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SUMMARY

Analytical photometers were designed and built, based on the principle of a vertical light
path. With this principle the absorbance of large numbers of samples can be measured in a
short time with exceptional precision and accuracy. The advantages and disadvantages of
such photometers are discussed and test results are reported. Some methodology is
presented to illustrate the practical use of the developed theory in general and the designed
instrumentation in particular. Especially promising areas of application are endpoint and
kinetic determinations of enzymatic reactions in clinical chemistry and biochemistry. Other
fields particularly well-suited for measurements by vertical photometry include enzyme
immunoassays and various applications related to the growth of bacteria. However,
versatility and the specific advantages of vertical optics are not limited to these examples that
have so far been assessed in practise. Further possible uses of the principle of vertical light
paths are discussed.

The pipette is the most common device in laboratory liquid handling. An electronically
controlled pipette was designed and built to minimize human pipetting error, yet enabling the
handling of a large number of liquid samples with sufficient accuracy and precision. In the
pipette design special attention was paid to ergonomic aspects of the pipetting procedure, by
minimizing the weight of the device and by optimizing its shape and construction. Test
results are reported with this device, confirming the requirements of precision and accuracy.




AIMS OF THE PRESENT WORK

ii.

iii.

iiii.

To develop the theory for vertical photometry

To develop automated photometers with a vertical light path so that large numbers of
samples can be measured in a short time and to develop new measuring methods
based on vertical photometry for research and routine laboratories.

To develop accurate and precise pipetting devices for research and routine
laboratories that enable liquid handling with a large number of samples, and with

minimized human error and physical stress.

To test the aforementioned devices for their accuracy and precision.




A. PHOTOMETRIC METHODS IN CLINICAL AND RESEARCH

CHEMISTRY

Al. HISTORICAL SURVEY AND
PRESENT TRENDS

Al.1. The Duboscq colorimeter and other
early developments

Colorimetric methods came into general use
in clinical chemistry shortly after the turn of
the century. In 1904, Folin introduced a
simple and accurate method for determining
creatinine in urine (Folin, 1904), which gave
great impetus to the more general develop-
ment of colorimetric methods (Caraway,
1981). In his procedure Folin used a col-
orimeter first introduced in 1854 by Jules
Duboscq (Myers, 1924; Caraway, 1981). In
its original form this so-called Duboscq
colorimeter was a visual instrument, as were
the microspectroscopes used by MacMunn
(1885) and Keilin (1925) in their original de-
scriptions of respiratory pigments in tissues
and cells (see also Keilin, 1966). However,
with the Duboscq colorimeter (Fig. 1) the
operator compared and matched unknown
and standard coloured solutions visually
(Kober, 1928; Freund, 1932; Krebs, 1935;
Dawes, 1972), varying the pathlength of
transmitted light. The pathlength was ad-
justed with a solution of unknown concen-
tration until the visual intensity of transmitted
light equalled that of a standard solution. In
this case, the concentration of the unknown
solution could be obtained from the relation-
ship (see Fig. 1)

M le=ly ¢

where ¢ and ¢, are the concentrations of
standard and unknown solutions, respec-
tively, and | and 1, the corresponding path-
lengths.

Numerous colorimetric instruments have
been introduced since the pioneering
Duboscq device (Myers, 1924; Kober, 1928;
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Figure 1. With the principle of the Duboscq
colorimeter the length of the light
path through the liquids can be
adjusted so that the intensities of
the transmitted light are equal.

———————
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Mellon, 1939; Dawes, 1972). Some of the
later developments, in particular the Klett-
Summerson photoelectric colorimeter (in
1939) and the classical Beckman DU spec-
trophotometer (in 1941), were as significant
for advancing the methodology of both rou-
tine clinical and biochemical research work as
were the microspectroscope and the Duboscq
colorimeter nearly a century earlier. The con-
tinuously balancing double-beam recording
spectrophotometer described by Cary (Cary,
1949), and the dual-wavelength spectropho-
tometers developed by Chance (Chance,
1951) have also had a strong impact, espe-
cially in biochemical and biophysical research
work. Descendants of both these instruments
are still common in research laboratories
today, though considerably modernized by
present-day electronic and microprocessor
technology.




The evolution of clinical enzymology has
been thoroughly discussed by Biittner
(1981). It was strongly related to the history
of basic enzymological research, and in par-
ticular to the development by Michaelis and
Menten (1913) of their classical theory of
enzyme kinetics. The development of the
universally applicable principle of the optical
test by Warburg et al. (1935) and the stan-
dardization of enzyme activity (Intl. Union
Biochem., 1961) have, likewise, been essen-
tial for a unified quantitative determination of
enzyme activities in clinical chemistry. Deter-
mination of enzyme activities as a quantitative
diagnostic method has since become very
widely used in clinical laboratories world-
wide. Much effort has been exerted, not only
in the design of instrumentation, but also in
developing suitable reagents and standards,
including pure substrates, enzyme prepara-
tions as well as their combinations in com-
plete "kits" for specific analytical purposes.

Al.2. Enzyme-Immuno-Assay

Immunological methodology, based on spe-
cific antibody-antigen recognition, is the
latest newcomer to the clinical-analytical lab-
oratory. This has become a vast area of rou-
tine laboratory activity in the last 25 years. It
has stimulated the development of a large
variety of assays that all take advantage of the
wide-ranging specificity and tight com-
plexation of antibodies with their respective
antigens (see Leinikki & Pissild, 1976,
Keller, 1978; Cappel et al., 1978; Lehtonen,
1982; Al Moudallal et al., 1984). Of these,
the enzyme-linked immunosorbent assay
(ELISA) or, simply, enzyme immunoassay
(EIA; Engvall & Perlman, 1971; Van
Weemen & Schuurs, 1971), has found the
most widespread applications, especially in
determining specific antibodies associated
with a large variety of infectious diseases
(see e.g. Ukkonen et al., 1977; Cappel et al.,

1978; Hautanen et al., 1978; Leinikki et al.,
1978; Granfors, 1979; Gripenberg et al.,
1978, 1979; Iivanainen et al., 1979; Molnar
et al., 1979; Milatovic & Braveny, 1980;
Granfors et al., 1980; Mondesire et al.,
1981; Salonen & Vaheri, 1981; McArthur
and Sengupta, 1981; Kendall et al., 1983).
These methods also, as so many others in
clinical chemistry, are based on the photo-
metric determination of the rate or extent of
development of a coloured end product of an
enzymatic reaction (see e.g.Lehtonen, 1982).

The development of the techniques for
producing monoclonal antibodies (Kohler
and Milstein, 1975) has also further ad-
vanced the field of immunological diagnosis,
especially by increasing the specificity of the
antibody-antigen reaction and thus diminish-
ing the frequency of false positive results
(see e.g. Jemmerson et al., 1982; Lansdorp
et al., 1982; Dwyer et al., 1983).

A1.3. Measurement of light-scattering

Apart from the determination of concen-
trations of coloured substances by the
absorption of monochromatic light, many
photometers can also be used for the
determination of liquid turbidity by light-
scattering analysis. Liquid-phase immuno-
precipitation analysis, for example, can be
performed using photometers constructed
specifically for measurements of light-scatter-
ing. This method is especially useful in
measuring the turbidity of immune aggre-
gates or of suspensions of individual proteins
(see Deverill & Reeves, 1980). The turbidity
of cell suspensions can also be monitored
photometrically as a measure of cell growth
(cell density). This can in some instances be
applied to determine the effects of toxic or
mutagenic substances on cell growth (see
section A3), and adhesion and agglutination
of cells.




Photometric methods thus continue to
dominate the field of routine clinical chem-
istry in the determination of metabolites,
toxins, proteins (including antibodies and
antigens), and enzyme activities. Enzymatic
methods have increasingly replaced older,
less specific and less sensitive analytical tests
of metabolite and antibody concentrations,
and this appears to be a continuing trend.

Al.4. The trend towards automation

The successful development of photometric
techniques and their application to diagnostic
methods in routine clinical chemistry vastly
increased the number of requested patient
tests. This, in turn, caused increasing
demands for simplification, automation and
greater efficiency in the diagnostic proce-
dures, to make them capable of handling the
large demand. Among the first developments
in this direction was the "continuous flow"
system invented by Leonard Skeggs
(Skeggs, 1957) and put into production by
the Technicon Corporation in the mid 1950s.
After the introduction of this concept, high-
capacity clinical analyzers based on the con-
tinuous flow principle have dominated rou-
tine clinical chemistry laboratories. However,
indications today suggest that smaller-sized
discrete analyzer systems may partly or per-
haps completely replace the bulky and less
versatile continuous flow analyzers. In con-
trast to the latter, the new generation of ana-
lyzers (see section A3) process samples
batchwise, i.e. determine the same compo-
nents from several samples, or alternatively,
several components by random access from
several patient samples.

It has become increasingly clear that the
use of large automatized analyzer systems
has also had adverse effects. Because of their
lack of versatility, they have induced various
degrees of methodological conservatism.
Thus, newly developed methods, more

highly specific than older established ones,
have often remained unimplemented, or their
use has been delayed, because it is difficult
and time-consuming to modify analytical pro-
cedures of large analyzers (Keller, 1978).
The development of smaller and more versa-
tile analyzer systems has been greatly
assisted by the rapidly developing micropro-
cessor technology. The large central com-
puter of the hospital is being replaced in
many instances by small microcomputers,
which control the functions of the analyzers
of the present-day generation.

It is intended in this present work to
provide the background for some essential
aspects in the development of the present-day
automated photometric analyzers for clinical
chemistry and immunological analysis. This
work involves the author’s development of
the first modern photometers, utilizing the
principle of a vertical light path (Suovaniemi,
1976 and 1984, U.K. Patent 1,499,414,
U.S. Patents 4,144,030 and 4,439,039,
Suovaniemi and Jarnefelt, 1982 and Appen-
dices I-III). Others all over the world have
subsequently adopted this principle, and at
present the function of most photometric
analyzers in clinical laboratories is based on it
(Kurstak, 1986). The details of this devel-
opment will be related in a historical perspec-
tive, the performance of these instruments
will be critically assessed and further appli-
cations for research and routine use will be
discussed on the basis of the test results.

