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- ' METHOD AND APPARATUS FOR FULLY AUTOMATED NUCLEIC'
‘ ACID AMPLIFICATIO_N, NUCLEIC ACID ASSAY AND IMMUNOASSAY

_ Cross-Ret‘erence to Related Application h |
Related subject matter is disclosed and claimed: in a co-pendmg U.S.

patent application of Hugh V. Cottingham, Serial No. 08/213,304, filed on March
| 14, 1994 and entitled "Nucleic Acid Amplification Method aud‘-Apparatus", the -

disclosure of which is expressly incorporated hemin by reference.

Field of the Invention
The- present mventlon relates to methods and apparatus for performing
automated clinical dlagnostxc assays, particularly immunoassays or integrated
nucleic acld amplifications and nucleic acid assays, and to a self-oontamed,

dlsposable test unit for use in such methods and apparatus

- Background of the Invention

The advent of nucleic acid amplification techniques offers great potential
to 1mprove the sensitivity of detection in many areas. One such area is in the
detection and identification of human pathogens. The ablllty to detect as little
as one organism makes detectxon poss1ble at a much earher stage in the
progression of a disease. Unfortunately, while nuclel_c acid amplification
techniques are e‘:_,ttremely- powerful, they are notj simple to _perfonn.
Complicatiohs with respect to operating parameters, such as precise time-
temperature requirements, and possible contamination by amplified nucleic acids
have so far restricted these techmques to the research laboratory In order to
make these amphfieatlon techniques practical for use in hospltals and chmcal
laboratones, problems arising from complleated operating parameters and
contammatlon must be resolved Moreover, for reasons of manufacturmg

'eﬂ‘iclency, and due to the emphasis on reduction of health care costs, it is also
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or small molecular welght molecules (heremafter ret‘erred to as nuclexc acid

'. ligand based assays) Such nuclelc acid ligand based assays may also utlhze bi-

~ directional nucleic acxd ligand oompounds.

" One way to meet these obJectlves is to construct a fully automated system

to run the entu'e nuclelc acid ampllficatlon and nucleic acid assay (or

' 1mmunoassay), convert the raw data into chnlcal results; and report the results _

through the local area network (LAN) of a laboratory or hospital. In order to

make such a system practical, all of the steps involved in the test procedure

should pref_erably be carried out while the liquid' biological sample remains

confined within a single, disposable test unit. This not only reduces the risk of

_contamination of the laboratory or hospital environment, but also allows the test

procedure to be carried out quickly, 1nexpens1vely and without the need for highly

skilled personnel

Unfortunately, existing designs for self-contained test units are not entirely

lsatist‘actory, particularly when cost factors are considered. For example, U.S.

Patent No.- 5,229,297, to Schnipelsky et al, describes a cuvette for DNA

amplification and detectlon wluch comprises a plurahty of ﬂexrble compartments

for contamlng a sample, ampllfymg reagents and detect:on reagents, together with

' passageways connecting the sample and reagent compartments with a detection

site and a waste compartment. A roller is used to squeeze or_ compress the

'samp'le and reagent compartments' in a desired Sequence, thereby forci_ng the

sample and detection reagents through the'passageurays to the detection site and

- waste compartment.. Temporary seals are used to isolate the sample and reagent

compartments from the passageways until sufficient pressure is generated by the

roller. Although the dlsclqsed arrangement is advantageous in that the sample

remains w1th1n the cuvette durmg amphﬁcatlon and detection, the need for a
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roller to break the temporary seals and cause the various fluids to flow between
compartments nrakes it difficult to automate the procedure, particularly when a

" number of samples and cuvettes are to be processed at the same time. In an
alternative embodiment of the Sch’ni_.pelsky et a'll patent, the fluids are moved

| betureen com'partme'nts by movable pistons which form a part of the cuvette itself.
‘Again, however, automated 'proce'ss'ing of .severa'l'cuvettes at once is difficult with
this embodiment, and the need for several pistons in each cuvette render_s the cost |
of the cuvette hlgher than mlght be desired. | _

It is therefore an object of the present invention to provnde a t'ully
automated system to perform an mtegrated nucleic acid amplification and nucleic E
acid ass"ay; or to perform an immunoassay or nucleic acid ligand based assay. c

It is another object of the invention to contain all magents and

- con_lponeuts__ necessary to .perfor'm immunoassays or nucleic acid ligand based ',
assays, or integrated nucleic acid ampltﬁcations and nucleic acid _assuys, for a |
particular sample in a single, disposable test unit. ' '

It is a further object ot‘ the invention to prov1de a dxsposable test unit
which can be auto_matlcally clos_ed ‘and permanently sealed to prevent
‘contamination of the laboratory environment from amplified nucleic acids. -

It is a still further object of the invention to support mucleic acid
amplification multiplexing and report a multiplicity of nucleic acid assay results
-using a Siugle; disposabie test unit and a single clinical sample. _ |

It is yet another object of the inveutiou to support multiplexe«i
immunoassays and report a multiplicity of immunoassay results using a single,
dlsposable test umt and a smgle clinical sample.

 Itis yet another object of the mventlon to support multiplexed nucleic acid
hgand based assays and report a multiplicity of nucleic acid hgand based assay _'

results usmg a smgle dlsposable test unit in a smgle clinical sample.
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LAN for the purpose of reporting and archmng clinical results with minimum -

delay and human intervention.

: SummarLof the Inventlon

_ In accordance w1th the present invention, "the dnsadvantages and
hmntatlons of the prlor art are substantlally avoided by prov:dmg a dlsposable,
self-contained test unit in which the flow of sample and reagent lxqmds can be
controlled by centnfugal force apphed by a relatively sxmple rotatmg apparatus,
thereby avondmg the need for rollers, pistons and other complex mechanisms.

~ This allows the test unit to be made_ relatively simple and inexpensive in
constfuction, and also allowc many samples to be aSsoyed simul_mneously'by
'mou‘nting._ a plurality of tcst_ units 't_'oll.' rotation in the ‘'same apparatus. The
“invention is also dirccted to an apparatus _§vh_ich is capable of receiﬁng a number
.o'f such'testuhitﬁ for rotation; in order to allow a numbcr'Of liquid biological

samples to be assayed simultaneously and auiomatically.

| ~In one ospect, thcre_fo_re, the present invention is directed to an improved
test unit for carrying out a clinical diag’hbstic assay. The test unit comprises a
. sample chamber for recewmg a hquxd biological sample to be assayed, a closure
.for sealing the sample chamber, a sealed waste chamber for receiving the llqllld
' blologlcal sample from the sample chamber, and a ligquid flow path for the liquid
biological s_ample exten'ding between the sample chamber and the wacte chamber.
‘The test unit fl_lrth‘er comprises non-frangible flow control means for preventing
_the flow of the liquid biological saumple through the liquid ﬂow path in the
absence ofa forcc appiied to the sample, and for permitting the liquid biological
samp_lc to flow th_ro'u'gh the liquid flow path when at least a oredetermined

minimum force is applied to the sample. Since the force required to overcome
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the non-frangible ﬂow control means will ordmanly be less than that required to

_ brea_k a frangible seal, the required force can, for example, compnse centrifugal

force that is pr_oduced by rotating the test unit about an_axis. The test unit

' fnrther cOmprises_at _least one immobilized reagent disposed in the liquid flow = -

path for contacting the liquid biological sample as the sample ﬂoWs from the

sample'_ chamber to _'the v_vaste _,chamb‘er. In a p_referred' embodiment, the

immobilized reagent comprises a nucleic acid probe, and a dried amplification

reagent is disposed in the s'ample chamber for carrying out nucleic acid

amplll‘icatlon in the liquid biological sample before the sample leaves the sample

chamber. In other embodlments, reagents sultable for carrymg out an

immunoassay or nuc_lelc acid ligand based assays can be provnded in the test unit.

In another aspect, the present invention is directed"to an imprOved test

‘unit in which the flow of a liquid biological sample can be controlled by rotating

the test umt to produce centrifugal force._ The test umit comprlses a sample .

chamber for receiving a liquid biological sample to be assayed, a closure for

.sealing th_e sample chamber, a sealed waste chamber spaced from the sample

chamber for 'receiving the liquid biological sample from the sample chamber, and

a liquid flow path for the liquid biological sample extending between the sample

chamber and the waste chamber. The liquid flow path has a non-reversing

confignratlon, w1th each successive incremental section of the channel in the

direction of flow bemg further from (or, ata mmnmum, no closer to) the intended

axis of rotation of the test unit. The test unit further comprises at least one

lmmoblhzed reagent dlsposed in the liquid flow path for contactmg the liquid

‘biological sample as the sample flows from the sample chamber to the waste

chamber. By virtue of the spacing between the sample chamber and the waste

chamber and the-non-reversing configuration of the liquid flow path, a liquid

biological Sample can be caused to flow from the sample chamber to the waste

chamber by rotating the test unit about an axis and thereby applying centrifugal

-5-
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In a further aspect, the present invention is dlrected to a-method for

carrying out a clinical diagnostic assay. The method compnses the steps of |

providing a test unit having a sample chamber, a waste chamber

spaced from the

saniple chamber, a liquid flow path extending between the_s_ampIe chamber and

the waste chamber, and an immobilized reagent disposed in the liquid flow path;

infroducing a liquid biological sample into the sample chamber; mounting the

test unit for rotation about an axis with the test unit onented such that rotatlon

about the axis causes centnt’ugal force to be applied to the- liquid biological '

sample in a dlr_ectnon from the sample chamber to the waste chamber; rotating

the test unit about 't_lie axis to cause thé liquid biol_ogieal sample to flow t_hrougn
~ the liquid .flow path from the sample chamber to the 'wast_e' chamber by
centrifugal force, and to thereby contact the immobilized reagent; and detecting

the presence or absence of a chemical or biological component in the liquid

biologicnl sample baééd on a response or lack of response of tne immobilized

reagent to the 'liqnid biological sample. ‘In a preferred embodiment of the

inventive method, the test unit is also provided with at least one reagent chamber

containing a liquid reagent, and the liquid' reagent is caused to flow from the

reagent cl_lnmber to the liquid flow path by increasing the speed of rotation of the

test unit after the liquid biological sample has passéd through the liquid flow

path.

In a still t_'nrther aspect of the present invention, an apparatus is provided

for performing a plurality of clinical diagnostic assays substantially

sunultaneously. The apparatus comprises a rotatable holder for carrying a

plurality of test units for rotation about an axis, a source of rotary power for

ro'tating the rotatable ho_ld;r-about the axis, and a plurnlity of removable test

units carriéd by the rotatable holder and spaced cirnumferentially about its axis

-6- -



conponents necessary to performinmmunoassays or nucleic acid [ ' asee}m:——
assays, .or integrated nucl emmns and nucl ei cfla i \éﬁs—&_ *S BEEN

for sa particul ar sanpl e in’ alhsiShepk Has BlkS ahle test unit. Itiis.a. ‘?”u‘r‘t—
obj ect of the invention to. pr Ie test unit which can be _
automatically cl osed and per E ’lm to prevent contam nation of the -
| aboratory environnent from anplif |c acids. It is a stig Tﬁﬂﬁ‘ther

"obj ect of the invention to support nucleic acid anplification mﬁ%@ﬁzm ng

and report-a nuttiplicity of nucleic acid assay.results using a si

di sposabl e test unit and a single clinical sanple. It is yet anot her object
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 biological sample from the sample chamber, a liquid flow path extending between
the sample chamber and the waste charnbér, an immobilized reagent diépoSéd in
the liq_uid_ flow path, and, optionally, one or more reagent chambers for
containing liquid detection reagen‘ts. Each of the test units is oriented with
réspect to the rotatable holder ih a manner such that the sample chamber is o
located closer to the axis of rqtation_than the waste pharhher, in order to cause |
the liquid biological Saxhple to flow through the liquid flow path from the,sample
chamber to the waste.chamber, and to thereby be brought into contact with the
immobilized reagent, when centnfugal force 1s exerted on the hqmd blologlcal
sample by rotation of the holder. ‘The apparatus also comprises at least one
‘sensor for detecting responses by the immobilized reagents in the test units to the |

| presence of a chemical or blologlcal componeht in the liquid hiological samples.

| Pref_erably, the source of rotary_powe'r can be selectively operated' at two or more
different rotational speed_s; so that liquids can be caused to flow.in sequehce from

- the sample and reageht' chambers by in'creasi'ng 'the 'speed of rotation of the
_rotatable holder in predetermmed increments sufficient to overcome the flow

- resrstance of hqurd flow paths extending from the respectlve chambers

Brigf_ Descriptioxl of the Drawings
The v'arious 6bjects, advantages and novel features of the invention will be
more readlly appreclated from the following detailed description when read in
' conjunction with the appended drawing ﬁgures, in whlch-
Flg lisa perspectlve view of an automated test mstrument which may be
~used to carry out a number of simultaneous clinical dlagnostlc assays in

" accordance with the present invention, With the lid or cover of the instrument
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shown in the open position to illustrate the placexnen_t of the disposable test unlts '

._inﬁdq : B ) o

Fig. 2 is an enlarged .plan' view of the automated test instrument of Fig. 1,
showmg the location of the optical detectors whlch are used to detect responses
by the 1mmob1hzed reagents located in the dlsposable test umts,

- Fig. 3 is an enlarged cross-sectlonal view of the automated test instrument
of Fig. .1, illustrating the locations of the drive motor and other internal
- components of the instrument; o _ '

Fig 4 is an enlarged perspective view illustrating one of the disposable test
units used in the instrument of Flg 1; . , ' o

Fig. 5 is an exploded view of the dlsposable test unit shown in Flg. 4,
illustrating the manner in which xt is constructed; -

Figs, 6A and 6B are plan and s1de v1ews, respectively, of the dlsposable test
unit shown in Fig. 4; | | |

Fig. 7A and 7B are enlarged plan and side views, respectively, of the

' dlsposable test unit of Fig. 4, with the adhesive seal or closure device shown in
the open posntlon, _ _

Figs. 8A and 8B are enlarged plan and side views, respectively, of the
disposable test unit of Fig. 4; with the adhesive seal or closure device shown in
the closed position; - B ' _ |

Flgs. 9A and 9B are enlarged plan and side sectional views, respectively,

" of the disposable test unit of Fig. 4 as it mlght appear prior to the start of a
clinical diagnostic assay, with the hqlnd biological sample not yet having been
mtroduced into the sample chamber;

| ' Flgs. 10A, 10B and 10C are enlarged plan, side sectional and t‘ragmentary
. views, respectlvely,.ot‘ the disposable test unmit of Flg. 4 as it mlght appear
immediately after the sta.rt of a cllnical diagnostic assay, with the liquid
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Flgs. 11A and 11B are enlarged plan and side sectional views, respectively,

of the dlsposable test unit of Fig. 4 as it might appear durmg a later stage of a |
chmcal dxagnostlc assay, with a first liquid reagent begmmng to flow from a first
reagent chamber to the waste chamher; '

Flgs. 12A and 12B are enlarged plan and side sectxonal views, respectlvely,
of the disposable test unlt of Fig. 4 as it might appear dunng a still later stage
of a clinical diagnostic assay, w1th a second liquid reagent beglnmng to flow from
a second reagent chiamber to the waste chamber; .

Figs. 13A and 13B are enlarged plan and side sectional wews, respectwely, |

of the disposable test unit of Fig. 4 as it might appear during the final stage of
a chmeal diagnostic assay, with a thll‘d llqmd reagent begmmng to flow from a

- third reagent chamber to the waste chamber'

| '_ Figs. 14A and 14B are enlarged plan and side sectlonal views, respectlvely, |
ot‘ the dlsposable test umt of Kig. 4 as it mlght appear after the completion of a
clinical diagnostic assay, with the llqllld biological sample and all reagents having
flowed mto the waste chamber; | |

Flg 15 is a flow chart of the steps 1nvolved in carrying out an mtegrated
nucleic acid ampllficatlon and nucleic acid assay using the antomated test
instrument of Fig. 1 and the dlsposable test unit of Fig. 4;

* Figs. 16A _and 16B are graphs illustrating the manner in which the
* rotational speed and_ temperatnre of the disposable test units are varied over time
during an integrate:i nucleic acid ampliﬁcation and nucleic acid assay, using the
automated test instrnment. of Fig. I; ' B |
- Fig. 17 is a flow chart of the steps involved in carrying out an
1mmunoassay or nuclelc acid lizand based assay using the automated test

' 1nstrnment of Flg 1 and the disposable test unit of Fig. 4;

. - | . -9-.
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Figs. 18A and 18B are graphs ﬂlustratmg the manner in whlch the
rotational speed and temperature of the disposable test units are vaned over time

during an lmmunoassay or nuclerc acid llgand based assay, using the automated

" test mstrument of Flg. 1;

Fig. 19 is a schematlc _diagram 1llustratmg the manner in whlch two or
more automated ‘test ‘instrument of the type 1llustrated in Fig. 1 may be'
controlled by a snngle host computer, Wthh can in turn be connected to the local
area network (LAN) of a hospxtal or clinical laboratory, ' ' |

Fig. 20 is a bloeck dlagram of the prmclpal electncal components used in
the automated test mstrument of Fig. 1; and L |

Flgs. 21A and 21B are enlarged plan and side views sumlar to Flgs. 7A and
7B respectlvely, 1llustratmg a modified embodiment of the dlsposable test umt.

Throughout the drawmgs, like ret‘erence numerals wnll be understood to
refer to like parts and components '

Detaﬂed Descrlptlon of the Preferred Embodlments .

An automated test mstrument 30 for carrying out a plurality of chmcal
diagnostic assays in accordance with the present invention is illustrated in Fig.
1. The apparatus 30 is, in a preferred embodiment, approximately 12 inches wide
by 12 inches deep and 4.5 inches high. It includes a bottom portion 31 and a

 hinged 1id 32. A circular rotor 34 housed in the bottom portion 31 receives and

rotates a number o_f removable, radially positioned, disposable (single-use) test
units 36. The rotor 34 revolves in a plane parallel to the top of the apparatus 30
and causes centrifhgal force to be exerted upon the disposable test nnit_s 35_.
Positioned above the rotor 34 is an optical detector housing 38, which contains
light sources and optical detectors for detecting optical responses by immobilized

' reagents contained in the disposable.test units 36. The disposable test units 36

<10 -
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| n ot her

enbodi ments, reagents suitable for c ing .out an:inmun fzﬁ, y or nucl eic-
lasé Y

aci d |igand ﬁ@swomw@sﬂeﬁea%m inplace op dhe remrt
' freely rotating clamp 40 carried by the lid 32.

Fig. 2 more clearly shows the radial posntloning of the disposable test uhits

36 on the rotor 34. 'The rotor 34 pfet‘erably has a diameter of ahotlt 10 inches

and the 'd'ispos'able test units 36 are each preferably about 3.7 inches long by

about 0.45 inches wide at the rounded (inner) end 42 and about 0.8 inches wide

‘at the square (outer) end 44. The rotor 34 accommodates 12 disposable test units

36, arranged in a clrcumferentlal array of one dlsposable test umt every 30_

~ degrees. '_I‘he optlcal_ detector housing 38 is posxtlohed at a fixed location so that

each disposable test unltf 36 can be scanned in turn as it passes by.

Fig Jisa cross-sec‘tional view of the apparatus 30. A microcontl*oller

.board 46 provndes smtahle control of the electrical components of the apparatus

30. A fixed, first ring-shaped infrared heater 48 is loeated proximate to the

underside of tl1e rotor 34 at a point where the samplelamplification ch'ambers 50

of the dlsposable test umts 36 are exposed through holes 51 in the rotor 34.

Infrared heatmg of the chambers S0 is controlled by the mlcrocontroller board -

46. A second fixed, nng-shaped mt‘rared _hea_ter- 52 is located proximate to the

underside of the rotor 34 at a 'point where immobilized reagents disposed at

detection_si_tes. 54 of the disposable test units 36 are exposed through holes 55 in
-the rotor 34. Infrared heating of the detection sites 54 is also controlled by the
microcontroller board 46. It will be appreciated from Fig. 3 that the holes 51 and

55 are part of a radial pattern of holes whlch are formed m the rotor 34 for

recelvmg various portlons of each dlsposable test unit 36 mclndmg the sample

chamber 50 and addmonal chambers 60, 62, 64 and 66 to be described shortly.
These holes allow the sample chamber 50 and detection site 54 to be exposed to
~ the respective infrared'heaters 48 and 52 as already _de'seribed,' and also assist in-

. locatihg the disposable test units 36 at the proper angular positions on the rotor'
- 34, If desired, the infrared heaters 48 and 52 can be incorporated into the rotor

-11 -




In another aspect, the present invention is directed to an i njp,q@v tesh
unit in.which the flow of a liquid biological sanple can be contr EQCQS BEEN
rotating the test unit to produce r‘nm‘_t|fuga| “force. The test—ttai

conpri ses a sanpl e chanber for rec ng a |iquid biol ogical sanple to be

assayed, a-closure fé'hls Ie chanber, a seal ed waste chanber
spaced fromthe sarrpl Aﬁ ‘ecei ving the I i qui d bi ol ogi cpATENT! €
fromthe sanple chanb d flow path for the liquid biggggral.
sanpl e. extendi ng bet vveen the sanpl e chanber and the waste chanber. The :
lilquid flow path has a non-reversing configuration, wth each successive

I ncr enent aI section of the channel in the di rect | on of fl ow bei ng further
from (or, no closer t [ nte Xi i on of the
ool o 2o, S e Rl it 8 and 5 oS BR TepRSHE o7 FaiBes et e
di sposed in thetdg Shiitabe d0lleRBEGE 30 contact ng the | 'i qui d -bi ol ogi cal :
sanpl e as the sanple flows fromthe sanpl e chanber to the waste

~ With continued reference to Fig. 3, a motor 56 and shaft 58 rotate the

: rotor 34 at various selected speeds to apply predetermmed centrifugal forces to
the disposable test units 36 The rotatmg clamp 40 is attached to the lid 32 by'
means of a rotatable bearmg assembly 59 and maintains the dlsposable test units
36 on the rotor 34 dunng 1ts rotation. The rotating clamp 40 also effects
automatlc sealmg of the sample ports of the dlsposable test umts 36, as will be
described i in more detall heremat'ter. Positioned above the rotor 34 in the optical
detector housing 38 i is a first optical assembly 68 which provides. lllul_mnatlon and
detection of the reacted immobilized chemical. reagents contained in the
disposable test units 36. The optical assembly 68 has a number of sections as
shown, with each section located above one of the immobilized reagent spots h(not

shown) at the detection site 54 of the test unit 36 positioned below the assembly
-68. Depending upon the type of detection technology employed, the optical

assembly 68 will typically contain (either .in each section or as a common

component for all sections) a xenon or laser diode light source; a photomultiplier

'_ tube, CCD line nrrsy or photodiode; and interference filters, lenses, shutters and

other optical elements necessat'y for the acqnisition of the optical output of the

immobilized chemical reagents in the disposable test units 36. A second optical

- _ assembly 70 is also positioned above the rotor and is for the purpose of detecting

marks or notches (not shown) at the edge of the rotor 34, to indicate when a

partxcular dlsposable test unit 36 is properly indexed to be detected by the first

_ optlcal assembly 68 ' '

The constructlon of one of the dlsposable test umts will be evident from

' the.perspectlve view of Fig. 4, the exploded view of Fig. 5, and the plan and side
views, respecti_vely, of Figs. §A and 6B. Refet'ring first to Figs. 4 and 5, there are -

three elements which make up "the basic structure of the disposable test unit 36.

-12-



" ¢hanber . By virtue of the spacing between the sanple chanber
chanber ,and the non-reversing configuration of the liquid fl

AFIStSHERTASAS BEEN
w pat REPRACED

| iqui d -bi ol ogi cal sanpl @hicalretiiasB ¢¢h flow fromthe sanpl& chanber—to

t he waste chanber by rot unit about an-axis and 'thereby

appl yi ng centri fugal ET Date: 16 FEB 1996 6 force to the
sanplein the direction fromthe sanple chanber to the waste chapReENT N 2

further aspect, the present invention is directed to a method forp3037

First, a thin, flexible top film 72; which is brefera_bly made of a transparent or
- translucent polyesterlpolyethylcne or other hgat-seaiable laminate 'a'pproxi:'mtely

| 10.005 inch thick, forms the tdp layer of the test unit 36. This top film 72 has a
small hole 74 aﬁproximately 6._1 inch in diameter which serves as a sample port.
i Thé' test unit also includes a thicker, rigid thermoformed bottoni portion 76,
preferably also transparent or transllicent, containing thermoformed depressi’ons
or wells 50, 60, 62, 64 and 66.. The proﬁle of t_hese wglis, which form closed
- chambers when the top film 72 is in place, can be seeh,in the side view of Fig. 6B.
The dé‘pth of the wells preferably varies from about 0.150 inéh for the sémple
" chamber 50 to about 0.250 inch for the waste chamber 60. The thermioformed
bottom portion 76 is preferably made of a rigid polycarbonate film having a
thickness of 0.007 to 0.015 inch, although cher'hé;at#resi'stant ﬁgid plastic films
(such as PET-G) can be used lf desired. The tesf unit also inclﬁdes an hdhesive '

seal 78 Wﬁich sérvés as 5 closure device for the samplé port 74. The adhesive seal
78 is made of a polyeéter'ﬁlm laminated Witl_l a deMly—facing pressure-
sensitivé adhesive, and is.pos'itionéd over the sample port 74 during m_'anufaciure
to serve as a closure dévice'thefefor. The top film 72 of the test unit 36 is heat-
sealed to the thermoformed bottom p_ortion'76. in order to completé the test unit
structure, The heat seal pattern 80 between the top film 72 and thermoformed
bottom portion 76 is indicated by stippling in Fig. 6A, and will be seen to define
a series of channels 82, 84, 86 and 88 which interconnect the chambers formed
by the wells 50, 60, 62, 64 and 66. These channels have widths and lengths as
.defin_ed by the heat sealing pattern, but the height dimension of each channel is
eséentially zero sin.(:e there is no spacer element between the top film 72 and
thermoformed bottom 76 durihg the heat sealing operation. This provides a
degreé of flow resisfahc’e_ﬁhich allows the channels to control thé ﬂow__of liquids
be_tﬁeen the various chémbe.l's, as will be discussed in more detail shortly. It will

be 6bserved _'that'the heat sealing step serves to simultaneously join the top film
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carrying out a clinical diagnostic assay. The nethod conpri s¢sTHIScSISEEPSASBEEN
providing a test unit. having a sanple chanber, a waste chanbgr spaBEQLAcEm

t he .sanpl e chanber, I | qU| d fI ow pat h ext endi ng between:t he

and the waste" chanbgl‘ls #d i zed reagent disposed in the liquid

flow path; int rodu0| I | ogi cal sanple into the sanple chanber,
mount i ng the test un| | about an axis with the test PR‘I‘ENT
oriented such that rotation about the axis causes centrifugal forqe3?p7 be
applied to the liquid biological sanple in a direction fromthe sanmple

chanber to the waste chamber; rotating the test unit about the axis to -
cause the |iquid biological sarrple to flow through the liquid flow path

[ hereby cont 22 I B potin 76 ek B RSk et coRRhaL 03 BEGR.2E0A ©
absence of a colifditioial Reated platen, ShhpedEPRALH thie'desited hedtisesl ﬂtﬁﬂrﬁ(ﬂﬂ?&n

-sanple based on-a response or | ack of response of the imobilized
be used to carry out the heat sealing step.

