 65
PN) is appli efethéd hdify psiilase RRANGIEAE 2 Bhrfate!if @ldeies Bid sBRiprise M exes can be
allowed to 20 formby reducing the flowrate. Priner extension and fragnent

replication cdelowingstepproldymarase dvighnebilizedonarsurfaeh ibet is arratgeflsoeh thait e.

Doubl e- st randed. hucl €i | C h Si t | at & and strands

can be denat u&g‘b‘p ? r%u%%%%hoeer t@e&%ﬁd@% iao°§H%§llle§fnlja&h ng’éaélaﬁ?’l aos\ﬁrt%%‘? 2 and the
cycle can be rchpari eflchanibed that hakisdeh eatedwilh @ dir@icompixing hdikeiyan bs usddt ai ned.

In such a nethod, polynerase may be 25 inmmobilized in a mcrochannel, for

exanpl e a ni crteinmehiize p PNA palanesasethatibes beeapnodified to comprise a second
15 complexing moiety. Exemplary complexing moieties include antigen-antibody,
histidine to Ni-NTA, or biotin- streptavidin pairs. Target dsSDNA is denatured in the

presence of primers, for example dsDNA and primers can be subjected to a flow rate

such that a force sufficient to cause dsSDNA to melt (e.g. greater than about 65 pN) is
applied to the dsDNA. Polymerase/nucleotide/primer complexes can be allowed to

20 form by reducing the flow rate. Primer extension and fragment replication can be
promoted through a further reduction of flow rate. Double-stranded nucleic acid
producfs comprising template and copy strands can be denatured through the
application of an increased flow rate, and the cycle can be repeated until a desired
degree of amplification is obtained. In such a method, polymerase may be

25  immobilized in a microchannel, for example a microchannel in a microfluidic “lab
on a chip” type device.

In variations of a device for performing the method using polymerase
anchored on one or more coated surfaces, such a device can also comprise a channel
for introducing reagents to a reaction chamber or channel comprising the coated

30 surfaces and apparatus for delivering and optionally storing reagents separately or in

combination and for collecting reaction products.



on a chip" type device. In variations of a device for perform ng the nethod
usi ng pol ynerase anchored on one or nore coated surfaces, such a device can
al so conprise a channel for introducing reagents to a reaction chanber or
channel conprising the coated 30 surfaces and apparatus for delivering and
optionally storing reagents separately or in conbination and for collecting
reaction products. -25- Printing or |ithography techniques known in the art
can be used to pattern sites for anchort2§-nol ecul es. Such a device w ||
conprise an apparatus for creating and controlling fluid flowin the

reacti on chamber or ; . Hﬂ-:ﬁﬁ';‘g ﬁ:uﬁ% '

controlling fluid fﬁr%\?]vﬂggﬁil%gﬁ@sﬁgz I'nc {}J I ng Qﬁg?tgrrg@%%géd%gpﬁge ods, punps
and syringe apfitas fir aschrinRanipeults. Suchtidevise will ¢commmaiske vn appariias foreesathged

t hrough the reaction chanber, Figqgure 4 illustrates an approach in _which

pol yner ase 401ndgonirlling ggpdtﬂ(gwan GEASHPT,E 1701 ‘ﬁ’éﬂmﬂx satiahle metheft avi di n

bi nding and t ] FBPI% i : 1 | t he anchored
pol ymer ase. Cot}?l %118@5 I 8’?‘%d ”‘?’i@%lﬁﬁ‘g‘vﬁg‘{s%e‘%%%ﬂ c‘(ijl%/chgg %lﬁcetpdsdgggbfraat e 407
causes applsi cahé¢thodsppuraps andciringg apraratasennR edgentIhtivhs aptitsally card be f or m of

hydr odynam ¢ stress. Nano-PCR can_be_ carried out using such an application
of force accorgeystpditbrongiathsassetion chamh@ine i |l ustrated in Figure 1 as

descri bed above. j: % i i d flow

Anot her way to 1;@ 611%%?3 ’ﬂ{f\%ﬁ?ﬁ%ﬁ 0%%%?‘3926%%’18?8@%%@&3gg?ﬁrglt*r%%alal zed

nucl ei ¢ aci ds substmte40%, favleksnble byt sitedtakidovbinding apd thedss. ONA geneisdD3y be
performed as follows:; Nucleic.,acids .conprisin t..one . , firs

conpl exi ng moi%k gerfqﬁqﬂpg) ?ﬁhféjé&ﬁmﬁl p@%ﬂeﬁ?ﬁqd%{”ﬁgﬁneﬁlﬂgﬁgwc%aw ng

noi ety coaped RBr fhe $tBH3RA07 @Ju@esaépbﬁ’éﬂﬁgn BPstfé?dhﬂi%fode‘Hﬁtthé DReUsirs jhe coat ed
surface. Fluid is flowed over the surface such that a force sufficient to 20
cause dsDNA t dhevfsirin qfdydrodypramict stnesst iNamo-dRucand® cpijedi aait ugipg sweht ano anchor ed
doubl e- stranded,. nucl ei.¢ aci ds,. ich results in. strand par at i on. DNA
pol yrrer ase. andPPLFAHR PETorca Aepaifiag 19 58 epneeal schemmealivatiafy I HERL 481 ¢ gr oups,
are flushed ovREcribRg absyel face at a reduced flow rate. A reduced or stopped

flowrate allows fornmation of ol yner ase/ ol i gonucl eoti de/ pri mer conpl exes.
Primer extension ardsidg aughenad DNA strands in a controlled fluid flow: Another way to

15  apply tension to nucleic acids involves immobilized nucleic acids in a controlled

fluid flow. The process can generally be performed as follows: Nucleic acids
comprising, at one end, a first complexing moiety that recognizes and can bind to a
second complexing moiety coated on a surface, are allowed to become immobilized
on the coated surface. Fluid is flowed over the surface such that a force sufficient to

20  cause dsDNA to melt (e.g. greater than about 65 pN) is applied to anchored double-
stranded nucleic acids, which results in strand separation. DNA polymerase and
primers, optionally primers comprising activatable groups, are flushed over the
surface at a reduced flow rate. A reduced or stopped flow rate allows formation of
polymerase/oligonucleotide/primer complexes. Primer extension and fragment

25  replication can be promoted in the presence of NTPs through a further reduction or
stoppage of flow rate. After replication, the flow rate can be increased, subjecting
the resulting dsDNA to tension such that the dSDNA is denatured. If activatable
primers are used, the extended primers can be activated. These activated, extended
primers can be allowed to bind to the coated surface, and the cycle can repeated

30  until a desired degree of amplification is obtained. In such a method, polymerase



25 replication can be pronoted in the presence of NIPs through a further
reduction or stoppage of flowrate. After replication, the flow rate can be
i ncreased, subjecting the resulting dsDNA to tension such that the dsDNA is
denatured. If activatable prinmers are used, the extended priners can be
activated. These activated, extended priners can be allowed to bind to the
coated surface, and the cycle can repeated 30 until a desired degree of
anplification is obtained. In such a net2©d, polynerase -26- may be

i mmobi li zed on a surface in a mcrochannel, for exanple a mcrochannel in a

mcrofluidic " QPR BAER ¢ A I I S af Eﬁ

stretchi ng of %ei n abﬁ%gan%%cggl Ahy F%cg%%ﬁ%ﬁe%m#%sés&%g%e strands
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a |large nunber of other 10 variatio hat_ can be used tg_achieve a simlar
result. In vacPaifgllsdanagperasadychen ‘P’I(}ge éléﬁfﬂ??"fﬁ%“ﬁ’hiﬁ%? ﬁgdﬁ 8§ 2nucl ei ¢
acid anchore : d r ) i | so
conprise a chgﬁﬁgetf&qﬁg&g cihr&rﬂﬁgéﬁ@?%gg% %ggafelﬂ{ageﬁtbg a %%g{té’?ééh&gﬁg%beg or
channel conpr iphiraldty tofi eubstrate strictusesr S04 cech thatdhup grar fidwi bettveen thelstruetnresg and

optionally storing.reagents separately qr,in 15 conbination for

col | ecti ng re&E?F%}?@Fgmﬁéwﬁ iaﬁﬁeﬁétegrth"}tirﬁi‘eﬁ%ﬁfeé Hge ?ﬁ%n T known in
the art cap besfshs it RS 15 bbRsvd MimARGEGN ng ol ecul es. Such a device
can conprise an apparatus for creating and controlling fluid flowin the

reaction chanber d&nvariatinmedfa devige o perfiirmingbe hethodmsingmmalteicapidind
controlling flui.d f]ow_ can be us&d. For ecglla | e fIO\# can_be praqvi dqd by
means of a puRBCHOFCGORPsEr Mreoaiet sifacss such 3 (rvifeicR Also ARImBHSH 2 i ons can
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known in the art can be used to pattern sites for anchoring molecules. Such a device

can comprise an apparatus for creating and controlling fluid flow in the reaction
chamber or channel. Any suitable method for creating and controlling fluid flow
can be used. For example flow can be provided by means of a pump or can be

20  electrostatically driven. Reagent solutions can optionally be recycled through the
reaction chamber.