A2. THEORY OF VERTICAL
PHOTOMETRY

A2.1. Introduction

Until the 1970s, virtually all photometric
measurements were done using a horizontally
directed beam of light, which passes the
sample holder (cuvette), followed by a light
detector, signal amplification, and registra-



tion (horizontal measurement principle). The

- research work of the author began in 1968,
-and based-on that work, the first patent appli-
_cation concerning photometric measurements
with a vertically directed light beam was filed
on:14 November 1973. Subsequently, this
work led to several patents, patent applica-
tions and reports on methods and instruments
related to the vertical measurement principle
and its theory (Suovaniemi, 1976 and 1984,
U.K. Patent 1,499,414, U.S. Patents
4,144,030 and 4,439,039, Canadian Patent
1,031,183; Suovaniemi & Jarnefelt, 1982,
Appendices I-IIT). At the present time, pho-
tometric analyzers of various kinds in clinical
laboratories world-wide are largely based on
this principle (Kurstak, 1986), the advan-
tages and disadvantages of which will be dis-
cussed below.

A2.2. The Bouguer-Lambert-Beer Law

The classical work of Bouguer (1729) and
Lambert (1790) led to the fundamental rela-
tionship between incident and transmitted
radiant power (P, and P, respectively), and
length of the optical path (b), at unit concen-
tration of a light-absorbing substance, viz.
(2) P/Py=T=ek>

where T is the fractional light transmission

and k is a specific absorbance, the absorption
coefficient. This is equivalent to

(3) -InT=kb

Of much greater interest is the dependence of
radiant power on the concentration of the
absorbing species in solution (Beer 1852).

@ logPyP=abc
a'= specific absorptivity [1 g-1]
b = path length [cm]
¢ = concentration [I1g]

or
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(5) logPyP=¢ebcy

€ = molar absorptivity [l mol-1]

b = path length [cm]

¢y, = molar concentration [I-'mol]

Absorbance, A, is the base-ten logarithm of
the reciprocal of the transmittance as follows

(6) A=logPyP=-logT

leading to

(7) A=abc
or

(8) A=ebc,

A2.3. Horizontal versus vertical light
beams

This expression of the Bouguer-Lambert-
Beer law (eqn 8) refers to the classical optical
arrangement where the absorbance of a solu-
tion placed in a cuvette is measured by a
beam of light entering the cuvette from one
side, and leaving it from the other (see e.g.
Kenner, 1973). Since the light beam enters
the cuvette at right angles to its vertical axis,
such measurements are referred to as hori-
zontal. As eqn. 8 shows, in such a situation
the measured absorbance is proportional to
the concentration of the dissolved substance;
increasing the amount of substance by
increasing its volume does not affect the
absorbance in a horizontal measurement.
Consider now the situation depicted in
Fig. 2, where the light beam enters the
cuvette along its vertical axis, and leaves the
cuvette through the surface of the solution
into the light detector. Alternatively, the mea-
suring beam may pass in the opposite direc-
tion, first through the free surface of the
solution, and leaving through the bottom of
the cuvette. This situation may be called the
vertical measurement principle. Obviously,




equation 8 applies as for the horizontal mea-
surement, but only when the solution
remains homogeneous. Indeed, homogeneity
of the sample is a prerequisite for standard
horizontal optical absorption measurements.
Inaccurate pipettings of solvent and evapora-
tion cause errors in horizontal measurements.
Consider, in contrast, that the sample in
Fig. 2 is inhomogeneous, with separate lay-
ers of solution at different local solute con-
centration. To calculate absorbance we inte-
grate along the vertical axis (z) and get
© A =lPecdz
where ¢ = the z-dependent concentration and
z=the vertical coordinate with the origin at the
bottom of the cuvette.
In each element of volume
(10) c=dm/dV
where m is the mass of the absorbing
substance and V is the volume. Referring to
Fig. 2
(1) dv=Sdz
where S is the cross-sectional area of the
cuvette. Introducing eqns. (10) and (11) into
eqn. (9) yields
(12)  A=lPe (dnvS dz)dz =e/S [P dm
Since the total mass of the absorbing
substance is always contained within the lim-
its 0 and b, i.e. within the height of the solu-
tion, then independently of the vertical dis-
tribution of absorbing substance, and inde-
pendently of the amount of solvent in the
cuvette
(13) A =m (g/S)
where the mass of the absorbing substance is
expressed in moles.
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Figure 2.

This is an intriguing expression, inas-
much as it predicts that the absorbance now
purely depends on how many moles of dis-
solved substance are in the cuvette, and not
on its concentration, as in the horizontal mea-
surement. This means, for example, that
evaporation of solvent, or pipetting errors in
solvent dispension, should have no effect on
the absorbance measurement, since both
cause variations in solute concentration but
not in molar amount. Furthermore, and most
importantly, the measured absorbance should
be proportional to the total molar mass
(amount) of the absorbing substance irre-
spective of its vertical distribution in the
cuvette. These predictions from eqn. 13 will
be tested experimentally below (see section
Ad).

A3. INSTRUMENT DESIGN

The increasing demand for larger sample
handling capacity and volumes, especially in
clinical chemistry, and above all for the
rapidly developing field of immunochemical
analysis in the late 1970s and 1980s, force-
fully challenged instrumental development in
a new way. Rapid photometric analysis of a
large number of samples would clearly be
very difficult using ordinary photometers,
simply due to mechanical problems resulting



from the horizontal measurement principle.
This problem might be solved using the ver-
tical measurement principle, the theory of
which was described above. In this case it
should be relatively simple, in principle, to
arrange a large number of samples next to
one another in a matrix, and to direct a beam
of light vertically through the bottom of each
sample vessel at the time of measurement.
The measurement of several samples could
then be achieved either (i) by moving the
sample matrix horizontally, or (if) by moving
the light beam from one sample to another
across a fixed "cuvette" matrix. Correspond-
ingly, it would also necessitate a mechanical-
optical arrangement where the detector of the
transmitted light would either (i) remain sta-
tionary above a stationary light beam or (i)
move in synchrony with the light beam. This
would, furthermore, require the development
of optically suitable and uniform "cuvette"
matrices (see test results in section Ad).

At the beginning of the 1970s, only one
photometric instrument, a centrifuge pho-
tometer, was available. In this instrument,
the optical light-path was parallel to the long
axis of the cuvette, as a horizontal light beam
would have been mechanically awkward.
Photometric determinations with centrifugal
analyzers differ from those with static pho-
tometers in that with the former, the
absorbances are measured more or less
simultaneously in a large number of cuvettes
in rapid succession. The cuvettes are
arranged radially on a rotor turning at rela-
tively high speed — approximately 1000 rpm.
During rotation, the cuvettes cross the light
beam from lamp to detector. The samples
and reagents intended to react with one
another are transferred into the various
cuvettes by centrifugal force. The arrange-
ment of the radially-disposed cuvettes and of
the transfer disc into which the samples are
pipetted varies with different types of cen-
trifugal analyzers. In the CentriChem system,
the Gemsaec and the Rotochem, the samples

12

and reagents are propelled from a transfer
disc into the cuvettes arranged radially
around the disc (cuvette ring). By contrast,
the transfer disc and cuvette ring of the
Gemeni II, the IL Multistat 111, and the
CobasBio form one disposable unit (Eisen-
wiener and Keller, 1979). However, the
advantages of the vertical principle for
increasing sample capacity and automation
were overlooked.

After early developments of cuvette
matrices for 9 samples and filter photometers
using these (Fig. 3), it became increasingly
clear that nine samples were not sufficient,
and further, that if these instruments were fo
become of widespread use internationally, a
more widely used and generally accepted
matrix had to be employed. The so-called
microtitration plate in common use by sero-
logists for some time appeared to fulfil both
these basic requirements. However, this
plastic plate, typically with a matrix of 8 x
12, or 96, reaction wells was not originally
developed for photometric measurements.

Figure 3. The FP-Analyzer Cuvette Block.

1. Nine cuvettes

2. Flat optical window

3. Protective rim _

4. Groove, which ensures the
correct position in the cuvette
block tray

5. Place for identification

Thus its design and optical properties had
to be developed for the present more de-
manding purpose (see Fig. 4).



Apart from the motif of using vertical
photometry for the sake of large numbers of
samples and automation, another advantage
of this geometry became evident from the
analysis described in section A2. Due to this
geometry, it may be possible to avoid errors
due to solute pipetting as well as evaporation.
Furthermore, it has been predicted that the
unique properties of the vertical measurement
principle might lead to new dynamic applica-
tions of photometry in which the measured
reaction does not lead to a homogeneous dis-
tribution of the measured absorbing sub-
stance (analyte) in the measuring cuvette.
Examples of such possibilities are, the ag-
glutination reactions typical in blood group
determinations, other serological reactions,

Figure 4. Biohit microstrips (1x8 wells) in
a plate (8x12 wells) with the
Biohit Proline Electronic Pipette.
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determination of blood clotting, and even the
growth of cells by measurement of turbidity
(Suovaniemi, U.S. Patents 4,290,997 and
4,452,902, Suovaniemi et al., 1984).

A3.1. Optical design of the FP-901 Analyzer

The principle of handling several samples
and reagents simultaneously in colorimetric
assays led to the development of several
instruments in which the use of the vertical
light beam principle is essential. Here, the
FP-901 Analyzer is described in some detail,
as a representative example of this develop-
ment. The optical designs of the Multiskan,
Mutascreen, Bioscreen and Auto-EIA Ana-
lyzers are presented as well.

The FP-901 is a nine-channel photome-
ter, designed to measure the absorbances of
nine samples simultaneously, both in the
visible and in the ultraviolet ranges. The con-
struction differs fundamentally from that of
ordinary photometers, because the direction
of the measuring light beam is vertical. The
measuring ray enters through the bottom of
the cuvette, and passes through the free
surface of the liquid in the cuvette, after
which it reaches the detector. The theoretical
principles of such a measurement design
were discussed above (section A2).