The assembled test unit 36 is illustrated in Figs. 7A and 7B with the

- adhesive seal 78 shown m the open position, and with the reagent chambers 62,
64 ahd 66 shown pre-ﬁlled ﬁth liguid reagents. A marrow section 90 of the
adhesive seal 78 is bonded, heat-sealed or otherwise affixed to the top fllm 72 of
the test unit 36. The remaining portion of the adheslve seal 78 comprises a flap
92 tvhich is joined to the bonded section 90 by a fold line 94, and which carries

. a pressure sensitive adheswe (not shown) on its lower surface 96. When the ﬂap

. 92 is rotated about the fold line 94 in the direction indicated by the arrow 98, the
flap 92 becomes adheswely bonded to the top film 72 and thereby closes off the -

| sample port 74. This allows the test unit 36 to be sealed with respect to the |

 outside envxronment after a hqurd biological sample has been introduced into the
sample port 74 If desired, a removable release layer (not shown) can be provrded
on the bottom surface 96 of the ﬂap 92 to prevent the ﬂap 92 from ‘becoming

| madvertently attached to the top film 72 before the liquid blologleal sample has
been mtroduced. '

Figs. 8A and 8B lllustrate the test unit 36 after a hquld biological sample
ha_s been mtroduced_ into the sample chamber 5(_) through the sample port 74. |
‘The adhesive seal 78 is shown in the closed position, thereby sealing the liquid

| blologlcal sample in the sample chamber 50 and preventmg contammatlon of the

' surroundmg environment. In operauon, the adhesive seal 78 is automatically
closed by the rotatmg clamp 40 of Figs. 1 and 3 when the hd 32 of the test

. instroment 30 is closed. This saves a considerable amount of time when a |
number of test units are beiog processed simultaneously, since the human
operator is not reqlxired to seel each test unit individually. The lau'tomatic sealing

feature is also important from the standpoint of avoiding contamination, since

-14 -




reagent to the liquid biological sanple. In a preferred enbgdiThiEnSHBET tHhs BEEN ||

chamber contai ni ng t, and the liquid reagent TPLPRNE {0
flow fromthe reage he liquid flow path by |ncr§§“j§—'§he
speed of rotation of est unit after the liquid biological Sanple has
passed through the I|qU|d flow path. In a still further aspect of ‘the
present invention, an apparatus is prOV|ded for .performing a plurality of
clinical diagnostic assays substantially simultaneously. The apparatus
-conprthecelosing toft thtel Hidn32 dwill positively wnsyre thatimdl tést whits eete praperly or

rotation about an axis, a source of rotary.power for rotating the rotatable
hol desealerd el @we%agsayarmacq;rmdaout-y of renpvabl e test units carried by

the rot at alyg, Nghdgta i w0 TSN 'SP Ude L AR Ve SrRpicevety,

‘illastrating the disposable test unit 36 as it might appcar prior to the start of a
chmcnl dmgnosnc assay. The sample chamber 50, wluch is shown empty in Figs.

I nventi ve .nmet hod, UhsSieeﬂiasBemmeilsechl so provided with at | egst on&EPtAGEDt

%A and 9B, is connected by meAns ot the channel 82 to the chamber 60, which
serves as a waste chamber for receiving the liquid biological sample and liquid '_
reagents used during tie assay. The sample chamber 50 is also connec_ted by

. means of the channe] 84 to the chamber 62, which serves as 'a reagent chamber
for contammg a first liquid reagent 100. The channel 86 comnects the first
reagent chamber 62 to the chamber 64 which serves as a second reagent chamber '
for eontammg a second Hiquid reagent 102. Finally, the channel 88 cunnects the |
chamber 64 0 the chamber 66, which serves as a- thn'd reagent chamber for

| contmmng a third liquid rcagent 104. Typically, the reagent chambers 62, 64 and

- 66 w:ll be pre-filled with the respective liquid reagents 100 102 and 104 before
the top film 72 of the test unit is heat-sealed to the bottom portion 76. Thus all .
of the reagent chambers 62, 64 and 66 are sealed with respect to the swrounding
eavironment, and the same is ﬁuc-of the waste chamber 60.  This lcaves the
sample port 74 as the sole means of ﬂmd commumeauon between the exterior
and interjor of the test unit 36. - '

When the test unit is adapt'ed 'for_ carrying oilt an int_egtated nucieic acid
ampllnéati_on and nucleic acid assay, a dried sizot 106 of chemical reagents is
affixed to the bottom of the samplc chamber 50. This dried spot contains all of

' the various reagents necessary for nucleic acid amplification, examples of such
| reagents being' ctiSCIOsed in the above-iden tiﬁe_ti co-pending U.S. patent application'
of Hugh V. Cortingham entitled "Nuclei¢ Acid Amplification Metliod and
Apparatﬁs“. When the test unit .36' is intcnded for animinunoassny or nucleic

acid Hgand besed__ assay, the dried spot 106 can contain other reagents or may

- 15 -



REPLACEVENT SHEET M_EEB_;LQ% 7 of rotation. Each of “t H’e”qt%éﬁﬂdﬁﬁ$ BEEN

conprises a sanpl e chanbeﬁ §&Reiving a liquid biological |lsanp BEPRARRD

assayed, a waste ch Ing the liquid biological SarpifaiNpPm
t he sanpl e :chanber, I ath extendi ng between the sa THanber
and the waste chanb ed reagent .disposed in the liq ré ow

path, and, optionally, one or nore reagent chanbers for contai.ning I|qU| d
det ection reagents. Each of the test units is-oriented with respect to the
rotatabl e holder in a manner such that the sanple chanber is |ocated closer

to the bxideleted! (Thdé bhanﬁﬂrheh%ﬁnmﬁi the Heiededpot 106 age cabfeddnse readily
soluble matrix, such as trehalose or another carhnhydmte These reagents will B
spontaneously re-suspend when exposed toan aqueous sample intruduced iuto the
wample chamber 50, and are not in any wuy unmolnhmd. By contrast, dned and
immobilized nucleic acid probes and controls arc p_rovxded at fixed locations in
the channel 82 in the form of spots 108, 110, 112 and 114. .In the case of an
~ immunoassay, the spots will comprise antibody/antigen and controls, while in the
case of a nucleic acid ligand'i)asﬁd assay, the'. spots will comprise nucleic acid
‘ligand/target and éOntmls Inall cuses, the iunnobilizcd spots 'm differcnt from
the dried reagents 106 in that they arc not solubilized by the aqueous sample i in |
the sample chambcr 50, and are mtanded to react thh and capture (smd thereby
also xmmoblhze) a specxﬁc chemmal mmety in the hqmd blologwal sample ifie
is present. - | ' | o
Typical antlbody!anugen aud controls for use xn the spots 108, 110 112
and.114 in mnnu.uoassays arc well known to thosc sknlled in the art and are
described for cxnmple in such references as the Engclor__:egm of lmmunnlogx,
-Academlc Press Ed., Roitt, IL.M. and Delves, P.J., volume 2, pages 779-782 ( 1992)
and _Lazl_l_gitl_cmmmo_gy, 6th edidon, F lneguld S.M. and Martin, WJ., pages
5§71-S83 (1982). Similarly, nudexc acid ligands, which are well known to those
skilled in the art through, for cxample, United States Patent No. 5,270,163, may
be uscd i in place of antibodies in. well-known lmmunoassay formats.
In combinatmn with other reagents to be: descrlbed shortly, the
lmmnblhzed nuclelc acul pmbes and controls (ur, alter uatwely, antxbody/antlgcn
‘and cuntrols or nucleic acid ligand/earget and controls) 108, 110, 112 and 114
gcncrate cither a chromogemc, fluorescent, chemilmmnescent or bioluminescent
response that is suitable for optical detection. Radinlact'ive deiectidli methods
‘may alsn be used in the pradtice of the present invention. Prcferably, the
immobilized sputs 108, 110, 112 and 114 are all chcrmcally different fmm each
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+ ha
At

the Iiquid biological sanple to flow'through the liquid fl Th—from
sanpl e chanber to the waste chanber, ‘and to thereby be brodght!s &E&T:H:f\
wi-t h the i mobilized reagent, when centrifugal force is exerted BEPLASED -

l'i qui d bi ol ogi cal sanple by rotation of the holder. The apparatus afso
conpri ses at | eashhisShet SsBsewReplaged det ect i ng responses by the i nmobilize

reagents in the te
‘conponent in the |
rotary power can be se

£ BEEN

e presence of a chem cal .or bi oIIp |
al sanples. Preferably, the sou 7

ectively operated at two or nore different ™"

d

rotational speeds, so that liquids can be caused to flow in sequence from .
the sanpl e and reagent chanbers by-increasing the speed of rotation of the
rotatabl e holder in predeterm ned increnments sufficient to overcone the-

f1 ow resi st antheroso thageach spef/detests a differentianglyte.o Fhis allowes; thectest, unit 36

chanbers.

el B8 St By LRI O i e

and novel f

sample. The zone 54 oécupied by the spots 108, 110, 112 and 114 constitutes the

. detection site of the test unit 36,and in the illastrated embodiment this detection

. site simply comprises a portion of_ the channel 82. In other embodiments; the

detection site 54 may comprise a s'eparaté chamber or an'enlarged': 'sectio:i of the

- channel 82

* The liguid reagent 100 contained in the first reagent chamber 62 is
typically an enzyﬁie cbhjugated to a'hucleic acid probe (alternatively, thé enzyme -
is cdnjugated to an antigen or antibody in the'. case of an immunoassay, or to a
nucleic acid ligand dr target in the case of a 'n_hcleié acid ligand based assay).
The enzyme is typically alkaline phosphhtase, horseradish peroxidase, or the like.
The liquid ,nehgent 102 in the second reage_ht chamber 64. is typically an aqueous

- buffer/wash solution. Finally, the liquid reagent 104 in the third reagent chamber

66 is typically a substrate such as AEC, TMB,_BCIP/NBT, AMPPD, BBTP or

Lumi[ihos 530™ _foi' the enzyme in the liquid reageht 100. Other c_ohﬁgurationé

~ are possible; for é.xample, a liposome deteétor and wash may be used, and this

_will fequire_ one less reagent chamber and liquid reagent.

| By virtue of the linear arrangement of the chambers 50, 60, 62, 64 and 66
and interconnecting channels 8.2,' 84, 86 and 88, centrifugal force can be applied
by the apparatus of Figs. 1 - 3 to properly sequence the flow of the liquid
bioldg_ieal sample and liqﬁid reagents through the test 'unit_ 36. Centrifugal force .
is defined by the re.lationship: ' ' | | |

-17 -

ages -




v-gr_[_e,?;u. i
in conjunction with t B L HAS BEEN

more readily appreciated from t'he_ fol | owi ng' det ai | ed descri pg'[ 8@%

i Il gures, in which: LS .
perspective view of an Pl QERY Sc}aetemeﬁt 1ai st runent whi ch may b_é d R RGER,

out “a nunber of sinmultan e agnostic assays in accordance wth"
the present invention, WIIHM mu cover of the instrunment
REPLACEMENT SHEET Date: 1 hown in the open position YPATENT

i I. | ust r.at e the placement of the disposabl e-.t est units inside; ___———.P-3037-

C,= mre’
where:  C; = centrifugal force
| ‘m = mass |

r = radius of revolution

« = angular velocity

Although ce_ntrit"ﬁgal ahalyzefs are well known in dinical chemistry, these devices
typically use centrifugal force to mix different reagents. In the illustrated
_ embodiméni of the present invention, mixing occurs only incidentally (in the
waste chamber"O) and the cehtrifugal.’force. serves primarily to sequentially move
E 'the liquid biological sample and liquid reagenis across the immobilized reagent
© spots 108, 110, 112 and 114 by overcohﬁng'_ the ﬂow'resiéwnce of each of the
channels 82, 84, 86 and 88 in turn. This is possible since the chambers 50, 62,
64 and 66 are located at prbgfessi‘vély decreasing radial distances from the axis
 of the rotor 34 in Figs. 1 - 3, with the waste chamber 60 being located at the
outermost 'radia.l position so that it can receive liquids from all of the other
. chambers. In the preferred embodiment, t-hé center of the third reagent chamber
66 has a radius of révolutidh of about 1.1 inches, the center of the second reagent
- chamber 64 has a radius of revolution of about 1.6 inches, the center of the first -
reagent chamber 62 has a radius of revolution of about 2.1 inches, and the center -
* of the sample chamber 50 has a radius of revolution of about 2.85 inches. For
a given :anglilar velociiy, this results in a greater centrifugal force béing exerted
on the liquid in ea';h_ chamber as the radius of revolution increases. Accordingly,
for a given angular velocity, the sampie chamber 50 would have the most. force
“exerted on its contents, the first reagent chamber 62 would have a somewhat
smaller force exerted on its,contents, th_e second reagent chamber 64 would have

a still smaller force exerted on its contents, and the third reagent chamber 66 will

-18 -



Fig. 2 is an enlarged plan view of the automated test instrument of Fi g. 1’, _

showi ng.the location of the optical detectors which are usedito=dstect =
responses-by -t he |m__Qb—|LLzed_Leagent%4 ocated in the di spoiséﬂSé@EEDhASsBE‘:N {
Fig. 3 is an enlarged cross- sectlﬁ view of the autonmated

of Fig. 1, illustrat 4 of the drive notor and“Gtie

conponents of .the |ns

|IIustrat|ng one of t est units used in the |nstru.rg,l, 3‘f
n

is an enl arged perspective lyA= A
Fig. 1, Fig. 5is an expl oded view of the di sposabl e test unit sh
Fig. 4, illustrating the manner in which it is constructed; Figs 6A and 6B
are plan and side views, respectively, of the di sposabl e test unit shown in
Fig. 4, Fig. 7A'and 7B are enl arged plan and side views, respectively, of
t he : have an even smaller force exerted on its contents. Numencally, the force exerted

on the contents of the first reagent chamber 62 will be 3% of the force exerted

on the contents of the sample chamber 50, the force exerted on the contents of .
| the second reagent chamber 64 will be 56% ot‘ the force exerted on the contents_

- of the sample _chamber 50, and the force exerted on the contents of the third
reagent chamber_ 66 will be 38% of the force exerted on the contents of the sample
chamber 50. Conversely, to achieve the same given force on. the contents of all

| chambers, the angn'lar velocity ol‘ the t'irst reagent chamber 62 vyould have to be

- 116% of the angular veloclty of the sample chamber, the angular velocity of the
second reagent chamber 64 would have to be 133% of the- angular velocity of the |
' angular velocity of the sample chamber 50 and the angular velocity of the third
reagent chamber 66 would have to be 160% of the angular veloclty of the sample
chamber 50, | | .
Figs. 10A, 10B and 10C 1llustrate the disposable test unit 36 after a liguid
biologlcal sample 116 has been mtroduced into the sample chamber 50 and the

: sample has begun to be assayed. Assumlng that an integrated nucleic acid
amphficatlon and nuclelc acid assay is being carned out, the dried reagent spot
106 in the sample chamber has already dlssolved at this point and nucleic acid

- amplification has occurred in the liquid biological sample 116. The test unit 36

| has been placed into its assigned radial position on the rotor 34 of the apparatus

30 in Figs. 1 - 3, __and"the test unit 36 is being rotated at a threshold angular
 velocity that is sufficient to force the liquid sample 116 radially outward. The
channel 82, which i 1s normally closed by virtuae of its upper wall being resiliently

- held in contact w1th its lower wall, is forced open by the radial pressure exerted |
on the hquld sample 116. This is illustrated in Flg. 10C. Dependmg upon the
thickness and resiliency of the materials used for the top film 72 and bottom‘
portion 76 of the test umt 3¢, the openmg of the channel 82 may result from the

deﬂectlon of either the top or buttom wall of the channel, or both In the
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di sposable test unit of Fig. 4, with the adhesive seal or &sm,gspl@girq.g\s BEEN
ai

-shown in the open positi Figs. 8A and 8B are enl arged pl and E&T_;dela

vi ews, respectivel M test unit of Fig. 4, \wth=the

adhesi ve seal or cl o in the closed position; Figs. 9A and’
‘9B are enlarged plan naI views, respectively, of the

di sposabl e test unit |t m ght appear prior to the spATENK a
clinical diagnostic assay, e liquid biol ogical sanpl e not yER¥AVI Ng

been introduced into the sarrpl e chanber; Figs. 10A, 10B and 1CC are
enl arged pl an, side sectional and fragrrent ary views, respectively, of the
di sposabl e test unit of Fig. 4 as it m ght appear i mredi ately after the

_St arlt O_f a 'Cldhqlst%gtedderggo&l%{eng, e S&Xﬂecﬁohhistrrefatweﬁ'u small (on the order of 50
- - microns) and occurs pnmanly in the top wall of the channel smee_ the top film
72. of the test unit 36 is thinner a'nd more flexible than the bottom bortion 76.
The opening of the channel 82 allows the 'li'quid biological sample 116 to flow over .
'the immobilized reagent spots 108, 110, 112 and 114 and to react with the
rmm_oblhzed reagents at these locations. The hquld blologlcal sample 116 .'
continues to flow out of the sample chamber 50 through the channel 82 and mto
the waste chamber 60 untll the sample chamber 50 is emprty When the flow
stops, none ot‘ the hquld blologlcal sample 116 remams in elther the sample. '
‘chamber 50 or in the channel 82 and the waste chamber 60 is partlally filled. '
It w111 be noted that, while the amount of centnfugal t‘orce being exerted on the
hquld blologlc_al sample 116 i in Figs. 10A through 10C is sufﬁcx_ent to cause the
sample 116 to flow through the channel 82, it is not sufficient to cause any of the -
hquld reagents 100 102 and 104 to force open their respectlve channels 84, 86
and 88. This may result from the fact that the top surfaces of the hqmd reagents‘ o |
100, 102 and 104 have not yet tilted sufficiently to reach the level of the channel
openings in the respective wells 62, 64 and 66, as suggested in Figs. 10A through
10C, or from the fact the reagents, although having reached the channel openings, |
are not yet under sufficient pressure to force open the resilient walls of the
: channeis. Either o:r.'bo'th of these effects may be rdied upon in the practice of the
.pr'esen_t'inrention. 1n_ any event, to allow the liquid reagents 100_, 102 and 104 to
flow out of their respective chambers, the an'gular velocity of the rotor 34 in Figs.
1 - 3 must be increased. Until this occurs, the channels 84, 86 and 88 remain
closed and effectively seal off the respective reagent chambers 62 64 and 66 from
each other and from the sample chamber 50.
Figs. 11A and 11B illustrate the test unit 36 at a second threshold angular
_ veloc_lty that is higher than the angular velocity represented in Figs. 10A and 10B.
- This higher angular velocity is sufficient to force the liquid reagent 100 in the
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REPLACEMENT SHEET Date : 16 FEB 1996 9 biol ogi cal sanple bed | af =
fromthe sanpl e—chanber to the waste chanber; Figs. 11A and 1{1% ‘#I“‘ HAS BEEN

-enl arged plan an SI de sectiomat—wiews, respectively, of thd_disp *é*'h‘?‘%“ﬂ
test unit of Fig tHatBéEh jlacgPppear -during a later stage of a clinical
di agnostic assay, I quid reagent beginning to flow froma
first reageht c*"ha M te chanber, Figs. 12A and 12B ammkmrged
pl'an and side secti onal Vi espectively, of the di sposabl e te9t3og,|7| t of

Fig. 4 as i't might appear during a.still later stage

first reagent chamber 62 radially outward into the channel 84. This allows the
o liquid reagent 100 to flow through the channel 84 to the sample chamber 50, and
- from the sample chamber 50 through the channel 82 to the waste chamber 60.
In ﬂowmg through- the channel 82, the liquid reagent 100 flows over the
immobilized reagent spots 108, 110, 112 and 114 and reacts w1th the immobilized
reagents therem. The ﬂow of the hqmd reagent 100 contmues untll the reagent
chamber 62 and channels 82 and 84 are empty, and the llqllld reagent 100 has
been received completely in the waste chamber 60. It should be noted that, asa
result of the relatlvely hlgh magnitude of the centnfugal t‘orce apphed to the
liquid reagent 10_0 as compared to the force ot‘ gravity, the _hqnxd_ reagent doe_s not
accumulate to any appreciabie extent in the sample chamber 50 as it flows from
the channel 84 to the channel 82. Instead, the hquld reagent 100 ﬂows primarily
‘. . across the top of the sample chamber 50 between the outlet of the channel 84 and
inlet of the channel 82. As before, the centrifugal force exerted on the liquid
* reagent 100 in Figs. 11A and 11'_B' is sufficient to cause the:reagent 100 to flow
through the channei's’ 84 an_d 82, but is not sufficient to allow the ﬁquid reagents
102 a'nd 104 in the remaining reagent chaxnbers 64 and 66 to overcome the flow
resistance of their respective channels 86 and 88. In order for the liquid reagents
102 and 104 to begin to flow, the angular velocity must be increased still further
to increase the centnfugal force at these locations.

Figs. 12A and 12B illustrate the test unit 36 at a thll‘d threshold angular
velocity that is higher than the angular velocity represented in Figs. 11A and 11B. |
At this angular veloclty, the centrifugal force exerted on the liquid reagent 102 in
the second reagent chamber 64 is sufficient to overcome the flow resistance
exerted by the channel 86 and allow the reagent 102 to flow through the channel
'86. Accordingly, the reagent 102 flows to the waste chamber 60 via the channel
86, first reagent chamber 62., channel 84, sample chamber 50 and channel 82. In
ﬂowing through the channel 82, the liquid reagent 102 flows over the immobilized

2L



of a clinical diagnostic.assay, with a second |iquid reagen Dt:gl 1 EN
flow froma second reagent chanber to the waste chanber; "SB\%%E
are enl arged plan and side sectional views, respectively, { he

test unit of—El—g—4—as——|—t—m—gh{—appear dur| ng the . final stage of a clinical

di agnostic as ﬁas h cgd | i qui d reagent beginning to flow froma
third reagent wast e chanber, Figs. 14A and 14B apR TN ged
- plan and side s , respectlvel_y, of the di'sposable t_ejs‘tg‘o_lt of
Fig. 4 as it m er the conpletion of a clinical diagnostic

assay, with the liquid b| oI ogi cal sanple and all reagents having fl owed
into the waste chanber, Fig. 15 is a flow chart of -the steps .involved in

aesay usi ng TR A 206 LT o o 530 B BT e (oo
uni t Of Fi O.thérein. The liquid reagent 102 continues to flow until the second reagent
chamber 64 is empty and all of the reagent 102 has accumulated in the waste
'chamber 60. As before, the centrlfugal force exerted upon the liquid reagent 102
in Flgs. 12A and 12B'is sufficient to cause the reagent 102 to flow through the
channels 86, 84 and 82, but is not sufficlent to allow the hqmd reagent 104 in the
third reagent chamber 66 to overcome the flow resistance exerted by the channel
'88. In order to allow the liquid reagent 104 to flow into the. chnnnel 88, the
angular velocity must again be mcreased to t'urther increase the centrlfugal force
at the location of the third reagent chamber 66.

Figs. 13A and 13B illustrate the disposable test umt 36 at a fourth
threshold angular velocity that i _1s hlgher than the angl_llar velocity represented in
Figs. 12A a_d 12B. At this 'angular velocity, the centrifngal force exerted on the
liquid reagent 104 in the third reagent chamber 66 is sufficient to force_ open the
channel 83 and allow the reagent 104 to flow through the channel 88, Thls allows
the liquid reagent 104 to flow into the waste chamber 60 via the channel 88,
second reagent chamber 64, channel 86, first reagent chamber 62, channel 84,
sample chamber 50 and channel 82. In flowing through the channel 82, the _
liquid reagent 104 flows over the immobilized reagent spots 108, 110, 112 and 114
and reacts with the immobilized reagents in these spots. The liquid reagent 104

* continues to flow into the v_vaste charnber 60 until the third reagent chamber 66,
and all of the intewening' channels and reagent chambers, are empty. At this
.point, all of the liquid reagent 104 has accumula’ted in the waste chamber 60,
along with the hquld ‘biological sample 116 and the ﬁrst and second hquld
reagents 100 and 102. _

Figs. 14A and 14B illustrate the state of the disposable test unit 36 after

the liquid biological sample 116 and all of the liquid reagents 100, 102 and 104
| hnve been forced-through the channels and into the waste chamber 60. The
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Figs. 16A and 16B are graphs illustrating the manner in whi

‘rotatianal -

over time during an integrated nucleic acid anplification al

A Ted as s

 hTHISESHEET HAS BEEN
speed and tenperature of the disposable test unils ar eREBLAGED

assay, Uusi ngirchiotsilizedatagentespotsniis, Llrmatllafafd d141have gowlbeers expostmh\m the

chart of the_s s involved .in carrying out_an_ inmunoassay or CcC a

| i gand basedig ‘!Eg tsﬁﬂlﬂﬁt%ﬁ%@qﬂé?&hlmﬁﬁ?ﬁf ISARTRLS fq&aﬁ# ?ﬂé %4
%Sposabl © LRRt lxj'&ero fexll):('wﬁn‘e, and hcﬁ%cpkﬁ‘ Q@Mof SH%EBnDﬁggbccﬁQ:ontﬁﬁﬁzdlg?&e

~ increasing centrifugal forees generated by the i lncre_asmg angular velocities of the -

rotor 34 in the apparatus 30 of Figs. 1 - 3. As will be appreciated trom the
foregoing description, this order is as follows; first, the liquid biological sample
116; second, the enzyme ctinjugate 100; (hird, the wash solution 102; and fdur'th,'
(lie substrate 104, At this point, the immobilized rcagent spots 108, 110, 112 and

- 114 arc ready to be optically detected. Depending upon the substrate used, thé

mmobx!xzed reagent spots will exlnblt either color development, ftnarescence or

luminescence proportional to the amount of the pamcular apnalyte detected.
~ Fig. 15 is a flow chart which summurizes the series of operatmns camcd .

