« UK Patent Application .« GB « 2221 986..A

(43) Date of A publication 21.02,1990

(21) Application No 8915482.7
(22) Date of filing 06.07.1989

(30) Priority data

(31) 234367  (32) 19.08.1988 (33) US

(71) Applicants
William R. Mandell
122B Avenida Drive, Berkeley, California 94708,
United States of America

Anthony J. Dekovich
14930-C Reedley Street, Moorpark, California 93021,
United States of America

(72) Inventors
William R. Mandell
Anthony J. Dekovich

(74) Agent and/or Address for Service
Boult Wade & Tennant
27 Furnival Street, London, EC4A 1PQ,
United Kingdom

(51) INT CL*

GO1N 21/59
(52) UK CL (Edition J) .
G1A AA4 AC13 ADJ AG1 AG12 AG16 AG2 AGS5
AG7 AP9 AR7 ATi5 AT2 AT20
U1S 51068

(56) Documents cited
SU 0991230 A US 4560873 A US 4087185 A
US 4021120 A  US 3809913 A US 3727066 A

(58) Field of search
UK CL (Edition J) G1A ACD ADJ
INT CL* GO1N 21/59
Selected US specifications from IPC sub-class GO1N
+ on line - dialog (WPI)

(54) Apparatus and method for optical density measurements of biomass processes

(57) An apparatus, method and system for directly obtaining on-line real time monitoring of cell density to follow the product
concentration and progress of the biclogical reaction system comprises the use of a probe (2) projecting into the reactor
which has a light source (14) and a detector (16) connected to electrical conductors (17) and (18) respectively. The source
and detector are linked via the open sample gap 6 by optical fibres (12) and (13) via windows (12) and (13). Process
monitoring is achieved by agitating the biomass and relating optical density with agitation rate.
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APPARATUS AND METHOD FOR OPTICAL DENSITY
MEASUREMENTS OF BIOMASS PROCESSES

BACKGROUND OF THE INVENTION

The present invention relates to an improvement in
or relates to an apparatus and method for obtaining optical
density measurements as a means for accurately monitoring a
dynaric bicmass process system, such as a fermentation,
anaerobic or aerobic microorganism process. More
specifically, this invention relates to a method for
determining the direct optical density of a dynamic process

system over the entire operating range by compensation for

the primary interference factor.

The measurement of cell density is important in
monitoring the program of a fermentation process. Thefe have
been numerous methods and accompanying apparatus for
measuring cell density. None of the previous methods and
apparatus have proved successful and satisfactory before the
present invention. Preferably, the use of a sterilizable
probe, which can be inserted directly into the fermentor or
nutrient media for measurement of the cell density, would be
desirable and provide valuable information in monitoring the
progress of the process. Normally, product concentration is
associated with the cell mass derived from the cell density

measurements.

Heretofore, the cell density is measured in

discrete intervals by withdrawing samples from the fermentor.
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This procedure could not produce direct and rapid measurement
of the product, but resulted in an estimation of cell mass
which was an indication of product concentration at the time
the sample was withdrawn from the fermentor. To accomplish
satisfactory and accurate process control utilization of a
direct measurement system, an on-line measurement system is

desirable.

Indirect control measurements are based on various
process parameters and are limited by the accuracy of the
mathematical model of cell growth, substrate consumption and
product formation. Assumption of constant yvields,
maintenance coefficients, and stoichiometry may not be valid
over the entire process range due to depletion of substrates,
an accumulation of intermediates which may become metabolized

and formation of inhibitory products.

In the discrete interval method of cell density
measurement at best this is a density approximation
technigue. From a sterilized sample port, a small volume of
culture broth is withdrawn, after assurance the port has been
purged. The sample is transported to the laboratory bench
and the appropriate dilution of the sample made. Special
attention must be paid to accuracy and consistency of the
pipetting technique and equipment as between other operators
also taking interval samples. Finally, the optical density
is measured, multiplied by the dilution factor and the value
recorded. During this time, from sample collection to value
recording, it is unknown which next appropriate process step

is necessary to optimize the overall process.