Stretching DNA in a velocity gradient and using hydrodynamic focusing: An
alternative approach to applying tension using fluid flow can be used in combination
with the above methods, or may form the basis of a distinct method. DNA can be

25  stretched in a fluid that has a velocity gradient. Various exemplary arrangements for
hydrodynamic focusing and counter propagating elongational flows are illustrated in
Figures 6A-6C.

For example, Wong et al. reviewed the basis of several such techniques and

described a method of hydrodynamic focusing (Wong et al., “Deformation of DNA
30  molecules by hydrodynamic focusing.” J. Fluid Mech. 497:55-65, 2003). In
hydrodynamic focusing, illustrated by Figure 6A, two streams of buffer 607 flowing



25 stretched in a fluid that has a velocity gradient. Various exenplary
arrangenents for hydrodynam ¢ focusi ng and counter propagating el ongati onal

flows are illustrated in Figures 6A-6C. For exanple, Wng et al. reviewed
t he basis of several such techni ques and described a nethod of hydrodynam c
focusing (Wng et al., "Deformation of DNA 30 nol ecul es by hydrodynam c

focusing." J. Fluid I\/ech 497: 55- 65, 2003 I n hydrodynam c focusi ng,
illustrated by Figure 6A, two streans of2 uf f er 607 flowi ng -27- at a
relatively high rate converge in a mcrochannel 605 with a center stream

that is intrcegddeedtiwily high eae ddnmtd RtmicidtBaeNEES Withg cehteLRramABAGS er at e
the center stream wthout substantially mxing. The result is a region of
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this gradient J.sg 34 E&%&Hﬁzﬁl{y&ﬁhﬁé’ £ 2a6Ed a@e@f)ff%ﬁ]o@%a{nﬂg gglﬁ'g#lggﬁl&&%e‘;g?m .

rates of the convergin eans-even nore
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delivering ssDNA to a reaction chanber, for exanpl e where pol ynerase has
been anchoBed.staty.aByiincresang fhsfowartenel the eenverging drsams @VerbHoLe, ttéﬁﬂﬂaen to
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Per ki ns' apparatus, fluid is flowed 623 from opposing directions into a
T- shaped j unctieghagehsredych as illustrated in Figure 6C. At the center of

the junction, astagg% ) $ra 15 this
point, a fluid vel ocl tahgr a@?gaﬁibel ge%etgt agﬁfl@%eﬂy% g&&égﬁa 1gcoma t rapped
at the stlagnatitlwot theineéd fobmymgchmlngeﬂelqus&t dly desoribgabelengationlof YA inas by t he

velocity gradient. Alternative arr ch as channel 615 illustrated
in Figure 6B Planar plopgatign @WW%@QW"E‘F“ FRBAPAGOLE2E M Nnel 615,

or flow ng bufdigk> ik [ I 3nucl ei c
acid resides. thg&rl\gﬁigﬂ% %Mml\/gt olggg)tUs{hrr%r cIOd??ug f%\%% s{h%@ct ric Fields

It is possibl érdanoppsing directioas intw DNAharted amdtion ﬁzmwwﬂmmmdumﬁngm t hr ough

the use of ele candma tlcflel There .a Vv |et of t hat
this “can be SEbohfbe SHUT of B ygsionaaeoagpr: B2f bl cBwdER o
i ndi rect |y 5apRhi¥ point, a fluid velocity gradient is established. DNA. 601 can become trapped at

the stagnation point, being pulled equally in opposite directions by the velocity

gradient. Alternative arrangements such as channel 615 illustrated in Figure 6B can
include offset jets 617 of fluid entering a channel 615, or flowing buffer in opposing
directions across a slot in which nucleic acid resides.
20 Nano-PCR™ Methods Using Cycling of Applied Electric Fields
It is possible to apply force to DNA strands in Nano-PCR™ methods
through the use of electric and magnetic fields. There are a variety of ways that this
can be accomplished. For example, electric fields can be used to indirectly apply
force to DNA by driving fluid flow in a microfluidic device. As described above,
25  fluid flow can be used to apply hydrodynamic stress to DNA, for example, DNA
anchored to a surface and/or to a particle, or bound to a DNA polymerase that is
anchored to a surface. Electrophoretic forces can also apply force directly to DNA
strands.
Electric fields may also be used to manipulate DNA strands bound to
30  conductive particles. Accordingly, Nano-PCRTM methods can be performed where

denaturation, annealing, and/or primer extension steps are controlled by a non-



force to DNA by driving fluid flowin a mcrofluidic device. As described
above, 25 fluid flow can be used to apply hydrodynam c stress to DNA, for
exanpl e, DNA anchored to a surface and/or to a particle, or bound to a DNA
pol ynerase that is anchored to a surface. Electrophoretic forces can al so
apply force directly to DNA strands. Electric fields nmay al so be used to
mani pul ate DNA strands bound to 30 conductive particles. Accordingly,

Nano- PCRTM et hods can be performed wherZ8 - denaturation, annealing, and/or
primer extension steps are controlled by a non -28- thermally-driven process
wherei n one Okhehahiy &i?éce%%xﬁbﬁ o@eﬂ%%ﬁ’lﬁ@A@ﬁaﬂ&]@ﬂH‘&g%% particle,
e.g. gold nanopartlcles r the I'i ke i ch can be mani pul at ed electric
fields to applkynduetied partidle etghgolM@ﬁntmhdorthbéﬂke, winich embemhampﬂmd byol ecul e

is attached to i article, e ot her._end can_b ored to a 5
surface in a F](?ﬁa@?%%fﬁjg QHPEEE“? ?PQ‘E%@&@@“&%C ‘Pﬂ?d‘?dr?g ﬁg\fl lize

activatable pioldMaleSs ﬂt&cﬁ&f@%‘c@ﬁtﬂmﬁ%f&rﬁlé Qh@&ﬁa%d%béfaﬁ@m?eﬂ tghoduced in
each cycle. Exenplary Applications Nano PCRTMVet hods Nano- PCRTM met hods

.can be enpf oyeafica ika ra:ectmd:hslybqrem dedee. ;ﬁ'alph n@ﬂmdamy uilbzmtheaphn

detecti on. Exanpl es 0 I ion:
Adeno- associ aPeaevi® gscEﬁ%&} EO%SE? r]%}gg %ﬁ‘fq?r?é Béj}nr gﬂ@&/} Epst ei n-
Barr Virus, Enterovirus, Hepatitis A Virus (HAV), Hepatltls B Virus (HBY),
Hepatitis C Virus é«? Human Herpes Virus Type 6 (HEIV-6), Human

| nrunodef i ci ency Wi m@lWWlea@Pmpfi\}anOiﬁﬁﬁWMdﬁQdmdef| ciency Virus Type 2
15 (HIV-2), Herpes,Si ¥MV T nd, T HSV- a HSV- Human
T- Cell Lynphot roplNS ‘%Bl;g %183‘3 aé E) eq ﬁ‘@ﬁfﬁ@%{s%{ﬁﬁ E%ogqrx)an

Mycobact e unmbioskepsidenstion. Bhsepdsas Sich pRhoyasiifidtedd3wiBloutRasipitioat or y

