
TITLE: Apparatus for repeated automatic execution of a thermal cycle for
treatment of samples The invention relates to apparatus for repeated
automatic execution  of  a  thermal  cycle  for  the  treatment  of
samples, especially biological samples. Such an apparatus has numerous
applications in biology in general  and  microbiology  in  particular.  In
the latter field,  the necessity of treating a biological sample at
different temperatures is generally dictated by two  basic biological
characteristics.   First, the biological activity of an  enzyme  is greatly
dependent on the temperature. In general, each enzyme has an optimum
operating temperature and its activity decreases regularly if one moves
away from this  temperature.  Curves  showing  the  variations  in
biological activity as a function of temperature may thus be obtained and
represent an important characteristic of each   enzyme.   Secondly,   the
reaction   of   molecular hybridisation between  two sequences  of nucleic
acids is directly connected to the temperature. This hybridisation based
on  the complementarity  of the bases  between two sequences    may   occur
between   two   molecules   of deoxyribonucleic acid (DNA), between two
molecules of ribonucleic acid (RNA) or between one molecule of DNA and one
molecule of RNA. Molecular hybridisation enables one to produce either
pairing by hydrogenous connection between two distinct molecules or
intermolecular pairing between    -2- two complementary sequences. In the
latter case, there is 



the formation of a so-called secondary structure of DNA or RNA  molecules
.  The  effect  of  temperature  on  the hybridisation reaction is
essential and each sequence of 5     DNA (or RNA) is defined by its Tm, ie:
the temperature at which 50% of the sequences are paired to complementary
sequences. The Tm of a precise sequence is evaluated experimentally
following the hyperchromicity at 260 nm by spectro-photometry, which
accompanies the unpairing (or 10   denaturing)  of  two complementary
sequences of DNA.  The whole of the DNA sequences are in the single strand
form at high temperature [err] and the double strand form at low
temperature (10-[err]). The Tm of a DNA sequence depends essentially on the
15    following  two parameters:  the basic sequence and ionic force of the
medium. The Tm usually found varies between 20 and [err]. Thus, the great
majority of molecular reactions may be produced in perfectly defined and
controlled thermal conditions.   Certain  of  these  reactions  require
the 20    successive  use  of  different  temperatures  and  may  be
effected in the apparatus described in this invention. This particularly
concerns hydrolysis using restriction enzymes, enzyme modification
reactions for DNA, cascade enzyme reactions,   the  isolation  of
repetitive  families  of 25    sequences  for  DNA  and the amplification
by  'polymerase chain reaction'. These applications will now be discussed
in greater detail. Hydrolysis of DNA by restriction enzymes A restriction
enzyme enables one to cut a hybridisation 30   duplex DNA/DNA at a very
specific place defined by its sequence. For the great majority of these
enzymes, the temperature of maximum activity  is [err]. The incubation time
of DNA with the enzyme at [err] varies between 30 min 



and several hours . Thus, a simple method of inactivating 35    the enzyme
consists of incubating the sample for several    -3- minutes at [err], a
temperature at which the enzyme is irreversibly denatured. This treatment
is equally effective in DNA denaturation which returns to its double strand
form if it is subjected to progressive reduction of the 5     temperature
from  110C  to  [err].  Sudden cooling of the sample does not enable one to
achieve correct renaturing of the DNA. Progressive cooling in particular
may proceed by stages. Generalisation of the set of enzyme treatments of
DNA and 10    RNA This method applied for restriction enzymes may be
adapted for the treatment of many enzymes, for example: - polynucleotic
kinases - ligases 15    - the terminal deoxynucleotidyl transferase - DNA
and RNA polymerases - endonucleases and exonucleases Cascade enzyme
treatment Many successive enzyme treatments may be necessary to 20
obtain one or more defined DNA sequences. A change of the reaction medium
is generally necessary between two enzyme reactions. Isolation of
repetitive families of DNA sequences DNA sequences in large numbers exist
in complex genomes 25    (human genome = 3.5 x [err] basic pairs). It is
possible to distinguish different repetitive families of sequences as a 