The discrete interval method of cell density
measurement is not conducive to automation. Reliance must be

on some indirectly measured parameter: metabolic or



physical. Measurements in dynamic systems present various
drawbacks. The physical complexity of microbial fermentation
cultures is affected by characteristics of the media, the
size, shape and type of the organism; changes in the
process: pH, temperature, pressure, agitation and the like.
Metabolic complexity of growth cultures is influenced by
phases of microbial growth in response to the physical
environcent. This affects cell size, replication duplexes,
chain formation, inclusion, body formation and the like.
Also for microbes growing in complex nutrient broth, it is
not certain which nutrients are utilized at each stage of
developzent in the process. Hence, it is difficult to

prepare a model of the growth.

Heretofore, optical sensors would be favorable for
zeasurerent of the amount of light that passes through a
process fluid. However, the amount of light transmitted
through any particular process fluid can be diminished by
various factors, such as, suspended solids, dissolved solids
and emulsion formation. Suspended solids and emulsions
reduce light transmittance by light scattering, as well.) In
an aerobic system the optical density appears to be
influenced by the number of bubbles and their size. Large
gas bubtles, such as air bubbles, scatter light Just as large
particles, but still retain some light transparency. At
higher agitation speeds, where smaller bubbles are produced,
the scattering of light has a lessened effect, and
transparency is increased. Therefore, a biomass systern has
inherent problems associated with optical sensor

measurements.
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CBJECTS OF THE INVENTION AND SUMMARY OF THE INVENTION.

It is therefore the object of the present invention
to provide an apparatus and method for direct optical density
measurement of a dynamic biomass process system in which
" organisms are growing, wherein rapid direct measurements of
cell density are reguired; the measurements are made on-line
or real-time with respect to the process; in-place
measurement is used to avoid problems associated with
incremental discrete sampling such as the logistics of
obtaining the interval sample, sterilization, risk of
disturbing the process, time lapse from taking of a sample to
recording of the measurement, rapid determination of
appropriate process step at the incident time of sampling.

Another object of this invention is to provide a
method for determining the concentration of an aercbic or
anaerobic bicomass system in terms of optical density
compensating for any interfering factor, such as gas bubbles,
assuring linearity of the measurement over its full range.

Another object is to provide an optical density
measurerent apparatus which facilitates automatic on-line
real tire monitoring of fermentation process resulting in

full automation of the process.

A genéral object of the present invention is to
overcore the disadvantages of the prior art. Yet further
objects will become apparent hereinafter in the detailed

description which follows.

These objects are achieved in the present invention
by the utilization of a sterilizable fiber optic probe having

a cell cpening or path length through which reacting biomass



fluid passes; and having a fiber optic light source and fiber
optic light detector. When in operation the light from the
light source fiber optic passed through the sample media in
the cell opening and the transmitted light is then sent
through the receiving end of the fiber optic line and sent to
the transmitter; said transmitter consists of a signal
amplifier and a computer program to linearize the signal
output. The optic probe is removably sealed intc a fermenter
vessel or similar unit with control instrumentation.

In general, the optical sensor in the probe
measures the amount of light that passes through a process
fluid present in the cell opening. The system is capable of
autoratically compensating for the presence of gas bubbles in

the cell opening.

BRRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 - Schematic diagram of the entire process syster.
FIG. 2 - Schematic of the probe with measuring cell.
FIG. 2 - Schematic of a biological system reactor-fermentor.