‘out by the operator and by the test instrumcnt 30 of Figs. 1 - 3 during an
- intcgrated nuclejc acid amplification and nucleic acid assay.' Figs. 16A and 16B

are graphs of rotatlonal speed versus the and temperature versus ume, "

vespectively, which will assist in the understandlng of the flow chart of Fig. 15.

With reference to block 120 of Fig. 15, the process is initiated by the human
opexatm by placing a liquid biological samplc into the sample chamber 50 of the
dmposablc test unit 36 through the sample port 74. In block 122, the dxsposable
test unit 36 is placed into its assigned radial position on the rotor 34 of the.' |
apparatus 30 (along with 'any_ other test units 36 that are o be assayed), and the

1id 32 is closed o séal the test units and_ hold them in position. A start command

is also applied, either automatically by closing the lid 32 or by depressing & -
‘separate pushbutton (not shown). Optionally, the rotor 34 of the apparatns 30

may have temperature cycling capability in order to accommodate the polymerase

chain reaction (PCR) nucleic acid ambuncatiun pméess. This is the cud of anjr

: n:quln:d activu by the hm.nan operator, and all subsequent steps im the proccas'

arc fully automated. It should be noted that the hquid blologlcal sample may be _' :

~ placed into the test unit sample chamber 50 either before or after the test unit -

is placed in the rotor 34, depehding upon the prefercuce of the operator.

This Sheet Hag Been R,
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Figs. 18A and 18B are graphs illustrating the manner in whic

rot at i onal
over time-during an inmunoassay or nucleic acid |igand based assayF
the automated test instrument of Fig. 1; Fig. 19 is a schematTc di agram

illustrating the manner .in which two or nore automated test. instrumrent of

speed and tenperature of the di sposable test unit 5’?‘@‘\’/&

AS Bt:l:l\j

the type illustrated in Fig. 1 nmay be controlled by a single hostP er,
which can in turn be connected to the |ocal area network (IAN): of—éf#.;tI

hospit al
- princi pal

Fig. 1, and Figs.

or

clinical I_aborator.y, Fig. 20 is a block diagramof the 3037
el ectrical conponents used in the automated test instrunent of .
21A and .21B are enlarged plan and side views simlar to

Fi.gs. 7A and 7B, respectively, illustrating a nodified enbodi nrent of the

di sposabl e test unBlockshi2duthrough 186 of (Eigi
_be understood to

mplification. In block 124 the rotor 34 is rotated at a speed of a few revolutmns
per minute (RPM) for the purpose of umfo_rmly heating all of the hquid
hiological samples in the sample chambers 50 test units 36 to the same
temperature. Rotation ehmmates hot. or cold spots and averages any local

' vanations in the temperatures of the heaters 48 and 52 across all of the test units

36. In block 126, the infrared heater 48 of Fig. 3 is raised to a _temperature

~ sufficient to heat all of the llqllld biological samples in the test units 36 to a

temperature of 41° C., the temperature necessary for amplification. '(The time-

‘temperature profile of the mfrared heater 48 corresponds to heating zone 1 in
. Fig. 16B, and the time-temperature profile of the mfrared heater 52 corresponds

to heating zone 2.) In block 128, an incubation time is proi}'ided for nucleic acid
ampliﬁcation to occur while the samples are maintained at 41° C. Amplification

" starts at the begmmng of the mcubation permd (point 130 in Fig. 16B) and is
- terminated approxunately two hours later (point 132 in Fig. 16B). In block 134

the mfrared heater 48 is controlled to raise the temperature of the liquid

: biologlcal sample in the test umts 36 to 95° C,, the: temperature necessary to

destroy the ampllficatlon reagents and terminate the ampht‘ieatlon process. This

corresponds to pomt 136 in Fig 16B. In bleck 138, a 3-minute mcubatlon time

- is provided for tlns destructlon to occur. The 1ncubat10n time ends at point 140
in Fig. 16B, and is followed by a cool-down step in block 142 of Fig. 15. During
-the cool-down step, the infrared heater 48 is controlled to reduce the temperature

of the hqmd blologieal samples in the test umits 36 to 37° C. for the assay
procedure to follow. In block 14, a suitable mcubation time is prov1ded to
assure that all of the liquid blolngmal samples have an opportunity to stabilize

at the same lotve'r temperature. This marks ‘the end of the amplification

procedure, and the nuclelc acid assay follows.
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refer to like parts and conponents. Detailed Description of {hg Prererred =1
Enbodi nents An autonmated test instrument 30 for carrying o&;ﬂ R’"i'f-ﬁalﬁ& BEEN”

clinical diagnostic assays in accordance with the present jtnvent]
illustrated in Fig. 1. The apparatus 30 is, in a preferred enbodi ment,
approxi mately .12. i nches wide by 12 inhches deep and 4.5 inches high. It
-includes - a bottom portion 31 and a hinged lid 32. A circular rotor 34 -
"housed in the bottom portion 31 receives and rotates a nunber of PAEENIabl e,
radial |y positioned, disposable (single-use) test units 36. The r &-343734
revolves in a plane parallel to the top of the apparatus 30 and causes -
centrifugal force to be exerted upon the disposable test units 36.
Positioned above the rotor 34 is an optical detector housing 38, which
contains |ight souh®&sckaé, ¥ ncldic dEHARES Beghts wilk hdfehtifg steplinGaich the
responses by immobilized reagents contained in the disposable test units

36. . The di spiafanred heater m&ﬁg@is controlled to raise the temperature of the detection

sites 54 of the disposable test units to 37° C., the desired assay temperature. In
block 148, the rotational speed of the rotor 34 is increased to a._ first threshold
speed which is suffi’cient_'to force the liquid biological samples to move ouf of the
sample chambers 50 of the test units 36 and_through the channels 82 toward the
waste chamber 60. Block 148 corresponds to point 150 in Fig. 16A. In block 152, -
 this rotational speed is maintained for a sufﬁcieht'period of time (typic_ally about
three minutes) to allow all of the liquid biological samiple to flow from the sample

" chamber 50 to the waste chamber 60. During this period, the liquid biological
 sample flows past the immobilized reagent spots 108, 110, 112 and 114 in the
channel 82, a_!i'nd reacts with t'h_e' reagents contained in these _spots. In blocks 154
and 156,- the rotatio_na[ speed of the rotor 34 is increa_sed to a second threshold
level (point 158 in Flg 16A) which is sufficient to cause the enzyme 100 to flow
 out of the first reagent chamber 62 of each test unit 36, and is maintained at this
rotational speed for a further period of timé (t_ybically about three minutes). “This
allows sufficient time for the enzyme 100 to flow completely out of the first
reagent chamber 62, past the immobilized reagent spots 108, 110, 112 and 114,
and into fhe waste chamber 60. In blocks 160 and 162, the rotatidnal speed of
‘the rotor 34 is increased to a third threshold level (point 164 in Fig. 16A) which
is sufficient to cause the ﬁquédus butfer/Wash solution 102 to flow out of the
second reagent chamber"64, and is maintainéd at that lé_ve_l for an additional
period of time (typically about three minutes). The period chosen is sufficient to
allow the aqueous buffer/wash solution 102 to flow completely out of the second
reagent chamber 64, past the immobilized reagent spots 108, 110, 112 and 114,
‘and into the waste chamber 60. Finaily in blocks 166 and 168, the rotational
speed of 'the rotor 34 is inereased to a fourth threshold 'lével_(point .170 in Fig.
- 16A) which is '_silffici_ent to force the substrate 104 to ﬂbw ouf of the thu'd reagent
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REPLACEMENT SHEET Date : 1 6 FEB 1996 11 are automati call y T[EFEG‘%TW:———“
retained in place on the rotor 34 by nmeans of a freely .rotat ﬁb”ﬁ:$’é’ﬁ5prZﬂ63 SEEN
carried by the lid 32. Fig. 2 nore clearly shows the radial j osi t RER-AGED -
the di sposable test units 36 on the rotor 34. The rotor 34 .preferably has a

di anet er of about 10 inches and the disposable test. units 36 are each
preferably about 3.7 inches |ong by about 0.45 inches w de ‘at the rounded
~(inner) end 42 and about 0.8 inches wi de at the square (outer) eRATENT The
rotor 34 acconmodates 12 di sposable test units -P-3037 '

- chamber 66, and is maintained at. that level for a further penod of tinne (typically
about three minutes). As before, this interval is sufficient to allow the substrate -

| t0 ﬂnw compietely out of the third reagen_t c'hax'nber.66, past the immobilized

 reagent spots 108, 110' 112 and 114 and into the waste chamber 60. At this point,
the hquld biological sample 116 and hqmd reagents 100, 102 and ‘104 have all
been sequenced, one at a time, past the lmmobnhzed reagent spots 108, 110, 112
and 114 by virtue of the progresswely mcreasmg speed of rotation of the rotor 34.
The nucleic acid assay is now complete, except for detection. Tn block 172, the

~ detection operation is carried out by slowing the rotor 34 to an inderting speed

| (point 174 in Fig 16A) and using the eptieal detector assembly 68 to illuminate
'and detect the nnmoblhzed reagent spots 108, 110, 112 and 114 in each of the

_ dlsposable test nmts 36. Depending upon the particular substrate used, the
immobilized reagent spots- 108, 110, 112 and 114 will be elther c_hromogemc,

: ﬂuorescent, luminescent or, as noted earlier, radioactive. It will be appreciated

. that the indexing speed of the. rotor 34 represented by point 174 in Fig. iGA may
either be constant or intermittent, dependmg upon whether the optical detector

| assembly 68 requlres that the test units 36 be stopped in order to properly detect
the immobilized reagent spots 108, 110, 112 and 114_. The optical detector

" assembly 70 of Fig. 3 indicates the position of each test unit 36 on the r_otor 34
and, in the case where the rotor 34 must be stopped for detection, also indicates
the proper stopped positions of the rotor 34. The .nuclei_c acid assay proeedure |
concludes in block 176, where data obtained from the bptical assembly 68 for
.ea'ch of the test'.unjts 36 is acquired, analyzed and archived by a comp_uter-based.
control system. | '_ o

Flg 17 is a flow chart which summarizes the senes of operatlons carried

out by the operator and by the apparatus 30 of Figs. 1 - 3 durmg an
immunoassay or nucleic aoid ligand based assay. Figs. 18A and 18B are graphs

of rotational speed versus time and temperature versus time, respectively, which
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36, arranged in a circunferential array of one disposable test unit every

30 degr.ees.
| @cati on so

passes by. Fig. 3 is a cross-sectional view of the apparat us

‘The optical detector housing 38 is positioned at aT,f"ngntTHAS BEEN
that each disposable test unit 36 can be scanned|ji n tugpppackd -
SE—A

m crocontrol | er board 46 provi des suitable ‘control of the electrical
corrponents of the- apparat us 30. A fixed;, first ring-shaped I nf r gaggppat er

48 is located proximate to the under5|de of the rotor 34 at a p

ere
the sanpl e/ anplification chanbers 50 of the disposable test units g are
exposed through holes 51 in the rotor 34. Infrared heating of the chanbers
50 is controlled by the mcrocontroll-er board 46. A second fixed,-

ri ng- shaped
rotor 34 at
54 of the di

the-.

infrared heater 52 is |located proximte to_the underside of the =

willassiat inithe anderstanding of the HgwirhartioE Bigs dd. dn Rlecksc178180; ¢ o5

r ot or nw hegt - hgmﬁa&dé% goflﬁgﬁégﬁcﬁed;ﬁ%g %sa?g%ﬂ??%'*'{}ed by

is commenced using the same steps as those described in connectlon with blocks
120, 122 and 124 of Fig. 15. In block 184, both of the infrared heaters 48 and 52

of Fig. 3 are controlled to heat the sample chainbers 50 and detection sites 54 of
the dlsposable test units 36 to the desired lmmunoassay or nucleic acld ligand -
based assay temperature of 37° C. .This xs indicated by pomt 186 in th. 18B.

After a short period of equilibration, the rotational .speed of the _rotor 34is
'sequence'd through fot;r pmgﬁssively increasing threshold levels, each followed

" by a three-minute incubation period. This sequence of events. is represented by |

blocks 188, 190, 192, 194, 196, 198, 200 and 202 in Fig. 17, which correspond,

respectively, to blocks 148, 152, 154, 156, 160, 162, 166 and 168 of Fig. 15. The

rotational speeds of the' rotor 34 in blocks 188, 192, 196 and 200 of Fig. 17 are
represented by the pomts 204, 206 208 and 210 respectively, of Fig. 18A. In

- block 212 of Fig. 17 (correspondmg to point 214 of Fig. 18A), indexed rotatlon of
~ the rotor 34 takes place to allow detection of the lmmoblhzed reagent spots 108,

110, 112 and 114 by the optical assembly 68 of Fig. 3. This step is equivalent to
that represented by block 172 in Fig. 15. In block 216 of Fig. 17, data acquisition,
analysis and archiving is carried out by the computer-Based _controi system as |
described previously in connection with block 176 of Fig. 15. ‘The assay is then
complete; It will be observed that the immunoassay or nucleic acid hgand based
assay procedure of Figs. 17, 18A and 18B is similar to the nucleic acid

amphficatmn and assay procedure descnbed prev:ously in connection with Figs.

15,16A and 16B except that the immunoassay or nucleic acid hgand based assay

does. not requu'e the two-hour mcubatlon penod used for nucleic acld

amphficatlon, nor the 41° C. and 95° C. heating steps.
~ Fig. 19 illustrates _the manner in which two or more of the automated test |

- instruments 30 of Figs. 1-3 may be connected to a single host computer 18. The
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m crocontrol ler board 46. It will be appreciated from Fig. »
51 ;and 55 are part of a radial pattern of . hol es .which are iHEﬁTtH’PeS BEEN
roter 34 for receiving various portions.of each di sposabl e|__ st (YAGED

i ncl udi ng the sanpl e chanber 50 and additional chanbers 60, 62, 64 and 66 L
to be described shortly. These holes allow the sanpl e chanber 50 and - .
detection site. 54 to be exposed to the respectlve I nfrared he S48 and

52 as al ready described, and al so assist in locating the disp t est
units 36 at the proper angular positions on the rotor 34. |f de ﬁ“?ﬂ,_the-
infrared heaters 48 and 52 can be incorporated into. the rot or :
REPLACEMENT. SHEET Date: 16 FEB 1996

host computer receives test results and other data from the internal

‘microcontroller boards 46 o_f the test instruments 30, and sefves as a gateway for
‘making this data available to Other compotefs 220, 222 and 224 on a local area
network (LAN)'226 within a hospital or clinical laboratory. The host eomputer
218 may be one of the complttete on the LAN..2_2_6, or it may be a separate
computer {Vhich connects to the LAN 226 by 'mlean's of a standard network

_ interface such as Ethermet. By distribqting the system in this -wéy, the test
instruments 30 can be operated essentially in the same manner.as'contputer
peﬁoheml de_viees for c_a_frying out data acquisition, and the assay results can be o
‘made generally - available throughout the organization served by thej- LAN.

.' Support for database operations, display and printing can be' provided .by
hardware already connected to the LAN 226, which reduces the need for dedicated
‘hardware. ‘Hospitals, in particular, often have a mix of mainframe.'computers,

: personal computers lmked by local area networks, fiber optlc networks and so
on'. It is desirable to be able to place a new mstrument on line without
substantially affectmg existing hardware and software, in order to mmlmlze the

~ installation cost of the neW in'strument.' In the case of the test instrutnent 30, this
is achieved by having the internal microcontroller board 46 run the instrument
30, so that the 'complttatiOnal overhead of the host computer 218 is reduced to the
point where it can run the test instrument 30 in_ the background. Moreover, by
lutilizin'g existing'standardized hardware and éoftw_are for display, printing, data
distribution and archiving, the manufacturing coé_t of the test instrurent 30 itself
is redtxced, and the cQét_of i'nstalling and maiﬁtaining the instrument 30 is also
reduced. T | - 1

Fig. 20 is a block Idiagram. il.lustrating the principal electrical components
of the automated test mstrument 30 of Figs. 1 - 3. The mlcrocontroller board 46
controls the operations of the &est mslrument 30 ‘md contains a mlcroprocessor,

read-on!y memory (ROM) for storing program ‘eode, and random access memory
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12 34, and in that event the holes 51 and 55 may be repl ace{fby_C
formed in the top surface of the rotor 34. Wth conti nued r ¢ff BiEn
56 and shaft 58 rotate the rotor 34 at various sdlecte
forces ‘to the disposable test units 36.

3, .a notor
to apply predeterm ned centrifugal

The rotating clanp 40 is attached to the lid 32 by neans of a rotatable
beari ng assenbly 59, -and mai ntains the di sposable test units 36 on the

rotor 34 during its. rot ation.

seal ing of the sanple ports of the disposable test units 36, as wiPB3082

described in nore detail hereinafter. Positioned above the rotor 34.in the

‘optical detector housing 38 is a first optical assermbly 68 which provides
illum nation and detection of the reacted i mobilized chem cal reagents

contai ned in mnfapaﬁmg&smstesum lafid 6mphibstional idati dafing optdation dfdke 2
nunber of sections as

test instrument 30. The mxcroeontroller board 46 received inputs from the first
and sepond optical assemblies 63 and 70 of Figs. 2 and 3. These inputs provide |
data relating.to assay test reshlts and the rotational position of the rotor 34. The
microprocessor also receives operator inputs from one or more external i_np'u.t
dévieés 228, which may consist of "start" and “stop" pushbuttons, a sensor for
detecting when the lid 32 is closed, and so on. The outputs of the microcontroller
board 46 are oonnected to the infrared heaters 48-and 52 and to the mot:or 56

through respective driver circuits 230, 232 and 234. The driver circuits provide -

appropriate interfacing, isolation and current drive foi' the heaters 48, 52 and
motor 56, respectively. De'pehding upon the type of motor 56 used, the motor
driver circuit 234 may include servo control circuits for operating the motor at

precise speeds and/or for mdexmg the motor between preclse rotatlonal positions.

' It_‘_a stepper motor is used for the motor 56, a known type of stepper motor drive
. circuit may be employed for the driver circuit 234. The optical sensor 70 used
for détecting the rotational position' of the rotor 34 may, if desii'ed, be replaced

with a shaft encoder coupled to the shaft 58 of the motor 36 or to the rotor 34.
The Ouiput 236 of the microcontroller board is preferably a 'standard interface,
such as an RS-232 mterface, which can be connected dlrectly to  the host

: computer 218 of Flg. 19.

Figs. 21A and 21B are enlarged plan and side sectional views, respectlvely,
of a modified embodlment 36’ of the dlsposable test unit 36 described prevnously.
In the modlfied er_n3bod1ment, the sa mple chamber 50°, waste chamber 60° and_

- reagent chambers 62, 64’ and 66’ are generally in the same positions as described

earlier, and the immobilized reagent spots 108, 110, 112’ and 114’ are disposed
in the channel 82’ connecting the sample chamber 50’ and waste chaniber 60’ as

~ before. In the modified emhodiment nl_‘l Figs. 21A and ZIB, howev_ef, t_he channels

- 84, 8¢’ and 88’ communicating with the reSpectivé reagent chambers 62°, 64’ and

B S - -29 - . eet Has Been Replaced
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shown, with each section |ocated above one of the inmobili igsr A %%'Eﬁ
(not shown) at the detection site 54 of. t_he test unit 36 |l|§ﬁ: gﬁ _
t he assenbly 68. Dependi ng upon the type of detection tec '

the optical assenbly 68 will typically contain (either in each section or f
‘as a common- conponent -for all sections) a xenoh or |aser diode |ight.

source; a photonultiplier tube, CCD line array or photodi ode; m
ssary

interference filters, lenses, shutters and other optical el enen

for the acquisition of the optical output of the inmmobilized chen®

reagents in the disposable test units 36. A second optical assenbly 70 s .
al so positioned above the rotor and is for the purpose of detecting mar ks

or notches (not shown) ‘at the edge-of the rotor 34, to indicate when.a
particul ar 06@eshdirecthytd theninlet3f rpstyeampend yf thedchandel 82,beithimitqussingby

e Tt Dot Rov ierboetiis, ket o Sharten” 1408 abfangemeit S8 B2 ©

e - preferable in that the flow of hquld reagents between the reagent chambers 62’,
64 and 66’ and the channel 82 is somewhat smoother and less lmpeded but it is
also more difficult to fabncate beeause the channels 84’ 86’ and 88’ run parallel
to each other for a portion of their length The modified embodiment illustrates
that the channels of the dlsposable test unit need not follow straight radial lines
relative to the axis of rotation of the rotor 34 in order for the liquid sample and

| - reagents to move between the various chambers under the inifluence of centrifugal
force. HWever, in order to insure optimum liquid flow through each channel,
there should prefera'blj'v.be a component of 'centﬁfugal force acting in the desired
flow direction at each point'along the channel. In practice, this means that the
channels can have any desired configuration as long as they-a're'non-'reversing;
that is, when viewed in the intended flow direction, each successive incremental .
secti_on' of the channel should be no closer to.the intended axis of rotat_ion (ie.,
.the axis of the rotor 34 in Figs. 1 - 3) than the preceding section. Viewed from
the standpoint of the test unit 36 or 36’ itself, the channels are non-reversing if
it is po‘ssible to select at least one axis of rotatio_n_ot' the test unit for which all
channels satisfy the previously stated condition. Clearly, there are many different
non-reversmg channel configurations which can be used in the practice of the :
present mventlon. _

In a further embodunent of the mventlon, not ﬂlustrated in the drawings,
the test unit 36 may comprise top and bottom portions corresponding generally
to the portions 72 and 76 in Figs. 4 and S, but made from a relatively thick, rigid

~ acrylic material. Rather than using heat sealing to secure the top and bottom
_.portions together andﬁto define the channels,' a thin. vinyl or polyester/ACLAR/
polypropylene membrane is.interposed between the top and bottom portions, and
. the underside of the top portion has a projecting relief pattern‘ which is in the
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4 and 5, there are three el enents which make up the basic
di sposabl e test unit 36. REPLACENENT SHEET Date : 16 FEB..1996.. 1
“First, athin, flexible top film72, which.is preferably nmade of a

transparent or translucent polyest er/ pol yet hyl ene or other heat -i%ggse
i e

the perspective view of Fig. 4, the expl oded vi ew of Fig. H’aﬁ_‘—
and side views, respectively, of Figs. 6A and 6B. Referri niy %‘%ﬂ § EﬁEEN
3 :

laminate approximately 0.005 inch.thick, forns.the top Iayer of t
unit 36. This top-film72 has a small hole 74 apprOX| rrately 0.1
di aneter which serves as a sanpl e port

shape of the heat seal pattem' 80 of Fig 6A. When the top and bottom portions |
" are secured together with screws or other sultable fasteners, the membrane
: prov1des a seal around the chambers and also defines the’ lnterconnectlng' '
channels in a manner slmxlar to the heat seal pattern 80. The flexibility of the
membrane closes off the channels in the_absence of centrifuga_l force _applied by
“the rotation of the rotor 34 of Figs. 1- 3, in the same manner as the flexible top
R _ ﬁlm '7_2 in Figs.'4 and 5. In this embodimen_t, the .immcbilized reagent spots 108,
110, 112 and 114 of Fig. 4 are preferably provided on the membrane (or on a
“nitrocellulose carrier that is affixed to the test unit by two parallel strips of
transfer ‘tape aligned in the "l'iquid flow direction) rather than on the acrylic
material. | ' | |
In the embodlment Just descnbed the walls ol’ the sample and reagent
chambers may be inclined at a somewhat shallower angle_ in the reglons
| imn_le(liately adjoining the channel entrances, in order to promote the entry of
liquid into the channels when'the test nnit is in use. Preferably, the inclination
angle becomes progresswely steeper w1th decreasing dlstance from the axis of the
rotor 34 in Flgs. 1 3~ that is, the shallowest angle is used for the sample
chambér and the steepest angle is used for the last reage_nt chamber. Thls is
advantageous in that it tends to widen the differences in the rotational sneeds at
which ‘the s'uccessivc chalnhers will empty of liquids. -In one possible
implementation, an inclination angle of 30° is used for the sample chamber exit
~ region and inclination angles of 48°, 67° and 85° respectively, are used for the exit
reglons of the succeedmg reagent chambers. In addltion to (or in lieu ot') the
mchned exit regions, the depth of the chambers may be made successively greater
in the du'ectlon from the sample chamber radlally inward toward the last reagent
_ chamber. By thus requmng the liquids in the successive chambers to cllmb |
. progressively greater dlstamces to reach the channel entrances, the differences in

the rotational speeds needed to empty the successive chambers will again be
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The test unit also.includes a thicker, rigid thernoforned

- depressions or wells 50, 60, 62, 64 and 66. The profile of
whi ch form cl osed chanbers when the top film72 is in place,

THESHOEE HRE pEEy
.76, preferably also transparent or transl ucent, contai ning it her mptpl ABED

can be seen in

the side view of Fig. 6B. The depth of the wells preferably varies from
about” 0. 150 inch for the sanple .chanber 50 to about 0..250 inch fqr the
wast e chanmber 60. The thernmoforned bottom portion 76 is preferab&?ﬂﬂﬂﬂg

a ri-gid polycarbonate film having a thickness of 0.007 to 0.015 i nB#037 -

al t hough other heat-resistant rigid plastic films (such as PET-G can be
“used.if desired. The test unit also includes an adhesive seal 78 which
serves as a ‘closure device for the sanple port 74. The adhesive seal 78 is

made of a polwidehatl. In'dne ﬁmﬁhmmﬂemehhtmnjmmhbymmephamr is4.4

sensitive adhesive, and oﬂftiong& over the sarrpl e %grt 74 dur

‘manuf.act ur e tlﬁﬂwsagnﬁ

pthsjof; the specesding

i ng
beps7are) ;7.1 e

test unit 36 lhﬁhﬂ?e@érs, 7.7 millimeters and 8.0 nulllmeter, respectively. It will be .

appreclated that the use of inclined chamber ex1t regions and varying chamber .

depths, although described in connectlon with the non-lllustrated modified
embodlment, may also be used m ‘the prevmusly-descnbed embodiments

| llllustrated in Figs. 1 - 21. '
As another feature of the modified embodiment described above, the.

channel connectmg the sample and waste chambers (correspondmg to the channel

_ 82 or 82’ in the dlustrated embodiment described prevnously) may be a fixed- '

' 'dlmensmn channel or eaplllary whlch remains open . even when centrifugal
‘pressure is not being apphed to the liquid in the sample chamber. This is
feasible since the sample chamber is normallj empty of liquid uhtil just before
E the test unit is placed into .use, and hence there is no risk ef ﬁqhids inadvertently
being caused to flow thfough the channel during shipping, storage and handling

of the test unit prior to use. Even with an ‘open chamiel, centﬁfugal force will

still be required to cause the liquid sample to flow from the sample chamber to |

the waste chamber, either because the liquid must incline_éoinewhat to reach the

channel entrance or because of the inherent flow resistance of the channel or

_capillary walls (or for both of these reasons). In some eases, these later effects
may exert shﬂici_ent_ flow control that resiliently constricted channei_ walls may be
‘omitted ‘from the test unit altogether, even for .the channels leading from the
. reagent chambers. Again, althmigh the use of fixed-dimension channels has been

~ described in connection with the non-illustrated embodiment, it is also apphcable
" to the prevmusly-descnbed embodiments illustrated in Figs. 1 - 21.