Synctitial Virus (RSVY) and Porci ne Endogenous Retrow ruM\éPER\/) Nano- PCRTM
net hods can l@ée%Pséﬁ‘)?léth NEURAA ¥h Adenquirgs, S atteraegalo s ) Nonbpsitiment

because of thg h V%@st ' ust ness these
nmet hods can pr oVi dﬁg quﬁl% et eg?%ﬁgﬁﬁgggﬁé%iﬁ‘{) P%@&ﬁ on (’)ftapgﬂﬁgytl cul ar

pat hogen usi nglepa:t[tise{erlrama{CV)E’HﬁmbﬁHeq)edV&gsl@‘ﬁbe 6 HEVE)Y Hhin}mr equi res that

t he pathogeni¢c organismor_jts l\‘/IElIJcI eoti de be present in a biological

fluid (e.g. bilseynodeficieney Jé@scTﬂ)eét ddHuman Immunodeficiency Virus Type 2
15 (HIV-2), Herpes Simplex Virus Type 1 and Type 2 (HSV-1 and HSV-2), Human T-

Cell Lymphotropic Virus Type I and Type Il (HTLV-I and HTLV-II),

Mycobacterium tuberculosis, Mycoplasma, Parvovirus B-19, Respiratory Synctitial
Virus (RSV) and Porcine Endogenous Retrovirus (PERV). Nano-PCR™ methods
can be used for detection of any pathogen in any environment because of the

20  enhancements in sensitivity, accuracy and robustness these methods can provide.

The detection and identification of a particular pathogen using conventional

PCR-based diagnostics generally requires that the pathogenic organism or its
polynucleotide be present in a biological fluid (e.g. blood, saliva, etc.) at a certain
threshold concentration. The lower detection limit of Mycobacterium tuberculosis,

25  for example, has been reported as 7.5 x 10° organisms/ml. HCV RNA is detectable
in a range from 100 to 1000 RNA molecules/ml. Shim has reported that the
polymerase chain reaction detects around 87.5 percent of proven Mycobacterium
tuberculosis-containing nodules. That corresponds to a false-negative rate for
detection of 12.5 percent. In preferred embodiments Nano-PCR™ methods can be

30  used to detect pathogens such as the above with false-negative rates typically less



threshol d concentration. The | ower detection [imt of Mycobacterium
tubercul osis, 25 for exanple, has been reported as 7.5 x 103 organi sns/ni .
HCV RNA is detectable in a range from 100 to 1000 RNA nol ecul es/m. Shim
has reported that the polynerase chain reaction detects around 87.5 percent
of proven Mycobacterium tubercul osis-containing nodules. That corresponds
to a fal se-negative rate for detection of 12.5 percent. In preferred
enbodi ments Nano- PCRTM net hods can be 302%sed to det ect pat hogens such as
the above with fal se-negative rates typically less -29- than 12.5 percent,
10 percent, 5 th@i tEPbercéntdl (RGNS Ber%eﬂi,@!&@&bent,ol Pere&itC® R percEnt2®25 per cent
or 0.1 percent. Furthernore, Nano-PCRTM can be performed such that it is
not |imted tdereenbor 03@esBnicycl es of anplification as conventional PCR

generally is. This 45 bec e deqr adat i.on _af po rase..af.t r epeat ed
cycl es of heating a#b%t\pg@%%%me#él1ﬁﬂ§g?me§tsﬁ%etﬂﬁqﬁmégﬁwgﬁo
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starting mat efohiprisé 0,130060, 70,900y ¢ iore EydldseiAs NINS-RCRRNAh Helpatforhied in
substantially | ess than anmounts required by conventional PCR Nano- PCRTM

met hods can benjsethermsl maenes of usipgilovampiibide temparatuge madylation, Mape: a singl e
| | f ] { . I t
Tnd provi di ng Lok Sifbe el BBELS 8ok, BEREEARYBY AR BPaRTRIC 20

as those avenqkigf atadomheneeratag)gani sms or  pol ynucl eoti des can be detected at
concentrations | ower, than or gani snms, or ol ynucl eoti des/m, 100

organi sms or pol ymﬁ“éggf%’ég%r%f P%@%Fﬁhbﬁ@ﬁ%?%?mﬁ%laﬂ?ﬂﬁqsé ﬁtﬁﬁg‘gl m, 25
organi s or Hﬂ%twéi?*:ﬁﬁ&b il or thdr BNAGSHIETE) fﬂ&ﬁ&@sﬁ%{a&ﬁ% feodthdes/m, 5

organi sns or polynucleotides/m, or even as |l1ttle as 1 organi smor
pol ynucl eot i deimauints raquired dypbmventional PER.I Nan®@PCRAE metltdds darclemded taised f or

detecti th . f at, | ifi
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15  dramatically decreasing the false-negative rate and providing increased sensitivity of

as much as 100%. For pathogens such as those exemplified above, organisms or
polynucleotides can be detected at concentrations lower than 1000 organisms or
polynucleotides/ml, 100 organisms or polynucleotides/ml, 50 organisms or
polynucleotides/ml, 25 organisms or polynucleotides/ml, 10 organisms or

20  polynucleotides/ml, 5 organisms or polynucleotides/ml, or even as little as 1
organism or polynucleotide/ ml.

An exemplary variation of the method can be used for detecting the presence
or absence of at least one specific DNA sequence or distinguishing between two
different DNA sequences in a sample. In such a variation, target DNA can be

25  amplified as described above. The method can further comprise: contacting the
amplified DNA with a probe or probes (e.g., an oligonucleotide complementary to
the sequence to be detected that also comprises a detectable moiety, such as a
fluorescent label); and, detecting whether the specific DNA sequence is in the
sample by observing the presence or absence of the probe bound to the amplified

30 DNA, or distinguishing between two different sequences by detecting which of a
plurality of probes is bound to the amplified DNA.



di fferent DNA sequences in a sanple. In such a variation, target DNA can be
25 anplified as described above. The nethod can further conprise: contacting
the anplified DNA with a probe or probes (e.g., an oligonucleotide
conplementary to the sequence to be detected that al so conprises a
detectabl e noiety, such as a fluorescent |abel); and, detecting whether the
specific DNA sequence is in the sanpl GD% observing the presence or absence
of the probe bound to the anplified 30 ;v or distinguishing between two
di fferent sequences by detecting which of a plurality of probes is bound to
the anplified DNA A@iherAagitiog bf tehietHod@an bé udeld fommiplifitati@natiForused f or
anplification and/or detection of a sequence encoded on RNA. The target
sequence can bistestienabe saghencs gucpdest o Rilihe taree fequency sandepngededonof
nucleic acids._ T bS8 A I sanple (e.qg.,
) DSad28 RO EARN S &%@ﬁ{e of Hhal h.%lﬁsd %@g@% 8

tissue or fluid); performng reverse ranscripti Bbt ai ni ng a

correspondi ng cobipise:dpslatingRNA frymagainpl (.21, gedue o8 aidyrefodfingesvsisebed above.
Such net hods can further conprise detecting the. presence of a specific

h
sequence | R t HEANSEHRSIo thasehyebtmingaroserrading s erandeamplifyss tee taigse net hod
can be used f%re%‘iﬁgggggés&%eﬁgﬁéégﬁhcﬂetﬁ%ds%ﬁ?Bﬁne?%‘m e te'(tae%a Bl onal I'y

anplifying the escri ove an sequencing _ . Sequenci ng
the DNA can cgmegenseof(gpefifiovequnoginaths sampleandescritelddBoeont ai ni ng a tar get

sequence, the sanple being.djvided intq four rallel reactions, a prinmer
conpl enentary to th%n@heré(ﬁ’aat@fwﬂﬁ%n'{eg)ro éﬁng%aﬁgaﬁereﬁeq‘aqncmgﬁl‘l Sk @i f f er ent
nucl eoside tri ] . , B ; : 0V A4l di fferent
di deoxy nucl eo@?tgg@?%t %%ﬁé%%“@@gﬁﬁ%@‘%éjﬁgaﬁ% 9%%2%‘0%8@3& P, ddCTP, 15
ddGTP, f ?ndOdd'léEﬁhamphqu]thNy\. LISadpEiSﬁIA{ig thie N A catetanirése|(2) prbm'dinigial slzmlpleedf%/_ such
as a uor esc noi ety, and a pol yner ase .in each .par e action;
(b) denaturi ngﬁ COIBRAS A HTEEt éweﬁbﬁﬁqnaﬁsﬁ@?s éwa@egﬁﬁo guraparalfe?
non-thermal | y-dxi TGS e ' 10 si on