DETAIL CESCRIPTION OF THE INVENTION

Referring to the drawings, and in particular to
FIG. 2., the reference numeral 2 indicates a probe in
accoréance with the invention. The probe 2 can be made of
any non-corrosive material relative to the media in the
processor. However, preferably the probe 2 is made of
stainless steel construction. The probe consists of an
Ingold fitting 4 which allows the probe 2 to be inserted into
the body or wall of a reactor 1, such as a fermentor tank,
and to be removably securably fitted thereto. The Ingold

fitting 4 and an o-ring assembly § allows the probe 2 to be
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sealaby fitted through an access tube 3 connected to the wall
of the reactor 1 and the access tube 3 has the cooperating
connecting fitting of the Ingold fitting «.

Within the probe 2 there is a radiation light
source 14 and sensing photo detector 16. Each of the .
respective light source 14 and the detector 16 are connected
to electrical conductors 17 and 18, respectively. The light
source 14 is supplied with current by conductor 17. The
detectcr 16 transmits a signal impulse through current
conductor 18 to a means for amplifying and recording the
signal. The radiation light source 14 and photo detector 16
are rexzoved from the process media by use of fiber optics 12
and 13, which are used to transmit the source light 12 and to
transmit the detected the light 13. The cell opening in the
end of the probe protruding into the reactor and reaction
media therein, there is defined by a path length a sample gap
6 in which the fiber optics 12 and 13 terminate in are
windows 10 and 11 sealed in place. The windows 10 and 11 are
the terzinal portions of the respective fiber optics 12 and
13 and act to protect the ends of the optic fibers. The
windows 10 and 11 generally face each other in the sample gap
6. Further, these windows 10 and 11 can made of any light
transcissive material which will allow the needed light
radiation therethrough into the sample gap 6, and similarly,
detection of the transmitted light through the material
present in the sample cell 6. Preferably, the windows are

made of Pyrex or gquartz.

The pick up fiber optic 13 is connected to a photo
detector 16 which in turn is connected to a current
conductcr 18 . Covering the photo detector is an optical
filter 15 which removes all the light wavelengths below 850
nanometers, thus removing ambient light interference. The
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filter wavelength cut-off also removes interference from
color. Hence most particles appear similar at this higher

wavelength.

During the process the solution in the fermentor
vessel begins as an almost clear broth solution and proceeds
during the process to a very dark solution. An optimal
optical path length is selected in the sample gap 6 which
allows the probe to see over the entire range of the process.
The measurement range is inversely proportional tc the path
length andé resolution is directly proportional to path
length. Hence, the smaller the path length in the cell 6 of
the optic probe the greater the observable range, but the

smaller the resolution.

The typical unit of measurement is the absorption
unit (A.U.). This is an arbitrary unit which is defined in
use as - zeroc A.U. is the amount of light absorbed in a clear
nutrient medium in the absence of cell growth. Each
additicnal unit is one decade change (factor of 10, i.e. log

change) of the amount of light absorbed and is correlated to
the current output by the photo detector.

One problem that results in such a system is the
correlation between light absorption readings and the actual
concentratioc measurement may not be linear over the entire
range. In any'infinitely small segment in the absorptiocn
curve, there is a linear relationship of process to photo
output. But in the case of a large range measurement a
linear relationship does not exist, meaning a change in a
clear region does not reflect an equal or eguivalent change
in the dark region. However, this imbalance or non-equal
change can be linearized in the programed transmitter FIG. 2

AND FIG. 3. The transmitter is a microprocessor controlled



transmitter with a numeric key pad entry source and a
character display. Therefore, by understanding the behavior
relationships between particles and knowing certain
phenomenon about the nature of light in relation to
concentration, it is possible to extrapolate an accurate

linearized curve from only two entered points.

When a standard microbial fermentor fitted with
necessary control instrumentation was used, the internal
arrangement within the fermentor is a series of baffles
oriented radially and a heat exchange unit. The baffles
prevent vortexing to improve aeration efficiency. Also used
is a means for efficiently dispersing small bubbles into the
medium, such as three disk turbine impellors placed on the
fermentor agitator shaft. A combination orifice
sprayer/impellor (perforated pipe) generates and disperses
small air bubbles throughout the fermentor. Speed of
agitation, which is variably adjustable to 1000 r.p.m., was
provided in the fermentor.