function of the number of copies of sequences per genome. Thus, DNA genomes
totally denatured thermally are restored in stages and in a selective
manner. The very repetitive 30    sequences are restored first (family 1),
then the medium repetitive sequences (family 2), then the hardly repetitive
sequences (family 3) and finally, the unique sequences (family 4). It is
thus possible to isolate these    -4- different families by passing the
sample into affinity columns of the hydroxy-apatite type, enabling one to
separate single strand DNA molecules from double strand DNA molecules. They
are passed into the columns at a precise 5     temperature during stage by
stage cooling of the sample. The temperature of the first column is around
the melting temperature   (Tm)  of  family   1  sequences.   In  these
conditions, sequences of family 1 can be separated from sequences of
families  2,  3 and 4. The same process is 10    applied  for  separation
of  families  2,  3  and  4.  The apparatus described in this invention is
particularly well adapted to carry out this thermal sequence. Amplification
of the number of DNA sequences by 'Polymerase chain reaction' (PCR) 15
This technique enables one specifically   to amplify the number of copies
of a double strand DNA sequence. The principle of PCR (R.K. Saiki et al,
Science, 230, 1985, 1350-1354) is to use the activity of the DNA polymerase
DNA dependent   initiating   the   synthesis   starting   from 20
oligonucleotidic initial material (P1 and P2) added in the reaction medium.
An amplification cycle consists of three 



successive stages: - Stage 1 Denaturing of the DNA with double strands at
90-[err]. 25    - Stage 2 Hybridisation    of    oligonucleotidic
primers    (15-35 nucleotides) P1 and P2 on the target sequences. P1
hybridizes with the (+) strand and P2 hybridizes with the (-) strand. This
stage is carried out at a temperature 30    close to the mean of the Tm's
of P1 and P2. - Stage 3 Synthesis of the complementary DNA strand by
extension of the primers P1 and P2, thanks to the activity of a DNA
polymerase. This stage takes place close to the optimum    operating
temperature of the enzyme, either at [err] for the Klenow fragment or at
[err] for the Tag polymerase. Thus, after an amplification cycle, the
number of sequences completed by P1 and P2 is multiplied by 2, multiplied
by 4 after 2 cycles, by 8 after 3 cycles, by 1024 after 10 cycles and by
1,048,576 after 20 cycles. Generally, the rate of amplification after n
cycles is 2n. A cycle of amplification thus consists of 3 successive
thermal stages and one complete PCR reaction requires about 10 to 60
cycles. Each thermal stage generally lasts from 1 to 5 mins.   Automation
of such a technique thus represents considerable progress. The invention
provides apparatus for the treatment of biological and microbiological
samples comprising: (a)   a pathway which is physically closed throughout
the treatment; 



(b)   means  for introducing one of said biological  or microbiological
samples to the pathway prior to the commencement of treatment and for
removing said sample subsequent to the completion of treatment; (c)   means
for physically  closing the  pathway  during treatment so that nothing can
be added thereto or withdrawn therefrom; (d)   a plurality of thermal means
positioned along the pathway for heating or cooling of said sample, said
thermal means providing treatment of said sample at a temperature of from
[err] to [err]; and (e)   means for automatically and repeatedly,  through
a plurality of cycles, moving said sample between said different thermal
positions along the pathway. The means defining the pathway preferably
comprises a capillary tube. This may be of a semi-rigid material such as
plastics material, and may be of small diameter, from    approximately 0.1
mm to approximately 4 mm, preferably from 1 mm to 3 mm.   Such a small
internal cross-section ensures a large heat exchange surface to volume
ratio, and therefore    enables    rapid    temperature    variations,
particularly as compared to a sample in a conventional 0,5 to 1,5 ml tube.
The sample treated in the apparatus of the invention is usually of from 1
to 50 microlitres. Various spatial arrangements of the capillary tube are
envisaged.  It may, for instance, be in a spiral form, in a   



closed loop form or in linear form. Each turn of the spiral, each turn of
the closed loop or each passage of the length of linear capillary tube
represents one thermal cycle, within which the sample passes through two or
more 5     thermostated zones, at different temperatures from [err] to
[err]. Further thermal cycles, up to 100, comprise the next turn of spiral,
a further turn within the closed loop, or the return of the sample in
reverse direction along the length of the linear capillary tube. 10    The
thermostated zones may be arranged on a discontinuous system or on a
continuous system. In a discontinuous system, the zones are separated by a
physical barrier, crossed  only  by  the  capillary  tube.  Each  zone has
an autonomous heating or cooling system. The inter-zone 15    barrier
isolates each zone from the thermal effect of the adjacent zone(s). In a
continuous system there is no physical barrier. The capillary tube crosses
a continuous and directional thermal gradient, which may be created in a
liquid, gaseous or solid medium. A change of medium gives 20    the
possibility  of  a continuous  but  irregular  thermal gradient. The rate
of movement of the sample through the capillary tube has a profound effect
on the treatment. If the sample moves very slowly through a zone, its
temperature will 25    approach or reach the zone temperature. The sample
may even be stopped within a given zone for a predetermined period,
stabilising its temperature at that of the zone. On the other hand, if the
sample moves rapidly through a zone, the thermal effect of that zone on the
sample may be minimised 30    or suppressed. The movement of the sample in
the capillary tube may be 