- Other modlﬁcatnons of the embodlments described herem are also

possxble. For example, two,or more parallel channels may be prov1ded between‘

~ the sample and wast_e chambers in lieu of the single channel 82 or 82, .to‘
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sealed to the thernof or med bottom portion 76 in order to ¢ et ' =
unit structure. The heat seal pattern 80 between the top f|i FSEHERHIHAS BEEN
t her nof or med ‘bott om portion 76 is indicated by stippling fln_Fi gREBKCERd -

will be seen-to define a series of channels 82, 84, 86 and 88 whi Ch
i nterconnect the chanbers fornmed by the wells 50, 60, 62, 64 and 66. These

channel s ‘have wi dths- and | engt hs as defined by the -heat seaI | ngm
but ‘the hei ght. di nension of each channel is essentially zero si eis
no spacer ‘el ement between the top film 72 and ther nof or ned bot t omEr803fur i ng
the heat sealing operation.. This provides a degree of flow resi st ance which
~allows the channels to control the flow of |iquids between the various

.chanbers, as will be discussed in nore detail shortly. It will be observed -
t hat the heatfacilisite the déteptionr bﬂdﬂi‘drentsanﬁlbdfﬂesemedryamaypestdfammpnbadsays _ '

(e g., the IGG and IGM antibodies in an assay for Rubella) Altematlvely, two
or more independent sample chambers and channels may be prov1ded thereby
t‘ormmg the functional equwalent of two separate test units with common reagent )

- and waste chambers. In any or all of the embodiments descrlbed herem, ventmg '_

| may be prov1ded in the various chambers of the test unit to promote liquid flow

~ through the mterconnectmg channels but thls should be done in such a way that
the test unit remains effectively sealed agamst contammatlon. Also, it will be
apparent that the channels connectmg ‘the various chambers can be demgned with

- different ﬂow resistances if des;red and this may make it un_necessary to locate
the chambers at different radial distances from the axis of rotation in order to
cause the llquld biological sample and liquid rwgents to flow sequentially with
mcreasmg .rotatlonal speed. Asa further alternatlve, the orientation of the test
units on the rotor can be changed durmg the course of the assay, elther manually
or by a mechanical actuator within the test instrument 30, in order to modllfy the

- centrifugal forces apphed to ‘the chambers. It will also be appreclated that the
constrxcted channels used in the illustrated embodiments may be replaced with
other types of flow control devices if desired, such as val‘_'es, weirs, caplllanes or
the like. Microchannels of the type described in the aforementioned co-pending
U.S. patent application of Hugh V. Cottmgham, 1ncorporated by reference herem,
may also be used for this purpose. ' _ .

' The foregoing is illustrative of the present invention_,"and is not to be
construed as lum.tmg thereo_f, as uumerous' alternatives to the devices and
methods described which incorporate the present invention will be apparent to '.
‘those skilled in the art. The invention is accordingly defined by the followmg

- claims with equlvalence of the claims to be 1ncluded therein.

L 3
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formthe channels 82, 84, 86

-REPLACEMENT SHEET Date : 16 F EH i to the bottomp
tosmatch the desired heat sea , ﬂ H

i onal- heat ed{[p '3' %*E’?JﬂégBEE
‘be used to

heat sealing step. The assenbl ed test unit 36 i's illustrated in Fi gs.
and 7B with the adhesive seal 78 shown in the open position, and wth the

reagent chanbers 62,. 64 and 66 shown pre-filled with liquid rea
narrow secti on 90 of t he adhesive seal 78 is bonded, heat-seal emb{f

otherwise affixed to the top film72 of the test unit 36. The rendi-#?3g
portion of ‘the adhesive seal 78 conprises a flap 92 which is joined to the
~ bonded secti on 90 by a fold line 94, and mhlch carries

THAT WHICH IS CIAIMED IS:

1. A test unit for carrying out a chmcal dlagnostlc assay, comprising:
a sample chamber for recemng a liquid blologxcal sample to be assayed '
" a closure for sealmg said sample chamber; |
 a sealed waste chamber for recewmg sald hquld blologxeal sample from
said sample chamber; '
. a ﬁrst liquid f ﬂow path l'or saxd liquid blologwal sample extendlng between
sand sample chamber and said waste chamber;
_ non-franglble flow control means for preventmg the flow of said llqllld
.blologlcal sample through said first llqllld flow path in the absence of a l‘orce
applied to said sample, and for permitting said liquid blologneal sample to flow
through said first liquid flow path when at leas_t a predetermmecl minimum force
is applied to said sample, and , |
at least a first immobilized reagent dlsposed in said hqmd flow path for
contactlng said . hqlnd biological sample as sald sample flows from said sample
chamber to said waste chamber.
2. A test unit for carrying out a clinical diagnosﬁe assay, comprlsing:
a- sample chamber for receiving a liquid biological sample to be assayed;
a closure for sealing said sample chamber; |
a sealed waste chamber spaced from said sample chamber for receiving _
said liquid 'biolog.i.eal sample from said sample chamber;
'  afirst liquitl flow path for said liquid biolog_ieal aample, said first liquid
flow path extending in a non-reversing manner between said sample chamber and -

said waste chamber; and

: This Sheet Has Been R
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a pressure sensitive adhesive (not shown) on its | ower sur ] '
flap 92 is rotated about the fol ine 94 in the direction qﬁ%%‘% §gﬁ:’%§l
~arfow 98, the f econes adhe3| vely bonded to the topLfil Rt

t hereby cl oses o mmml& 74. This allows the test unit 36 to be-
sealed with respim‘“mm ‘environment afteéer a liquid biological
sanpl e has been intréduted*i nto t he sanpl e port. 74. | f- desired, 3 Egﬂyvabl e
rel ease | ayer (not shown). can be provided on the bottom surfacek t he
flap 92 to prevent the flap 92 from beconing inadvertently attach®d03% the
top film72 before the liquid biological sanple has been introduced. Figs.
8A and 8B illustrate the test unit 36 after a |liquid biological sanple has
been introduced into the sanpl.e chamber 50 through the sanple port 74. The

adhesi ve seal 78 atdesstawfirstrinirhebilized echgens disposed ithiémqnndaﬂomthtfer
l'i quid biological, sanpl e in the sanple chanber. 50 and gentlng
_cont am nat i s9utactingsaid liquid biological sample as said sample fl ws m sai sample

chamber to sa1d waste chamber.

3. A test lllllt as claimed in claun 1 or 2 wherein said lmmoblhzed reagent

comprises a nuclelc acid probe.

4. A test unit as claimed 'in'claim 3, further comprising a dried amplifi eatinn
reagent dlsposed in said sample chamber for carrymg out nucleic acid

amphﬁcatlon in sald hquld blologlcal sample.

s, A test unit as claimed in claim 1 or 2, wherein said sample chamber is
provided wnth an opemng for allowmg said liquid biological sample to be
introduced into said sample chamber, and wherein said closure is movable from

_an open posmon to a closed position to seal said 0penmg after sald hqmd' '

biological sample has been mtroduced

6. A test unit as claimed in claim 1 or 2, further comprising_: _
at least one reagent chamber for co'ntaining a liquid reagent; and -
‘a second liquid flow path between said reagent chamber and sald first

hqmd ﬂow path.

© 7. A test unit as claimed in claim 6, wherein said second liquid flow path
communicates directly with said first liquid flow path.

8. A test umt as claimed in claim 6, wherein said second liquid ﬂow path |

commumcates mdlrectly w1th said first liquid flow path through saxd sample

chamber.

numiﬁiimmﬁ““‘




'surroundl ng environment. In operation, the adhesive seal 78|fi 4
‘aut omat,ical l'y closed by the rot ating clanp 40 of Figs. 1 an SL'E@;‘%'{%PEEN
32 «of .the test cl osed.. This saves a consid

time when a nu iare bei ng processed si nul t aneous| y, Ssince
the human operqmmm’kflmmumm ed to seal each test unit individually. The:
~automatic seali ceature 18 atso |rrportant fromthe standp0| nt 1 ding -
cont am nation, since REPLACEMENT SHEET . Date :16 FEB 199&’%&@3

cl osi ng of t he I|d 32 will p03|t|vely ensure that aII test units afed03
property . - : _ :

| 9. A test unit as clalmed in clalm 1, wherem:
sald first liquid flow path compnses a channel, and wherein said non-
franglble ﬂow control means comprises at least a portion of sald channel wlnch o
constncts to prevent the flow of said hqmd biological sample through said '
channel in the absence of a force applied to said sample, and which expands to
. permit said liquid blologwal sample to flow through sald channel when at least

- said predetermmed minimum force is ‘applied to said sample.

10.  A'test unli_t'as_ (_:laixned in claim 9 wherein said channel or portion thereof
comprises opposed walls Which are substantially in contact with each other in the
" absence of a force applled to said liquid biological sample, at least one of sald"
walls having sufficient res:hency to allow said walls to be forced apart to pemnt
said liquid blologwal s_ample to flow through said channel when at least said

o predetérmined minimum force is applied to said sample.

11. A method for carrying out a clinical diagnostic assay, comprising the steps
o B - . _ | o _
| ~ providing a test unit having a sample chamber, a waste chamber spaced
from said sample chamher, a first liquid flow path between said sample chamber
and sald waste chamber, and at least a first immobilizedl reagent disposed in said
first liquid flow path; ' |
introduclng a liquid 'biological sample into said sample chnlnber'
'_ mounting saxd test unit for rotatxon about an axis with said test umt-
'onented such that rotatmn about saxd axis causes centnfugal force to be applied
to said liquid biological sample in a direction from said sample chamber to said
_waste chamber;
. rotating said test unjt about said axis at a first rotatlonal speed sufficient
to cause said liquid biological sample to flow through said first llqul_d ﬂow path

laced ’
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seal ed before the assays are carried out. Figs. 9A and 9B Fa—ed=pan

and si de sectienral—views;—respecttvely, illustrating the d sBE’!§a?tﬂ%thd¥§ BEENj
‘uni.t .36 as it m to the start of acllnlca] dlaqﬁﬁgtgéi)?J
. assay.. The sarrp mmmﬂ ﬁ!‘ |ch s .shown enpty in Figs. 9A and .

connected by ne 82 to the chanber 60, which serves as a

‘wast e chanber for receiving the I|qU|d bi ol ogi.cal sanple and Ii ,

‘reagents used during the assay. The sanple chanber 50 is also ¢ .by
agen

~mearis of the channel .84 to the chamber 62, which serves as a re

. chanmber for containing a first liquid reagent 100. The channel 86 connect s N
the first reagent chanber 62 to the chanber 64, which serves as a second

reagent chanber for containing a second |liquid reagent 102. Finally, the

channel 88 c firomechid sdmplehehamberctd said iwaste bbapber b§ centrifvigak foregyandksta

third reagent, ch nber for Lnin t hi rd I| d reagent 104. Typically, )
the reagent EHELR %ﬁofﬁﬁg o%[?zed gm& o

detectmg the presence or absence of a chemical or biolegical component
in sald liquid blologlc_al sample based ona response or lack of response of said

first immobilized reagent to said liquid biological sample.

12. A method as claimed in claim 11, wherein sald first hquld flow path
‘normally provides sufficient flow resistance to prevent the flow of said liquid

- biological sample _through said first liquid flow path, and wherein the step of
rotating said test unit about said axis causes said liquid biological sample to
overcome sald flow res1stance by means of the centnfugal force apphed to said

liquid blologlcal sample.

13. | - A method as claimed in claim 12, wherein said test unit further comprises
a reagent chamber contammg a liquid reagent and a second liquid flow path

between said reagent chamber and said first liquid ﬂow path, said reagent '
chamber belng positioned such that rotatlon of said test unit about said axis
causes centnt‘ugal force to be applied to said liquid reagent in the direction from
said reagent chamber to said first llqmd ﬂow path, said second liquid flow path
 providing sufﬁclent ﬂow resistance to prevent the flow of said hqmd reagent
through sald second hquld ﬂow path when said. test umt is. rotated at said first

: rotatxonal speed, and further comprising the step of:

: subsequent to the step of rotating said test umit about said axis to cause

said liquid biological sample to flow through said first liquid flow path, and prior E
to said detection step, rotating said test unit about said. axis at a second
rotational speed greater than said -ﬁrst rotational. speed to cause said liquid
reagent to flow through saigd second liquid ﬂowt path from said reagent chamber

il \|ii\T i \m ]



66 Will be pre-filled with the respective liquid reagentsf

—ana_ 1%
bef or e .t he ‘Fﬁﬁ\f—LLmM%h\ert est unit is heat sealed to % Eﬁ"AS'BEEN
porition 76, al | of theTeagent chanmbers 62, 64 and are QED_V\Lth
respect to tmmm, 1 uﬁ vironnment, and the same is true of the waste
chanber 60. m’;arrpl e. port 74 as the sole nmeans of fluid -

comuni cati on between the éxterior and interior of the test unltggi,g__en
the test unit is adapted for carrying out ‘an integrated nucleic

anplifi cation.and nucleic acid assay, a dried spot. 106 of cheni caIP'?'@%ﬁgents _'
is.affixed to the bottom of the sanple chanber 50. This dried spot contains

all of the various reagents necessary for nucleic acid anplification,
-exanpl es of such reagents being disclosed in.the above-identified
co- pendi ng Uwsamnllqahbﬂowphtmlandfthtmgh sdid fiesttliquidh Sowapath té eaid waste ei c

Acid Anplificati Met hod and Appar at us" When the test unlt 36 is i nt ended

for an i mun&83 r°or nucl ei c

w

14. A method as clainied in claim 11, further comprising the step of sealmg

said sample chamber after mtroducmg said liqmd biological sample therein and

before causing‘lsaid. liquid biological sample to flow th_rbug‘_h said first liquid flow
‘path. o |

15. - A methdd as claimed in claim 14, wherein said w‘aste chamber is sealed
to prevent leakage of said liquid blologieal sample therefrom, and further

_ compnsmg the step of disposmg of said test unit after said detection sbep.

-16. A method as claimed in claim 11, wherein said test unit furiher coniprises

a second immobilized mageﬂt' disposed in said first liquid flow path, said second

immobilized re‘agent being different from said ﬁtsi: immobilized reagent to detect

- a second chemical or biological component in said liquid blologwal sample, and
further wherein: ' _

- the step of rotating said test unit about said axis at said first rotational
speed to eqiise said liquid bioiogieal sample to flow through said first _liquid _ﬂow
path _and to thereby contact 5aid first immobilized reagent also causes said liquid

' biol_ogieal sample to coiltaet said second "immdbilized reagent; and |
| said detection step includes the step of detecting the presence or absence
of said second cher:iieal or biolqgicai compo_neli_t based on a response or lack of |

response of _said second inimobilized reagent to said liquid biological sample.

17. A method as claimed in claim '1'1 Wherein said immobilized reagent
compnses a nucleic acid probe, and further compnsmg the step of carrymg out

‘nucleic acid amphﬁcatlon in said liquid biologlcai sample after mtroducmg said
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may

reagents.inth re carried ina readily so
such  as trehal ose @r er bohydrate These reagents wl |
en

spont aneously re-suspen *exposed to an. aqueous sanple intruduced into

acid ligand baw spot 106 can contain otfner
. REPLACE T Date %6 FEB 1996 16 be del et edrrgfrﬂ% Fgf'ﬁ [@%EE"‘
I

uble

the sanpl e chamber 50, and are not in.any way | mobi |.i-zed. By . caontrast
dried and i mmobilized nucleic acid probes and controls are proﬁﬁm

114.

fixed | ocations in the channel 82 in the form of spots 108, 110, Ift:’&:'ﬂand .
In- the ‘case ‘or an :

‘sample into said sample.chamber 'an'd before causing said sample. to flow through

said first liquid flow path.

18. An apparatus for performmg a plurality of clinical diagnostic assays
ubstantlally s1multaneously, said apparatus comprising:
' a rotatable holder for carrying a plurality of test umts and for rotatmg
said test umts about an axis; ' _
a source of rotary power for rotating said rotatable holder about sald axis;
and |

a. plurahty of test umts carried by sald rotatable holder and spaced

| clrcumt‘erentlally about said axxs, each of sald test units comprlsmg a sample

chamber for rece1v1ng a liquid blologlcal sample to be assayed a waste chamber

~ for receiving said liquid biological sample from said sample chamber, a t‘irst. |

liquid flow path between said sample chamber and"said waste chamber, and at |

least a first immobilized reagent disposed in said first liquid flow path, each 'of .
said dlsposable test umts being oriented with respect to said rotatable holder in
a manner such that said sample chamber is located closer to said axis than said

waste chamber in order to cause said. hquld biological sample to ﬂow through

said first liquid ﬂow path from said sample chamber to said waste chamber and

to thereby be brought into contact with said first immobilized reagent when

centnfugal force is exerted on said liquid biological sample by rotation of said
holder at a first rotatlonal speed _

19. An apparatus as clalmed in claim 18, further comprising at least a first
sensor for detecting responses by said first lmmoblhzed reagents of said test umts

to the presence of a chemlcal or biological component in sald hquld blologlcal
samples. '
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| mmunoassay, the spots will conprise antibody/antigen and D%ﬁ%ﬁ' ;
in the,case of a nuﬁ—aﬁet—d_u_gMased' assay, the spotgjw ]
nuclelc aci d Ilgand/ ontrols In all cases, theli:

spots are different glﬁu ”mzagents 106 in that they arc not
sol ubilized by the aqueou t he sanpl e chanber 50, and are - .

i ntended to react with and capture (and t hereby al so i mmobili ze) ific
chenical noiety in the liquid biological sample if It is. present% -
“anti body/ anti gen and controls for use in the spots 108, 110, 112 324 in
i mmunoassays are well known to those skilled in the art and are descri bed
for exanple in such references as the Encycl opedi a of | mrunol ogy. Acadenic
Press, Ed., Roitt, I.M and Delves, PJ., volune 2, pages 779-782 (1992) and
Di agnostic MOcr ohmapp;ayatuﬁtds mintedcm clainnﬂgcﬂrtrelﬁ shid first skiesariis moivaled

571-583 (1 | & , I d whi ch ¢
F ggte tstose _ gil?xe%) posntlum w1th r\espencltcto%hfd ?octatabll ﬂalr(]ier. 'chare _We T‘OW”

?t}é‘%}ﬁam

21. ' An apparatus as claimed in claim 20, wherein said source of rotary power = -
is adapted to index said rotatable holder about said axis in order to allow said
first sensor to detect said responses during stopped intervals of said rotatable
holder. -

22. - An apparatus as claimed in claim 18, further comprising at l'eas't.a- first

- heat source for applying heat to the Sample chambers of said test units."

23, An apparatus as claimed in claim 22, further comprising a second heat
source for applying heat to the first liquid flow paths and first immobilized

reagents of said test umts.

24.  An apparatus as claimed in claim 23, wherein said first and second heat

sources are disposed at fixed positions with respect to said rotatahle_holder.

—25. An apparatus as clalmed in claim 18 whereln each of said test units
~ further comprises: - - '

a reagent chamber for containing a hquld reagent, said reagent chamber
bemg lacated closer to sa1d axis than said first’ hqmd flow path when sald test
_umt is carried by sald rotatable holder; and

a second hquld flow path be_tween said reagent ehamber and said first
liquid flow path_, said second liqluid ﬂqw__path including flow control means for
preventing the flow of said liquid reagent therethrongh at said first rotational

' i speed and for permitting the flow of said hquld reagent therethrough at a second
'rotatlonal speed hlgher than said first rotational speed; -

- 40 - s Sheet Has Been Replaced -




skilled in the art through, for exanple, Unlted St ates Pal{efiligNueeT HAS B
be used in place of anti bod| es in well-knoyn | MyASasSRY

5,270,.16
formats.
i mobi | i z
ant i body/

EEN

java

I n conbl\ﬁ-mw-t_h ot her reagents to be descri b&g=shertiy

I, obes and controls (or, alternatively, .
E (!EFI s or. nucleic acid ligand/target and control s)
108, 110, 112 an'd 1 =

ate either a chronmogeni c, fluorescent

chem | um nescent or bi oI um nescent .response that is suitable A _
Radi oactive detection nethods may also he used in th®-#Hctice

- detection. _ .
~of the present invention. Preferably, the inmobilized spots 108, 110, 1112

and 114 are all chemcall y di fferent from each ' REPLACEMENT SHEET

and wherem said apparatus further comprises control means connected to
said source of rotary power for selectively operating said source of rotary power

at sald first or second rotatlonal speed

26 An apparatus as clalmed in claim 19, wherem each of said test units
compnses a second immobilized reagent dlsposed in said first liquid flow path,

said second immobilized reagent being different from said first immobilized

- reagent for responding to the presence of a different chemical or biological
component in said liquid biological sample, and urherein “said apparatus
~ comprises at least a second sensor for detecting responses by said second

" immobilized reagents.

27 An 'apparatus as claimed in claim 26 wherein said first and second

~ immobilized reagents generate responses selected from the group consxstmg of

chromogemc, ﬂuorescent, chemllummescent, blolummescent and radloactrve

' responses.

- 28. An apparatus as claimed in claim 18, further comprising automated
. control means connected to said source of rotary power and to sald sensor for

 effecting automatlc control of said apparatus.

29. A method for performing a. plurality of clinical dlagnostlc ‘assays
substantlally s1multaneously, compnsmg the steps of: ' _

provrdmg a plurahty of test units for recewmg liquid blologlcal samples
to be assayed, each of said test units havmg a sealable sample port through which
said liquid biological sample is introduced inte said test umt;

providing a test apparatus for recelvmg said plurahty of test umts, sald
test apparatus having means for seahng said sample ports; _

_ R
heet Has Been RTlaced
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Date: 16 FEB 1996 17 other, so that each spot d'et ects a di TE’{'§ Lie E{‘@J&ét&EN .

u
%a_w_

on: t.he .sane I|qU|d b|oIo | The zone 54 occupled_

108, 110, 112 an ﬂﬂ“@wt he detection site of the test unlt 36,
and in the |Ilust this detection site sinply conprises a
portion of . the channe‘i 82. I'n other enbodinents, the detection gite 54 may .-
conprise a separate chanber or an enlarged section of the chann@ARENT The

| i quid reagent 100 contained in the first reagent chanber 62 i's t D032l | y
an enzyme conjugated to a nucleic acid probe (alternatively, the enzynme is

conjugated to an antigen or antibody in the case of an i nmunoassay, or to a =

nucleic acid ligand or target in the case of a nucl eic acid I|gand based
assay) . . - placing said test units into said test apparatus; .

mtroducmg liquid bxologwal samples into sa1d test units thmugh saxd
sample ports; and , _
operating sald sealmg means to seal tl1e sample ports of sald test units.

30. A m'éthod as clhim_éd in cléim' 29, wherein said each _6f ‘said test units
includes an adhesive closure for sealing said sample port, and wherein the step
of operating said sealing means éomprises the step of pressing said adhesive

closure over said sample port in order to seal said sample port. .

31. A method as claimed in claim 30, whe'rein- the step of préssin'g said
| 'adheswe closure over sald sample port is carned out by closmg a hd of said test

_ apparatus.,

-
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The enzynme is typically alkaline phosphatase, horseradi sh pe dﬁﬂﬁé&@“ﬂﬁASEE:N '
the like. The liquid reagent 102 in the second reagent chambfr 64 REPLACED |
. typically an aqueous buffer/wash solution. Finally, the |iqudTeagent 104
“in the third'reagent chanmber 66 is typically a substrate such as AEC, TNB, -
BCl P/ NBT, - AMPPD, - BBTP or Luni phos [err] for the enzyme in the liquid
reagent 100.. Qther configurations are possible; for exanple, alp
detector and wash may be used, and this-will require one |ess reangﬁ‘
chamber and liquid reagent.- By virtue of the linear arrangement o Z :
chanbers 50, 60, 62, 64 and 66 and |nterconnect|ng channel s 82, 84, 86 and
88, centrifugal force can be. applled by the apparatus of Figs. 1- 3to
properly sequence the flow of the | i d biological sanple and quuid

piSCE oSt

reagents t hr ABSERALT OQF THE, DIS #ifugal force is defined by the

~relati o.ns_hi p- A disposable, self-contamed test unit is prmnded for use in carrymg out - -

éri immunoassay or an integrated nucleic acid ampl_lﬁcatlon and nucleic acid

assay. The test unit ix_icludés sample, reagent and -wast_e chambers, and the flow

of sample and reagent _liquids'. is controlled by centrifugal force. Different liquids -

may be caused to flow at. different times by.loc‘.ating the chamﬁem at dift‘ereht ‘-

radial distances from the axis of rotation, and progresswely mcreasmg the speed. |
- of rotatlon_ d_urmg the assay _procedure. An automated test mstrument for'

receivihg and rotating a number of such test units is also disclosed.