4 dtRE g ?gm?%éﬂ{nta(rgm ot Bk erVoﬂtﬁ@taﬂ%éﬁL%q%@ﬁdc, gt 519%“ dap

0]
sufficient to cause ds greater t out to the
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fluorescent moiety, and a DNA polymerase in each parallel reaction; (b) denaturing
the dsDNA into ssDNA template strands using a non-thermally-driven process, for
example by the application of tension sufficient to cause dsDNA to melt (e.g. greater
than about 65 pN) to the dsSDNA; (c) controlling the non-thermally-driven process to
20  promote hybridization of primers to complementary template strands, for example,
where tension was used to denature the dsDNA, by reducing the tension applied to
the ssDNA; (d) permitting the DNAp to extend the primers to form dsDNA; (e)
optionally repeating steps (b-d) until a desired amount of DNA sequence
amplification is obtained, and determining the sequence by detecting the length of
25  each nucleotide produced in the reaction or by detecting the base specific
fluorescent moiety or some other base-specific signal as in various single molecule

sequencing schemes.

Nano-PCR™ Devices
30 There are many different device types and configurations one can use to

perform non-thermally-driven polymerase chain reactions as described herein. One



optionally repeating steps (b-d) until a desired anmount of DNA sequence
anplification is obtained, and determ ning the sequence by detecting the

| engt h of 25 each nucl eotide produced in the reaction or by detecting the
base specific fluorescent noiety or sone other base-specific signal as in
various single nolecule sequencing schenmes. Nano- PCRTm Devi ces 30 There are
many different device types and configurations one can use to perform

non-t hermal | y-dri ven pol ymerase chain reslcti ons as described herein. One
-31- such device is a mcrofluidic device, where the flowrate within

microfl uidic sadedevideSs @hidrbfuidieee, wheRahd fOW rab hehasicrafhiiak! e. | n
preferred enbodi nents, a device wll have a reaction chanber, which can be
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or conpl exi ng : 0 i L I | exi ng
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punps, valves, _nenbranes, and the like. The chanber can.cqonprise an
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perfornmedldn smleties surfatesimeing tomhedng inaleculad) mavablerelettents, tkannpels dor exanpl e
about 50-1000 nL,,. preferably about. 100-500 nL. an exanple, Figure 7A
illustrates adHS‘étE%gHﬁ%‘?QBW 4 grosteting2 8}“&/@&?@6?8@%?%\3%»%%% s can be

i ntroduced th ioRl , hanb
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705, 711 can be provi to contaln prepare nucl eoti de
t ri phosphat es wipduwy; fer exampleaif dptidabmicrdmeaniprddtom sirerode uged, Theldevineslcahl 8 may

conprise one or nore flujid gates arranged.to coptrol fluid. flow at junctions
bet ween channgP?.an ?:‘f‘?téltﬂﬁ "%Ff& d?‘ilggs clb’é‘a}ég? HegEReTated Ee ﬁ?‘\dﬁ?:@nt rol | ed
15  units. If desired, Nano-PCR™ can be performed in solution volumes of less than
about a microliter, for example about 50-1000 nL, preferably about 100-500 nL.

{

As an example, Figure 7A illustrates a possible configuration of a device in
which reagents can be infroduced through inlets 701, 707 and 715. One or more
storage chambers 705, 711 can be provided to contain prepared buffers, dideoxy

20  nucleotide triphosphates, polymerase, and the like. Valves 703, 709, 717 and 718
may comprise one or more fluid gates arranged to control fluid flow at junctions
between channels. Reaction chamber 715 may be arranged to permit controlled
application of tension to nucleic acid molecules therein, for example as illustrated in
Figures 2-6. A channel 721 and pump 723 are optionally provided to permit

25 recycling and controlled flow of regents through chamber 715. Pump 723 may
operate by any appropriate mechanism recognized in the art, for example peristaltic
pumping, pumping by use of one or more bellows or pistons, by electromotive force,
and variations or combinations of such devices and the like. Where recycling is not
desired, flow may be controlled within chamber 715 or externally, for example by

30  syringes attached at inlet and/or outlets 701 and 719. An example of a microfluidic

device utilizing a circular, or roughly circular, channel configuration is illustrated by



application of tension to nucleic acid nolecules therein, for exanple as
illustrated in Figures 2-6. A channel 721 and punp 723 are optionally
provided to permt 25 recycling and controlled flow of regents through
chanber 715. Punp 723 nmay operate by any appropriate nechani smrecogni zed
in the art, for exanple peristaltic punping, punping by use of one or nore
bel |l ows or pistons, by electronotive force, and variations or conbinations
of such devices and the like. Were recy8-ing is not desired, flow may be
controlled within chanber 715 or externally, for exanpl e by 30 syringes
attached at i d t of luidic
device utili z?ir%%}aﬂ%l fr'ngutf 2 Ige%ﬁ}ncz)%g fl{&ﬂ&}%‘% @%ﬁgﬁlﬁg con %I%! ation is
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introduced into loop 763 through an inlet 75 1 In some examples, one or more walls

C

of the loop 763 have been prepared for anchoring polymerase or nucleotides as
illustrated in Figures 4-5. Alternatively, the loop may be arranged to create fluid
velocity gradients, counter propagating fluid flow, and the like by utilizing

20  additional inlets or rotating surfaces such as illustrated in'Figure 6. Other reagents
necessary to conduct the amplification reaction are similarly introduced through the
inlets. Typical reagents include a primer or primers (e.g., forward and reverse
primers) that specifically hybridize to the target nucleic acid, the four
deoxynucleoside triphosphates (i.e., dATP, dTTP, dGTP and dCTP), a polymerase,

25  a buffer and various cofactors required by the polymerase (e.g., metal ion).

Following introduction of the sample and necessary amplification reagents

into loop 763, the resulting solution is circulated under the action of pumps 761. By
varying the rate of pump action, one can control the solution circulation/flow rate.
A flow rate resulting in application of about 65 pN of force to the target nucleic acid

30 is established, which denatures it. The flow rate is decreased such that the force
applied to the target nucleic acid is in a range from about 30 pN to 60 pN. This



inlets. Typical reagents include a priner or primers (e.g., forward and
reverse priners) that specifically hybridize to the target nucleic acid,
the four deoxynucl eoside triphosphates (i.e., dATP, dTTP, dGIP and dCTP), a
pol ymerase, 25 a buffer and various cofactors required by the pol ynerase
(e.g., netal ion). Follow ng introduction of the sanple and necessary
anplification reagents into |loop 763, the resulting solution is circul ated
under the action of punps 761. By varyT%b'the rate of punp action, one can
control the solution circulation/flowrate. Aflowrate resulting in
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Usi ng Opposin ted Surfaces A pair of treptavi di n-coated surfaces are
or epar el accoPERTHY EHCS PR THENEF ST ot f JASHSH hah) MEITTGHPR BRI SEant or

"digonucl eot ikgle, dsryggpéd gu%grah‘pfén@[hte g,}t&[sgﬁat terned streptavidin surfaces.
Nucl ei ¢ Aci ds Res. 00, Vol No. 8 pp. i-iv) Biotinylated dsDNA
(biotinylation at both ends of one strand) is added to the 20 surfaces,
whi ch i mobilizes e dsDNA between the surfaces. Jeffrey M Rothenberg and
Meir W chek. p-Di aZ8B@foyl -biocytin: a new biotinylating

15 Example 1: Method and Device Using Opposing Coated Surfaces

A pair of streptavidin-coated surfaces are prepared according to standard
methods. ( Sabanayagam, Smith, and Cantor. “Oligonucleotide immobilization on
micropatterned streptavidin surfaces.” Nucleic Acids Res. 2000, Vol. 28, No. 8 pp.
i-iv ) Biotinylated dsDNA (biotinylation at both ends of one strand) is added to the