Fig. 5 shows the optical system of the
FP-901 Analyzer. A halogen lamp provides
the light, which passes through a light chop-
per and is deflected by a dichroic mirror (a
UV mirror) to eliminate a large proportion of
the long—wavelength radiation. Two major
advantages are achieved with this feature.
The excess heat is eliminated, which mini-
mizes the heat exchange between the inter-
ference filter and sample. The mirror also
levels the visible spectrum and thus facilitates
a broader usable spectral range. The light
then passes through an appropriate inter-
ference filter, which is one of eight filters



Figure 5.

The optical system of the FP-901 Analyzer. A halogen lamp (1) provides the

light, which passes through a chopper (2) and is deflected by a UV-mirror (3).
The light then passes through the appropriate interference filter (4) and enters
the fiber bundle (5), which divides the light into nine channels, and deflects the
light upwards. The nine light beams (6) emerging vertically, are collimated by
a lens and pass through the cuvettes (7). The light is then focused on the sili-
con photodetectors (8) by another lens between the cuvette and the detector.

arranged in a filter wheel, and enters the
optical fibre bundle. The latter divides the
light into nine channels and deflects the light
upwards. The nine light beams emerge
vertically, are collimated by a lens, and pass
through the cuvettes. The light is then
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focussed on the silicon photodetectors by
another lens. The detector head is flushed
with air to prevent condensation of water on
the detector lenses.

Multiskan MC is a further development
of the FP-901 system and Titertek Multiskan,



which in turn were designed according to the
basic principles of the FP-9 system. The goal
was to make possible automatic, photometric
evaluation of reactions performed in microti-
tration plates (see Figure 4). The feature of
multichromatic (MC) measurement has been
incorporated in the Multiskan MC so that
measurements from the same sample at two
or more different wavelengths are possible.
This is accomplished by the instrument’s
microprocessor-directed programmable oper-
ation, which selects the desired wavelengths
by rotating the filter wheel and by taking
measurements in succession. By using mea-
surements at two or more different wave-
lengths, it is possible to eliminate nonspecific

absorbances due to turbidity or other side
effects in the reaction mixture.

The FP-901 photometer has an identical
filter wheel, making measurements at several
wavelengths possible. It should be empha-
sized that measurements at several wave-
lengths will allow analysis of several parame-
ters simultaneously, or alternatively, the
elimination of the effect of interfering non-
specific substances.

The design of the Multiskan MC is
basically similar to that of the FP-901. It is
provided with a carrier for the microtitration
plate (see Figure Sa). Its optical system fea-
tures eight channels in linear array, corre-
sponding to the row of eight wells in the

Figure 5a. The optical system of the Multiskan Analyzer.

1. Halogen lamp

2. Chopper wheel

3. Aperture and condenser lens
4. Dichroic mirror

5. Aperture

6. Interference filter (filter wheel)
7. Optical fibre bundle
8. Focusing lenses
9. Upper lenses and
silicon photodetectors



microtitration plate. The absorbances of each
row are measured simultaneously, after
which the plate is moved and the next row
measured. At each step the measurement can
be performed at one or several wavelengths.

A large number of methods have been
introduced for the Multiskan system. The
system has become especially popular in en-
zyme immunoassays, as shown by the large
number of applications published (see
Section Al.2. and Ruitenberg et al., 1980;
Vaheri et al., 1980; Douillar et al., 1981;
Uotila et al., 1981).

The availability of multichannel pipettes
developed for use with the 8x12 micro-
titration plates (see Section B) considerably
improves the versatility of the Multiskan

systems.

The optical systems of the FP-9, FP-901
and Multiskan Analyzers have been designed
to collect all light passing through the cuvette
to the silicon photodetector. For this purpose
selection of the detector”s light sensitive sur-
face area has been as wide as possible.

In photometry, in general, the specific
absorbance value depends on the bandwidth,
blocking value and the number of layers of
the interference filter and also on the age of
the filter itself (Manual of Optical Filters and
Coatings, Corion Corporation, 6-7, 1983).

The FP-9, FP-901 and Multiskan Ana-
lyzers have their own removable interference
filters (340-750 nm) with the halfbandwidth
of 4-10 nm. The combination of the IR-light

—~——= 10
e o

Figure 5b. Optical system of the Mutascreen, Bioscreen and Auto-EIA Analyzers.

1. Halogen lamp
2. Chopper wheel
3. Dichroic mirror

4. Interference filter (filter wheel)

5. Optical fibre bundle

6. Focusing lens

7. Cuvette (well)

8. Focussing lens

9. Silicon photodetector
10. Preamplifier



cutting dichroic mirror and the interference
filter with high blocking (10-6-10-7) screens
out the passage of second and higher order
wavelengths. Consequently, the amount of
stray light is insignificant in practise
(Appendix III).

Figure 5b. shows the optical system of
the Mutascreen, Bioscreen and Auto-EIA
Analyzers, which are discussed.

The matrix of the 8x12, or 96, reaction
wells (see Figure 5b), located on the X-car-
riage, moves in the X-direction with a step-
ping motor. The upper end of the flexible
optical fibre bundle and the focussing lens
are attached to the lower arm of the Y-car-
riage. The higher arm of the Y-carriage con-
tains the focussing lens, silicon photodetector
and preamplifier. The Y-carriage assembly
moves in the Y-direction with a stepping
motor. Consequently, the same optical sys-
tem measures all reaction wells of the 8x12
well matrix. This optical system provides
more light for measurement compared to the
8- or 9-channel fibre bundles (see Figure 5
and 5a), and there are no errors due to the
differences of optical components.

A3.2. Electronics and mechanics of the
FP-901 Analyzer

The FP-901 is a microprocessor-controlled
instrument (see Fig. 6). The microprocessor
system consists of the processor itself,
programme memory, data memory, the non-
volatile parameter memory, and electronics
that connects the analyzer to the keyboard.
The control unit consists of a six-digit
display and keyboard. The information
messages and results are printed out by a
thermal 20-character built-in printer. The
results can also be transmitted to a computer
via a serial interface. The measurement
electronics and the wavelength selection are
controlled by the microprocessor system.
The analogue system described in Figure
6 was also developed with simple electronics
and at low cost for accurately measuring low
intensities from several channels. Regardless
of the intensity of the light passing through
the liquid in the cuvette, which depends on
the source of the light, the optical system and
the quality of the cuvette as well as the wave-
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Figure 6. Functional diagram of the electronics of the FP-901 Analyzer.
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cuvette block tray slides. The measuring head
is above the track. The cuvette block tray
slides under the measuring head and allows
the vertical measurement to be carried out.
On the right is the main control panel with
push-buttons for operation, the digital dis-
play, and the printer. On the rear panel the
analyzer has connectors for auxiliary equip-
ment and the serial interface.

length, the analogue system makes it possible
to measure the same sample with high accu-
racy and with high or low light intensities.
This feature is especially important when
measuring samples at 340 nm with low light
intensity

Fig. 7 describes the main mechanical
parts of the analyzer. The front of the ana-
lyzer is equipped with 2 track along which a

Figure 7. Front view of the FP-901 Analyzer.

6. Cuvette block tray

7. Cuvette block holder

8. Printer

9. Feeding track
10. Place for instruction sheet
11. Air filter
12. Cover locking screw

1. Measuring head
2. Controls:

2a. keyboard

2b. power switch
3. Digital display
4. Rear panel
5. Cuvette block

A4. TEST RESULTS AND
APPLICATIONS

In this experimental section the theory of
vertical photometry will be tested in practise,
using various closely interrelated photo-
meters (FP-9, FP-901, Multiskan). Compari-

sons are made between conventional horizon-
tal and vertical photometry, with analysis of
the advantages and disadvantages of both.



A4.1. Sources of errors in photometry

The most common errors that affect meas-
ured absorbance values stem from variations
in the pathlength of the light in a sample,
temperature variations, molar absorptivity
and sample and solvent volume. Often related
to parameters that markedly affect absorbance
measurements in terms of their accuracy,
precision and linearity, are parameters, such
as stray light, bandwidth, wavelength accu-
racy and precision, and noise and drift in the
measuring instrument. In addition, there may
be variations in sample and cuvette handling,
improper mixing, poor pipetting, infrequent
calibrations of both optical and temperature
control parameters. The lack of proper stan-
dard reagents and recording units also cause
errors in absorbance measurements (Lewis,
1978).

Table I.

A4.2. Evaporation and temperature

When small volumes are used, evaporation
of the reaction mixture in a cuvette will con-
tribute to a significant analytical error. Only
a few authors have concerned themselves
with this problem (Czarnetsy et al., 1970;
Ferguson, 1966; Burtis et al., 1975; Burtis,
1976).

Table I shows that as the temperature of
the liquid in the cuvette rises from 23.8 —
37.0°C, a three-fold increase in evaporation
occurs. When the cuvette contained 750 pul of
liquid, the liquid surface being 12 mm below
the top of the cuvette, the extent of evapora-
tion was significantly greater than from a cu-
vette with 375 il of liquid and with a surface
17 mm below the top. In addition, condensa-
tion of the evaporating liquid is proportional
to the distance of the liquid surface from the

Evaporation of water and serum mixture has been measured at two different

volumes and temperatures in an FP-9 cuvette block made of nine cylindrical
wells. The bottom area of each cylindrical well is 0.760 cm? and the depth is 22
mm. Each well contains 750 pl of liquid, which forms a column of about 10
mm. The amount of liquid in each well was weighed on a Mettler HI0 W

balance.
Evaporation
mg/30min % / 30 min
Volume Temperature, °C
23.8 37.0 23.8  37.0
Mean £ SD Mean + SD
1. Serum (90 pl)
+HyO (660 ul)y 750 3.96 £0.26 (4) 11.25+0.15 (4) 0.53 1.50
2. H,0 750 3.96 + 0.44 (4) 10.72 £ 0.42 (4) 0.53 1.43
3. Serum (45 pl)
+H>0 (330 pul) 375 2,70+ 0.16 (4) 8.02 £0.43 (4) 0.72 2.14
4. H,0 375 2.66 +£0.16 (4) 8.05+0.25 4) 0.71 2.15

() number of measurements.
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top of the cuvette; the longer the distance
thegreater the condensation. Further, -the
larger the free liquid surface area is the
greater the evaporation. Because of these
factors, evaporation must be considered
when designing analytical devices for mea-
suring analytes in liquid samples. A great
deal of consideration must be given to the
precise thermal equilibrium of any analytical
system.