This Sheet Has Been Reﬂlaced ;_ '
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REPLACEVMENT SHEET Date: 16 FEB 1996 18 [err] = [err] where: =
centrifugal force m= nmass r radius of revolution = angular velocity

Al t hough centrifugal analyzers are well known in clinical chenistry, these
devices typically use centrifugal force to nix different reagents. In the
illustrated enbodi nent of the present invention, mxing occurs only
incidentally (in the 1/24 '

FIG—1



wast e chanber 60) and the centrifugal force serves primarily to
sequentially nove the |iquid biological sanple and |iquid reagents across
the i mobilized reagent spots 108, 110, 112 and 114 by overconing the flow
resi stance of each of the channels 82, 84, 86 and 88 in turn. This is
possi bl e since the chanbers 50, 62, 64 aq9'26 are located at progressively
decreasing radi al distances fromthe axi&/ 8f the rotor 34 in Figs. 1 - 3,
with the waste chanber 60 being | ocated at the outernost radial position so
that it can receive liquids fromal of the other chanbers. In the
preferred enmbodi nent, the center ¥ the third reagent chanber 66 has a
~radius of revolution of about 1.1 ijnches, the center of the second reagent
chanmber 64 has a eadius of revolutd on of about 1.6 inehes, the center of -
the first reagentMhanber 62 has & radius of revoluti'Qn of about 2.1
I nches, and the cepter of the sanpte chanber 50 has a Jadius of revol ution
of about 2.85 inclfes. For a given angular velocity, this results in a
greater centrifugsgforce being exerted a “\\

-

FIG—2



on the liquid in each chanber as the radius of revolution increases.
Accordingly, for a given angular velocity, the sanple chanber 50 woul d have

the nost force exerted on its contents, the first reagent chanber 62 would -
have a sonewhat snaller force exerted on its contents, the second reagent

chanber 64 would have a still smaller force exerted on its contents, and
the third reagent chamber 66 will RER/RENVENT SHEET Date : 16 FEB 1996 19
have an even smaller force exerted on its contents. Nunerically, the force
exerted on the contents of the first reagent chanber 62 will be 73% of the

force exerted s\\\_\\\\\\\\\\\\\
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on the contents of the sanple chanber 50, the force exerted on the contents
of the second reagent chanber 64 will be 56% of the force exerted on the
contents of the sanple chanber 50, and the force exerted on the contents of
the third reagent chanber 66 will be 38% of the force exerted on the
contents of the sanple chanber 50. Conversely4i®gachi eve the same given
force on the contents of all chanbers, the angular velocity of the first
reagent chanber 62 woul d have to be 116% of the angul ar velocity of the
sanpl e chanber, the angular velocity of the second reagent chanber 64 woul d
have to be 133% of the anguyar velocity of the angular velocity of the
sanpl e chanber 50, and the<shngul ar velocity of the third reagent chanber 66
woul d have to be 160% of the\angul vel ocity of the sanple chanber 50,
Figs. 10A, 10B and 10C il lustra e4’ di sposable test unit 36 after a

l'i qui d biological sanple 116 hasyhgey introducedg nto the sanple chanber 50
and the N :

66

FIG—4

42



sanpl e has begun to be assayed. Assuming that an integrated nucleic acid
anplification and nucleic acid assay is being carried out, the dried
reagent spot 106 in the sanple chanber has al ready dissolved at this point
and nucleic acid anplification has occurred in the liquid biological sanple
116. The test unit 36 has been placed into its assigned radial position on
the rotor 34 of the apparatus 30 in Figs5424 3, and the test unit 36 is
being rotated at a threshold angular velocity that is sufficient_to force
the liquid sanple 116 radially outward. The channel 82, which i§3nornally
closed by virtue of its upper wall being resiliently held in contyact with
its lower wall, is forced open by the radial pressure exerted on fhe liquid
sanple 116. This is illustratfed rn Frg. 10C. Degdendi nd upon the t
and resiliency of the material s used for thetoey fil m{72 ang5otA oK portijon

76 of the test unit 36, the openi ng ofthe chanijel 82 jmy
deflection of either the top pr_BorTomwall—cf fhe chahnel
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REPLACEMENT SHEET Date: 16 FEB 1996 20 illustrated enbodi nent, the
deflection is relatively small (on the order of 50 m crons) and occurs

primarily in the top wall

the inmobilized reagents<gat these |ocations.
116 continues to flow ou®,of the sanple chanber 50, t
and into ()
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of the channel

82 allows the i

since the top film72 of the test
unit 36 is thinner and. nore flexible than the bottom portion 76. The

openi ng of the channel
~over the immobilized reagent spots 108,

ui d_bi ol ogi cal

The |i qui

78

FIG-6B
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t he waste chanber 60, until the sanple chanber 50 is enpty. Wen the flow
stops, none of the liquid biological sanple 116 remains in either the
sanpl e chanmber 50 or in the channel 82, and the waste chanber 60 is
partially filled. It will be noted that, while the anmount of centrifugal
force being exerted on the liquid biological sanple 116 in Figs. 10A
through 10C is sufficient to cause the saﬁgﬂe 116 to flow through the
channel 82, it is not sufgjcient to cause any of the liquid reagents 100,
102 and 104 to force open,their respective channels 84$ 86 and 88. This may

result fromthe fact tha})the top surfaces of the |liqui agents 100, 102
and 104 have not yet tilfed sufficiently to reach the |evel)of the channel
openings in the respedtive wetts-62, 64 gnd 66, as suggest eff] . 10A
t hrough 10C, or fromtlhe fdct”t he™xgagentls, although having ed the
channel openings, are noy,yét under guffijci ent pressure to pen the
resilient walls of thejchannels. Eit £r or bot h of these ef ay be
relied upon in §ge'p$azt{%e of the ,} :
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present invention. In any event, to allowthe liquid reagents 100, 102 and
104 to flow out of their respective chanbers, the angul ar velocity of the
rotor 34 in Figs. 1 - 3 nust be increased. Until this occurs, the channels
84, 86 and 88 remain closed and effectively seal off the respective reagent
chanbers 62, 64 and 66 from each other and fromthe sanpl e chanber 50.

Figs. 11A and 11B illustrate the test u4A246 at a second threshol d angul ar
velocity that is higher &han the angul ar velocity represent ed in Figs. 10A
and 10B. This higher ang#t|ar velocity is sufficient t force t he I|qU|d
reagent 100 in the (b,ACENENT SHEET Date: 16 FEB 1 Qsﬁ
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21 first reagent chanber 62 radially outward into the channel 84. This
allows the liquid reagent 100 to flow through the channel 84 to the sanple
chanber 50, and fromthe sanple chanber 50 through the channel 82 to the
wast e chanmber 60. In flow ng through the channel 82, the Iiquid reagent 100
flows over the imobilized reagent spots 108, 110, 112 and 114 and reacts
with the immobilized reagents therein. TR24 ow of the |iquid reagent 100
continues until the reageht chanber 62 and channels 82 and 84 are enpty,
and the liquid reagent tEE has been received conpleteﬁp in the waste

chanmber 60. It should be hoted that, as a result of the atively high '
magni t ude of the centriffugal force applied to the liquid rdagent 100 as

conpared to the forcejof grawvity,~the Iifuid reagent does t accunul ate to
any appreci abl e ext ent i@/thé"EﬁhpLe chapber 50 as it flo
channel 84 to the charne},éz. Insteaa\ the liquid reagent
primrily ) \\
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across the top of the sanple chanber 50 between the outlet of the channel
84 and inlet of the channel 82. As before, the centrifugal force exerted on
the liquid reagent 100 in Figs. 11A and 11B is sufficient to cause the
reagent 100 to flow t hrough the channels 84 and 82, but is not sufficient
to allow the liquid reagents 102 and 104 _in the remai ning reagent chanbers
64 and 66 to overcone the flow resistant@/&4t heir respective channels 86
and 88. In order for the 3i qui d reagents 102 and 104 o begin to flow, the
angul ar velocity nust be {ncreased still further to i®Rgrease the )
centrifugal force at tthL | ocations. Figs. 12A and 12B TN ustrate the test

unit 36 at a third threshald angular velocity that is highgr than the
angul ar velocity reprgsent edjn]{gs. 11A and 11B. At thisgaaql
vel ocity, the centrif ugal /ch exbtt\ed bn the |iquid reag§ N in the
second reagent chanber|{ 644 s suffici'ght fo overcone the flgw res\st ance
exerted by the g@u_nel ﬁﬁ’and al | ow t\ﬂe reagent 102 to fl ol throdgh the
channel ® T "t I \
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86. Accordingly, the reagent 102 flows to the waste chanber 60 via the
channel 86, first reagent chanber 62, channel 84, sanple chanber 50 and
channel 82. In flow ng through the channel 82, the liquid reagent 102 fl ows
over the inmmbilized REPLACEMENT SHEET Date 16 FEB 1996 22 reagent spots
108, 110, 112 and 114 and reacts with the immobilized reagents therein. The
liquid reagent 102 continues to flow untlii/24e second reagent chanber 64 is
enpty and all of the reagent 102 has accunul ated in the waste chanber 60.
As before, the centrifugal force exerted upon the liquid reagent 102
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in Figs. 12A and 12B is sufficient to cause the reagent 102 to fl ow t-hrough
the channels 86, 84 and 82, but is not sufficient to allowthe liquid
reagent 104 in the third reagent chanber 66 to overcone the fl ow resistance
exerted by the channel 88. In order to allow the liquid reagent 104 to flow
into the channel 88, the angular velocity 22@} again be increased to
further increase the centrifugal force até | ocation of the third reagent
chanmber 66. Figs. 13A amd 13B illustrate the disposab&e test unit 36 at a
fourth threshold angul a®wel ocity that is higher thang¢fhe angul ar velocity
represented in Figs. 12A/ad 12B. At this angul ar vel oci Ty the centri fugal
force exerted on the Lidui in the third reageht chanmber 66 is

sufficient to force open thejﬁﬁﬁﬁpel 88 Jand al | ow t he reaJ&h‘\104 to fl ow
t hrough the channel 8§. Iﬁié al | ows ¢ he |l i qui d reagent 10488§SQ\9m1int0 t he
wast e chanmber 60 via heltﬁaﬁﬁér‘§8§\Eecond agent chanmbelf 6%, \hannel 86,
first reagent cEgnber Q%J channel 84T "~ + \
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sanpl e chanber 50 and channel 82. In flow ng through the channel 82, the
liquid reagent 104 flows over the imuvbilized reagent spots 108, 110, 112
and 114 and reacts with the i mobilized reagents in these spots. The liquid
reagent 104 continues to flow into the waste chanmber 60 until the third
reagent chanber 66, and all of the intervening channels and reagent
chanbers, are enpty. At this point, all|3f28he |iquid reagent 104 has
accunul ated in the wastegchanber 60, along with the liquid biological

sanple 116 and the first¥and second liquid reagents ibo and 102. Figs. 14A
and 14B illustrate the F)aie of the di sposable test uni 6 after the
| i qui d biological sanplfe 116 and all of the liquid reagenfls 100, 102 and
104 have been forced |t hrough The~ghanne|s and into the wa chanber 60.
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REPLACEMENT SHEET Date: 16 FEB 1996 23 i nmobilized reagent spots 108, 110,
112 and 114 have now been exposed to the |iquid biological sanple 116 and
to each of the assay reagents 100, 102 and 104. The order of exposure, and
hence the order of reaction, has been controlled by the increasing
centrifugal forces generated by the increasing angular velocities of the
rotor 34 in the apparatus 30 of Figs. 114/24%s will be appreciated fromthe
foregoi ng description, this order is as follows: first, the liquid

bi ol ogi cal sanple 116; se¢ond, the enzynme conjugate 1ﬁb; third, the wash
solution 102; and fourth_/the substrate 104. At this pol t he i mmobilized

reagent spots 108, 11 12 and 114 are ready to be optical)ly detected.
Dependi ng upon the substrat e-USEUTL he f
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i mobi | i zed reagent spots will exhibit either col-or devel opnent,
fluorescence or | um nescence proportional to the anount of the particul ar
anal yte detected Fig. 15 is a flow chart which suimmarizes the series of
operations carried out by the operator and by the test instrunent 30 of
~Figs. 1 - 3 during an integrated nucleic acid anplification and nucleic
acid assay. Figs. 16A and 16B are graph5/6P4rotational speed versus tine
and tenperature versusttine, respectively, which wilJ] assist in the
under st andi ng of the :;PM/chart of Fig. 15. Wth regerence to bl ock 120 of
[

Fig. 15, the process initiated by the human operatorpy placing a liquid

bi ol ogi cal sanple intd the sanple chanper 50 of the dispgsable test unit 36
t hrough the sanpl e port Zﬂi:LEijock 1p2, the disposabIeL est unit 36 is
placed into its asssignpﬁlTadiéT\ Qsitfion on the rotor 3/ he appar at us
30 (along with any dther test units\3§ that are to be By , and the
lid 32 is cloggd_;o sjhl t he tesL_ﬁqlts and hol d them i n ! A start -
command @ Tt —— /
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is also applied, either automatically by closing the lid 32 or by
depressing a separate pushbutton (not shown). Optionally, the rotor 34 of

t he apparatus 30 nay have tenperature cycling espability in order to
accommodat e the pol ynmerase chain reaction (PCR) nucleic acid anplication
process. This is the end of ally require? actlon by the human operator, and
all subsequent steps in the process arc autonated It shoul d be noted.
that the liquid biological sanple nay be placed into the test unit sanple

chanber 50 ei
dependi ng upo
FEB 1996

[befqgre-or after the test unit is placed in the rotor 34,
rGfp-rafBence of the operator. '
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24 Bl ocks 124 through 136 of Fig. 15 are associated with the nucleic acid
anplification. In block 124, the rotor 34 is rotated at a speed of a few
revol utions per mnute (RPM for the purpose of uniformy heating all of
the liquid biological sanples in the sanple chanbers 50 test units 36 to
the sane tenperature. Rotation elimnat i% %4 or cold spots and averages
any local variations in the tenperature 4 he heaters 48 and 52 across
all of the test units 36. In block 126, the infrared heater 48 of Fig. 3 is
raised to a tenperature sufficient to heat all of the Iiquid biological
sanples in the test units 36 to a tenperature of [err], the tenperature
necessary for anplification. (The time- tenperature profile of the infrared
heater 48 corresponds to heating zone 1 in Fig. 16B, and the
time-tenperature profile of the infrared heater 52 corresponds to heating

zone 2.) In block 128, an incubation tine is provided for ruFIelc acid
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anplification to occur while the sanples are naintained at 41 C
Amplification starts at the begi nning of the incubation period (point 130
in Fig. 16B) and is term nated approximately two hours later (point 132 in
Fig. 16B). In block 134, the infrared heater 48 is controlled to raise the
tenperature of the liquid biological sanple in the test units 36 to [err].,
the tenperature necessary to destroy thé8d@4ificati on reagents and
termnate the anplification process. This corresponds to point 136 in Fig.
16B. In block 138, a 3-minute incubation tinme is provided for this .
destruction to occur. The incubation tinme ends at point 140 in Fig. 16B,
and is followed by a cool -ddwnl step in bl ock 142 Pf Fig. |15. During the
cool -down step, the infrared hkater 48 is controlded to feduce the
tenperature of the liquid bjjol pgical sanples in the test Junits 36 to [err].
for the assay procedure to foljow. In block 144, |l suitalll e i ncubation tine
is provided to assure that &lllof the liquid biollogical danpl es have an
opportunity to stabilize ‘
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at the same | ower tenperature. This marks the end of the anplification
procedure, and the nucleic acid assay follows. REPLACENMENT SHEET
Date:..16 FEB 1996 25 In block 146, the nucleic acid assay begins with a
heating step in which the infrared heater 52 of Fig. 3 is controlled to
rai se the tenperature of the detection sites 54 of the disposable test
~units to- [err]., the desired assay terrpe!BzﬁZﬁ"e I n bl ock 148, the

rot ati onal speed of the rotor 34 is increased to a first threshold speed
which is suff|C|ent to force the liquid biological sanples to nove out of
t he

FIG-17
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sanmpl e chanbers 50 of the test units 36 and through the channels 82 toward
‘the waste chanber 60. Bl ock 148 corresponds to point 150 in Fig. 16A In

bl ock 152, this rotational speed is maintained for a sufficient period of
time (typically about three mnutes) to allow all of the liquid biological
sanple to flow fromthe sanpl e chanber gg)/to t he waste chanber 60. During
this period, the |iquid biological sanp [Adws past the immobilized
reagent spots 108, 110, 112 and 114 in the channel 82, and reacts with the
reagents contained in these spots. In blocks 154 and 156, the rotational
speed of the rotor 34 is increased to a second threshold | evel (point 158
in Fig. 16A) which is sufficient to cause the enzyne 100 to fl ow out of the
first reagent chanber 62 of each test unit 36, and is naintained at this
rotational speed for a further period of tinme (typically about three
mnutes). This allows sufficient tine for the enzyme 100 to fl ow conpletely
out of the first reagent chanber 62, past the imobilizedjreagent spots
108, 110, 112 and 114,
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and into the waste chanber 60. In blocks 160 and 162, the rotational speed
of the rotor 34 is increased to a third threshold | evel (point 164 in Fig.
16A) which is sufficient to cause the aqueous buffer/wash solution 102 to
fl ow out of the second reagent chanber 64, and is maintained at that |evel
for an additional period of tine (typicgll bout three mnutes). The
period chosen is sufficient. to allow th ééﬁious buf fer/wash sol ution 102
to flow conpletely out of the second reagent chanber 64, past the

~imobi lized reagent spots 108, 110, 112 and 114, and into the waste chanber
.60. Finally in blocks 166 and 168, the rotational speed of the rotor 34 is

increased to a fourth threshold level (point 170 inikig. 16QpA) which is
sufficient to force the substrate 104 to fl ow out oq the third reagent
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REPLACEMENT SHEET Date :16 FEB 1996 26 chanber 66, and is maintained at
that level for a further period of tinme (typically about three mnutes). As
before, this interval is sufficient to allow the substrate to flow
conpletely out of .the third reagent chanber 66, past the inmobilized
reagent spots 108, 110, 112 and 114 and _into the waste chanber 60. At this
point, the liquid biological sanple 1162a%£4iquid reagents 100, 102 and
104 have all been sequenced, one at g tine, past the inmobilized reagent
spots 108, 110, 112 and 114 by virt of the progressively increasing speed
of rotation of the rotor 34. The nuc®eic acid assay is now conplete, except
for detection. In block 172, the detg¢ction operation is carried out by
slowing the rotor 34 to an indexi ng/speed (point 174 in Fig. 16A) and using
the optical detector assenbly 68 t¢ illumnate




and detect the imobilized reagent spots 108, 110, 112 and 114 in each of

t he di sposable test units 36. Dependi ng upon the particul ar substrate used,
the imobilized reagent spots 108, 110, 112 and 114 will be either
chronogeni c, fluorescent, luminescent or, as noted earlier, radioactive. It
wi |l be appreciated that the indexing speed of the rotor 34 represented by
point 174 in Fig. 16A may either be cor@BA@4 or internmittent, depending
upon whether the optical detector assenbly 68 requires that the test units
36 be stopped in order to properly detect the inmpbilized reagent spots.
108, 110, 112 and 114. The optical detector assenbly- 70 of Fig. 3 indicates
the position of each test unit 36 on the rotor 34.-and, in the case where
the rotor 34 nust be stopped for detection, also indicates the proper

st opped positions of the rotor 34. The nuc¢leic acid assay procedure
concludes in block 176, where data obtained fromthe optical assenbly 68

for each of the test units 36 is acquired, analyzed and archived by a
conput er - hased ' '
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control system Fig. 17 is a flow chart which summari zes the series of
operations carried out by the operator and by the apparatus 30 of Figs. 1 -
3 during an i mmunoassay or nucleic acid |igand based assay. Figs. 18A and
18B are graphs of rotational speed versus tinme and tenperature versus tine,
respectively, which REPLACEMENT SHEET Date : 16 FEB 1996 27 wi || assi st
in the understanding of the flow chart 28/84. 17. In blocks 178, 180 and
182 of Fig..17, the i munoassay or nucleic acid |igand based assay

procedur e ' h
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i & comenced usi ng the sane steps as those described in co
bl 0é&s™120, 122 and 124 of Fig. 15. In block 184, both of

REGLASE S ThEHEET

he i nf -
heaters 48 and 52 of Fig. 3 are controlled to heat the sa Illat@haﬁi&%m-
and detection sites 54 of the disposable test units 36 to

| rmunoassay or nucleic acid |igand based assay tenperature of [err]. This
is indicated by point 186 in Fig. 18B. After a short period of
equilibration, the rotational speed of the rotor 34 is sequenced through 1
four progressively increasing threshold |levels, each followed by a
three-mnute incubation period. This,sequence of events is represented by
bl ocks 188, 190, 192, 194, 196, 198——200 and 202 in Fig. 17, which
correspond, respectlvely, to bl ocks 148, 152, 154, 156, 160, 162, 166 and
168 of Fi g. METHUR ANDAPPARATIISCEGR PULLNABTOMATED NUSIGEIG 188, 192,
196 and 209cph ANIBLIEVCATEONENUEIEETCACED ASSAPANDIMIAINQASSAY08 and 210,

respectively, of Fig. 18A I'n bl ock 212 of Fi g. 17 (corresponding to point
214 of Fig. 18A), indexed rotation of

Cross-Reference to Related_Apnlication

Related subject matter is disclosed and claimed in a co-pending U.S.
patent application of Hugh V. Cottingham, Serial No. 08/213,304, filed on March
14, 1994 and entitled "Nucleic Acid Amplification Method and Apparatus’, the

disclosure of which is expressly incorporated herein by reference.

Field of the Invention

The present invention relates to methods and apparatus for performing
automated clinical diagnostic assays, particularly immunoassays or integrated
nucleic acid amplifications and nucleic acid assays, and to a self-contained,

disposable test unit for use in such methods and apparatus.

Backeround of the Invention

The advent of nucleic acid amplification techniques offers great potential
to improve the sensitivity of detection in many areas. One such area is in the
detection and identification of human pathogens. The ability to detect as little
as one organism makes detection possible at a much earlier stage in the
progression of a disease. Unfortunately, while nucleic acid amplification
techniques are extremely powerful, they are not simple to perform.
Complications with respect to operating parameters, such as precise time-
temperature requirements, and possible contamination by amplified nucleic acids
have so far restricted these techniques to the research laboratory. In order to
make these amplification techniques practical for use in hospitals and clinical
laboratories, problems arising from complicated operating parameters and
contamination must be resolved. Moreover, for reasons of manufacturing

efficiency, and due to the emphasis on reduction of health care costs, it is also



the potor 34 takes place to allow detection of the inmobili g@ﬁqg@%
spots ~1087 *110, 112 and 114 by the optical assenmbly 68 of Hlg. 3

i s equivalent to that represented by block 172 in Fig. 15.
Fig. 17, data acquisition, analysis and archiving is carri S O o T W
conputer-based control system as described previously in connect i on mnth
~block 176 of Fig. 15. The assay is then conplete. It wll be observed that
t he i munoassay or nucleic acid |igand based assay procedure of Figs. 17,
18A and 18B is simlar to the nucleic acid anplification and assay
procedure described previously in connection with Figs. 15, 16A and 16B,
except that the i munoassay or nucleic acid |igand based assay does not
require the two-hour incubation perioddjused for nucleic acid anplification,
nor the [err]. and [err]. heating steps—Fig. 19 illustrates the manner in

whi ch two or gesir#blelto ipheviae aQilveéidall glatfolm Yof wieRicada adtplifiGsionlnacldicmay
be connected to a single host conputer 18. The

acid assay, immunoassay and assays using nucleic acid ligands to bind proteins

i ii ' s“tﬁgﬁ'

or small molecular weight molecules (hereinafter referred to as nucleic acid
ligand based assays). Such nucleic acid ligand based assays may also utilize bi-
directional nucleic acid. ligand compounds.

One way to meet these objectives is to construct a fully automated system
to run the entire nucleic acid amplification and nucleic acid assay (or
immunoassay), conveﬁ the raw data into clinical results, and report the resuits
through the local area network (LAN) of a laboratory or hospital. In order to
make such a system practical, all of the steps involved in the test procedure
should preferably be carried out while the liquid biological sample reniains
confined within a single, disposable test unit. This not only reduces the risk of
contamination of the laboratory or hospital environment, but also allows the test
procedure to be carried out quickly, inexpensively and without the need for highly
skilled personnel.

Unfortunately, existing designs for self-contained test units are not entirely
satisfactory, particularly when cost factors are considered. For example, U.S.
Patent No. 5,229,297, to Schnipelsky et al, describes a cuvette for DNA
amplification and detection which comprises a plurality of flexible compartments
for containing a sample, amplifying reagents and detection reagents, together with
passageways connecting the sample and reagent compartments with a detection
site and a waste compartment. A roller is used to squeeze or compress the
sample and reagex}t compartments in a desired sequence, thereby forcing the
sample and detection reagents through the passageways to the detection site anﬂ
waste compartment. Temporary seals are used to isolate the sample and reagent
compartments from the passageways until sufficient pressure is generated by the
roller. Although the disclqsed arrangement is advantageous in that the sample

remains within the cuvette during amplification and detection, the need for a



REPLACEMENT SHEET Date 1 6 FEB 1996 28 host conputer receive TS
and other “data fromthe internal mcrocontroller boards 46 oflf tHe LASEMENT SHEET:
instruments 30, and serves as a gateway for making this data |Ia\7'1 kF@

ot her conputers 220, 222 and 224 on a |ocal area network (LA 6 M
hospital or clinical |aboratory. The host conputer 218 nay be oné of tne
conputers on the LAN 226, or it may be a separate conputer which connects

to the LAN 226 by nmeans of a standard network interface such as Ethernet.