20  surfaces, which immobilizes the dsSDNA between the surfaces. Jeffrey
M.Rothenberg and Meir Wilchek. p-Diazobenzoyl-biocytin: a new biotinylating
reagent for DNA Nucleic Acids Research Volume 16 Number 14 1988) By
adjusting the concentration of the template that is applied to the surface, the surface
density of the DNA molecules can be controlled. At room temperature, greater than

25  about 65 pN of tension is applied to the dSDNA by increasing the distance between
the coated surfaces. This denatures the dsSDNA, leaving only target ssDNA for
amplification. The bound DNA is contacted with primers comprising caged biotin
groups, while the distance between the surfaces is reduced so that between 30 pN
and 60 pN is applied to the immobilized ssDNA. The primers are allowed to anneal

30  to the target DNA, and DNA polymerase and nucleotides are added to the resulting

complex. Primer extension is initiated by further reducing the applied tension to



reagent for DNA Nucleic Acids Research Volune 16 Nunber 14 1988) By

adj usting the concentration of the tenplate that is applied to the surface,
the surface density of the DNA nol ecul es can be controlled. At room
tenperature, greater than 25 about 65 pN of tension is applied to the dsDNA
by increasing the distance between the coated surfaces. This denatures the
dsDNA, leaving only target ssDNA for anplification. The bound DNA is
contacted with prinmers conprising caged®iotin groups, while the distance
bet ween the surfaces is reduced so that between 30 pN and 60 pN is applied
“to the i mobi ke eNl. BdRdArimEbextepsionty oniplate,al forvecd5tpN Bappkdd t3Ghdé 0 t he t ar get
DNA, and DNA pol ynerase and nucl eqgtides afe added to the resulting conplex.
Primer ext ensFefaiting duplex by inserasine thg distasre betwigen thg surecesp phisaarkicaten sh t o

-34- <30 pN. i i i o] iis applied to
PR n e bR rofith G Rfhe sty TR RS oo P TEE it Bidldp SPP1! S5, ¢

the resulting duplex et ween -t
appl i cati on otonthininpeageithdtin meietiaspls plotoactvaeat ardealotwed tolbinddontet s t enpl at e.
The replica strands. containing caged biotin noieties are photoact,|vated and
al | owed t 0”bi REeRIEVIHiR OBt toplé%&&ﬁﬁﬁ"msc § ehpvedpitsdisigs a6 TPRRAES rfhe
above-recited st g 5@?&% Ubbhthindd fFRE t Ag9EfR[eof amplification is
obt ai ned for td%l%taglre et Oir=1u eot %‘e. Calglgled bi ot 1 reageoglt%g' can be purchased
from comerci al vedidgedbistinzkagests cibbeputhasedfrabesmmeréinlevendorsiSoch asxanpl e, a

derivative of _biotin w.th a.. phqfoactivyatapl.e nitrobenzyl grou
(NENPGC bi ot | MOlGREEE0kenofPiede op Bramal e BV Ay era PTEASYh f nkage t o
bi ool ecul es ﬁﬁ&oé&fvﬁﬁﬁﬁﬁtroﬁagﬂz&f S8Gp (W Ni’i‘)@ﬂﬂot@f-exﬁts%'&%ﬁa‘x wellBbiigf for the

spatially defined i mmobilization of bionol ecul es on glass surfaces using
"caged" bilOt i for eBsyobwmgety bitheolecul®abd Mufaces (Rinmag MG Huag Y. Agenepile 2:
Met hod and Devi ce i | mobi |1 zed Pol.ynerase, 15 A streptavidin-coated
i cr ochannel - SiTHOAdEr (e spARBDLdeged Burpp il AR of ot bIOPagleriieh SPuafitn gtoces
Sabanayagam ggih h@agé&'doigiﬁf'BWco?ﬁQCh&ﬂmgQBMé}}-Hﬁ;?(BWB1)‘.Zat' on on

m cropatterned streptavidin surfaces.” Nuclei'c Acids Res.” 2000, Vol. 28,
No. 8 pp. i-iv) Biotinylated DNA pol ynerase is flushed into the

the 20 bi o1 nyl ati SBPich AfALE arkbaE Vass BRnp b et B ™r r om piorco
Labs. Unbqgnd enzwigrepfavidinUsohied niétbcabndl RerfafeGs prepared abcoridg tar get
nueleotide { eétgah&arg ?netho,ds. Sabanayagam, Smith, and Cantor. “Oligonucleotide
immobilization on micropatterned streptavidin surfaces.” Nucleic Acids Res. 2000,
Vol. 28, No. 8 pp. i-iv) Biotinylated DNA polymerase is flushed into the
microchannel and incubated to allow surface saturation. Commercial kits for the
20  biotinylation of enzymes are available, for example, from Pierce Labs. Unbound
enzyme is flushed out of the microchannel and target nucleotide (e.g., sSDNA,
RNA) and primers are flushed in at a chamber flow rate that applies >60 pN of force
on the nucleotide. The polymerase/nucleotide/primer complex is allowed to form by
reducing the flow rate such that a force between 30 pN and 60 pN is applied to the
25 nucleotide. Primer extension is allowed to occur by further reducing the chamber
flow rate to <30 pN. Once primer extension is complete, a force >65 pN is applied
to the resulting duplex by increasing flow rate. This application of force denatures
replica nucleotide strand from its template. The denatured strands are allowed to
cycle through the microfluidic chamber until polymerase binding occurs, and the
30 above-recited steps are repeated until a desired degree of ampliﬁcation is obtained

for the target nucleotide.



RNA) and priners are flushed in at a chanber flow rate that applies >60 pN
of force on the nucleotide. The pol ynerase/ nucl eoti de/ prinmer conplex is
allowed to formby reducing the flowrate such that a force between 30 pN
and 60 pNis applied to the 25 nucleotide. Priner extension is allowed to
occur by further reducing the chanber flowrate to <30 pN. Once pri ner
extension is conplete, a force >65 pNis applled to the resulting duplex by
increasing flowrate. This application v¥force denatures replica

nucl eotide strand fromits tenplate. The denatured strands are allowed to
cycle through the mcrofluidic chanber until pol ynerase binding occurs, and
the 30 above-recited steps are repeated until a desired degree of
anplification is o&xammﬁ Méthodﬁéilpa‘fl@fe‘t-]sm@m ilizg®n Exanpl e 3: Met hod

and Devi ce Using i 0 rochannel
surface is prepare acg g % o%@ﬁnﬁ@rogh%éel%&@ gal:sepgr(eggg oﬁg11§}§ arn Smth, and
Cantor. "0 i ggnHeirdeidtids. QSanhnzsmimmn@Eamoﬁr‘@%h@MMeSt reptavidin
surfaces.” Nucleic Acids Res. 2000, Vol. 28, ) ”N oicg i-iv. Bi otlgnyl at ed

s fyoigif

dsDNA ( bi ofi nymaxobdwafean WC@nﬁtemed@ﬁéptgwdma;facqs AgidsRes. 200

m cr ochannel b . henber g
and Meir WI cﬁg)k'.jgpfqéi géﬁgé\%%ﬁ]ﬂ}gl ocy ﬂﬁ‘&%%g£r]fg&/hg?]oatt%%§F%({$%mb =adt ent for
DNA Nucl ei ¢ Agd flhsshBé Geaithe hidfodhantee] a6d ﬁiumdtaélw@&&bfaoemﬁrnﬂ@e@em% flowrate
that applies a force >65 pN to the bound dsDNA is established. Th| S

denat ur es t he MiBoflenbers and Mgir Jilohels. prijiazobsnrgyib qumramqwbleaayletmg DNA
pol yrmer ase, n %g%f& df'o‘gﬁﬁfam?m&&%gk?ée%h%h& Pq] P4 o fisd 3“ hYshgg, nto the
ge urc ase

m cr ochannel . i'n reagen can b rom conmer ¢l al vendors

such as Ml ec flogrratertbitapplies alﬁbreelr 65 piFr ey thebautml BDNA ihagstablslede This bi otin with
a 15 photoactivatabl e ni trgbenzylwﬁr oup (I\/ENP - bi ot | né eX| sts inaform
vel | -suited fgpatggsiheds 5%&%&@%@ @Pi rrung MC,