Other properties of analytical samples
that also affect evaporation include: tempera-
ture (Table I), surface tension, diffusion co-
efficient, and concentration. Environmental
factors include room temperature and relative
humidity.

The rates of enzyme reactions strongly
depend on temperature, which therefore must
be maintained constant during the test proce-
dure (Bergmeyer, 1973). That temperature
must be controlled throughout the entire test
period was previously demonstrated (Suova-
niemi, U.K. Patent 1,499,414). The lack of
an international consensus on temperature
has created problems for both manufacturers
and laboratories. In the opinion of the author
370C should be adopted as a standard in
determinations of enzyme activity in clinical
chemistry. However, considerable differ-
ences of opinion exist as to the optimum
temperature at which enzyme reactions
should be measured (The Committee on En-
zymes of the Scandinavian Society for Clini-
cal Chemistry and Clinical Physiology, 1974;
Duggan, 1979).

It is also important to note that little
attention has been paid to the problems of
evaporation and leakage from specimen and
reagent containers (Burtis et al.,1975; Burtis,
1976; Lewis and Wardle, 1978). In the FP-
Analyzer systems the design is such that nine
tubes are contained within one block with a
cap plate, which prevents evaporation and
leakage (Suovaniemi, UK. Patent 1,392,
792).
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A4.3. Inaccurate pipetting of solute

Various malfunctions and misuse of pipet-
ting devices are some of the major sources of
pipetting errors (Machin et al., 1973; Tiffany
et al., 1976).

Table 1I shows that when the same
amount of KMnOy is measured photometri-
cally, dispensed into different volumes from
100 to 800 pl, i.e. at widely different con-
centrations, there is no significant difference
in the measured absorbances. The small
decrease in absorbance values seen with the
FP-9 and FP-901 photometers, as the
volume increases, is due to the added fact
that the cuvette wells taper 10 arcminutes
from top to bottom. This small deviation
from an ideal cylinder is necessary for
molding reasons in the production of the FP-
cuvette blocks. This tapering does not occur
in the microtitration plate wells used with the
Multiskan instrument. In addition, on the
inner walls of an FP-cuvette block, there are
three vertical fins to guarantee proper mix-
ing. When measuring the absorbance of a
200-pul solution, the optical effect of these
fins is seen as a slightly higher absorbance,
as compared with the result at higher
volumes. The slight difference between the
FP-9 and FP-901 photometers is due to the
fact that different interference filters were
used.

Based on these results, it is concluded,
first, that the equation derived for the vertical
measurement principle does (equation 13)
indeed hold quite accurately, the absorbance
being independent of the concentration of the
measured substance to an accuracy of 1-2
parts in a thousand. This also means that, in
practise, evaporation of the solvent from the
cuvette, or inaccurate pipetting of the non-
absorbing solvent, does not introduce analyt-
ical errors when the vertical light path mea-
surement is used.




Table I1.

Absorbance (A) of potassium permanganate (KMnOy) solutions at 540

nm measured with the Multiskan MC, FP-9 and FP-901 photometers,
where the molar amount of potassium permanganate is constant, but its
concentration is changed by adding various volumes of water.

Amean = AKMnO4 - AH?_O-

Volume Multiskan MC FP-9 FP-901
wl

Ampeana £ SD Ameanb * SD Ameanb £ SD
100 0.187 + 0.001
150 0.189 + 0.002
200 0.191 £ 0.002 0.194 = 0.001 0.197 £ 0.001
250 0.189 + 0.001
300 0.191 + 0.002 0.191 + 0.001 0.195 £+ 0.001
400 0.189 + 0.002 0.194 £ 0.001
500 0.189 + 0.002 0.193 £ 0.001
600 0.188 + 0.002 0.192 £ 0.001
700 0.188 + 0.002 0.192 % 0.002
800 0.187 + 0.002 0.192 %= 0.001

a) means of 48 measurements
b) means of 18 measurements

A4.4. Layering

The effect of layering was studied by
monitoring bacterial growth with a vertical
beam photometer (Mutascreen, Suovaniemi
et al.,, 1984) and with a conventional
horizontal beam photometer (Shimadzu). In
all experiments the Escherichia coli WP2
uvrA strain was used. The Vogel-Bonner
culture medium was supplemented either
with 1.5 uM or with 15 uM tryptophan. In
the former case the bacteria grew to a final
density of only 4x107 cells/mi, but in the
latter, the final density was 5x108 cells/ml. In
the Mutascreen instrument a wide band filter
(400-700 nm) was used. In the horizontally
measuring photometer the samples were
scanned in the 400-700 nm wavelength
range.

Fig. 8 demonstrates that cell growth is
accurately measured with the vertical photo-
meter (traces A and B). With the horizontal
measurement, however, the absorbance
increase because of the increase in cell num-
ber is counteracted by the layering of the
cells towards the bottom of the cuvette (trace
D). This phenomenon, entirely due to layer-
ing, as the bacteria are no longer multiply-
ing, is evident from curve E. This difference
between the vertical and horizontal measure-
ments of the same samples is expected from
the previous theoretical analysis. Thus, as
the derivation of eqn. 13 from eqn. 12
showed (section A2.3.), since the total mass
of absorbing substance is always contained
within the column of liguid, the measured
absorbance is insensitive to inhomogeneities
in the solution due to layering, for example.
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Figure 8.
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Schematic representation of growth curves of E. coli as measured with
Labsystems’ Mutascreen (A-C) and with Shimadzu (D-E) photometers.

Curves A-C show the change of turbidity as seen with Mutascreen and
curves D-E show the change of turbidity as seen with the horizontally
measuring photometer. Curves A and D show the growth of bacteria in the
medium with 15 uM tryptohan, the final density of the cells in both cases is
5x108 cells/ml. Curve B shows bacterial growth in the medium containing
1.5 uM tryptophan, which limits the final bacterial population to 4x107
cells/ml. Curve C shows the growth of auxotrophic and prototrophic E. coli
as seen in Labsystems’ Mutascreen. Curve E shows the effect of
sedimentation (layering) of bacteria as detected with a horizontally
measuring photometer. The density of bacterial population is 5x108
cells/ml.
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A4S, Effect of the shape of the liquid sur-
Jace in cuvettes made of polystyrene

In polystyrene cuvettes, ordinary aqueous
solutions produce a flat, even liquid surface.
Under such circumstances the vertical light
beam will leave the solution as if there were
another optical window in the cuvette (Fig.
9a).

However, if the surface tension is low-
ered in the solution, a concave surface is
produced (Fig. 9b). This is the case, for
example, when protein or detergents are pre-
sent. Figs. 10 and 11 show how this affects
the absorbance in vertical photometry.

The pathlength for the central part of the
light beam will, for the same volume of a
liquid with concave surface, be somewhat a. b.
shorter, and the measured absorbance

. . Figure 9.
smaller, as compared with a flat liquid sur-
face (Figs. 10 and 11). The slope of the con-
centration—dependent curve will be lower
(Figs. 11 and 12).
A
0200+ —_— } A
2 . B
(:"//e—————e——’—‘\@%\3
0100+
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Volume(pl)

Figure 10. The absorbance of potassium permanganate (KMnO,) measured with the FP-
901 photometer at 540 nm. Into two cuvette blocks 200 pl of 0.3 mM
KMnOy was pipetted, and water was then added in 100-u] aliquots. The
instrument was blanked against a corresponding volume of diluent at each
step. One cuvette block with 200 ul of 0.3 mM KMnOy served as a control
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Figure 11. Absorbance of KMnO4 measured with the FP-901 photometer at
540 nm, when the liquid surface is flat (water as solvent, X-X-X),
and concave (0.1 % aqueous Tween 20 as solvent, 0-0-0). Equal
volumes of KMnOQOy4 at various concentrations were tested.
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Figure 12. The effect of surface shape on absorbance vs. concentration curves.
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Let us now consider light with an inten-
sity I, entering the optical window of the cu-
vette. The light passes through the liquid
losing intensity because of absorbance. The
intensity of light at the free surface is I, and
the absorbance that depends on the concen-
tration of the absorber in the liquid is

(14) A=logl/l

With a concave liquid surface, some light
reaching the periphery of the surface will be
reflected away from the optical axis and will
not reach the light detector (Figure 9b). The
intensity of light measured by the detector,
1. is thus less than that at the surface (I).
The amount of light loss can thus be ex-
pressed as

(15) Al = log I/II

The amount of this light loss occurring at the
surface will, for all practical purposes, de-
pend only on the shape of the surface, and
not on the concentration or other properties
of the solution. In the final absorbance meas-

A4.6.

urement this loss will therefore appear as a
constant additive term.

(16)  Awr=A+Ap=log (/D) +log (1))
= log (I,/T})

When performing actual absorbance meas-
urements, the absorbance of a blank solution
as well as that of the solution to be analyzed
are measured, and the blank value subtracted.
Thus,

(17) A=Ay, - Aplank

Both A, and Ay, consist of two parts, A
and A described above, and A, is the same
in both. Therefore, A; will be eliminated in
the blank subtraction procedure, provided, of
course, that the surface properties of sample
and blank are the same. Clearly, it is impor-
tant that the shapes of sample and blank sur-
faces are kept similar in vertical absorbance
measurements. If this is not otherwise
achieved, then detergent may be added to
create equally concave surfaces in blanks,
standards and samples.

Performance of vertical light beam photometers

Table III compares the accuracy of the FP-9 photometer and a Varian Cary 119 instrument.

Table III. A National Bureau of Standards (NBS) glass filter 3-269
(NBS Standards Reference Material 930a) was measured
using the FP-9 and Cary spectrophotometers.