By distributing the systemin this way, the test

3

e p——

roller to break the temporary seals and cause the various fluids to flow between
compartments makes it difficult to automate the procedure, particularly when a
number of samples and cuvettes are to be processed at the same time. In an
alternative embodiment of the Schnipelsky et al patent, the fluids are moved
between compartments by movable pistons which form a part of the cuvette itself.
Again, however, automated processing of several cuvettes at once is difficult with
this embodiment, and the need for several pistons in each cuvette renders the cost
of the cuvette higher than might be desired.

It is therefore an object of the present invention to provide a fully
automated system to perform an integrated nucleic acid amplification and nucleic
acid assay, or to perform an immunoassay or nucleic acid ligand based assay.

It is another object of the invention to contain all reagents and
components necessary to perform immunoassays or nucleic acid ligand based
assays, or integrated nucleic acid amplifications and nucleic acid assays, for a
particular sample in a single, disposable test unit.

It is a further object of the invention to provide a disposable test unit
which can be automatically closed and permanently sealed to prevent
contamination of the laboratory environment from amplified nucleic acids.

It is a still further object of the invention to support nucleic acid
amplification multiplexing and report a multiplicity of nucleic acid assay results
using a single, disposable test unit and a single clinical sample.

It is yet another object of the invention to support multiplexed
immunoassays and report a multiplicity of immunoassay results using a single,
disposable test unit and a single clinical sample.

It is yet another object of the invention to support multiplexed nucleic acid
ligand based assays and report a multiplicity of nucleic acid ligand based assay

results using a single disposable test unit in a single clinical sample.
4



instryments 30 can be operated essentially in the same mann
perlpheral ‘devices for carrying out data acquisition, and t eR%EhﬁQﬁMBMﬂ&TEk.
can be made general Iy availabl e throughout the organizationffserve B Ea

LAN. Support for database operations, display and printing dhitsbedlp E 3896
by hardware already connected to the LAN 226, which reduces 8ot
dedi cated hardware. Hospitals, in particular, often have a m x of mainfrane
conput ers, personal conputers |inked by |ocal area networks, fiber optic
networks, and so on. It is desirable to be able to place a new instrunent

on line without substantially affecting existing hardware and software, in
order to mnimze the installation cost of the new instrunent In the case

of the test instrument 30, this is achigved by having the internal

m crocontroll er board 46 run the instrument 30, so that the conputatlonal

overhead of the hdkis eoﬁvpmeembzqs dfsthe davension: t pravidroam@usgraated; elindeal run

the test |nst rséjar}egﬁpa?x"gtus wltucﬁ (rig.u Ey inte rfgcoe\{i withtzaylaboratory or bospital

LAN for the purpose of reporting and archiving clinical results with minimum

delay and human intervention.

Summary of the Invention

In accordance with the présent invention, ‘the disadvantages and
limitations of the prior art are substantially avoided by providing a disposable,
self-contained test unit in which the flow of sample and reagent liquids can be
controlled by centrifugal force applied by a relatively simple rotating apparatus,
thereby avoiding the need for rollers, pisit_)ns and other complex mechanisms.
This allows the teést unit to be made relatively simple and inexpensive in
construction, and also allows many samples to be assayed simultaneously by
mounting a plurality of test units for rotation in the same apparatus. The
invention is also directed to an apparatus which is capable of receiving a number
of such test units for rotation, in order to allow a number of liquid biological
samples to be assayed simultaneously and automatically.

In one aspect, therefore, the present invention is directed to an improved
test unit for carrying out a clinical diagnostic assay. The test unit comprises a
sample chamber for receiving a liquid biological sample to be assayed, a closure
for sealing the sample chamber, a sealed waste chamber for receiving the liquid
biological sample from the sample chamber, and a liquid flow path for the liquid
biological sample extending between the sample chamber and the waste chamber.
The test unit further comprises non-frangible flow control means for preventing
the flow of the liquid biological sample through the liquid flow path in the
absence of a force applied to the sample, and for permitting the liquid biological
sample to flow through tl}e liquid flow path when at least a predetermined

minimum force is applied to the sample. Since the force required to overcome



utilizjng ;existing standardi zed hardware and software for d Vo) H= VA
printing, ‘data distribution and archiving, the manufacturi ng coﬁtl‘\cdf‘“trﬁ' SHEET

test instrunent 30 itself is reduced, and the cost of install Ij[lé‘J 3 1998
mai ntai ning the instrunent 30 is also reduced. Fig. 20 is a. gL%.Bm__..__._

illustrating the principal electrical conponents of the autonated test
i nstrunent 30 of Figs. | - 3. The mcrocontroller board 46 controls the
operations of the test instrunment 30 and contains a m croprocessor.

read-only nmenory (ROM) for storing program code. and random access nenory
REPLACEMENT SHEET Date: 16 FEB 1996 :
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the non-frangible flow control means will ordinarily be less than that required to
break a frangible seal, the required force can, for example, comprise centrifugal
force that is produced by rotating the test unit about an axis. The test unit
further comprises at least one immobilized reagent disposed in the liquid flow
path for contacting the liquid biological sample as the sample flows from the
sample chamber to the waste chamber. In a preferred embodiment, the
immobilized reagent comprises a nucleic acid probe, and a dried amplification
reagent is disposed in the sample chamber for carrying out nucleic acid
amplification in the liquid biological sample before the sample leaves the sample
chamber. In other embodiments, reagents suitable for carrying out an
immunoassay or nucleic acid ligand based assays can be provided in the test unit.

In another aspect, the present invention is directed to an improved test
unit in which the flow of a liquid biological sample can be controlled by rotating
the test unit to produce centrifugal force. The test unit comprises a sample
chamber for receiving a liquid biological sample to be assayed, a closure for
sealing the sample chamber, a sealed waste chamber spaced from the sample
chamber for receiving the liquid biological sample from the sample chamber, and
a liquid flow path for the liquid biological sample extending between the sample
chamber and the waste chamber. The liquid flow path has a non-reversing
configuration, with each successive incremental section of the channel in the
direction of flow being further from (or, at a minimum, no closer to) the intended
axis of rotation of the test unit. The test unit further comprises at least one
immobilized reagent..disposed in the liquid flow path for contacting the liquid
biological sample ;s the sample flows from the sample chamber to the waste
chamber. By virtue of the spacing between the sample chamber and the waste
chamber and the non-reversing configuration of the liquid flow path, a liquid
biological sample can be cqused to flow from the sample chamber to the waste

chamber by rotating the test unit about an axis and thereby applying centrifugal



29 (RAM for storing assay results and conputational data du |ﬂ§-,,0419w_rlépggm
of the test instrument 30. The microcontroller board 46 receilved I nput s
fromthe first and second optical assenbli-es 68 and 70 of Fi (a [adg__g _____ BSFEBM
These inputs provide data relating to assay test results andi%

position of the rotor 34. The m croprocessor al so receives operator |nputs
fromone or nore external input devices 228, which may consist of "start"
and "stop" pushbuttons, a sensor for detecting when the lid 32 is closed,
and so on. The outputs of the mcrocontroller board 46 are connected to the
infrared heaters 48 and 52 and to the notor 56 through respective driver
circuits 230, 232 and 234. The driver circuits provide appropriate
interfacing, isolation and current drive for the heaters 48, 52 and notor
56, respectively. Dependi ng upon the type_ef notor 56 used, the notor

driver circuiforcd3th tire/ sampleldie thedifectiont firon che sampie thambere taither gvakstee
not or at
chamber.

In a further aspect, the present invention is directed to a method for
carrying out a clinical diagnostic assay. The method comprises the steps of
providing a test unit having a sample chamber, a waste chamber spaced from the
sample chamber, a liquid flow path extending between the sample chamber and
the waste chamber, and an immobilized reagent disposed in the liquid flow path;
introducing a liquid biological sample into the sample chamber; mounting the
test unit for rotation about an axis with the test unit oriented such that rotation
about thé axis causes centrifugal force to be applied to the liquid biological
sample in a direction from the sample chamber to the waste chamber; rotating
the test unit about the axis to cause the liquid biological sample to flow through
the liquid .flow path from the sample chamber to the waste chamber by
centrifugal force, and to thereby contact the immobilized reagent; and detecting
the presence or absence of a chemical or biological component in the liquid
biological sample based on a response or lack of response of the immobilized
reagent to the liquid biological samplé. In a preferred embodiment of the
inventive method, the test unit is also provided with at least one reagent chamber
containing a liquid reagent, and the liquid reagent is caused to flow from the
reagent chamber to the liquid flow path by increasing the speed of rotation of the
test unit after the liquid biological sample has passed through the liquid flow
path.

In a still further aspect of the present invention, an apparatus is provided
for performing ; plurality of clinical diagnostic assays substantially
simultaneously. The apparatus comprises a rotatable holder for carrying a
plurality of test units for rotation about an axis, a source of rotary power for
rotating the rotatable holdgr about the axis, and a plurality of removable test

units carried by the rotatable holder and spaced circumferentially about its axis



T

preci,se speeds and/or for indexing the notor between precise ;q@a&y‘; ﬂT r‘i‘-'ET
p03|t|ons If a stepper notor is used for the notor 56, a kngin type, o

stepper notor drive circuit may be enployed for the driver CI [ Odiet:.. 2 13 ﬁFf@em
optical sensor 70 used for detecting the rotational position lefthe—rater "

34 may, if desired, be replaced with a shaft encoder coupled to the shaft
58 of the notor 36 or to the rotor 34. The output 236 of the

m crocontroller board is preferably a standard interface, such as an RS-232
i nterface, which can be connected directly to the host conputer 218 of Fig.
19. Figs. 21A and 21B are enlarged plan and side sectional views,
respectively, of a nodified enbodi nent 36' of the di sposable test unit 36
descri bed previously. In the nodified enb9d|nent, t he sanpl e chanber 50,
wast e chanber 60" and reagent chanbers 62— 64' and 66' are generally in

t he sanme posof rasatioms F@shmfithedesemniﬁsmomMStm@mplntdh'ammedon eexgivinig spot s

108", 110°, ilicllgxd l?iofjoglca samp e to gggsss%yed a waste chamber for recemng the liquid
biological sample from the sample chamber, a liquid flow path extendmg between,
the sample chamber and the waste chamber, an immobilized reagent disposed in
the liquid flow path, and, optionally, one or more reagent chambers for
containing liquid detection reagents. Each of the test units is oriented with
respect to the rotatable holder in a manner such that the sample chamber is
located closer to the axis of rotation than the waste chamber, in order to cause
the liquid biological sample to flow through the liquid flow path from the sample
chamber to the waste chamber, and to thereby be brought into contact with the
immobilized reagent, when centrifugal force is exerted on the liquid biological
sample by rotation of the holder. The apparatus also comprises at least one
sensor for detecting responses by the immobilized reagents in the test units to the
presence of a chemical or biological component in the liquid biological samples.
Preferably, the source of rotary power can be selectively operated at two or more
different rotational speeds, so that liquids can be caused to flow in sequence from
the sample and reagent chambers by increasing the speed of rotation of the
rotatable holder in predetermined increments sufficient to overcome the flow

resistance of liquid flow paths extending from thé respective chambers.

Brief Description of the Drawings
The various objects, advantages and novel features of the invention will be
more readily appreciated from the following detailed description when read in
conjunction with tl;e appended drawing figures, in which:
Fig. 1 is a perspective view of an automated test instrument which may be
used to carry out a number of simultaneous clinical diagnostic assays in

accordance with the present invention, with the lid or cover of the instrument
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shown in the open position to illustrate the placement of the disposable test units

inside;

Fig. 2 is an enlarged plan view of the automated test instrument of Fig. 1,

showing the location of the optical detectors which are used to detect responses .

by the immobilized reagents located in the disposable test units;

Fig. 3 is an enlarged cross-sectional view of the automated test instrument

of Fig. 1, illustrating the locations of the drive motor and other internal

components of the instrument;

Fig. 4 is an enlarged perspective view illustrating one of the disposable test

units used in the instrument of Fig. 1;

Fig. 5 is an exploded view of the disposable test unit shown in Fig. 4,

illnstrating the manner in which it is constructed;

Figs. 6A and 6B are plan and side views, respectively,'of the disposable test

unit shown in Fig. 4;

Fig. 7A and 7B are enlarged plan and side views, respectively, of the

disposable test unit of Fig. 4, with the adhesive seal or closure device shown in

the open position;

Figs. 8A and 8B are enlarged plan and side views, respectively, of the

disposabie test unit of Kig. 4, with the adhesive seal or closure device shown in

the closed position;

Figs. 9A and 9B are enlarged plan and side sectional views, respectively,

of the disposable test unit of Fig. 4 as it might appear prior to the start of a

clinical diagnostic assay, with the liquid biological sample not yet

introduced into the sample chamber;

having been

Figs. 10A, 10B and 10C are enlarged plan, side sectional and fragmentary

views, respectively, of the disposable test unit of Fig. 4 as it might appear

immediately after the start of a clinical diagnostic assay, with the liquid
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enbodi ment illustrates that the channels of the disposable t ﬁat‘éuhi‘-tﬁrﬁg&lggg----
not fallow straight radial lines relative to the axis of rotatrtron of the -
rotor 34 in order for the liquid sanple and reagents to nove between the
various chanbers under the influence of centrifugal force. However, in
order to insure optimumliquid flow through each channel, there should
preferably be a conponent of centrifugal force acting in the desired fl ow
direction at- each point along the channel. In practice, this nmeans that the
channel s can have any desired configuration as long as they are
non-reversing; that is, when viewed in the intended flow direction, each
successive increnmental section of the nnel should be no closer to the
i nt ended axibiolodicalosahplenbédinging to)@lowx fivnofthe eamiple athaddber ntoFtlgs wadte- 3)
than the preceding section. Viewed fromthe standpoint of the test unit 36
or 36' itsefRAMPE channels are non-reversing if

Figs. 11A and 11B are enlarged plan and side sectional views, respectively,
of the disposable test unit of Fig. 4 as it might appear during a later stage of a
clinical diagnostic assay, with a first liquid reagent beginning to flow from a first
reagent chamber to the waste chamber;

Figs. 12A and 12B are enlarged plan and side sectional views, respectively,
of the disposable test unit of Fig. 4 as it might appear during a still later stage
of a clinical diagnostic assay, with a second liquid reagent beginning to flow from
a second reagent chamber to the waste chamber;

Figs. 13A and 13B are enlarged plan and side sectional views, respectively,
of the disposable test unit of Fig. 4 as it might appear during the final stage of
a clinical diagnostic assay, with a third liquid reagent beginning to flow from a
third reagent chamber to the waste chamber;

Figs. 14A and 14B are enlarged plan and side sectional views, respectively,
of the disposable test unit of Fig. 4 as it might appear after the completion of a
clinical diagnostic assay, with the liquid biological sample and all reagents having
flowed into the waste chamber;

Fig. 15 is a flow chart of the steps involved in carrying out an integrated
nucleic acid amplification and nucleic acid assay using the automated test
instrument of Fig. 1 and the disposable test unit of Fig. 4;

Figs. 16A and 16B are graphs illustrating the manner in which the
rotational speed and temperature of the disposable test units are varied over time
during an integrate;i nucleic acid amplification and nucleic acid assay, using ihe
automated test instrument of Fig. 1;

Fig. 17 is a flow chart of the steps involved in carrying out an
immunoassay or nucleic a‘cid ligand based assay using the automated test

instrument of Fig. 1 and the disposable test unit of Fig. 4;
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in the practice of the present invention. In a further enbo t—of —the

I nvention, not illustrated in the drawings, the test unit 36 nay conprise
top and bottom portions corresponding generally to the portions 72 and 76
in Figs. 4 and 5, but nade froma relatively thick, rigid acrylic material.
Rat her than using heat sealing to secure the top and bottom portions
together and to define the channels, a thin vinyl or polyester/ACLAR/

pol ypropyl ene nmenbrane isinterposed between the top and bottom porti ons,
and the underside of the top portion hasléa projecting relief pattern which

's in the Figs. 18A and 18B are graph_s_i—llustrating the manner in which the
rotational speed and temperature of the disposable test units are varied over time
during an immunoassay or nucleic acid ligand based assay, using the automated
test instrument of Fig. 1;

Fig. 19 is a schematic diagram illustrating the manner in which two or
more automated test instrument of the type illustrated in Fig. 1 may be
controlled by a single host computer, which can in turn be connected to the local
area network (LAN) of a hospital or clinical laboratory;

Fig. 20 is a block diagram of the princibal electrical components used in
the automated test instrument of Fig. 1; and

Figs. 21A and 21B are enlarged plan and side views similar to Figs. 7A and
7B, respectively, illustrating a modified embodiment of the disposable test unit.

Throughout the drawings, like reference numerals will be understood to

refer to like parts and components.

Detailed Description of thé Preferred Embodiments

An automated test instrument 30 for carrying out a plurality of clinical
diagnostic assays in accordance with the present invention is illustrated in Fig.
1. The apparatus 30 is, in a preferred embodiment, approximately 12 inches wide
by 12 inches deep and 4.5 inches high. It includes a bottom portion 31 and a
hinged lid 32. A circular rotor 34 housed in the bottom portion 31 receives and
rotates a number of removable, radially positioned, disposable (single-use) test
units 36. The rotor 34 revolves in a plane parallel to the top of the apparatus 30
and causes centriffxgal force to be exerted upon the disposable test units 36.
Positioned above the rotor 34 is an optical detector housing 38, which contains
light sources and optical detectors for detecting optical responses by immobilized

reagents contained in the disposable test units 36. The disposable test units 36
e
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pattern 80. The flexibility of the nmenbrane closes off the
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channels in the absence of centrifugal force applied by the rotation
rotor 34 of Figs. 1 - 3, in the same manner as the flexible top film
Figs. 4 and 5. In this enbodinment, the i mmobilized reagent spots 108,
112 and 114 of Fig. 4 are preferably provi ded on the nenbrane (or on a
nitrocellulose carrier that is affixed to the test unit by two paral

strips of

11

are automatically sealed and retained in place on the rotor 34 by méans of a
freely rotating clamp 40 carried by the lid 32.

Fig. 2 more clearly shows the radial positioning of the disposable test units
36 on the rotor 34. The rotor 34 preferably has a diameter of about 10 inches
and the disposable test units 36 are each preferably about 3.7 inches long by
about 0.45 inches wide at the rounded (inner) end 42 and about 0.8 inches wide
at the square (outer) end 44. The rotor 34 accommodates 12 disposable test units
36, arranged in a circumferential array of one disposable test unit every 30
degrees. The optical detector housing 38 is positioned at a fixed location so that
each dispoéable test unit 36 can be scanned in turn as it passes by.

_ Fig. 3 is a cross-sectional view of the apparatus 30. A microcontroller
board 46 provides suitable control of the electrical components of the apparatus
30. A fixed, first ring-shaped infrared heater 48 is located proximate to the
underside of the rotor 34 at a point where the sample/amplification chambers 50
of the disposable test units 36 are exposed through holes 51 in the rotor 34.
Infrared heating of the chambers 50 is controlled by the microcontroller board
46. A second fixed, ring-shaped infrared heater 52 is located proximate to the
underside of the rotor 34 at a point where immobilized reagents disposed at
detection sites 54 of the disposable test units 36 are exposed through holes 55 in
the rotor 34. Infrared heating of the detection sites 54 is also controlled by the
microcontroller board 46. It will be appreciated from Fig. 3 that the holes 51 and
55 are part of a radial pattern of holes which are formed in the rotor 34 for
receiving various portions of each disposable test unit 36, including the sample
chamber 50 and additional chambers 60, 62, 64 and 66 to be described shortly.
These holes allow the sample chamber 50 and detection site 54 to be exposed to
the respective infrared heaters 48 and 52 as already described, and also assist in
locating the disposable test units 36 at the proper angular positions on the rotor

34. If desired, the infrared heaters 48 and 52 can be incorporated into the rotor

of the
72 in
110,

el
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regions inmredi ately adjoining the channel entrances, in ordde=te=ps

the entry of liquid into the channels when the test unit is in use.
Preferably, the inclination angle becones progressively steeper with
decreasing distance fromthe axis of the rotor 34 in Figs. 1 - 3; that is,

the shall owest angle is used for the sanple chanber and the steepest angle
Is used for the |l ast reagent chanber. This is advantageous in that it tends
to widen the differences in the rotational speeds at which the successive
chanmbers will enpty of liquids. [In onejpossible inplenmentation, an
inclination angle of [err] is used for The sanple chanber exit region and

i nclination 8dgamtimthytevent the lnles $Hand §5 pmay be akplacesd by cavities formetdnexi t

the top surface of the rotor 34.

With continued reference to Fig. 3, a motor 56 and shaft 58 rotate the
rotor 34 at various selected speeds to apply predetermined centrifugal forces to
the disposable test units 36. The rotating clamp 40 is attached to the lid 32 by
means of a rotatable bearing assembly 59, and maintains the disposable test units
36 on the rotor 34 during its rotation. The rotating clamp 40 also effects
automatic sealing of the sample ports of the disposable test units 36, as will be
described in more detail hereinafter. Positioned above the rotor 34 in the optical
detector housing 38 is a first optical assembly 68 which provides illumination and
detection of the reacted immobilized chemical reégents contained in the
disposable test units 36. The optical assembly 68 has a number of sections as
shown, with each section located above one of the immobilized reagent spots (not
shown) at the detection site 54 of the test unit 36 positioned below the assembly
68. Depending upon the type of detection technology employed, the optical
assembly 68 will typically contain (either in each section or as a common
component for all sections) a xenon or laser diode light source; a photomultiplier
tube, CCD line array or photodiode; and interference filters, lenses, shutters and
other optical elements necessary for the acquisition of the optical output of the
immobilized chemical reagents in the disposable test units 36. A second optical
assembly 70 is also positioned above the rotor and is for the purpose of detecting
marks or notches (not shown) at the edge of the rotor 34, to indicate when a
particular disposable test unit 36 is properly indexed to be detected by the first
optical assembly 68.

The construction of one of the disposable test units will be evident from
the perspective view of Fig. 4, the vxploded view of Fig. 5, and the planm and side
views, respectively, of Figs. §A and 6B. Referring first to Figs. 4 and 5, there are

three elements which make up the basic structure of the disposable test unit 36.
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First, a thin, flexible top film 72, which is preferably made of a transparent or

translucent polyester/polyethylene or other heat-sealable laminate approximately
0.005 inch thick, forms the top layer of the test unit 36. This top film 72 has a
small hole 74 approximately 0.1 inch in diameter which serves as a sample port. .
The test umit also includes a thicker, rigid thermoformed bottom portion 76,
preferably also transparent or translucent, containing thermoformed deptessioﬁs
or wells 50, 60, 62, 64 and 66. The profile of these wells, which form closed
chambers when the top film 72 is in place, can be seen in the side view of Fig. 6B.
The depth of the wells preferably varies from about 0.150 inch for the sample
chamber 50 to about 0.250 inch for the waste chamber 60. The thermoformed
bottom portion 76 is preferably made of a rigid polycarbonate film having a
thickness of 0.007 to 0.015 inch, although other heat-resistant rigid plastic films
(such as PET-G) can be used if désired. The test unit also includes an adhesive
seal 78 which serves as a closure device for the sample port 74. The adhesive seal
78 is made of a polyester film laminated with a downwardly-facing pressure-
sensitive adhesive, and is positioned over the sample port 74 during manufacture
to serve as a closure device therefor. The top film 72 of the test unit 36 is heat-
sealed to the thermoformed bottom portion 76 in order to complete the test unit
structure. The heat seal pattern 80 between the top film 72 and thermoformed
bottom portion 76 is indicated by stippling in Fig. 6A, and will be seen to define
a series of channels 82, 84, 86 and 88 which interconnect the chambers formed
by the wells 50, 60, 62, 64 and 66. These channels have widths and lengths as
defined by the heat sealing pattern, but the height dimension of each channel is
essentially zero sin.ce there is no spacer element between the top film 72 and
thermoformed bottom 76 during the heat sealing operation. This provides a
degree of flow resistance which allows the channels to control the flow of liquids
between the various chambers, as will be discussed in more detail shortly. It will

be observed that the heat sealing step serves to simultaneously join the top film



mllineters and the dept hs of the succeedi ng reagent chanbdfs. /A
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appreci ated that the use of inclined chanber exit regi-ons an ary

chanber depths, although described in connection with the n ﬁaﬁélhl@f?@d”

nodi fi ed enbodi ment, nmay al so be used in the previously-described

enbodi nents illustrated in Figs. 1 - 21. As another feature of the nodified
enbodi ment descri bed above, the channel connecting the sanple and waste
chanmbers (corresponding to the channel 82 or 82' in the illustrated

enbodi ment described previously) may be a fixed- di mensi on channel or
capillary which remai ns open even when centrifugal pressure is not being
applied to the liquid in the sanple chanber. This is feasible since the
sanpl e chanber is normally enpty of ITqurd until just before the test unit
i s placed i nf2 taghe hettonhpoction 76 and do formi i Srannels 3% B4 $ahAnd B&8ntAy

conventional heated platen, shaped to match the desired heat seal pattern 80, can
be used to carry out the heat sealing step.

The assembled test unit 36 is illustrated in Figs. 7A and 7B with the
adhesive seal 78 shown in the open position, and with the reagent chambers 62,
64 and 66 shown pre-filled with liquid reagents. A narrow section 90 of the
adhesive seal 78 is bonded, heat-sealed or otherwise affixed to the top film 72 of
the test unit 36. The remaining portion of the adhesive seal 78 comprises a flap
92 which is joined to the bonded section 90 by a fold line 94, and which carries
a pressure sensitive adhesive (not shown) on its lower surface 96. When the flap
92 is rotated about the fold line 94 in the direction indicated by the arrow 98, the
flap 92 becomes adhesively bonded to the top film 72 and thereby closes off the
sample port 74. This allows the test unit 36 to be sealed with respect to the
outside environment after a liquid biological sample has been introduced into the
sample port 74. If desired, a removable release layer (not shown) can be provided
on the bottom surface 96 of the flap 92 to prevent the flap 92 from becoming
inadvertently attached to the top film 72 before the liquid biological sample has
been introduced.