Huang CY. ‘A ggg sﬁferasemfagm 6 R SRA AL Bt Kgﬁqmolthéat' on of

bi onol ecul es ass’ surfaces | oconjug Chem 1996
May-Jun; 7(3): %&oaﬁa)memﬂagcdlhmﬂmeagmtswm bapurchasediﬁommﬂersmbbeﬁdbat bet ween

0 N A 0 B BB b e Al AR 3L L0
conpl ex t @5 DNAp 8hoHVRIaBR RitroBEAAELroty MANPOC-Yistin) exists in a form well-suited
for easy linkage to biomolecules and surfaces. (Pirrung MC, Huang CY. A general
method for the spatially defined immobilization of biomolecules on glass surfaces
using "caged" biotin. Bioconjug Chem. 1996 May-Jun;7(3):317-21). The chamber
flow rate is decreased such that between 30 pN and 60 pN is applied to the bound ss
20 DNA. The primers are allowed to anneal to the target DNA, and the resulting .
compounds are allowed to complex to DNA polymerase. Primer extension is
allowed to occur by further reducing the chamber flow rate to <30 pN. Once primer
extension is complete, a force >65 pN is applied to the resulting duplex by
increasing flow rate. This application of force denatures replica nucleotide strand
25  from its template. The replica strands containing caged biotin moieties are
photoactivated and allowed to bind to the streptavidin-coated microchannel surface.
The above-recited steps are repeated until a desired degree of amplification is

obtained for the target nucleotide.



al l owed to occur by further reducing the chanber flowrate to <30 pN. Once
primer extension is conplete, a force >65 pNis applied to the resulting
duplex by increasing flowrate. This application of force denatures replica
nucl eotide strand 25 fromits tenplate. The replica strands containing caged
biotin noieties are photoactivated and allowed to bind to the

streptavi di n-coated m crochannel surface, The above-recited steps are
repeated until a desired degree of anpli:ﬁ'cati on is obtained for the target
nucl eoti de. -36- Exanple 4: Method and Device Using Optical Tweezers A

doubl e- stranded DN@xaﬁimré.ebemoﬁmﬂ)]béﬁléez[eﬁngepu&errmeieﬁtyr ene beads in an
appropriate nmedi um at anbi ent tenperature. ("Overstretchin t he

El astic Response ofA fouestandad §PEpIeK Fsa}ﬁﬁ%‘&’ﬂ%é sxvmsp@ogsmééaw 5

?/tilgg(é;“ e\s/ol byﬁ%@g@;} ﬁ’%@%‘%@'}" a'fX s%lglggﬂﬁ?er&&g' &?&Eoﬁ app%om mﬁ t%cll EECSN IS

applied to thEladdlRes n@u@ﬁindlhﬂualﬂlbubfe Sm;ahded?dndtSMaSﬁmde(lml na, |., and
V. A Bloonfield. 200 Force-induced neltin DNA doubl e helix 2.

t
Ef fect of 3ol ddplepples @M@qup%ﬁssm‘ﬂ? opwis Sul, gnd %qwﬁu%%ntcrﬁ@wf%r(w@esm ts in
DNA d t t P h
SN Gt 0 gy P SE P S s B LBANG B
tgg ge?at?LedDIgAmlgbﬁg]stgileﬁMdpﬂmwm mmrlataﬁdafnek Rllﬁdn?tﬁl?dgsbare
added to the jum a i ac ation is injtiate
reduci ng the <0P&: ?ﬁf%&ﬂ‘i‘@\% %Bgﬁfgtﬁﬁ@éﬁ“ @"g’ﬁ)ﬁjheg ZRitfectgfsglutipn | ca%/l on is
conplete, a Stcf)ﬁ%}ggﬂéqué)w;'cf 8018021006 ?XI'hg%r@é Yes@Bs i E%N& deRfiafight 0 15 each of

t he doubl e-stran DNA"conpl exes, resulfing 1n the release of single-
stranded DNA erinmmhresaddeﬁho ﬂaeamdmm; asatﬁ)leettetu]pngﬁorueswngdmad & lessytharf 60

Ay o, ca-ofis S s rsebeal e Aoread el eded bR DAdor i |

W th referen_C§ tﬁ&%%&hﬁ@&m&%@m&e@'w@hﬁdﬁﬁ%ﬁ&&% acbiuble De apparent to

one skilled in the art that various changes can and equi val ents
enpl oyed, wi t meplicatiepiantifiated by wducingshe stgpchingforaelie between Diand 30 pBY -

After replication is complete, a stretching force of approximately 65 pN is applied to

15  each of the double-stranded DNA complexes, resulting in the release of single-
stranded DNA molecules. This can be scaled up by using an array of manipulators.
For example, an array such as the optical trap arrays made by Arryx, Inc. can be
used.
‘While the invention has been described in detail with reference to particular
20  embodiments thereof, it will be apparent to one skilled in the art that various
changes can be made, and equivalents employed, without departing from the scope

of the invention.



WHAT IS CLAIMED IS: | A nethod of sequencing a DNA nol ecul e, conprising:
(a) providing four sanples, each sanple conprising: a single-stranded or a
doubl e-stranded DNA target sequence, a DNA polynerase; a prinmer
conplenmentary to the target sequence; at |east four different nucl eoside
tri phosphates; and a respective di deo_é:ylrnucl eosi de triphosphate sel ected

d

from anong ddATP, ddCTP, ddGIP, and TP; (b) denaturing the

doubl e-stranded DNA target sequence into a single-stranded DNA target
sequence; (c) hybridizing the primer to its conplenentary single-stranded
DNA t ar g8VHAJe$UehAEMEDYIS:ext endi ng the primer to form an extension product;
(e) optionally repeating steps (b) through (d) to formfurther extension
products; and (f) determ ning the sequence of the DNA target sequence,
wherei n rfore Ahagiherthel ssfluansmgstldNg majycult compiisitgl) conpri ses appl yi ng

tension tot Qg{?t r(get e .the primer. 2. The met hod of
Claiml, whergaﬁ S 1%161%( rsﬁi‘sgg’r%gf%?‘ﬂ%g&’a% B | ng the length of the
ext ensi on product . a SinglEheanddhed doliblelsairded DNM el gét Bedusacedi deoxy nucl eosi de

tri phosphates are o§ti onqlly | abel ed by at |east one detectable chem cal
moi ety. 4. The net hONbPOIANEIA:1, wherein the di deoxy nucl eosi de

triphosphates are | ghgkedieméaitarlyq8de tg}?@[ sBgr@especi fic fluorescent noiety
and wherein step (f? i's perforned by defecting the at |east one

base-speci fic fl uoatdsasefour didfeedny nu@eosidedriphmsplmtespfndCl ai m 1, wherein t he DNA
target sequence is_anplified prior to . performng st éﬁ?ﬁthro &%)
-38- 6. The pr oducf r?ﬁ%ﬁ?twies ‘8?06‘&&&“5 °E>‘9Pt% eho rﬂaﬁ%aa%c?&%ﬁ Tf)"g?.Hg T t hod
for controlling deagtTr,iddGTPf atl dbutpl e stranded nucl eic acid, conprising
adj ust abl y appl yi ng hydrodynam c tension to said nucleic acid strand to
control the (b) denaturing the double-stranded DNA target sequence into a single-stranded DNA

target sequence;

(¢) hybridizing the primer to its complementary single-stranded DNA target

sequence;

(d) extending the primer to form an extension product;

(e) optionally repeating steps (b) through (d) to form further extension products; and

(f) determining the sequence of the DNA target sequence,

wherein more than one of the steps (b) through (d) comprises applying tension

to the DNA target sequence and/or to the primer.

2. The method of Claim 1, wherein step (f) is performed by detecting the length of the

extension product.

3. The method of Claim 1, wherein the dideoxy nucleoside triphosphates are optionally

labeled by at least one detectable chemical moiety.

4. The method of Claim 1, wherein the dideoxy nucleoside triphosphates are labeled by
at least one base-specific fluorescent moiety and wherein step (f) is performed by

detecting the at least one base-specific fluorescent moiety.