Wavelength A A A
nm) NBS CARY 118 FP-9
404,7 - 0.534 0.528
440 0.525 0.527 -

465 0.482 0.484 -

488 - 0.507 0.501
514,5 - 0.517 0.517
546 - 0.502 0.497
577 - 0.524 0.525
590 0.547 0.542 -

600 - 0.548 0.543
632 - 0.543 0.539
635 0.546 0.545
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Figure 13. Linearity of the FP-9.

Each point is a mean of three measurements. NADH; was
diluted to 750 ml of 0.1 mol/l Tris-HC! buffer, pH 8.0.

Fig. 13 reports the results from a test of
the linearity of the FP-9 photometer at 340
nm. Each point shown is a mean of three
measurements. Similar results were obtained
at 546 nm (not shown).

Table IV demonstrates the inter- and
intrachannel reproducibility of the FP-9

photometer. Note that this test, as the one in
Fig. 13, was performed with a coloured
solution, which was transferred to the
cuvettes with a nine-channel pipette. Thus,
the variability seen includes pipetting errors
as well as errors arising from differences
between wells in a cuvette block.

Table IV. A solution of hexamminecobalt(IIT)sulphate, [Co(NH3)gl, (SO4)3+ SH,0,

was measured at 500.6 nm

several times (n=44) at the nine different

channels on the FP-9 photometer. The mean absorbances and standard
deviations are reported for each channel.

Mean + SD

1. 0.369 £ 0.002 4, 0.369 + 0.002 7. 0.371 £ 0.002
2. 0.367 £0.002 5. 0.368 £ 0.003 8. 0.369 £ 0.003
3. 0.367 £0.002 6. 0.371 £0.002 9. 0.369 £ 0.002
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The stability of the FP-9 photometer was
tested using a glass filter (Corning no. 5330)
and with a coloured solution. The hour-to-
hour variation was found to be less than
0.001 absorbance units with the glass filter.
With the coloured solution in place of the fil-
ter the variation was similar to that reported

above (Table IV), i.e.less than 0.003 ab-
sorbance units.

As shown in Table V, the stability of the
FP-9 photometer during the two-week per-
formance period was better than 0.010
absorbance units.

Table V. The FP-9 photometer was tested by placing the NBS filters (SRM 930a) 1-269
and 3-269 in the light path and taking absorbance measurements at 406.6 nm,
13 times during a two-week period (9 x 13 values).

Filter mean SD CV% lowest highest
(n=9x13) value value

1-269 1.083 0.004 0.4 1.078 1.086

3-269 0.536 0.002 0.4 0.533 0.538

The performance of the FP-900 Analyz-
ing system was evaluated in a multi-centre
study according to the principles outlined in
the Lst draft of the Standard for Instrument
Testing, European Committee for Clinical
Laboratory Standards (ECCLS). As exam-
ples of typical methodologies, cholesterol
determination was selected as a typical end-
point absorbance method, creatine kinase as a
fixed-time (two-point) kinetic method, and
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aspartate aminotransferase as a multi-point,
continuous method. The intra- and inter-labo-
ratory imprecisions, the deviation from
assigned values of commercial control sera,
and carry-over were determined. The perfor-
mance was compared with two other analyti-
cal systems, the Mark I Autoanalyzer and the
Hitachi 705. The cost, speed and capacity
were also estimated from the results of this
study (Saris et al., 1983).




AS. CONCLUSIONS

The results from the studies reported above
show that the characteristic performance of
the vertical light beam photometers corre-
sponds well to international standards set for
photometers used in clinical and research
chemistry. They also correspond well to
what was expected from theory. The antici-
pated practical advantages of vertical pho-
tometry have also been concretised. Thus,
the degree of automation in photometry has
been vastly increased due to this develop-
ment, and it is now possible to measure a
large number of samples simultaneously,
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using relatively simple, Jow-cost equipment.

The principle of vertical photometry has
also allowed completely new applications of
the photometric technique that were not pos-
sible with a horizontal light beam. Some of
these were indicated above, e.g. measuring
the growth of micro-organisms that sediment
in the reaction vessel. Such measurements
may be extended to growth assays of bacteria
(Suovaniemi et al., 1984), and various mea-
surements of cell agglutination (Janatuinen et
al., 1985; Swank et al,, 1991).



B. LIQUID DISPENSION WITH ELECTRONIC PIPETTES

B1. FORERUNNER: THE MECHANICAL
PIPETTE

In both research and routine laboratory work
the accurate measurement and dispensing of
reagents, i.e. pipetting, are essential for the
success of quantitative analyses. Only a
couple of decades ago pipetting was carried
out almost exclusively by suction using glass
pipettes. Single- and multichannel mechanical
pipettes with adjustable volumes were devel-
oped by the end of the 1960s and first manu-
factured at the beginning of the 1970s by
Finnpipette Co (Suovaniemi, Finnish Patents
44069 and 44070).Several other comparable
products manufactured, e.g. by Gilson Co in
France, Eppendorf Co, in Germany and
Nichiryo Co in Japan, soon followed. In
short, a fundamental change was about to
occur in the way liquids were dispensed,
especially in research and routine clinical
laboratories. Now, since the beginning of the
1990s, new mechanical pipettes are pur-
chased, or used ones replaced, at a rate of
more than one million units per year. Yet,
mouth suction glass and plastic pipettes are
still used in many laboratories, although their
accuracy and precision are usually inferior
and, moreover, dependent on the skill and
care of the user. In addition, their use is
linked to considerable accident and health
hazards.

In the 1970s the quality of both single-
and multichannel pipettes, and the disposable
pipette tips that they required, was quite vari-
able. Wenk and Lustgarten (1974) noted, for
example, that a pipette with a particular vol-
ume setting yielded different volumes during
pipetting, depending on whether a used or
unused pipette tip was employed. Zwart
(1974) found that, depending on the manu-
facturer, most pipettes showed considerable
calibration errors. Such initial difficulties
were soon overcome, however, with further
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experience, research and development in this
area, and improving the quality of both
pipettes and pipette accessories. The best
results were naturally achieved by those
manufacturers, who in order to ensure com-
plete compatibility between pipettes and
pipette tips, developed them at the same time.
These manufacturers were able to control the
production quality of both products.

At this time, and after two decades of
development, mechanical pipettes exhibit
excellent accuracy and precision, far beyond
that normally attained by classical mouth
suction (section B4.). Yet, results with
mechanical pipettes are still user-dependent,
although not to the same degree as with the
mouth suction pipettes. Experience and skill
are still required by the user to reach high-
quality results, and a significant number of
laboratory personnel never acquire this,
despite training.

Dispensing with the mechanical pipettes
requires pressing a knob with the thumb,
which initiates the outward movement of the
plunger. Aspiration by mouth is replaced by
releaving thumb pressure, which in turn
mechanically causes inward movement of the
plunger. In particular, the latter movement of
aspiration requires both care and patience,
because it must not occur too quickly. If it
does, especially with volumes exceeding 0.1
ml, aspiration of air bubbles replacing some
of the sample volume often results, yielding
significant errors.

One might think that the present-day
growth of automation and simplification,
especially in clinical routine laboratories,
would have made manual pipetting redun-
dant. However, this is not the case. On the
contrary, manual pipetting has, if anything,
continued to increase, probably in part
because mechanical pipettes are readily avail-
able. As described above, automation of light
absorbance measurements, for example, has




been accompanied by the use of microti-
tration plates. Devices performing all the
necessary pipetting automatically in such
assays are relatively uncommon, expensive,
and often limited to particular assays.
Moreover, despite automatic dispensing of
some reagents, they often still require addi-
tional manual dispensing (often the critical
dispensing of the patient sample). In prac-
tise, this has meant that instead of pipetting
into individual vials, multichannel mechanic
pipettes are used, by which one may aspirate
and dispense from oOr into as many as twelve
vials (or reaction wells) simultaneously. This
development has clearly increased the num-
ber of assays that may be performed daily in
a single laboratory, and has simultaneously
enhanced precision and accuracy. However,
it has also brought with it some serious
problems that may not have been anticipated
during the relatively fast revolution of the
working procedures in the laboratory.

Excessive use of multichannel mechani-
cal pipettes today has simultaneously resulted
in increased stress on laboratory personnel.
Multichannel pipettes, especially, require a
strong force with the thumb to enforce pipette
action. If this force is repeatedly exerted
many times per working day, it may cause
occupational disease. Burns and Johnson
(1991) have recently reported that such
repetitive performance may cause the so-
called carpal tunnel syndrome, an inflamma-
tory response to excessive physical stress on
the hand and the fingers.

B2. DEVELOPMENT OF ELECTRONIC
PIPETTES

From the above, it is clear that although
mechanical pipettes revolutionized practical
laboratory work, making it possible to handle
larger assay volumes at higher precision and
accuracy, some unforeseen drawbacks have
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accompanied their use. It became evident that
the main required improvements centered on
(i) making a device less dependent on human
performance, and (ii) relieving the user from
the physical stress that is associated with
high volume mechanical pipetting.

One solution to this problem would be
fully automated devices that would carry out
all the dispensing and the measurements as
well. As mentioned already, although such
"robots" are available, they still have not
made manual pipetting redundant. In fact,
they are not expected to replace manual
pipetting in the near future for several rea-
sons. First and foremost, such automatic
devices are very costly and can therefore not
offer a world-wide solution for a long time.
Second, due to the different requirements of
individual assays in the laboratory, fully
automated devices can, at best, handle only
part of the work load. Finally, much labora-
tory work still requires constant visual
human control. This is especially true for any
assay of a more experimental or developmen-
tal nature.

Another solution would be to develop an
electronically controlled pipette that would
otherwise be analogous to the mechanical
device in terms of size, weight, accuracy and
precision, but in which the plunger would be
activated electronically, following only a light
touch. Such a pipette was described in 1975
(Appendix IV). However, the device de-
scribed in this patent was never manufac-
tured. Nine years later, in 1984, an American
company, Rainin Instrument, Inc., revived
this idea by applying for patents for an anal-
ogous device (Magnussen et al., u.s.
Patents 4,671,123 and 4,905,526). Evident-
ly, these later patents were granted because
they were not in the same classification as
U.S. Patent 4,058,370 (Appendix V).