Figs. 8A and 8B illustrate the test unit 36 after a liquid biological sample
has been introduced into the sample chamber 50 through the sample port 74.
The adhesive seal 78 is shown in the closed position, thereby sealing the liquid
biological sample in the sample chamber 50 and preventing contamination of the
surrounding environment. In operation, the adhesive seal 78 is automatically
closed by the rota.ting clamp 40 of Figs. 1 and 3 when the lid 32 of the test
instrument 30 is closed. This saves a considerable.s;mount of time when a
number of test units are being processed simultaneously, since the human
operator is not required to s‘eal each test unit individually. The automatic sealing

feature is also important from the standpoint of avoiding contamination, since
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centrifugal force will still be required to cause the |iqui @a@ple"tsoFiEIBom
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must incline somewhat to reach the channel entrance or because of the

I nherent flow resistance of the channel or capillary walls (or for both of

t hese reasons). I n sone cases, these later effects may exert sufficient
flow control that resiliently constricted cha®nel walls nmay be onitted from
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chanbers. Agai n, t hough the use of fixéd-di nension channel s has

descri bed realedhefonei die assalystdre cagried dutst r at ed enbodi nent, it is al so
applicable to the previousgly-described enbodinents illustrated in Figs. 1 -
21. Cther nodi f i1d8s ZAARA Ifhuredptdlodpla ded cidbedctionsl mearse respectively,

ossi bl e. r_.exanpl e, fwoor re parallel, channels may be provided
E et ween i'.:l?usu*amgg tgc &isposab € test 1fmt%6 as it mught appcarypriorgo the start of o

clinical diagnostic assay. The sample chamber 50, which is shown empty in Figs.
9A and 9B, is cannected by means ot the channel 82 to the chamber 60, which
serves as 4 waste chamber for receiving the liquid biological sample and liquid
reagents used duriog the assay. The sample chamber 50 is also connected by
means of the channel 84 to thc chamber 62, which serves as a reagent chamber
for containing a first liquid reagent 100. The channel 86 connects the first
reagent chamber 62 to the chamber 64, which serves as a second reagent chamber
for containing & second liquid reagent 102. Finally, the channel 88 cunnects the
chamber 64 tv the chamber GG, which serves as a third reagent chamber for
containing a third liquid rcagent 104. Typically, the reagent chambers 62, 64 and

. 66 will be pre-filled with the respective liquid reagents 100, 102 and 102 before
the top film 72 of the test unit is heat-sealed to the bottom portion 76. Thus, all
of the reagent chambers 62, 64 and 66 are seuled v;rith msp&t io the sarrounding
cavirogment, and the same is true of the waste chamber 60. This leaves the
samplc port 74 as the sole means of fluid communication between the exterior
and interior of the test unit 36.

Yrhen the test unit is adapted for carrying out an integruted nucleic acid
amplification and nucleic acid assay, a dried spot 106 of chemical reagents is
affixed to the bottom of the sample chamber 50. This dried spot contains all of
the various reagents necessary for nucleic acid amplification, examples of such
reagents being disclosed in the above-identified co-pending U.S. patent application
of Hugh V. Cottingham entltled "Nucleic Acid Amplification Method and
Apparatus”. When the test unit 86 is intcnded for an immunoassay or nucleic

acid ligand based assay, the dried spot 106 can contain other reagents or may
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I ndependent sanpl e chanbers and channel s may be provi ded, thereby formng
the functional equivalent of two separate test units with comon reagent
and waste chanbers. In any or all of the enbodi nents described herein,

venting may be provided in the various chanbers of the-test unit to pronote
liquid flow 16

be deleted. The chemical reagents in the dried spot 106 are carried in a readily
soluble matrix, such as trehalose or another carbohydrate. These reagents will
spontaneously re-suspend when expased to an aqueous sample intruduced iuto the
sample chamber 30, and are not 1o any way Lnoiobilized. By contrast, dried and
immobilized nucleic acid probes and controls arc provided at fized locations in
the channel 82 in the form of spots 108, 110, 112 and 114. In the case of an
immunoassay, the spots will comprise antibody/antigen and controls, while in the
case of a nucleic acid ligand Sased assay, the spots will comprise nucleic acid
ligand/target and conmrols. In all cuses, the immobilized spots are different from
the dried reagents 106 in that they arc not solubilized by the aqueous sample in
the sample chamber 50, and are intended to react with and capture (and thereby
also immaobilize) a specific chemical moiét.y in thg liquid biological sample if 1t
is present.

Typical an'tlbody/antigen aud controls for usec in the spoté 108, 110, 112
and 114 in iunnunoassays are well known to thosc skilled in the art and are

described for cxample in such references as the Encvclopedia of immunology,

Academic Press, Ed., Roitt, 1.M. and IJelves, P.J., volume 2, pages 779-782 (1992)
and Diagnastic Microbiology, 6th edidon, Finegold, S.M. and Martin, ¥.J., pages
571-583 (1982). Similurly, uucleic acid ligands, which are well known to those
sidlled in the art through, for cxample, United States Patent No. 5,270,163, may
be used in place of antibodies in well-known immunoassay formats.

In combination with other reagents to be described shortly, the
immobilized nucleic acid probes and cuntrols (ur, alternatively, antibody/antigen
and controls or nueleic acid ligand/target and controls) 108, 110, 112 and 114
generate either a chromogenic, fluorescent, chemiluminescent or bicluminescent
response that is suitable for optical detection. Radinactive detection methods
may alsn be used in the practice of the present inventivn. Prefecubly, the

tmmobllized spuls 108, 110, 112 and 114 are all chemically different from each
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further alternative, the orientation of the test units on the rotor can be
changed during the course of the assay, either manually or by a mechani cal
actuator within the test instrunment 30, in order to nodify the centrifuga
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sample. The zone 54 occupied by the spots 108, 110, 112 and 114 constitutes the.

tl%?‘laxsédoa];ssggrr]se oglyﬁxee (sjz?nslg rlhqblﬁg ﬁiglo%{gl

detection site of the test unit 36, and in the illustrated embodiment this detection
site simply comprises a. portion of the channel 82. In other embodiments, the
detection site 54 may comprise a separate chamber or an enlarged section of the
channel 82.

The liquid reagent 100 contained in the first reagent chamber 62 is
typically an enzyme conjugated to a nucleic acid probe (alternatively, the enzyme
is conjugated to an antigen or antibody in the case of an immunoassay, or to a
nucleic acid ligand or target in the case of a nucleic acid ligand based assay).
The enzyme is typically alkaline phosphatase, horseradish peroxidase, or the like.
The liquid reagent 102 in the second reagent chamber 64 is typically an aqueous
buffer/wash solution. Finally, the liquid reagent 104 in the third reagent chamber
66 is typically a substrate such as AEC, TMB, BCIP/NBT, AMPPD, BBTP or
Lumiphos 530™ for the enzyme in the liquid reagent 100. Other configurations
are possible; for example, a liposome detector and wash may be used, and this
will require one less reagent chamber and liquid reagent. |

- By virtue of the linear arrangement of the chambers 50, 60, 62, 64 and 66
and interconnecting channels 82, 84, 86 and 88, centrifugal force can be applied
by the apparatus of Figs. 1 - 3 to properly sequence the flow of the liquid
biological sample and liquid reagents through the test unit 36. Centrifugal force
is defined by the relationship:
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heréi'n, rdy al so be used for this purpose. The foregoing isjidJl ust i .
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numerous alternatives to the devices and net hods descri bed I ch
I ncorparate the present invention wll be apparent to those skilled in the
art. The invention is accordingly defined by the following clains with
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Cf = mre

where:  C, = centrifugal force
m = mass

r = radius of revolution

® = angular velocity

Although centrifugal analyzers are well known in clinical chemistry, these devices
typically use centrifugal force to mix different reagents. In the illustrated
embodiment of the present invention, mixing occurs only incidentally (in the
waste chamber 60) and the centrifugal force serves primarily to sequentially move
the liquid bielogical sample and liquid reagents across the immobilized reagent
spots 108, 110, 112 and 114 by overcoming the flow resistance of each of the
channels 82, 84, 86 and 88 in turn. This is possible since the chambers 50, 62,
64 and 66 are located at progressively decreasing radial distances from the axis
of the rotor 34 in Figs. 1 - 3, with the waste chamber 60 Eeing located at the
outermost radial position so that it can receive liquids from all of the other
chambers. In the preferred embodiment, the center of the third reagent chamber
66 has a radius of revolution of about 1.1 inches, the center of the second reagent
chamber 64 has a radius of revolution of about 1.6 inches, the center of the first
reagent chamber 62 has a radius of revolution of about 2.1 inches, and the center
of the sample chamber 50 has a radius of revolution of about 2.85 inches. For
a given angular velocity, this results in a greater centrifugal force being exerted
on the liquid in eaéh chamber as the radius of revolution increases. Accordingly,
for a given angular velocity, the sample chamber 50 would have the most force
exerted on its contents, the first reagent chamber 62 would have a somewhat
smaller force exerted on its contents, the second reagent chamber 64 would have

a still smaller force exerted on its contents, and the third reagent chamber 66 wiil
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a sarnpl e*chanber for receiving a liquid biological sanple to be as ggﬁ
closure for sealing said sanple chanber, a seal ed waste cha 1%%8 ----- b
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preventing the flow of said liquid biological sanple through said first
liquid flow path in the absence of a force applied to said sanple, and for
permtting said |iquid biological sanple to flow through said first liquid
flow path when at | east a predetermned mninumforce is applied to said

sanple; and at |east a first i mobiligged reagent disposed in said liquid
flow path for

have an even smaller force exerted on its contents. Numerically, the force exerted

on the contents of the first reagent chamber 62 will be 73% of the force exerted
on the contents of the sample chamber 50, the force exerted on the contents of
the second reagent chamber 64 will be 56% of the force exerted on the contents
of the sample chamber 50, and the force exerted on the contents of the third
reagent chamber 66 will be 38% of the force exerted on the contents of the sample
chamber 50. Conversely, to achieve the same given force on the contents of all
chambers, the angular velocity of the first reagent chamber 62 would have to be
116% of the angular velocity of the sample chamber, the angular velocity of the
second reagent chamber 64 would have to be 133% of the angnlar velocity of the
angular velocity of the sample chamber 50, and the angular velocity of the third
reagent chamber 66 would have to be 160% of the angular velocity of the sample
chamber 50,

Figs. 10A, 10B and 10C illustrate the disposable test unit 36 after a liquid
biological sample 116 has been introduced into the sample chamber 50 and the
sample has begun to be assayed. Assuming that an integrated nucleic acid
amplification and nucleic acid assay is being carried out, the dried reagent spot
106 in the sample chamber has already dissolved at this point and nucleic acid
amplification has occurred in the liquid biological sample 116. The test unit 36
has been placed into its assigned radial position on the rotor 34 of the apparatus
30 in Figs. 1 - 3, and the test unit 36 is being rotated at a threshold angular
velocity that is sufficient to force the liquid sample 116 radially outward. The
channel 82, which is normally closed by virtue of its upper wall being resiliently
held in contact Witi‘l its lower wall, is forced open by the radial pressure exerted
on the liquid sample 116. This is illustrated in Fig. 10C. Depending upon the
thickness and resiliency of the materials used for the top film 72 and bottom
portion 76 of the test unit 36, the opening of the channel 82 may result from the

deflection of either the top or bottom wall of the channel, or both. In the
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sai d waste chanber, and
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illustrated embodiment, the deflection is relatively small (on the order of 50
microns) and occurs primarily in the top wall of the channel since the top film
72 of the test unit 36 is thinner and more flexible than the bottom portion 76.
The opening of the channel 82 allows the liquid biological sample 116 to flow over
the immobilized reagent spots 108, 110, 112 and 114'and to react with the
immobilized reagents at these locations. The liquid biological sample 116
continues to flow out of the sample chamber 50, through the channel 82 and into
the waste chamber 60, until the sample chamber 50 is empty. When the flow
stops, none of the liquid biological sample 116 remains in either the sample
chamber 50 or in the channel 82, and the waste chamber 60 is partially filled.
It will be noted that, while the amount of centrifugal force being exerted on the
liquid biological sample 116 in Figs. 10A through 10C is sufficient to cause the
sample 116 to flow through the channel 82, it is not sufficient to cause any of the
liquid reagents 100, 102 and 104 to force open their respective channels 84, 86
and 83. This may result from the fact that the top surfaces of the liquid reagents
100, 102 and 104 have not yet tilted sufficiently to reach the level of the channel
openings in the respective wells 62, 64 and 66, as suggested in Figs. 10A through
10C, or from the fact the reagents, although having reached the channel openings,
are not yet under sufficient pressure to force open the resilient walls of the
channels. Either or both of these effects may be relied upon in the practice of the
present invention. In any event, to allow the liquid reagents 100, 102 and 104 to
flow out of their respective chambers, the angular velocity of the rotor 34 in Figs.
1 - 3 must be increased. Until this occurs, the channels 84, 86 and 88 remain
closed and effectivély seal off the respective reagent chambers 62, 64 and 66 from
each other and from the sample chamber 50.

Figs. 11A and 11B illustrate the test unit 36 at a second threshold angular
velocity that is higher than the angular velocity represented in Figs. 10A and 10B.

This higher angular velocity is sufficient to force the liquid reagent 100 in the
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claim3, further conprising a dried anplification reagent disposed in said
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first reagent chamber 62 radially outward into the channel 84. This allows the
liquid reagent 100 to flow through the channel 84 to the sample chamber 50, and
from the sample chamber 50 through the channel 82 to the waste chamber 60.
In flowing through the channel 82, the liquid reagent 100 flows over the
immobilized reagent spots 108, 110, 112 and 114 and reacts with the immobilized
reagents therein. The flow of the liquid reagent 100 continues until the reagent
chamber 62 and channels 82 and 84 are empty, and the liquid reagent 100 has
been received completely in the waste chamber 60. It should be noted that, as a
result of the relatively high magnitude of the centrifugal force applied to the
liquid reagent 100 as compared to the force of gravity, the liquid reagent does not
accumulate to any appreciable extent in the sample chamber 50 as it flows from
the channel 84 to the channel 82. Instead, the liquid reagent 100 flows primarily
across the top of the sample chamber 50 between the outlet of the channel 84 and
inlet of the channel 82. As before, the centrifugal force exerted on the liquid
reagent 100 in Figs. 11A and 11B is sufficient to cause the reagent 100 to flow
through the channels 84 and 82, but is not sufficient to allow the liquid reagents
102 and 104 in the remaining reagent chambers 64 and 66 to overcome the flow
resistance of their respective channels 86 and 88. In order for the liquid reagents
102 and 104 to begin to flow, the angular velocity must be increased still further
to increase the centrifugal force at these locations.

Figs. 12A and 12B illustrate the test unit 36 at a third threshold angular
velocity that is higher than the angular velocity represented in Figs. 11A and 11B.
At this angular velocity, the centrifugal force exerted on the liquid reagent 102 in
the second reagenf chamber 64 is sufficient to overcome the flow resistance
exerted by the channel 86 and allow the reagent 102 to flow through the channel
86. Accordingly, the reagent 102 flows to the waste chamber 60 via the channel
86, first reagent chamber 62: channel 84, sample chamber 50 and channel 82. In

flowing through the channel 82, the liquia reagent 102 flows over the immobilized
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front an *open position to a closed position to seal said opgni ng af
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inclaiml or 2, further conprising: at |east one reagent chamber for
containing a liquid reagent; and a second liquid flow path between said

reagent chanber and said first liquid flow path. 7. A test unit as
claimed in claim6, wherein said second liquid flow path comuni cat es
directly with said first liquid flow path. 8. A test unit as clained in

claim6, wherein said second liquid flow path comuni cat es |nd|rectly W th
said first liquid flow path through séald sanpl e chanber.

reagent spots 108, 110, 112 and 114 and reacts with the immobilized reagents
therein. The liquid reagent 102 continues to flow until the second reagent
chamber 64 is empty and all of the reagent 102 has accumulated in the waste
chamber 60. As before, the centrifugal force exerted upon the liquid reagent 102
in Figs. 12A and 12B is sufficient to cause the reagent 102 to flow through the
channels 86, 84 and 82, but is not sufficient to allow the liquid reagent 104 in the
third reagent chamber 66 to overcome the flow resistance exerted by the channel
88. In order to allow the liquid reagent 104 to flow into the channel 88, the
angular velocity must again be increased to further increase the centrifugal force
at the location of the third reagent chamber 66.

Figs. 13A and 13B illustrate the disposable test unit 36 at a fourth
threshold angular velocity that is higher than the angular velocity represented in
Figs. 12A ad 12B. At this angular velocity, the centrifugal force exerted on the
liquid reagent 104 in the third reagent chamber 66 is sufficient to force open the
channel 88 and allow the reagent 104 to flow through the channel 88. This allows
the liquid reagent 104 to flow into the waste chamber 60 via the channel 88,
second reagent chamber 64, channel 86, first reagent chamber 62, channel 84,
sample chamber 50 and channpel 82. In flowing through the channel 82, the
liquid reagent 104 flows over the immobilized reagent spots 108, 110, 112 and 114
and reacts with the immobilized reagents in these spots. The liquid reagent 104
continues to flow into the waste chamber 60 until the third reagent chamber 66,
and all of the intervening channels and reagent chambers, are empty. At this
point, all of the liquid reagent 104 has accumulated in the waste chamber 60,
along with the liqzxid biological sample 116 and the first and second liquid
reagents 100 and 102.

Figs. 14A and 14B illustrate the state of the disposable test unit 36 after
the liquid biological sample. 116 and all of the liquid reagents 100, 102 and 104

have been forced through the chunnels and into the waste chamber 60. The
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The vrder of exposure, and hence the order of reaction, has been controlled by the
increasing centrifugal forces genernted by the increasing angular velocities of the
rotor 34 in the apparatus 30 of Figs. 1 - 3. As will be appreciated trom the
foregoing description, this order is as follows: first, the liquid bivlogical sample
116; second, the enzyme conjugate 100; third, the wash solution 102; and fourth,
the substrate 104. At this point, the immobilizcd rcagent spots 108, 110, 112 and
114 arc rcady to be optically detected. Depending upon the substrate used, the
immobilized reagent spots will exhibit either color development, ﬂunre.%cence or
luminescence proportinnal to the amount of the particular analyte detected.
Fig. 15 is a flow chart which summurizes the secies of operations carried
vut by the operator and by the test instrument 30 of Figs. 1 - 3 during an
intcgrated nucleic acid amplification and nucleic acid assay. Figs. 16A and 168
are graphs of rotational speed versus time and temperature versus time,
respecﬁvel};, which will assist in the understanding of the flow chart of Fig. 15.
With reference to block 120 of Fig. 15, the process is initiated by the human
operator by placing a liquid biological sample into the sample chamber 50 of the
disposable test unit 36 through the sample port 74. In block 122, the disposable
test unit 36 is placed into its ascigned radial position on the rotor 34 of the
apparatus 30 (along with any other test units 36 that are W be assaycd), and the
1id 32 is dused to seal the test units and hold them in position. A start command
is also applied, either automatically by closing the lid 32 or by depressing @
scparate pushbutton (not shown). Optionally, the rotar 34 of the apparatns 30
may have temperature cycling capability iﬁ order to accommodate the polymerase
chain reaction (PCR) nucle‘ic acid amplification prucess. This is the eud of any
required action Ly the hwinan operator, and all subsequent steps in thc process
arc fully automated. It should be noted that the liquid biological sample may be
placed into the test unit sample chamber 50 either before or after the test unit

is placed in the rotor 34, depending upun lhe prefercuce of the operator.
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11. A nethod for carrying out a clinical diagnostic assay,
conprising the steps of: providing a test unit having a sanpl e chanber,

bet ween sai d sanpl e chanber and said waste chanber, and at least a firs
I mobi | i zed reagent disposed in said first liquid flow path; introducin

liquid biological sanple into said sanpl2da chanber, nounting said test u
for rotation about an axis with said test unit

Blocks 124 through 136 of Fig. 15 are associated with the nucleic acid
amplification. In block 124, the rotor 34 is rotated at a speed of a few revolutions
per minute (RPM) for the purpose of uniformly heating all of the liquid
biological samples in the sample chambers 50 test units 36 to the same
temperature. Rotation eliminates hot or cold spots and averages any local
variations in the temperatures of the heaters 48 and 52 across all of the test units
36. In block 126, the infrared heater 48 of Fig. 3 is raised to a temperature
sufficient to heat all of the liquid biological samples in the test units 36 to a
temperature of 41° C., the temperature necessary for amplification. (The time-
temperature profile of the infrared heater 48 corresponds to heating zone 1 in
Fig. 16B, and the time-temperature profile of the infrared heater 52 corresponds
to heating zone 2.) In block 128, an incubation time is provided for nucleic acid
amplification to occur while the samples are maintained at 41° C. Amplification
starts at the beginning of the incubation period (point 130 in Fig. 16B) and is
terminated approximately two hours later (point 132 in Fig. 16B). In block 134,
the infrared heater 48 is controlled to raise the temperature of the liquid
biological sample in the test units 36 to 95° C,, the temperature necessary to
destroy the amplification reagents and terminate the amplification process. This
corresponds to point 136 in Fig. 16B. In block 138, a 3-minute incubation time
is provided for this destruction to occur. The incubation time ends at point 140
in Fig. 16B, and is followed by a cool-down step in block 142 of Fig. 15. During
the cool-down step, the infrared heater 48 is controlled to reduce the temperature
of the liquid biological samples in the test units 36 to 37° C. for the assay
procedure to foll(;w. In block 144, a suitable incubation time is provided to
assure that all of the liquid biological samples have an opportunity to stabilize

at the same lower temperature. This marks the end of the amplification

procedure, and the nucleic acid assay follows.
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In block 146, the nucleic acid assay begins with a heating step in which the
infrared heater 52 of Fig. 3 is controlled to raise the temperature of the detection
sites 54 of the disposable test units to 37° C., the desired assay temperature. In
block 148, the rotational speed of the rotor 34 is increased to a first threshold
speed which is sufficient to force the liquid biological samples to move out of the
sample chambers 50 of the test units 36 and through the channels 82 toward the
waste chamber 60. Block 148 corresponds to point 150 in Fig. 16A. In block 152,
this rotational speed is maintained for a sufficient period of time (typically about
three minutes) to allow all of the liquid biological sample to flow from the sample
chamber 50 to the waste chamber 60. During this period, the liquid biological
sample flows past the immobilized reagent spots 108, 110, 112 and 114 in the
channel 82, and reacts with the reagents contained in these spots. In blocks 154
and 156, the rotational speed of the rotor 34 is increased to a second threshold
level (point 158 in Fig. 16A) which is sufficient to cause the enzyme 100 to flow
out of the first reagent chamber 62 of each test unit 36, and is maintained at this
rotational speed for a further period of time (typically about three minutes). This
allows sufficient time for the enzyme 100 to flow completely out of the first
reagent chamber 62, past the immobilized reagent spots 108, 110, 112 and 114,
and into the waste chamber 60. In blocks 160 and 162, the rotational speed of
the rotor 34 is increased to a third threshold level (point 164 in Fig. 16A) which
is sufficient to cause the aqueous buffer/wash solution 102 to flow out of the
second reagent chamber 64, and is maintained at that level for an additional
period of time (typically about three minutes). The period chosen is sufficient to
allow the aqueous buffer/wash solution 102 to flow completely out of the second
reagent chamber 64, past the immobilized reagent spots 108, 110, 112 and 114,
and into the waste chamber 60. Finally in blocks 166 and 168, the rotational
speed of the rotor 34 is inereased to a fourth threshold level (point 170 in Fig.