The function of agitation is to increase the area
available for oxygen transfer by dispersing the air in the
culture broth in the form of small bubbles. Agitation also
delays the escape of air bubbles, i.e. increases the
residence time, from the liguid and prevents coalescence.
Agitation decreases the thickness of the liquid film at the
gas/liguid intérface by creating turbulence in the culture
field. 1In general, this eguipment as described is very

efficient in generating a large number of tiny gas bubbles in

the fermentor.

In the above-defined aerobic fermentation system
the agitation rate (turbulence) is the principle interference

factor in obtaining accurate and representative cell density
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measurements. Alir flow rate and air pressure have a small
effect. The problem of uncontreclled foaming is caused by
increased bubble residence time. As foaming continues there
is a guantitative increase in the size and number of bubbles.

The stainless steel probe is removably and sealably
affixed through the side of the fermentor, so that the
sensing portion of the probe containing the light source
optic fiber, photo detector optic fiber and density
measurement cell i1s directly inserted into the fermentation
media. As the fermentation progresses the liquid media
solution can range from an almost clear solution to a very
opague solution. An optical path is selected in the probe to
allow the probe to sense the entire range of the process. 1In
the case of large range measurements the correlation between
observed and actual measured values may not be linear. This
means that a change in the clear region does not reflect or
indicate an equal change in the opagque region. Hence, the
probe is coupled to a transmitter which is programed tc

linearize the measurements over a large range.

It has been discovered that the rate of agitation
has an effect on the observed on-line cell density. The
change in signal from the probe has been found to be
proportional to the agitation rate and inversely proportional
to the cell density. Therefore, the probe signal is a
composite value which depends upon: a) cell density and
solution viscosity, b) agitation rate if greater than 400
r.p.m., and c) the size and number of bubbles in the liguid

media.

The correction Meodel, which adjusts the raw density
data, is based on two straight-line egquations. Each egquation

which correlates the cn-line cell density value to optical

E-037
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density at a particular agitation speed (r.p.m.). The
intersection of the straight-line equations is a point where
agitation has no affect on the signal. That is, below this
point an increase in agitation makes the solution look
darker, i.e. more opague (higher optical density), influenced
by the number of bubbles and their size; and above this
point, an increase in agitation makes the solution look
lighter (lower optical density). The phenomenon is
attributed to the effect of the bubbles in the media to the
overall signal from the probe. That is, at this point the
transparent effect eguals the scatter effect due to the

presence of bubbles in the fermentation media.

Another factor incorporated into the linearization
equations is the known effect of agitation rate on the
bubbles. It was found that at other than the crossover point
there is a nonlinear correlation between r.p.m.'s and signal
changes. An eguation is selected that best approximates the
phenomenon between 200 r.p.m. and 1000 r.p.m. Little or no
aeration occurs below 200 r.p.m., and similarly little or no
aeration occurs above 1000 r.p.m., where the aeration process
begins to level off due to the general process and eguipment

design limitations.

The probe signal was found to be a factor of the
agitation rate. Response also is dependent on the relative
cell to air bubble concentration as compared to the rate of
agitation. That is, under the same conditions, at low cell
densities the signal is greater at high agitation rates than
it is at high cell densities. A curve in the low agitation
region was selected for the greatest accuracy in the range
that was most critical for the fermentation process. A
polynomial derivation of the curve was determined from the
data collected from the effect of agitation rate on the

H-037
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signal strength at a given or selected optical density. The

curve was in the form

Percent optical Density change = ko+kiAg+k.Ag2+ksAg?®

where k is a constant and Ag is the agitation rate. _
The transmitter generates a response curve which closely
approxicates the phenomenon, i.e. a linear change in the
concentration range, and adjusts the curve to fit the actual

process fluid.