It is particularly interesting that Rainin
Instrument Inc. has used a specific technical
innovation, namely a so-called "floating
plunger connector, located periferally with




respect to the plunger long axis (Appendix
IV) in manufacturing their mechanical and
electronic multichannel pipettes. Since the
plungers can move to the side, the pipettes
function with low friction and are easy to
use.U.S. Patents 3,855,868; 4,058,370 and
4,215,092 (Suovaniemi) describe this inno-
vation.

The development of electronic pipettes,
and the technical solutions required for this
have thus taken a long time. This is so de-
spite the well-known fact that scientists have
desired to develop such devices for more
than a decade at least. Rainin Instrument,
Inc.'s single and multichannel electronic
pipettes possess good precision and accuracy
(section B4) and function without having to
exert excessive force. However, compared
with the mechanical forerunners, they are
much larger and heavier. Furthermore, a
new unforeseen problem has arisen with
these pipettes: the operator feels a lack of
control. Apparently, it is essential for the
user to "feel" he is controlling the dispensing
procedure, as is clear when using a mechani-
cal pipette. The Rainin electronic pipettes are
simply too slow-reacting to meet this re-
quirement, i.e. the response time between
pushing the activator and the plunger move-
ment is too long, at least for many experi-
enced laboratory workers (section B4).

Another product of this kind was also
initiated in the 1980s, dating from 1985
(Tervamiki, Finnish Patent application
852704).This pipette works with an electric
motor, with the volume adjusted manually by
means of a screw. The product is at present
manufactured by Labsystems Oy in Finland.
However, it has a major drawback; it lacks a
secondary plunger movement during dispen-
sation, which is a prerequisite for achieving
acceptable precision and accuracy in pipet-
ting, as described by the author two decades
ago (Suovaniemi, Finnish Patents 44069 and
44070). Performance data on this pipette are
reported below (section B4).
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Based on the above, it is concluded that
up to the 1990s the developed electronic
pipettes have either not met the standards set
originally, or have added new problems that
were not anticipated during development.
Apparently, and perhaps surprisingly, para-
mount difficulties have been encountered in
developing satisfactory electronic pipettes.
The fact that at present the leading manufac-
turers of mechanical pipettes (Gilson in
France and Eppendorf in Germany) have yet
to produce their own portable electronic
pipettes attests to these difficulties.

B3. THE BIOHIT PROLINE
ELECTRONIC PIPETTE

Table VI gives a comparison of the size and
weight of the Biohit Proline Electronic (BPE)
series pipettes, microprocessor-controlled
electronic devices, and the Rainin electronic
pipette.

Table VI.

Weight (g)  Length (cm)
BPE 144 24
Rainin 244 29

It is noteworthy that the BPE devices and
their manual counterparts are of comparable
weight and size, whereas the Rainin pipettes
are considerably heavier and bulkier.

Compared with the manual pipettes, the
BPE pipette, as defined by the function of the
microprocessor, clearly possesses more ad-
vantageous properties particularly with re-
spect to long-term precision (section B4).
and ease of use. These properties become
accentuated in a long pipetting series, or in
dispensing programmes. Even a complicated,
well-defined, dispensing series can be carried
out by adjusting the software that drives the
microprocessor. This makes the pipette suit-



able for use with specialized diagnostic kKits,
which often require specific dispensing pro-
grammes.

The main elements distinguishing the
BPE pipettes from their manual forerunners
may be described as follows: A battery
makes cableless functioning possible; a
motor performs the actual pipetting, i.e.
moves the plunger; the control unit, consist-
ing of six control push-buttons and a display,
is used to choose different functions and
parameters. The microprocessor steers the
control unit and the motor. The pipette's sep-
arate charging device, securing long-term
functioning, serves as a pipette stand so the
batteries are automatically recharged when
the pipette is not in use (Fig. 14).

In choosing the battery, size, charging
and discharging properties, connector voltage
and lifetime were emphasized. A cordless
charging system was designed on this basis
(Suovaniemi and Ekholm, European Patent
application 91304061.4).

A DC motor best satisfied the most im-
portant criteria of the motor: small size, low
price, low-power consumption, high accel-
eration, and rotation velocity. A small step-
ping motor could have been an alternative,
but it is more expensive than the DC motor,
which is also more favourable with respect to
power usage, maximal speed of rotation,
torque, and availability.

The DC motor is limited in its inability to
be controlled precisely, especially when the
controlling electronics require small current
usage and very small physical size simulta-
neously. Thus, it was not possible to imple-
ment a conventional and complicated steering
electronics because of the limitations con-
ferred by physical size, current consumption,
the need for a powerful microprocessor and
pricing. For these reasons the control of the
DC-motor is based on the use of a mechani-
cal element (Suovaniemi and Ekholm, Euro-
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Figure 14

The basic Biohit Proline Electronic
(BPE) pipette. The battery and the
DC motor are in the upper and
lower ends of the handle. The
control unit is composed of control
push-buttons and a display. The
charging device also functions as a
pipette stand.

pean patent application, PCT/FI 91/ 00133).
With this patented method, a small, 4-bit
microprocessor (made by NEC Electronics,
Japan) can be used to further reduce the cost.
A pinion has been linked to the shaft of a
plunger-associated screw, so that the pinion
and shaft can rotate. Two optical readers
control the rotation of the pinion and at a
point corresponding to the decided length of
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Figure 15. Operational principle of the electro-mechanics of the BPE pipette.

ment, the pinion is inserted into it. The length
of movement, at certain stepping increments,
is therefore highly accurate. The deceleration
of the movement is very fast, an added
feature of this new method. In the dispensing
mode this means a sharper cut of the liquid
stream at the end of the tip resulting in higher
precision and ease of use.

The steering of the motor is based on op-
tical feed-back from a disk with five equally-
spaced peripheral cogs and a coplanar mirror.
The microprocessor controls the number of

3 73920
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steps, which correspond to a certain length of
plunger action. The speed of the plunger
movement can be regulated by adjusting the
current of the DC motor. When the velocity,
or rather the velocity profile, chosen by the
user, has been achieved, it is implemented by
the microprocessor-steered optical feed-back
(Appendix V).

Since the pipette controls the movement
of the piston, the laboratory's most fre-
quently used pipetting operations, i.e. pipet-
ting, multiple dispensing and dilution, can be



carried out with it.

Figure 16a illustrates the various phases
of the basic pipetting cycle. The aspiration of
the liquid starts from the home position (H)
and for a velocity profile the piston is linearly
accelerated in order to avoid foam and bubble
formation in the liquid. When the desired
amount of liquid is aspirated, the stopper is
activated to ensure the correct linear move-
ment of the piston (black dot in the drawing).

As the liquid is dispensed, the piston is
driven back to the home position, and the
movement is continued through the blow-out
area to the zero level (0). This additional
piston movement ensures that no liquid
remains in the tip. After a short pause, the
piston is automatically driven back to the

home position and is ready for the next
operation.

The multiple dispensing (Fig. 16b) has
the same basic functions, but the dispensing
cycle is divided into preprogrammed dis-
pensings of the aliquots. It is to be noticed
that the volume aspirated is greater than the
volume needed for the aliquots. Before the
first aliquot is taken, a reset dispensing is
performed as some liquid is left in the tip
from the dispensing of the last aliquot. This
ensures that each aliquot dispensing has
similar conditions, which leads to greater
accuracy and precision.

Because of the dilution mode (Fig. 16c¢),
two different volumes of liquid can be aspi-
rated into the tip and then simultaneously
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Figure 16. Procedure for filling and emptying the BPE pipette
(for details, see text and Appendix V).
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dispensed. An air gap between two liquids is
automatically added in order to avoid con-
tamination when aspirating the second liquid.

The speed of the piston movement can be
individually programmed for each operation
mode.

Velocity profiles make the functioning
both smooth and pleasant and favour
optimization of the liquid laminar flow when
using pipette tips of various shapes and
liquids of different viscosities. The second-
ary movement through the blow-out area,
which always ends the dispensing phase, is
essential for complete emptying of the pipette
tip (see section B4).

The control unit is composed of 6 control
push-buttons and a display. For reasons of
economy, a microprocessor that already
contained an integrated, liquid crystal dis-
play (LCD) driver was chosen. This made it
possible to use a low-current LCD display.
Both the six-button control unit and the
starting button, which initiates motor perfor-
mance, are based on an electronic solution
that minimizes current usage. The separate
starting button is positioned for optimal
ergonomy; it is activated by a light push with
the thumb. The microprocessor registers the
change in the circuitry caused by activating a
push-button, using the conventional tech-
nique of short-circuiting specific parts of the
electronics.

The entire electronics have been designed
by implementing the surface mount tech-
nique, which has made it possible to achieve
a resting current of only about 1 mA. This
prolongs the lifetime of the charging system.
The work capacity, without recharging,
depends on the volumes, plungers, and
number of channels used. Several hundred
pipettings can be carried out with the large
multichannel pipettes, but with the one-
channel versions, this number may reach
5000.

For physical reasons, the aspirated and
dispensed volumes are not linear functions of
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the mechanical movement of the plunger over
a large range of volumes. The corrections for
this have been done either by adjusting the
microprocessor step number, or by non-
linearizing the screw. The non-linearity,
especially in the small-volume range, can be
easily corrected by modifying the screw
threading (Appendix VI). However, when
the volume range is large (e.g. 0.5 — 5.0 ml)
compared to the resolution of the mechanical
movement, corresponding to e.g. 10 pl of
liquid, correction can be done under micro-
processor control.

Plunger sealings are of special impor-
tance in a product of this kind. Tightness,
long life-time, endurance towards torque and
vibrations, and stability of quality are special
requirements. These must, moreover, be
combined with especially low frictional prop-
erties. A recent patent application (Suova-
niemi, European patent application, PCT/ FI
92/00075) presents some possible solutions
for the above problems.