16A) which is sufficient to force the substrate 104 to flow out of the third reagent
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bi ol ogi cal sanple through said first liquid flow path, and wherein the step
of rotating said test unit about said axis causes said liquid biological
sanple to overcone said flow resistance by neans of the centrifugal force

applied to said liquid biological sanple. 13. A nmethod as clainmed in
claim 12, wherein said test unit further conprises a reagent chanber
containing a liquid reagent and a seco liquid flow path between said
reagent chanber and said first Iiquid path, said reagent chanber being

positioned such that rotation of said test unit about said axis causes
centrifugal forchember ¢feangjy nagintained at that leyed for aduxbert periodidf¢ink (tegitalyn

from about three minutes). As before, this interval is sufficient to allow the substrate
to flow completely out of the third reagent chamber 66, past the immobilized
reagent spots 108, 110, 112 and 114 and into the waste chamber 60. At this point,
the liquid biological sample 116 and liquid reagents 100, 102 and 104 have all
been sequenced, one at a time, past the immobilized reagent spots 108, 110, 112
and 114 by virtue of the progressively increasing speed of rotation of the rotor 34.
The nucleic acid assay is now complete, except for detection. In block 172, the
detection operation is carried out by slowing the rotor 34 to an indexing speed
(point 174 in Fig. 16A) and using the optical detector assembly 68 to illuminate
and detect the immobilized reagent spots 108, 110, 112 and 114 in each of the
disposable test units 36. Depending upon the particular substrate used, the
immobilized reagent spots 108, 110, 112 and 114 will be either chromogenic,
fluorescent, luminescent or, as noted earlier, radioactive. It will be appreciated
that the indexing speed of the rotor 34 represented by point 174 in Fig. 16A may
either be constant or intermittent, depending upon whether the optical detector
assembly 68 requires that the test units 36 be stopped in order to properly detect
the immobilized reagent spots 108, 110, 112 and 114. The optical detector
assembly 70 of Fig. 3 indicates the position of each test unit 36 on the rotor 34
and, in the case where the rotor 34 must be stopped for detection, also indicates
the proper stopped positions of the rotor 34. The nucleic acid assay procedure
concludes in block 176, where data obtained from the optical assembly 68 for
each of the test units 36 is acquired, analyzed and archived by a computer-based
control system.
Fig. 17 is a flow chart which summarizes the series of operations carried
out by the operator and by the apparatus 30 of Figs. 1 - 3 during an |
immunoassay or nucleic acid ligand based assay. Figs. 18A and 18B aré graphs

of rotational speed versus time and temperature versus time, respectively, which
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will assist in the understanﬂing of the flow chart of Fig. 17. In blocks 178, 180
and 182 of Fig. 17, the immunoassay or nucleic acid ligand based assay procedure
is commenced using the same steps as those described in connection with blocks
120, 122 and 124 of Fig. 15. In block 184, both of the infrared heaters 48 and 52
of Fig. 3 are controlled to heat the sample chambers 50 and detection sites 54 of
the disposable test units 36 to the desired immunoassay or nucleic acid ligand
based assay temperature of 37° C. This is indicated by point 186 in Fig. 18B.
After a short period of equilibration, the rotational speed of the rotor 34 is
sequenced through four progressively increasing threshold levels, each followed
by a three-minute incubation period. This sequence of events is represented by
blocks 188, 190, 192, 194, 196, 198, 200 and 202 in Fig. 17, which correspond,
respectively, to blocks 148, 152, 154, 156, 160, 162, 166 and 168 of Fig. 15. The
rotational speeds of the rotor 34 in blocks 188, 192, 196 and 200 of Fig. 17 are
represented by the points 204, 206, 208 and 210, respectively, of Fig. 18A. In
block 212 of Fig. 17 (corresponding to point 214 of Fig. 18A), indexed rotation of
the rotor 34 takes place to allow detection of the immobilized reagent spots 108,
110, 112 and 114 by the optical assembly 68 of Fig. 3. This step is equivalent to
that represented by block 172 in Fig. 15. In block 216 of Fig. 17, data acquisition,
analysis and archiving is carried out by the computer-based control system as
described previously in connection with block 176 of Fig. 15. The assay is then
complete. It will be observed that the immunoassay or nucleic acid ligand based
assay procedure of Figs. 17, 13A and 18B is similar to the nucleic acid
amplification and assay procedure described previously in connection with Figs.
15, 16A and 16B, e;(cept that the immunoassay or nucleic acid ligand based assay
does not require the two-hour incubation period used for nucleic acid
amplification, nor the 41° C. and 93° C. heating steps.

Fig. 19 illustrates thg manner in which two or more of the automated test

instruments 30 of Figs. 1 - 3 may be connected to a single host computer 18. The
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host computer receives test results and other data from the internal

microcontroller boards 46 of the test instruments 30, and serves as a gateway for
making this data available to other computers 220, 222 and 224 on a local area
network (LAN) 226 within a hospital or clinical laboratory. The host computer
218 may be one of the computers on the LAN 226, or it may be a separate
computer which connects to the LAN 226 by means of a standard network
interface such as Ethernet. By distributing the system in this way, the test
instruments 30 can be operated essentially in the same manner as computer
peripheral devices for carrying out data acquisition, and the assay results can be
made generally available throughout the organization served by the LAN.
Support for database operations, display and printing can be provided by
" hardware already connected to the LAN 226, which reduces the need for dedicated
hardware. Hospitals, in particular, often have a.mix of mainframe computers,
personal computers linked by local area networks, fiber optic networks, and so
on. It is desirable to be able to place a new instrument on line without
substantially affecting existing hardware and software, in order to minimize the
installation cost of the new instrument. In the case of the test instrument 30, this
is achieved by having the internal microcontroller board 46 run the instrument
30, so that the computational overhead of the host computer 218 is reduced to the
point where it can run the test instrument 30 in the background. Moreover, by
utilizing existing standardized hardware and software for display, printing, data
distribution and archiving, the manufacturing cost of the test instrument 30 itself
is reduced, and the cost of installing and maintaining the instrument 30 is also
reduced.
Fig. 20 is a block diagram illustrating the principal electrical components
of the automated test instrument 30 of Figs. 1 - 3. The microcontroller board 46
controls the operations of the €est instrument 30 and contains a microprocessor,

read-only memory (ROM) for storiny program code, and random access memory
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bi ol ogi cal conponent based on a response or |ack of response of said second
I mmobi | i zed reagent to said liquid biological sanple. 17. A net hod as
claimed in claim 11, wherein said i mop®lized reagent conprises a nucleic
acid probe, and further conprising the™step of carrying out nucleic acid
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test instrument 30. The microcontroller board 46 received inputs from the first
and second optical assemblies 68 and 70 of Figs. 2 and 3. These inputs provide
data relating to assay test results and the rotational position of the rotor 34. The
microprocessor also receives operator inputs from one or more external input
devices 228, which may consist of "start” and "stop” pushbuttons, a sensor for
detecting when the lid 32 is closed, and so on. The outputs of the microcontroller
board 46 are connected to the infrared heaters 48 and 52 and to the motor 56
through respective driver circuits 230, 232 and 234 The driver circuits provide
appropriate interfacing, isolation and current drive for the heaters 48, 52 and
motor 56, respectively. Depending upon the type of motor 56 used, the motor
driver circuit 234 niay include servo control circuits for operating the motor at
precise speeds and/or for indexing the motor between precise rotational positions.
If a stepper motor is used for the motor 56, a known type of stepper motor drive
circuit may be employed for the driver circuit 234. The optical sensor 70 used
for detecting the rotational position of the rotor 34 may, if desired, be replaced
with a shaft encoder coupled to the shaft 58 of the motor 36 or to the rotor 34.
The output 236 of the microcontroller board is preferably a standard interface,
such as an RS-232 interface, which can be connected directly to the host
computer 218 of Fig. 19.

Figs. 21A and 21B are enlarged plan and side sectional views, respectively,
of a modified embodiment 36’ of the disposable test unit 36 described previously.
In the modified embodiment, the sample chamber 50°, waste chamber 60’ and
reagent chambers 62°, 64’ and 66’ are generally in the same positions as described
earlier, and the immobilized reagent spots 108, 110°, 112’ and 114’ are disposed
in the channel 82’ connecting the sample chamber 50’ and waste chamber 60’ as
before. In the modified emRodiment of Figs. 21A and 21B, however, the channels

84, 86’ and 88’ communicating with the respective reagent chambers 62°, 64’ and
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66’ lead directly to the inlet of upstream end of the channel 82, without passing

through any intermediate chambers or channels. This arrangement may be
preferable in that the flow of liquid reagents between the reagent chambers 62,
64’ and 66’ and the channel 82 is somewhat smoother and less impeded, but it is
also more difficult to fabricate because the channels 84, 86’ and 88’ run parallel
to each other for a portion of their length. The modified embodiment illustrates
that the channels of the disposable test unit need not follow straight radial lines
relative to the axis of rotation of the rotor 34 in order for the liquid sample and
reagents to move betweeh the various chambers under the influence of centrifugal
force. However, in order to insure optimum liquid flow through each channel,
there should preferably be a component of centrifugal force acting in the desired
flow direction at each point along the channel. In practice, this means that the
channels can have any desired configuration as long as they are non-reversing;
that is, when viewed in the intended flow direction, each successive incremental
section of the channel should be no closer to the intended axis of rotation (i.e.,
the axis of the rotor 34 in Figs. 1 - 3) than the preceding section. Viewed from
the standpoint of the test unit 36 or 36’ itself, the channels are non-reversing if
it is possible to select at least one axis of rotation of the test unit for which all
channels satisfy the previously stated condition. Clearly, there are many different
non-reversing channel configurations which can be used in the practice of the
present invention.

In a further embodiment of the invention, not illustrated in the drawings,
the test unit 36 may comprise top and bottom portions corresponding generally
to the portions 72 ;nd 76 in Figs. 4 and S, but made from a relatively thick, rigid
acrylic material. Rather than using heat sealing to secure the top and bottom
portions together and to define the channels, a thin vinyl or polyester/ACLAR/
polypropylene membrane is,interposed between the top and bottom portions, and

the underside of the top portion has a projecting relief pattern which is in the

~rotating said test units
a source of rotary power for rotating said rotatabl e hol der




and a plurality of test units carried by said rotatabl e hol|dBEPAACERERTEMEST
circunferéentially about said axis, each of said test units [conpri S!USQFEQ 1896
sanmpl e chanber for receiving a |iquid biological sanple to b@atass._al d,. v
wast e chanmber for receiving said |iquid biological sanple _
chanber, a first liquid flow path between said sanple chanber and said

wast e chanber, and at least a first inmobilized reagent di sposed in said
first liquid flow path, each of said disposable test units being oriented
with respect to said rotatable holder in a manner such that said sanple
chanber is located closer to said axis than said waste chanber in order to
cause said liquid biological sanple to flow through said first liquid flow
path from said sanple chanber to said te chanber and to thereby be
brought into contact with said first imfbilized reagent when centrifugal
force i s exeshane ofithediedt séaj pattetni 80 of FimbAs vhere the topoamd bottomf paitiotls

are secured together with screws or other suitable fasteners, the membrane

provides a seal around the chambers and also defines the intercommecting
channels in a manner similar to the heat seal pattern 80. The flexibility of the
membrane closes off the channels in the absence of centrifugal force applied by
the rotation of the rotor 34 of Figs. 1 - 3, in the same manner as the flexible top
film 72 in Figs. 4 and 5. In this embodiment, the immobilized reagent spots 108,
110, 112 and 114 of Fig. 4 are preferably provided on the membrane (or on a
nitrocellulose carrier that is affixed to the test unit by two parallel strips of
transfer tape aligned in the liquid flow direction) rather than on the acrylic
material.

In the embodiment just described, the walls of the sample and reagent
chambers may be inclined at a somewhat shallower angle in the regions
immediately adjoining the channel entrances, in order to promote the entry of
liquid into the channels when the test unit is in use. Preferably, the inclination
angle becomes progressively steeper with decreasing distance from the axis of the
rotor 34 in Figs. 1 - 3; that is, the shallowest angle is used for the sample
chambér and the steepest angle is used for the last reagent chamber. This is
advantageous in that it tends to widen the differences in the rotational speeds at
which the successive ghambers will empty of liquids. In one possible
implementation, an inclination angle of 30° is used for the sample chamber exit
region and inclination angles of 48°, 67° and 85°, respectively, are used for the exit
regions of the sucgeeding reagent chambers. In addition to (or in lieu of) the
inclined exit regions, the depth of the chambers may be made successively greater
in the direction from the sample chamber radially inward toward the last reagent
chamber. By thus requiring the liquids in the successive chambers to climb
-progressively greater distangces to reach the channel entrances, the differences in

the rotational speeds needed t; empty the successive chambers will again be
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widened. In one possible implemen;gt;n, the depth of the sample chamber is 4.4
millimeters and the depths of the succeeding reagent chambers are 7.1
millimeters, 7.7 millimeters and 8.0 millimeter, respectively. It will be
appreciated that the use of inclined chamber exit regions and varying chamber
depths, although described in connection with the non-illustrated modified
embodiment, may also be used in the previously-described embodiments
illustrated in Figs. 1 - 21.

As another feature of the modified embodiment described above, the
channel connecting the sample and waste chambers (corresponding to the channel
82 or 82’ in the illustrated embodiment described previously) may be a fixed-
dimension channel or capillary which remains open even when centrifugal
pressure is not being applied to the liquid in the sample chamber. This is
feasible since the sample chamber is normally empty of liquid until just before
the test unit is placed into use, and hence there is no risk of liquids inadvertently
being caused to flow through the channel during shipping, storage and handling
of the test unit prior to use. Even with an open channel, centrifugal force will
still be required to cause the liquid sample to flow from the sample chamber to
the waste chamber, either because the liquid must incline somewhat to reach the
channel entrance or because of the inherent flow resistance of the channel or
capillary walls (or for both of these reasons). In some cases, these later effects
may exert sufficient flow control that resiliently constricted channel walls may be
omitted from the test unit altogether, even for the channels leading from the
reagent chambers.‘Again, although the use of fixed-dimension channels has been
described in connection with the non-illustrated embodiment, it is also applicable
to the previously-described embadiments illustrated in Figs. 1 - 21.

Other modifications of the embodiments described herein -are also
possible. For example, two,or murc parallel channels may be provided between

the sample and waste chambers in lieu of the single channel 82 or 82, to
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allow said first sensor to detect said responses during sto psgtei,nﬂerEEB m

of .sai d rotatable hol der. 22. An apparatus as clainmed in g¢latm 18 " e
further conprising at least a first heat source for applying heat to the
sanpl e chanbers of said test units. 23. An apparatus as clained in claim

22, further conprising a second heat source for applying heat to the first
liquid flow paths and first immbilized reagents of said test units. 24.
An apparatus as clainmed in claim23, wherein said first and second heat
sources are disposed at fixed positions with respect to said rotatable

hol der. 25. An apparatus as clainmed iggclaim 18, wherein each of said

test units further conprises: I

facilitate the detection of different antibodies in certain types of immunoassays

(e.g., the IGG and IGM antibodies in an assay for Rubella). Alternatively, two

or more independent sample chambers and channels may be provided, thereby

forming the functional equivalent of two separate test units with common reagent

and waste chambers. In any or all of the embodiments described herein, venting

may be provided in the various chambers of the test unit to promote liquid flow

through the interconnecting channels but this should be done in such a way that

the test unit remains effectively sealed against contamination. Also, it will be

apparent that the channels connecting the various chambers can be designed with

different flow resistances if desired, and this may make it unnecessary to locate

the chambers at different radial distances from the axis of rotation in order to

cause the liquid biological sample and liquid reagents to flow sequentially with

increasing rotational speed. As a further alternative, the orientation of the test

units on the rotor can be changed during the course of the assay, either manually

or by a mechanical actuator within the test instrument 30, in order to modify the

centrifugal forces applied to the chambers. It will also be appreciated that the

constricted channels used in the illustrated embodiments may be replaced with

other types of flow control devices if desired, such as valves, weirs, capillaries or

the like. Microchannels of the type described in the aforementioned co-pending

U.S. patent application of Hugh V. Cottingham, incorporated by reference herein,

may also be used for this purpose.

The foregoing is illustrative of the present invention, and is not to be

construed as limiting thereof, as numerous alternatives to the devices and

methods described which incorporate the present invention will be apparent to

those skilled in the art. The invention is accordingly defined by the following

claims with equivalence of the claims to be included therein.

.
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THAT WHICH IS CLAIMED IS:

1. A test unit for carrying out a clinical diagnostic assay, comprising:
a sample chamber for receiving a liquid biological sample to be assayed;

a closure for sealing said sample chamber;

a sealed waste chamber for receiving said liquid biological sample from

said sample chamber;

a first liquid flow path for said liquid biological sample extending between
said sample chamber and said waste chamber;

non-frangible flow control means for preventing the flow of said liquid
biological sample through said first liquid flow path in the absence of a force
applied to said saniple, and for permitting said liquid biological sample to flow
through said first liquid flow path when at least a predetermined minimum force
is applied to said sample; and

at least a first immobilized reagent disposed in said liquid flow path for

contacting said liquid biological sample as said sample flows from said sample

chamber to said waste chamber.

2. A test unit for carrying out a clinical diagnostic assay, comprising:
a sample chamber for receiving a liquid biological sample to be assayed;
a closure for sealing said sample chamber;
a sealed waste chamber spaced from said sample chamber for receiving
said liquid biologif:al sample from said sample chamber;

a first liquid flow path for said liquid biological sample, said first liquid

ow control means for preventing

speed

flow path extending in a non-reversing manner between said sample chamber and -

said waste chamber; and
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| east a second sensor for detecting responses by said second i mmobilized
reagents. 27. An apparatus as clained in claim26, wherein said first and

second i mobi |l i zed reagents generate gsponses sel ected fromthe group
consi sting of

at least a first immobilized reagent disposed in said liquid flow path for

contacting said liquid biological sample as said sample flows from said sample

chamber to said waste chamber.

3. A test unit as claimed in claim 1 or 2, wherein said immobilized reagent

comprises a nucleic acid probe.

4. A test unit as claimed in claim 3, further comprising a dried amplification
reagent disposed in said sample chamber for carrying out nucleic acid

amplification in said liquid biological sample.

S. A test unit as claimed in claim 1 or 2, wherein said sample chamber is
provided with an opening for allowing said liquid biological sample to be
introduced into said sample chamber, and wherein said closure is movable from
an o'pen position to a closed position to seal said opening after said liquid

biological sample has been introduced.

6. A test unit as claimed in claim 1 or 2, further comprising:
at least one reagent chamber for containing a liquid reagent; and

a second liquid flow path between said reagent chamber and said first

liquid flow path.

7. A test unit as claimed in claim 6, wherein said second liquid flow. path

communicates directly with said first liquid flow path.

8. A test unit as claimed in claim 6, wherein said second liquid flow path

communicates indirectly with said first liquid flow path through said sample

chamber.
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substantially S|nultaneously S|ng “t he steps of: providing a
plurality of test units for rece|V|ng | i qui d bi ol ogi cal sanples to be
assayed, each of said test units having a seal abl e sanple port through
which said |liquid biological sanple is introduced into said test unit;
providing a test apparatus for receiving said plurality of test units, said
test apparatus having neans for sealinggaid sanple ports;

9. A test unit as claimed in claim 1, wherein:

said first liquid flow path comprises a channel, and wherein said non-
frangible flow control means comprises at least a portion of said channel which
constricts to prevent the flow of said liquid biological sample through said
channel in the absence of a force applied to said sample, and which expands to
permit said liquid biological sample to flow through said channel when at least

said predetermined minimum force is applied to said sample.

10. A test unit as claimed in claim 9 wherein said channel or portion thereof
comprises opposed walls which are substantially in contact with each other in the
absence of a force applied to said liquid biological sample, at least one of said
walls having sufficient resiliency to allow said walls to be forced apart to permit
said liquid biological sample to flow through said channel when at least said

predetermined minimum force is applied to said sample.

11. A method for carrying out a clinical diagnostic assay, comprising the steps
of: -

providing a test unit having a sample chamber, a waste chamber spaced
from said sample chamber, a first liquid flow path between said sample chamber
and said waste chamber, and at least a first immobilized reagent disposed in said
first liquid flow path;

introducing a liquid biological sample into said sample chamber;

mounting said test unit for rotation about an axis with said test unit
oriented such that.rotation about said axis causes centrifugal force to be applied
to said liquid biological sample in a direction from said sample chamber to said
waste chamber;

rotating said test unjt about said axis at a first rotational speed sufficient

to cause said liquid biological sample tu flow through said first liquid flow path
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means conprises the step of pressing said adhesive closure over said sanple
port in order to seal said sanple port
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from said sample chamber to said waste chamber by centrifugal force, and to
thereby contact said first immobilized reagent; and

detecting the presence or absence of a chemical or biological component
in said liquid biological sample based on a response or lack of response of said

first immobilized reagent to said liquid biological sample.

12. A method as claimed in claim 11, wherein said first liquid flow path
normally provides sufficient flow resistance to prevent the flow of said liquid
biological sample through said first liquid flow path, and wherein the step of
rotating said test unit about said axis causes said liquid biological sample to

overcome said flow resistance by means of the centrifugal force applied to said

liquid biological sample.

13. A method as claimed in claim 12, wherein said test unit further comprises
a reagent chamber containing a liquid reagent and a second liquid flow path
between said reagent chémber and said first liquid flow path, said reagent
chamber being positioned such that rotation of said test unit about said axis
causes centrifugal force to be applied to said liquid reagent in the direction from
said reagent chamber to said first liquid flow path, said second liquid flow path
providing sufficient flow resistance to prevent the flow of said liquid reagent
through said second liquid flow path when said test unit is rotated at said first
rotational speed, and further comprising the step of:

subsequent.to the step of rotating said test unit about said axis to cause
said liquid biological sample to fluw through said first liquid flow path, and prior
to said detection step, rotating -aid test unit about said axis at a second
rotational speed greater than said first rotational speed to cause said liquid

reagent to flow through said second liquid flow path from said reagent chamber
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to said first liquid flow path, and through said first liquid flow path to said waste
chamber.

14. A method as claimed in claim 11, further comprising the step of sealing
said sample chamber after introducing said liquid biological sample therein and

before causing said liquid biological sample to flow through said first liquid flow
path.

15. A method as claimed in claim 14, wherein said waste chamber is sealed
to prevent leakage of said liquid biological sample therefrom, and further

comprising the step of disposing of said test unit after said detection step.

16. A method as claimed in claim 11, wherein said test unit further comprises
a second immobilized reagent disposed in said first liquid flow path, said second
immobilized reagent being different from said first immobilized reagent to detect
a second chemical or biological component in said liquid biological sample, and
further wherein: |

the step of rotating said test unit about said axis at said first rotational
speed to cause said liguid biological sample to flow through said first liquid flow
path and to thereby contact said first immobilized reagent also causes said liquid
biological sample to contact said second immobilized reagent; and

said detection step includes the step of detecting the presence or absence
of said second chelpical or biological component based on a response or lack of

i'esponse of said second immobilized reagent to said liquid biological sample.

17. A method as claimed in claim 11, wherein said immobilized reagent
comprises a nucleic acid probe, and further comprising the step of carrying out

nucleic acid amplification in said liquid biological sample after introducing said
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sample into said sample chamber and before causing said sample to flow through

said first liquid flow path.

18.  An apparatus for performing a plurality of clinical diagnostic assays
substantially simultaneously, said apparatus comprising:

a rotatable holder for carrying a plurality of test units and for rotating
said test units about an axis;

a source of rotary power for rotating said rotatable holder about said axis;
and

a plurality of test units carried by said rotatable holder and spaced
circuniferentially about said axis, each of said test units comprising a sample
chamber for receiv{ng a liquid biological sample to be assayed, a waste chamber
for receiving said liquid biological sample from said sample chamber, a first
liquid flow path between said sample chamber and said waste chamber, and at
least a first immobilized reagent disposed in said first liquid flow path, each of
said disposable test units being oriented with respect to said rotatable holder in
a manner such that said sample chamber is located closer to said axis than said
waste chamber in order to cause said liquid biological sample to flow through
said first liquid flow pﬁth from said sample chamber to said waste chamber and
to thereby be brought into contact with said first immobilized reagent when
centrifugal force is exerted on said liquid biological sample by rotation of said
holder at a first rotational speed.
19.  An apparatus as claimed in claim 18, further comprising at least a first
sensor for detecting responses by said first immobilized reagents of said test units

to the presence of a chemical or biological component in said liquid biological
samples.
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20.  An apparatus as claimed in claim 19, wherein said first sensor is mounted

at a fixed position with respect to said rotatable holder.

21l.  An apparatus as claimed in claim 20, wherein said source of rotary power
is adapted to index said rotatable holder about said axis in order to allow said

first sensor to detect said responses during stopped intervals of said rotatable
holder.

22.  An apparatus as claimed in claim 18, further comprising at least a first

heat source for applying heat to the sample chambers of said test units.

23. An apparatus as claimed in claim 22, further comprising a second heat

source for applying heat to the first liquid flow paths and first immobilized

reagents of said test units.

24.  An apparatus as claimed in claim 23, wherein said first and second heat

sources are disposed at fixed positions with respect to said rotatable holder.

25.  An apparatus as claimed in claim 18, wherein each of said test units
further comprises: '

a reagent chamber for containing a liquid reagent, said reagent chamber
being located closer to said axis than said first liquid flow path when said test
unit is carried by s.aid rotatable holder; and

a second liquid flow path between said reagent chamber and said first
liquid flow path, said second liquid flow path including flow control means for
preventing the flow of said liquid reagent therethrough at said first rotational
speed and for permitting the¢ flow of said liquid reagent therethrough at a second

rotational speed higher than said first rotational speed;
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and wherein said apparatus further comprises control means connected to
said source of rotary power for selectively operating said source of rotary power

at said first or second rotational speed.

26. An apparatus as claimed in claim 19, wherein each of said test units
comprises a second immobilized reagent disposed in said first liquid flow path,
said second immobilized reagent being different from said first immobilized
reagent for responding to the presence of a different chemical or biological
component in said liquid biological sample, and wherein said apparatus
comprises at least a second sensor for detecting responses by said second

immobilized reagents.

27. An apparatus as claimed in claim 26, wherein said first and second
immmobilized reagents generate responses selected from the group consisting of

chromogenic, fluorescent, chemiluminescent, bioluminescent and radioactive

responses.

28. An apparatus as claimed in claim 18, further corriprising automated
control means connected to said source of rotary power and to said sensor for

effecting automatic control of said apparatus.

29. A method for performing a plurality of clinical diagnostic assays
substantjally simultaneously, comprising the steps of:

providing a plurality of test units for receiving liquid biological samples
to be assayed, each of said test units having a sealable sample port through which
said liquid biological sample is introduced into said test unit;

providing a test apparatus for receiving said plurality of test units, said

test apparatus having means for scaling said sample ports;
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placing said test units into said test apparatus;
introducing liquid biological samples into said test units through said
sample ports; and

operating said sealing means to seal the sample ports of said test units.

30. A method as claimed in claim 29, wherein said each of said test units
includes an adhesive closure for sealing said sample port, and wherein the step
of operating said sealing means comprises the step of pressing said adhesive

closure over said sample port in order to seal said sample port.

31. A method as claimed in claim 30, wherein the step of pressing said
adhesive closure over said sample port is carried out by closing a lid of said test

apparatus..



REPLACEMENT SHEET

Date IEFEBW

St

e —

METHOD AND APPARATUS FOR FULLY AUTOMATED MUCIEIC
ACID AMPLIFICATION, NUCLEIC ACID ASSAY AND JMMUNOASSAY

ABSTRACT OF THE DISCLOSURE:

A disposable, self-contained test unit is provided for use in carrying out

an immunoassay or an integrated nucleic acid amplification and nucleic acid
assay. The test unit includes sample, reagent and waste chambers, and the flow -
of sample and reagent liquids is controlled by centrifugal force. Different liquids
may be caused to flow at different times by locating the chambers at different
radial distances from the axis of rotation, and progressively increasing the speed
of rotation during the assay procedure. An automated test instrument for

receiving and rotating a number of such test units is also disclosed.

Fiqure 1 and 4