5. The method of Claim 1, wherein the DNA target sequence is amplified prior to
performing steps (a) through (f).



denaturing of said double stranded nucleic acid. 8. A nmethod of inproving
fidelity of nucleic acid sequencing, conprising: (a) providing four

sanpl es, each sanple conprising: a single-stranded or a doubl e-stranded DNA
target sequence; a DNA polynerase; a priner conplenentary to the target
sequence; at |least four different nucj§9§ide tri phosphates; and a respective
di deoxy nucl eosi de tri phosphate sel ected from anong ddATP, ddCTP, ddGIP

and ddTTP; (b) denaturing the doubl e-stranded DNA target sequence into a
singl e-stranded DNA target sequence; (c) hybridizing the priner to its
conpl enelt ar y ThNgrotiaet glett isrqdiened by thedhetbod efifdrimglt he prinmer to form
doubl e- stranded DNA extension products while adjustably applying tension to
the DNA target sequence and/or to the priner to induce proofreading

exonucl edse aét ingthog fort ¢rmtrobingi depatotinggf Riddubletsyrandedpriichaie acidxemmyisorg and,

t hereby, fideli.t f _nucl ei,c acid sequencing;.{e) opti.gnally. repeating steps
() thtough” caPsast aPRSvE BB BT EIRER B Slade i e GERERLIRT oo The
sequence of t BenabiWAgtodikgedosistesgmeed nileidBgdnet hod of O aim 8, wherein at

| east one of steps (b) and (c) further conprises adjustably applying
tension to the DNA target sequence and/or the prinmer. 10. A product produced
by the ms8t hodAohetbbdwohintproviiig fidelpbhndledd agdesdqaentingg coriplighg aci d
anplification, conprjsing: (a) denaturing a doubl e-stranded nucleic acid to
produce a sin&ﬂé”§W95ﬁd@ﬂSaW@%ﬁi%?%s%?m%ﬁﬁmpU%K& (b) annealing at |east one

primer to the tenplghslesthAtd or 6GbuSXERHADNA 6 &l s&cgﬁﬁée;one primer by a

tenpl ate-strand-driven polynerase to produce extensi products, thereby
f or mi ng doubl e- st r aPddpelyeiesise; aci d nol ecul es; and (d) repeating steps

(a)-(c) to anplify trhr?1 dgoublle-gt?rlrang]% nructlsgllgzengé:_i d, wherein at |east one of
the doubl e- st r ande@PHUET "W SBF"AP S f1aE" sed ’

at least four different nucleoside triphosphates; and
a respective dideoxy nucleoside triphosphate selected from among ddATP,
ddCTP, ddGTP, and ddTTP;

(b) denaturing the double-stranded DNA target sequence into a single-stranded DNA
target sequence;

(c) hybridizing the primer to its complementary DNA target sequence;

(d) extending the primer to form double-stranded DNA extension products while
adjustably applying tension to the DNA target sequence and/or to the primer to
induce proofreading exonuclease activity, thereby improving fidelity of primer
extension and, thereby, fidelity of nucleic acid sequencing;

(e) optionally repeating steps (b) through (d) to form further extension products; and

(f) determining the sequence of the DNA target sequence.

9. The method of Claim 8, wherein at least one of steps (b) and (¢) further comprises

adjustably applying tension to the DNA target sequence and/or the primer.
10. A product produced by the method of Claim 8.

Il. A method of performing nucleic acid amplification, comprising:
(a) denaturing a double-stranded nucleic acid to produce a single-stranded

template strand;



produced in step (c) in a cycle of steps (a)-(c) is denatured in step (a) in
a subsequent cycle of steps (a)-(c), so that at |east one extension product
formed in step (c) is used as the tenplate strand in a subsequent cycl e of

steps (a)-(d), and wherein at |east one of steps (a)-(c) conprises applying
tension to the tenplate strand and/orzg he at |east one prinmer, and wherein
the tension is adjusted according to t"ﬁe position of the polynerase al ong

the tenplate strand. 12. The method of Claim 11, wherein the position of the
pol ymerase along the tenplate strand is nonitored. 13. The nethod of Caim

11, wherein tHe powinciling avfeastmmepoimenty the tenallgngiratde tenpl ate strand is

conputed. 14. The nethod of aim 11, .wherein the position of the polynerase
cor responds 1{a PRt feat 16sGh s e hbile Mo g ol B e

by the nethod of Gmtimeldxtedston Arodeithothe@by dbsiihpgloubhkishgndt Metdic atid east
two specific nuclelic acid sequences in a sanple, conprising: (a) performng
a nucleic acid anpMPlerelssiadf: (i) denaturing a doubl e-stranded nucl eic acid

to produce a sjngl g t I 1o (el i at | east one
primer to theisdt)enpfégfgéetfn F&g%gﬂ) (%-aﬁ%?lfi Eggl?oel%gﬂlr%ngegiﬁgﬁgtk apg’ast one pri mer
by a tenpl at e- st r and- dr wheninpag| lpastreas eof the donldelstrandex trexkiioacig rodeatiss,

t hereby form ng doubl,e-stranded nucleic acid cul.es; apd (iv) .repeating
Steps (1) (i) ¢ oPRiierr) Prcludt biedet f sire PR Erer Tt Seplpdiy
produci ng anpl i fi egibRétflert & cRGftepGA Ol & Bt dt @At oneRK]teAfios bRIdSCH(fodmdd 1)
conprises applying tension to the tenplate strand and/or the at | east one
primer, and (b) colt$&(chis usebasihip tamnlae stand isasubsenvenpicydle af gersr@-idy of
probes hybridizablg fo the at least two specific nucleic acid sequences;

and
wherein at least one of steps (a)-(c) comprises applying tension to the

template strand and/or the at least one primer, and
wherein the tension is adjusted according to the position of the

polymerase along the template strand.

12. The method of Claim 11, wherein the position of the polymerase along the template

strand is monitored.

13. The method of Claim 11, wherein the position of the polymerase along the template

strand is computed.

14, The method of Claim 11, wherein the position of the polymerase corresponds to a

location of a difficult sequence.
15. A product produced by the method of Claim 11.

16. A method of distinguishing between at least two specific nucleic acid sequences in a
sample, comprising:
(a) performing a nucleic acid amplification:
(i) denaturing a double-stranded nucleic acid to produce a single-stranded
template strand,

(ii) annealing at least one primer to the template strand,;



(c) detecting which of a plurality of probes is bound to the anplified

nucl eic acid, thereby distinguishing between at |east two specific nucleic
acid sequences. 17. A product of nucleic acids produced by the method for
anplifying a nucleic acid, said nmethod conprising: (a) contacting a
tenplate strand of single-stranded nucjgic acid with at |east one

ol i gonucl eoti de prinmer conplenentary to a portion of the tenplate strand;
(b) annealing the at least one primer to the tenplate strand to which the
primer is conplenentary; (c) contacting the tenplate strand with a nucleic
aci d pol ynerase anﬁ”h?xke@Qgﬂﬁﬁm#mﬂdmﬁméﬂ@nbyﬂ@ﬁn@@@ﬁﬁ@nddnvﬁugwhamég (d)

extendi ng the anne&h&gdg ng%ggx dQﬁo t e&%g§%ﬁg€%egﬁmg§%£§%d%Uagﬁgxm

form ng an extensio pro ran €) Séparating
t he extensi on prodmeoteclilegnmtihe tenplate strand; and (f) repeating steps (a),

(b), (c), (d) and ( to applify nucl ei ¢._aci d, erein the extension
product in step (ebvf “ﬁ%@ﬂgagqﬁhé)ﬁé éPE’@XF@hQOmﬂ'énmgﬁﬁééﬁﬁéhﬁméycle of

steps (a)-(e), whejigjd pmﬁmhg%rd ﬂﬁadﬁy&él@am&tep (e) is optional, and
wherein at | east one o? steps (a) through (d) conprises applying tension to

the tenplate strand andhmmtaﬁéeaattoﬂeezfstepsﬁ)r(lp) tomepriseanpplying ténsonwhdreei n:
t he average nucleigc a tg u&; b Eh can be ug éo 20, 000 base pairs;
and/ or -41- the nu qng 2BP'8uLE HO8F RUMPL88d ¢ han 10-7 errors /base

for normal seag uene@ﬁacna?dlecummhﬁd muclhlelaeldaattph Pluaditcdf frobdsadlybadizasstdt han
10' 3 errors/base for difficult _sequences; and/or the nucleic acid product

i s produced by nDrﬁw@hgﬁﬁiﬂgsﬁﬁﬁgéﬁﬁkwvg“i%WBWE@S@F anplification. 18. A
devi ce for apgdr%yl ngetE&fﬁ%'vQﬂcﬁ O PpIM4GHADrAfRS & RRAY ENEE aRPFRES RhdNGc aci@ne or

nore fluid ch
thereby distinguishing between at least two specific nucleic acid sequences.