B4. TEST RESULTS

Pipette performance was tested by pipetting
water samples to a vial or a sponge on a
sensitive balance (Ohaus 6A 200 D, Ohaus
Corporation, U.S.A.). The balance was con-
nected to a computer; weight readouts and
statistics were obtained using BIOHIT/
Balance Reader software.

Certain precautions had to be made in
pipetting volumes below 25 jul. Dispensation
with both the Rainin and Labsystems pipettes
was often found to be incomplete, as a small
volume remained in the tips. This was espe-
cially common when using slow pipetting
speeds. This phenomenon was not observed
with the BPE pipettes, presumably due to
their effective secondary plunger movement.
For this reason, all pipettings below 25 pi
were performed into a sponge by lightly



touching the sponge with the pipette tip.
Hence, different pipettes gave comparable
results. Larger volumes were pipetted into a
vial, without touching it with the pipette tip.

Pipetting speed was tested separately for
each device, using both fast and slow speed
settings on the pipette.

The following pipettes were tested:
Multichannel BPE pipettes (12-, 8-, and 4-
channels; both the 100-pl- and 250-pl ver-
sions were tested for each), single channel
BPE pipettes (10-, 100-, 250-, 500-, 1000-
and 5000-pl versions), and, for comparison,
Biohit manual pipettes (10-, 50-, 200-,
1000-, and 5000-p! versions).

Analogous tests were also performed
using the Rainin single channel pipettes (10-,
25-, 100-, 250- and 1000-u1 versions), the
Rainin 8-channel, and the Labsystems FP-
Electronic pipette.

Each pipetting series comprised ten con-
secutive pipettings at a single volume setting
with each pipette (or pipette channel). Three
volumes were tested for each pipette, at the
100, 50 and 10% levels (or at the low-
volume limit) of the pipetting capacity. For
multichannel pipettes each channel was first
tested, after which channel 1 was further
tested by four series of pipettings (each with
n=10).
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B4.1. Precision and accuracy of pipetting
Tables VII - X summarize the data with the
tested single-channel pipettes. It is interesting
to note, first, that the performance of the
BPE pipettes and their manual counterparts is
comparable. However, the accuracy of the
latter in the low-volume region is somewhat
better, but this difference vanishes when vol-
umes >50 [l are used. In this connection it
must be emphasized that the reported results
of manual pipetting are optimal, because the
pipetting was performed by an experienced
technician. Nevertheless, the electronic
pipette showed, for example, a mean impre-
cision of 6.14% (range: 7.73 to 5.49) and a
mean inaccuracy of -3.22% ( range: -1.81 to
-5.82) at the minimum volume of 1 pl. This
must be considered acceptable at this very
small volume. Both accuracy and precision
improved considerably with increasing vol-
ume (Tables VII - X).

Comparison with the Rainin single
channel electronic pipettes (Table VIII) and
the Biohit Proline manual pipettes (Table IX)
indicates that these have an accuracy and
precision comparable to the BPE's. How-
ever, the Labsystems electronic pipette was
clearly inferior, especially at volumes up to
100 pl (Table X).



Table VII. The Biohit Proline electronic pipette (single channel). Each valye isa
mean of 10 measurements of distilled water at +22°C.

Volume (ul)
1 5 10 25 50 100
imprecision (%) 6.141 1.1D 0.73D  0.263 0212 0.092
inaccuracy (%) -3.22 -1.25 -0.49 -1.23 +0.24  -0.10
imprecision (%) 0.422) 0.223  0.17%
inaccuracy (%) -1.21 033 +0.21
Volume (ul)
125 250 500 1000 2500 5000
imprecision (%) 0.11% 0.063  0.069  0.059 0.076) 0.126)
inaccuracy (%) -0.43 -0.37 -0.49 +0.29 +0.09 -0.02
imprecision (%) 0.069  0.079
inaccuracy (%) -0.29 +0.22
imprecision (%) 0.139
inaccuracy (%) +1.21

Different models of the Biohit Proline electronic pipettes with different volume
ranges have been used: 1) 0.2-10 pl, 2 5-100 pl, 3) 10-250 ul, 4) 20-500 pl, 5) 50-
1000 pi, © 500-5000 pl.
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Table VIIL. The Rainin EDP2 electronic pipette (single channel). Each value isa
mean of 10 measurements of distilled water at +220C.

Volume (Ul
1 2 5 10 12 25
imprecision (%) 6.191 1.43D  0.74D
inaccuracy (%) -3.02 +0.51 +0.65
imprecision (%) 3.082 1.36%) 0.912
inaccuracy (%) -4.82 297 236
imprecision (%) 1.03%
inaccuracy (%) -0.35
imprecision (%) 0.369
inaccuracy (%) -0.08
Volume (ul)
50 100 125 250 500 1000
imprecision (%)~ 2.893%  1.08%
inaccuracy (%) -0.19 +0.1
imprecision (%) 0.14%  0.44%
inaccuracy ((%) -0.44 ~-0.50
imprecision (%) 0.20% 0.05% 0.48%
inaccuracy (%) +0.40 +0.44 -4.25

Different models of the Biohit Proline electronic pipettes with different volume
ranges have been used: 1 0.5-10 pl, 2)2.5-25 pl, 3 10-100 pl, 9 25-250 pl,

5) 100-1000 pl.
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Table IX. The Biohit Proline manual pipette (single channel). Each value
is a mean of 10 measurements of distilled water at +22°C,

Volume (ul)
1 5 10 25 50 100
inaccuracy (%) 6.35D 1.25D  0.96D

imprecision (%) +0.99 +0.07 -0.15

inaccuracy (%) 1.862 0.362  0.852)  0.35%
imprecision (%) ~1.21 +0.56  +0.73  +0.01
Volume (ul)
200 500 1000 2500 5000
inaccuracy (%) 0.42%

amprecision (%) +0.03

inaccuracy (%) 0.149 0.179  0.09%
imprecision (%) +0.36 +0.36 +0.13

inaccuracy (%) 0.25%)  0.119 0.09%
imprecision (%) +0.57 +0.10 +0.22

Different models of the Biohit Proline manual pipettes with different volume raﬁges
have been used:1) 0.5-10 i, 2 5-50 pl, 3) 50-200 pl, 4) 200-1000 pl, 3 1000-5000 pl.

Table X. The Labsystems electronic pipette (single channel). Each value is a
mean of 10 measurements of distilled water at +22°C.

Volume (ul)
10 25 50 100 250 500 1000

imprecision (%)  2.03 0.61 0.65 0.74 0.57 0.21 0.10
inaccuracy (%) +6.09 -3.17 -1.02 -1.67 -0.93 -0.94 -0.76
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B4.2. Multichannel pipetting

It is important in multichannel pipetting that ~ pipette, at 25- and 50-pul pipetting volumes,
the variation in the performance of the indi-  respectively. It was found that in no channel
vidual channels be minimal. Fig. 17 shows  did imprecision and inaccuracy exceed
results using the Proline 12-channel 100-pul  +1.8% at 25 pl, and £0.6% at 50 pl.
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Figure 17. Biohit Proline electronic pipette (12-channel,
volume from 5 to 100 pl). Tested pipetting
volumes 25 and 50 pl, respectively. Pipetting was
performed with distilled water at +22°C.

40




1,5+
14 ] .
0,5+ u a "
o
0 T $ S s g T 9 g9
]
-0,5 4 d 2 3 4 5 6 7 8
1T ® |naccuracy
-1,5 4+
24 O Imprecision

Figure 18. The Biohit Proline electronic (8-channel, volume from
25 t0 250 ul) Tested pipetting volume is 25 pl.
Pipetting was performed with distilled water at +22°C.

Fig. 18 shows the performance of the  channel 250-pl Rainin pipette performed
Proline 8-channel 250-pl pipette at 25-u1  similarly (Fig. 19). As expected, the preci-
pipetting volume. Here the imprecision was  sion and accuracy consistently improved with
+-1.5 % and the inaccuracy +-0.5%, when  increased volumes, also in the multichannel

individual channels were compared. The 8- versions.
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Figure 19. The Rainin electronic pipette (8-channel, volume from
25 to 250 pl). Tested pipetting volume is 25 pl.
Pipetting was performed with distilled water at +22°C.,

41



B4.3. Pipetting speed

The speed of pipetting was measured with
different pipettes, at maximum volume of
each. The total time taken to perform ten
pipettings was measured. The BPE's are
roughly three times faster than the Rainin
counterparts, and the Labsystems' Electronic
is of comparable speed or faster than the
BPE's. A significant reason for the latter dif-

B5. CONCLUSIONS

From the series of tests reported above, it can
be concluded that the BPE pipettes have
achieved the goals that were set for their
development. Their pipetting accuracy and
precision are comparable with that of the
corresponding mechanical pipettes, without
being heavier or significantly larger in size.
This means that the pipetting performance
has remained comparable, and errors intro-
duced by the (inexperienced) user have been
minimized. Furthermore, pipetting is no
longer associated with tiring physical hand
and finger movements, typical for mechanical
pipettes, and especially their multichannel
versions.
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ference is the fact that the Labsystems pipette
lacks the secondary plunger motion, which is
common to the Rainin and BPE pipettes. The
poor accuracy and precision of the Lab-
systems pipette stem primarily from the lack
of this movement seen from the comparisons
in Tables VII-X.

Finally, these newly-developed pipettes
have an important property, related to their
speed, but less easily described. This is the
user's feeling of being in control of the
pipetting process. When the speed of pipet-
ting becomes too slow, then the technician
easily experiences irritation as the device is
not "following" the user's pace. Obviously,
slowness of the device beyond the user's
capabilities will slow down the laboratory
routine as a whole, relative to the working
potential of the technical staff. This may, of
course, be an important factor, especially in
clinical routine laboratories, where hundreds
of tests are performed each day.



C. GENERAL DISCUSSION

The inventions of the multichannel pipette
and the principle of handling several samples
and reagents simultaneously in colorimetric
assays originated with research work carried
out in 1968 (Suovaniemi, 1976; Suovaniemi,
U.S. Patents 3,855,868 and 4,144,030).
This was the basis of batch analyses in
clinical chemistry. The combination of the
multichannel principle and that of vertical
photometric measurement made it possible to
develop and manufacture new analyzing
systems. The first of these were the FP-9 and
FP-901 photometers, soon to be followed by
the Titertek Multiskan and Multiskan MC
systems described above.