obtained in different ways: - by at least one peristaltic pump acting on a
capillary zone having a flexible wall;    - by displacement in a magnetic
system consisting of two parts: of a magnet and of a party responding to
the effect of the magnet (metal part or second magnet); 5       One of the
parts is solidly connected to a mechanical drive system, enabling it to
rotate (circular system) or to be displaced (linear system). The other part
is situated inside the capillary and is solidly connected to the sample.
This part may consist of at least one 10      solid   particle   (globule,
cylinder,   suspension  of microparticles in a liquid etc) or at least of
one liquid particle. - by the effect of at least one pump acting on a gas:
- by passive capillary action; 15    - by the effect of thermal pumping
created by the proximity of gaseous masses at different temperatures inside
the capillary. The movement of the sample may also be obtained by a
combination of two or more of these processes. The movement 20    of the
sample may be under microprocessor control. The apparatus of the invention
uses a semi-closed system, represented  by  the  capillary,   reducing  the
risk  of molecular contamination during treatment of the biological sample.
25    The  invention  is  illustrated  with  reference  to  the drawings,
of which: 



Figures 1a, 1b and 1c are schematic diagrams of the apparatus of the
invention, showing the helical, closed loop and linear arrangements
respectively of the capillary 30   tube; Figure 2 is a cross-sectional view
according to the section line II-II of Figure 3 of an apparatus according
to the invention in which the capillary tube is of closed loop form; and
Figure 3 is a sectional view of the apparatus of Figure 2, 35    taken on
the section line II-III of Figure 2.    9. Reffering first to Figure la-c,
three schematic diagrams are presented. In each, there are three
thermostated zones I, II and III through which the biological sample in the
capillary tube passes in a single thermal cycle. The thermostatic zones I,
II and III could be replaced by a continuous or discontinuous thermal
gradient. In the spiral form of Figure la, there are as many loops as there
are thermal cycles to be performed. In the closed loop form of Figure lb,
there is just one loop and each thermal cycle 10    consists  of  one
circuit  of  the  closed  loop  by  the biological sample. In the linear
form of Figure lc the first thermal cycle is completed by the passage of
the sample from left to right, that is through thermostated zone I,
thermostated zone II and thermostated zone III in succession.  The second
thermal cycle is completed by the return passage of the sample from right
to left, that is through thermostated  zone III,  thermostated zone  II and
thermostated zone I in succession. Each odd numbered cycle follows the
pattern of the first and each even numbered 



20    cycle follows the pattern of the second. It is noted that the sample
essentially passes through the thermcstated zone II in each direction, so
producing a succession of thermostated zones I, II, III, III, II, I, I, II,
III, III, II, I  ....  However,  the  passage  through  thermostated 25
zone II on even cycles can be completed quickly to minimise its effect, and
the delay times in zones I and III adjusted to achieve the same
IIIIIIIIIIIIIIIIII... effect as in the spiral and closed loop arrangements.
Referring now to Figures 2 and 3, the apparatus illustrated 30   shows a
closed loop form of the apparatus of the invention, with  a magnetic
displacement  system  for the biological sample and a discontinuous system
of thermostated zones. The apparatus is provided with a capillary tube 6 in
the form of a closed loop. The capillary tube 6 is provided 35    with a
branch a for entry of the sample to be treated, and with a branch s for
removal of the sample after treatment.    10 A key 13 is movable along the
axis B-B between a radially inward position, in which the capillary tube 6
is pressed against a wall 5, and a radially outward position, in which the
capillary branches e and s are pressed against the 5     elements 14. In
the radially inward position, the capillary loop 6 is interrupted and the
branches e and s are open for entry and removal of the sample. In the
radially outward position the branches e and s are closed, and the sample
is free to continue cycling around the closed loop capillary 10   6. The
means for moving the key 13 are external to the apparatus described, and
are not shown in the drawings. 