17. A product of nucleic acids produced by the method for amplifying a nucleic acid, said
method comprising:
(a) contacting a template strand of single-stranded nucleic acid with at least one
oligonucleotide primer complementary to a portion of the template strand;
(b) annealing the at least one primer to the template strand to which the primer is
complementary;
(c) contacting the template strand with a nucleic acid polymerase and at least four
different nucleoside triphosphates;
(d) extending the annealed primer by the nucleic acid polymerase thereby
forming an extension product bound to the template strand;
(e) separating the extension product from the template strand; and
) repeating steps (a), (b), (c), (d) and (e) to amplify the nucleic acid,
wherein the extension product in step (e) is used as the template strand in a
subsequent cycle of steps (a)-(e),
wherein, for the last cycle, step (e) is optional, and
wherein at least one of steps (a) through (d) comprises applying tension to the
template strand and/or the at least one primer; and
further wherein:
the average nucleic acid product length can be up to 20,000 base pairs;

and/or



a nmeans of retaining nucleic acid nolecules within the one or nore fluid
channel s; and a nechani smfor applying a variable and control |l ed anount of

tension to the nucleic acid nolecules retained therein.

19. The devi ce of

claim 18, further conprising one or nore chanbers for reacting, storing, or
i ntroduci ng reagents, wherein the reaggnts include nucleic acid prinmers,
nucl eotide triphosphates, and pol ynerase. 20. The device of claim18,

wherein the mechani smfor applying tension to the nucleic

aci d nol ecul es

retained in the device conprises first and second surfaces with neans for
anchoring nucleic acid #elneelaicesid preduso pontainglleputhemdd™ atrersébase dari nprplr st and

second surfaces arg, confi. for noving relative to eac
devi ce of clain118§mﬁ§g?%?ﬁ5§ e mechani smfor applying te

h other. 21. The
nsion to the

nucl ei ¢ acid nol ecul estheanpleiceerl @bdlceasitainnssStint a0 embrisiasefangiffiait
anchoring nucleic acid nolecules thereon, the device further conprising a
mechani sm for provPreRFes 2'e6ht rol | ed and variable fluid flow over said

nucl ei ¢ aci d nol ecul es. ' [ : efel t :oone
surface with neans for §§§ﬁ€§?ﬁ$g@¥t§fﬁ€§lgéﬁﬁgﬂgﬁggﬁ?zgﬁ?28?é8h§$ﬁﬁ¥%er
conpri ses passagescyobgs of lamipdfi€dtow di stri buted between the neans for
anchoring said nucleic acid nolecules. -42- 23. The device of claiml18,
wherein the mechanismfor providing a controlled and variable fluid flow
over sai dghuclaede¥icdGoichppBliBEidh§on oS BRMd Al &duée cb@ptising Vel ocity
gradient in lamnar fluid flow 24. The device of claim 18, wherein the
nechani sm for appl 99¢y Pegdlushchagnelyie nucl eic  acid nol ecul es retained in

the device compri ses,fihuicd LMk C HARIE!SiCARTLALE Sehubid incPbRYbAF R YOS Ly

gradient in |am nar Oow, a stagnation point wt

W,

count er propagdknnelg; &ndui d fl ows, or a conbi nati on of these. 25. The device
of claim 18, wherein tpe.ne hanifnlfor gg@!éhqgwte iLon to the nucleic acid
€
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mol ecul es ret ai ned?imf°

gmaugtjof ggnsiogjtadhe j o4y |

or magnetic grAkéipYdtiatiscutanéhied 8@drdi@ mani pul ate particles bound to the
nucleic acid nolecules. 26. A mcrofluidic device for applying tension to

nucl ei ¢ acid nol ecul es conpri si ng:

19.  The device of claim 18, further comprising one or more chambers for reacting,

storing, or introducing reagents, wherein the reagents include nucleic acid primers,

nucleotide triphosphates, and polymerase.

20.  The device of claim 18, wherein the mechanism for applying tension to the nucleic

acid molecules retained in the device comprises first and second surfaces with means

for anchoring nucleic acid molecules thereon, and further wherein said first and

second surfaces are configured for moving relative to each other.

21.  The device of claim 18, wherein the mechanism for applying tension to the nucleic

acid molecules comprises at least one surface with means for anchoring nucleic acid

molecules thereon, the device further comprising a mechanism for providing a

controlled and variable fluid flow over said nucleic acid molecules.

22.  The device of claim 21, wherein at least one surface with means for anchoring

nucleic acid molecules thereon further comprises passages for fluid flow distributed

between the means for anchoring said nucleic acid molecules.



a) a substrate; b) a flow channel disposed within the substrate; c) an inlet
in fluid comrunication with the fl ow channel through which a sanple of

nucl eic acid nol ecul es can be introduced into the flow channel, d) a neans
for applying tension to the nucleic acid nolecules, and e) a neans for
retaining nucleic acid nol ecul es mnthlgbthe device, wherein the device is
configured to operate isothermally. 27.7 The m crofluidic device according to
claim 26, wherein the substrate conprises an elastoneric nmaterial. 28. The
m crof luidic device according to claim 26, wherein the flow channel is

confi gur &d sudhe tdaaice af stéaipi @8, whcrohilutheolmi:qimwismhérfnrov'vd'mlgamrn:ehtradhnd be cycl ed
around the flow h The m.crofluidic devi accordin ai m 26,
Sherein the marbR Tow86r sl SpdhEnte oSt RRES s Hdafly

di sposed to tg@ﬂ&p@muamhgtﬂuﬁhmmugh t he channel -43- 30. The mcrofluidic
devi ce according to claim 26, further configured to retain nucleic acids
within the flow channel. 31. The mi crofluidic device according to claim 26,
conpri si ng. at Thedsiicoofclpiol YEWRSGEn thed hechtn®ni forapplyikednsibi ko thetdaelefd ow
channel . 32. The m crofl uidic device according to claim?26, wherein the flow
channel is s8B<mRIeGuAs| fptageflcin thy dedee carpprises cﬂueﬁ flavashenerdy cerfigotodi ng t o

claim 32, whe t C t U
o m 2 S EARELASIRIG BRLMACI i A HHLL SRR bR AR R

flow, counter propagating fluid flows, or a combination of these.

25.  The device of claim 18, wherein the mechanism for applying tension to the nucleic
acid molecules retained in the device comprises an array of optical, electrical, or
magnetic manipulators configured to manipulate particles bound to the nucleic acid

molecules.

26. A microfluidic device for applying tension to nucleic acid molecules comprising:

a) a substrate;
b) a flow channel disposed within the substrate;
c) an inlet in fluid communication with the flow channel through which a sample

of nucleic acid molecules can be introduced into the flow channel,
d) a means for applying tension to the nucleic acid molecules, and
e) a means for retaining nucleic acid molecules within the device,

wherein the device is configured to operate isothermally.

27. The microfluidic device according to claim 26, wherein the substrate comprises an

elastomeric material.

28.  The microfluidic device according to claim 26, wherein the flow channel is
configured such that a sample introduced into the flow channel can be cycled around

the flow channel.

29.  The microfluidic device according to claim 26, wherein the microfluidic device

further comprises a pump operatively disposed to transport fluid through the channel.



30.

31.

32.

33.

-43 -

The microfluidic device according to claim 26, further configured to retain nucleic

acids within the flow channel.

The microfluidic device according to claim 26, comprising at least one polymerase

molecule immobilized within the flow channel.

The microfluidic device according to claim 26, wherein the flow channel is

substantially circular.

The microfluidic device according to claim 32, wherein the microfluidic device

further comprises a pump operatively disposed to transport fluid through the channel.