The transmitter generates the response curve by
taking readings on-line or in sample containers, storing the
readincgs in memory and the stored readings are assigned
values that have been determined in the laboratory.

The instrument system uses a programed computer
which measures the concentration or consistency of a fluid by
light absorption. Said programed computer monitors a process
continuously and outputs a value consistent with the process
standarcdization curves. At a minimum, a two-point '
standarcization curve is regquired to linearize the output.
Thus, off-line sampling and laboratory errors are reduced and

the result is representative of the real-time concentration

of the fluid.

The programed computer is a microprocessor based
digital instrument with a modular design, consisting of
circuit boards, analog output boards, central processing
board to run the program which includes the electronics and
interprets the measurement data, digital communication board,
front panel board for human interface, lamp output board to
set the proper voltage for sensor lamps with line voltage

loss corpensation: a mother board to interconnect all the

E-037
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boards to form the integrated instrument system. Power
supply provides regulated and unregulated supply for the
circuitry, relays and sensors; sensor input board which
conditions a sensor signal to standardize the input for

microprocessor readability.

In operation the microprocessor can interpret and
display measurements from a variety of sensors. In general,
optical sensors measure the amount of light that passes
through a process fluid. The amount of light transmitted can
be diminished by suspended solids, dissolved solids, and
emulsions, as discussed hereinabove. Suspended solids and

emulsions alsc reduce light transmittance.

As mentioned hereinabove, the typical unit of
measurement is the arbitrary A.U. (absorption unit). A.U. is
defined in use as, zeroc A.U. - the amount of light absorbed
in a clear (or zero) solution. Each additional unit is one
decade change in the amount of light absorbed and hence can
be correlated to the current output by the photo detector.

As an example, zerc A.U. may be of 10 mA of current ou%put by
the photo detector, 1 A.U. then would be 1 mA and 2 A.U.
would be 0.1 mA of ocutput and so forth.

The problem the instant invention overcomes is the
correlation between light readings and the actual cell
density measurements, which may not be linear. 1In any small
segment in the resulting curve there is a linear relationship
between process cell density and photo output. But over a
larger range a linear relationship does not exist; particle
behavior in clear media does not correlate to an equivalent
behavioral change in the dark or opaque region. This is
linearized in the transmitter by the programed

microprocessor.
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Thus, the disadvantages of the prior methods are
eliminated. An improved direct estimation system has
resulted in more accurate and rapid determinations of cell
density in fermentors and similar reactors. Even in the
turbulent environment of a fermentor with the presence of
bubbles from the aeration or the reaction taking place -in the
reactor, it has been possible with the present invention to
directly resolve cell densities in excess of 100 OD and to
couple the system directly to a computer system for process

control.

It will be understood that each of the elements
described above, or two or more together, may also find a
useful applications 1in other types of constructions, systems
and the like, which differ from the types described above.

While the instant invention has been illustrated
and described as embodied in measuring the turbidity of a
liquid in which micro-organisms are growing, it is not
intended to be limited to the details shown and described,
since various modifications and structural changes may be
made without departing in any way from the spirit and scope

of the present invention.

Without further analysis, the foregoing will
reveal the gist of the present invention, that others skilled
in the art to which it pertains by applying current
knowledge, can feadily adapt it for various applications
without omitting features that, from the standpoint of prior
art, fairly constitute essential characteristics of the
generic or specific aspect of this invention.

H-037
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What is claimed is:

1. A method for monitoring a dynamic biclogical
system in a biological reactor containing developing culture
fluid media, by measuring the transmitted light in a defined
cell, the steps which simultaneously comprise:

a) irradiating fluid media in the cell

b) continually agitating the culture fluid media
c) detecting the transmitted light

d) converting the detected transmitted light to an

output signal

e) linearizing the output signal

f) compensating said output signal for the effect of
agitation and

g) recording the signal.

2. The method of Claim 1 in which the monitoring
is by measurement of the direct optical density of the
culture fluid media in the cell.