The systems described in this work repre-
sent modular analytical measuring instru-
ments that handle several samples batchwise
throughout the procedure. Their design was
based on the multichannel principle for both
sample handling and measurement, combined
with the vertical optical path of the photome-
ter. As shown here, the principle of vertical
photometry allows conversion of the well-
known Bouguer—Lambert-Beer equation
(A=abc) into a new form.

A=(€/Sm

From this, an entirely new aspect emerges,
i.e., that the absorbance no longer depends
on the concentration of the light-absorbing
substance, but on its molar amount. The
experiments described above (section A.4)
confirmed that this is indeed the case, also in
practise.

This unique property of the vertical pho-
tometric measurement has proved useful in a
number of ways. For example, inaccurate
pipetting of non-absorbing solvents during
an assay procedure, which obviously results
in variations of the concentration of the
absorbing substance, has no effect on the
absorbance measured vertically. Evaporation
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of solvent (e.g. water) from the sample
during the reaction measured, which also
affects the concentration, will nevertheless
not affect the vertically-measured ab-
sorbance. In addition, inhomogeneities in
the solution, which may occur, for example,
because of layering in turbidity measure-
ments of bacterial growth, are also allowed.

On the other hand, the vertical measure-
ment introduces a problem that is absent in
horizontal measurements. Variations in the
shape of the liquid surface in the cuvette will
affect the measured absorbance (section
A.4), and significant variations indeed occur
in practise, due to changes in surface tension
of solutions containing proteins or deter-
gents. As shown above (section A.4), those
potential errors can be easily overcome,
however, by proper control measurements,
and by making the surface tension in blanks,
standards and samples the same.

It is essential that the bottom of the
cuvette be optically homogeneous in order to
get satisfying results with the vertical proce-
dure. This problem is, of course, shared with
the horizontal measurement, which requires
optically homogeneous cuvette walls.
Automation of the vertical technique has led
to the development of so-called microtitration
plates, and “strips”, consisting of a number
of polystyrene reaction wells. Developing
these products to conform to the optical
requirements of photometric measurements
has been an important part of making general
use of the vertical measurement principle.

The results of the present study showed
that the characteristic performance of the
developed photometer systems, with respect
to accuracy, linearity, interchannel precision
and stability, corresponds well with the stan-
dards set for such systems internationally
(Saris et al., 1983). These developed instru-
ments are suitable, for example, for clinical
chemistry and enzyme immunoassays. These



instruments use either a block of cuvettes (FP
cuvette block, Suovaniemi, U.K. Patent
1,486,210), microstrips or microtitration
plates (Microstrip, Suovaniemi et al., U.S.
Patent 4,319,841; see section A3 and Figure
4) for the measurements.

The development described here also
included the first automatic photometric ana-
Iyzer for conventional microtitration plates.
Consequently, the use of the principle of a
vertical light path has provided the basis for
construction of small, flexible and cost-effec-
tive instruments of high sample capacity. As
will be discussed below, such instruments
have been developed for a large number of
different purposes and applications.

The discovery of enzyme immunoassays,
almost simultaneously by two research
groups (Engvall and Perlman, 1971; Van
Weemen and Schuurs, 1971), was foreshad-
owed by the coupling of enzymes to other
proteins in histochemistry (Avrameas, 1969).
Since then, the development of instrumenta-
tion described here, as well as of the proper
solid phases in reaction wells for coupling
with proteins (FP Cuvette block and
Microstrip, manufactured by Biohit Oy), and
the applications of enzyme immunoassays
have continued to expand from research labo-
ratories to every-day diagnostic purposes,
especially in clinical microbiology.

From these studies development of sensi-
tive fluorometers based on the principle of a
vertical light path have come about. The the-
ory, design, as well as immunological appli-
cations of such instruments, and related
innovations, have been reported (Harjunmaa,
U.S. Patent 4,758,523; Harjunmaa, 1986;
Tiusanen, 1992). The vertical measurement
was also the basis for the innovation of a
new type of luminometer (Harjunmaa, U.S.
Patent 4,678,326).

The FP-901 Analyzer was shown to be
useful also for coagulation measurements
(e.g. prothrombin time [PT], and activated
partial thromboplastin time [APTT] with high
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throughput (100-200 samples per hour). It
could further be adapted to chromogenic, clot
and immunological EIA tests of the fibrino-
gen concentration in PT and APTT determi-
nations (Janatuinen et al., 1985).

Another spin-off from the work described
here was the Mutascreen instrument. The tar-
get was to develop an automated analyzer
system for detecting mutagenicity and car-
cinogenicity, which overcame the drawbacks
of the manual methods available (Suovaniemi
et al., 1984; Falck, U.S. Patent 4,675,288).
However, this attempt was not completely
successful because the results of mutagenic-
ity determinations in the liquid phase of bac-
terial growth did not in all cases correspond
with the results of the manual Ames test,
which is carried out in gel phase growth
conditions (Ames et al., 1975). However, it
is expected that further basic research in this
area will eventually solve the problem of how
to automate mutagenicity assays based on the
vertical measurement principle (Suovaniemi
et al., 1984; Gocke and Schiibach, 1986).

The Mutascreen instrument was, in turn,
further developed in two directions, the Bio-
screen and the Auto-EIA Analyzer (both
manufactured by Labsystems Oy). The Auto-
EIA Analyzer is intended for automatic mea-
surement of enzyme-immuno-assays (EIA).
The applications of Bioscreen may be divided
into two categories: automated studies with
well-known test organisms, and studies on
bacteria occurring in, or isolated from, dif-
ferent specimens. Bacterial growth is moni-
tored by a vertical optical path turbidimetric
system, in which the light beam passes the
bacterial suspension through the bottom of
the cuvette (see section A4.4). When the
system monitors bacterial growth the turbid-
ity readings are independent of the bacterial
distribution in the cuvette, as well as of the
volume of the solution (Suovaniemi et al.,
1984). A further example of this measuring
principle has been described by Bochner,
who devised an automated technology for



identifying bacteria based on their metabolic
capacity, using oxidation-reduction dyes
(Bochner, 19894, b).

Vertical light path photometers (e.g. Mul-
tiskan and Dynatech MR 580) can also reli-
ably perform minimum inhibitory concentra-
tion (MIC) assays, which measure the lowest
concentration of a drug that prevents visible
growth of bacteria after incubation (Genta et
al., 1982; Courcol et al., 1983; Turner et al.,
1983). A diagnostic measuring system for
bovine mastitis has also been developed
(Sandholm, U.S. Patent 4,659,656; Mattila
et al., 1986).

The unique properties of the vertical
measurement principle might lead to new
dynamic applications of photometry, in
which the measured reaction does not lead to
a homogeneous distribution of the measured
absorbing substance in the measuring
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cuvette. Examples of such possibilities are
the agglutination reactions typical in blood
group determinations, other serological reac-
tions, and determination of blood clotting
(Suovaniemi, U.S. Patent 4,290,997 and
4,452,902).

Introduction of the multichannel pipettes
and the Multiskan for microtiter plates and
microstrips made it possible for scientists to
accelerate the development of numerous en-
zyme immunoassay applications for research
and clinical use. Microstrips as a solid phase
in heterogenous enzyme immunoassays are
used by major manufacturers of diagnostic
test kits. For example, in practice, all labora-
tory diagnoses of HIV at the beginning of
mass screening were made by instrument
systems comprising vertical light path pho-
tometers, multichannel pipettes and micro-
strips.



D. FUTURE PROSPECTS

Today, the estimated sales volume of photo-
metric measuring systems, multichannel
pipettes, microstrips as well as the different
auxiliary devices that have been developed on
the basis of the vertical measurement princi-
ple, is one billion U.S. dollars per year.
Although the basic discoveries on which this
business is based, as well as the primary
products, were made in Finland, only less
than 10 per cent of these sales have remained
in this country.

The Finnish companies, Labsystems and
Eflab founded in 1971 and 1978, respec-
tively, have sold several thousand FP-
Analyzer systems and more than ten
thousand Multiskans. The inventions of the
multichannel pipettes (Suovaniemi, Finnish
Patent no 44069), vertical photometry
(Suovaniemi 1976 and 1984, Suovaniemi
and Jirnefelt 1982, Suovaniemi, French
Patent 2,250,991, Appendices I-III) and
microstrips (Suovaniemi et al., U.S. Patent
no 4,319,841) were the bases for the very
first microplate reader, the Multiskan
(Suovaniemi, 1976 and 1984). From these
inventions many other companies (e.g.
Anthos, Beckman Instruments, Behring-
werke, Bio-Rad System, Bio-Tek Instru-
ments, Cetus, HP-Genenchem, Molecular
Devices Corporation, Ortho Diagnostic Sys-
tem, Perkin-Elmer, SLT Labinstruments and
Whittaker M. A. Bioproducts) have devel-
oped their own microplate readers as well as
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different auxiliary products.

The one- and multichannel electronic
pipettes described in this work complement
the earlier developments. In addition, further
use of the technology of these devices can be
made in the future in increasing the degree of
automation of the measuring instruments. It
appears likely that within the next five years,
laboratories will be using electronic pipettes
as commonly as they use mechanical pipettes
now. It also seems probable that most of the
present-day manufacturers of mechanical
pipettes will develop electronic pipettes of
their own.

Since the introduction of the single- and
multichannel Finnpipettes, a number of com-
panies (e.g. Costar, Gilson, Eppendorf,
MLA, Nichiryo, Rainin and Socorex) have
developed their own mechanical pipettes
from these. Total annual sales of mechanical
pipettes with disposable tips are 400 million
U.S. dollars. It is probable, that within five
years the electronic pipettes described here
will encourage many companies to develop
their own analogous to the worldwide mar-
kets, which may exceed one billion U.S.
dollars by the year 2000. The innovations
and development described here,as well as
their applications, provide a starting point for
creative research into further automation of
laboratory analyses and development of new
instrumentation.
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