For movement of the sample around the closed loop capillary 6, a magnetic
system is used. This comprises a magnetic 4 carried on an arm 2 fast with a
drive shaft 3.  The drive 15    shaft 3 is journalled at 11 and powered by
a motor 12. Responsive  to the effect of the magnetic  2 is a party formed
by metallic micro-globules in suspension in mineral oil. This party is in
the capillary tube 6 in abutment with the sample. 20    During  one  turn
of  the  sample  around  the closed loop capillary 6, the sample passes
close to thermostatic compartments 7, 15 and 16. The sample is under the
thermal influence of the compartment in regard of which it finds itself for
the time being. Each of these compartments 7, 15 25    and 16 is thermally
regulated at a temperature between [err] and [err]. The compartments are
isolated from a brace 10, carried by a mounting plate 9, by an adjustable
spacing 8. The  motor  12  is  under  the  control  of  a  programmable
microprocessor, allowing various parameters associated with 30    the
movement of the sample to be fixed. These parameters include the total
number of cycles to which the sample is subjected, the speed of movement of
the samples, and the number, position and duration of stops of the sample
during each cycle. The microprocessor is interfaced with a    thermocouple
which   continuously   measures   the  actual temperature of the sample in
the capillary tube 6. The various parameters of movement of the sample can
thus be varied as a function of the measure temperature, under the 5
programmed    control    of    the    microprocessor.    The microprocessor
under programmed control may also govern the 



movement   of  the  keys  13,  the temperature  in  the compartments 7, 15
and 16 and external apparatus, such as a peristaltic pump, governing the
movement of the sample in 10    the  entry  and  exit  branches.  Figure  3
shows  three independent keys  13,  each associated with a   capillary tube
6.    12 CLAIMS 1.    Apparatus  for  the  treatment  of  biological  and
microbiological samples comprising: (a)   a pathway which is physically
closed throughout the treatment; (b)   means  for introducing one of said
biological  or microbiological samples to the pathway prior to the
commencement of treatment and for removing said sample subsequent to the
completion of treatment; (c)   means  for physically  closing  the pathway
during treatment  so  that  nothing  can  be  added  thereto  or withdrawn
therefrom; (d)   a plurality of thermal means positioned along the pathway
for heating or cooling of said sample, said thermal means providing
treatment of said sample at a temperature of from [err] to [err]; and (e)
means for automatically and repeatedly,  through a plurality of cycles,
moving said sample between said different thermal positions along the
pathway. 2.    Apparatus according to claim 1 in which the means defining
the pathway comprises a capillary tube. 3.  Apparatus  according  to  claim
2  in  which  the 



capillary tube is of semi-rigid plastics material. 4.    Apparatus
according to claim 2 or claim 3 in which the capillary tube has an internal
diameter of from 0.1 to 4mm. 5.    Apparatus according to any preceding
claim in which the pathway is a spiral pathway. 6.    Apparatus according
to any of claims 1 to 4 in which the pathway is a closed loop pathway.
13. 7.    Apparatus according to any of claims 1 to 4 in which the pathway
is a linear pathway. 8.    Apparatus according to any preceding claim in
which the means for heating and cooling the sample comprises two or more
thermostated zones through which the pathway passes. 9.    Apparatus
according  to  claim  8  in  which  the thermostated zones are arranged
discontinuously, each being separated from the next by a physical barrier
crossed only by the pathway and each being provided with an autonomous
heating or cooling system. 10.   Apparatus  according  to  claim  8  in
which  the thermostated zones are arranged continuously along the pathway
to provide a continuous and directional thermal gradient. 11.   Apparatus
according to claim 10 in which the thermal gradient is irregular. 12.
Apparatus according to any preceding claim in which the means for moving
the sample comprises magnetic means including a magnetic party within the
pathway adjacent to 



the sample and an external magnet acting on the magnetic party to move it
and hence the sample. 13.   Apparatus  according  to  claim  12  in  which
the magnetic party is a solid magnet or a suspension of magnetic
microparticles in a liquid immiscible with the sample. 14.   Apparatus
according to any of claims 1 to 11 in which the means for moving the sample
comprises a pump acting on a gas.    14. 15.   Apparatus according to any
of claims 1 to 11 in which the means for moving the sample comprises the
effect of thermal pumping created by the proximity of gaseous masses at
different temperatures within the pathway. 16.   Apparatus according to
claim 2 or any of claims 3 to 11 when appended directly or indirectly to
claim 2 in which the means for moving the sample comprises passive
capillary action. 17.   Apparatus according to claim 3 or any of claims 4
to 11 when appended directly or indirectly to claim 3 in which the means
for moving the sample comprises a peristaltic pump. 18.   Apparatus  for
repeated  automatic  execution  of  a thermal cycle for the treatment of a
sample, the apparatus being substantially as described herein with
reference to Figures 2 and 3 of the drawings.    