3. Apparatus for measuring direct optical density
of a liquid biological media in a biological reactor in which
the liquid media is agitated, the ligquid media containing
developing and growing biological species, comprising means
for projecting an optical probe having a sensing cell into
the liquid biological media said probe having a light source
and light detectof cooperating with said cell, and having
external to said reactor and connected to said light'detector
means for linearizing said detector output signal and means
for compensating said output signal for interference caused
by agitation of the liquid media in the reactor; and means

for recording the results of the optical density in the cell.
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4. The apparatus of Claim 3 wherein said means for
projecting said probe having an optical sensing cell into the
liquid bioclogical media is a probe having fiber optics
carrying the light to the cell and oppositely positioned
thereto a photo sensitive detector attached to fiber optics
to carry the signal to an external amplifier and recorder.

5. A method for determining cell mass of a
biological system by performing a curve fitting calculation
on optical density data and agitation data from a biclogical
reactor containing developing culture fluid, comprising the
steps of:

selecting at least two sets of rates of agitation and
corresponding optical density, linearizing the results and
defining the value of the cell mass as a function of the
agitation and optical density and compensating for the effect
of agitation, thereby relating the cell mass to optical

density.

6. The method of Claim 5 wherein the linearization
is a determination of at least two slopes for the linear
relationship between two sets of at least two points each for
rates of agitation and corresponding optical density.

7. The method of Claim 6 where in the steps of
linearization is based on two points at least twenty percent
of the zero to span apart and other than zero, wherein zero
represents the background fluid in the biological reactor.

8. The method of Claim 5 wherein the agitation

rate is selected as a constant value.
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Amendments to the claims
have been filed as follows

1. A method for monitoring a dynamic biological system in a biological
reactor containing developing culture fluid media, by measuring the
transmitted 1ight in a defined cell, the steps which simultaneously
comprise:
a. firradiating fluid media in the cell
b. continually agitating the culture fluid media
c. detecting the transmitted Tight
d. converting the detected transmitted 1ight to a non-linear
electrical cutput signal
e. linearizing said non-Tlinear electrical output signal
f. compensating said Tinearized output signal for the effect of
agitation and
g. recording the signal.

2. The method of Claim 1 in which said monitoring of a dynamic
biological system is by measurement of a direct optical density of said
developing culture fluid media in the cell.

3. Apparatus for measuring direct optical density of a liquid
biological media in a biological reactor in which said liquid media is
agitated, said Tiquid media containing developing and growing
biological species, comprising means for projecting an optical probe
having a sensing cell into said Tiquid biological media said probe
having oppositely positioned light source and light detector within
said cell, and having connected to said light detector external to said
reactor means for linearizing said detector output signal and means for
compensating said output signal for interference caused by agitation of
the liquid media in the reactor; and means for recording the results
of the optical density in the cell.
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5. A method for determining cell mass of a biological system by
performing a curve fitting calculation on optical density data and
agitation data from a biological reactor containing developing culture
fluid, comprising the steps of:
selecting at least two sets of rates of agitation and
corresponding optical density by,
linearizing the results in a transmitter by a programed
microprocessor and defining the value of the cell mass as a
function of - the agitation and optical density and
compensating for the effect of agitation by two straight Tine
equations each of which correlates the on-1ine cell density value
to optical density at a particular agitation rate, thereby
relating the cell mass to optical density.

6. The method of Claim 5 wherein the linearization is the
determination of at Teast two slopes of said straight line equations
for the linear relationship between two sets of at least two points
each for rates of agitation and corresponding optical density.

7. The method of Claim 6 wherein the step of linearization is based on
two separated points at Teast twenty percent of the zero to span apart,
and other than zero, wherein zero represents a background fluid in the
biological reactor.

8. The method of Claim 5 wherein an agitation rate is selected as a
constant value determined by the need of the developing cells for
oxygen in the biological reactor containing developing culture fluid.
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