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Abstract

A model was developed which predicts the fluorescence signal measured by a commer-
cial fluorescence probe which employs the back-scatter configuration, the signal being a
function of the concentrations of fluorescing and absorbing components within the sample
as well as the path length. The relationship is nonlinear in both the fluorophore concentra-
tion and the path length, due to inner-filter effects. An important parameter in the model
is the exponential constant, S, which accounts for the variation in monitoring efficiency
throughout the sample. The model prediction was verified for a single-component solution
in which both the fluorophore concentration and path length were varied. An absorbance
correction was developed which can be used to linearize the fluorescence relationship. Some
aspects of multiple-component fluorescence are discussed as well as the expected effects of

some environmental variables.



Introduction

A sterilizable probe which can monitor the fluorescence of a microbial fermentation has recently
become commercially available from two manufacturers: Ingold, Inc. and BioChemTechnology, Inc.
The operation of the probe is based on fluorescence of microbial cells within the fermentor. The
probe was designed so that it could detect the fluorescnce due to the reduced cofactor, NADH,
which is an electron carrier central to cells’ energy metabolism. The fluorescence signal, however, is
influenced by a number of factors. The manner in which these factors affect the fluorescence signal
has not been well characterized. In this study, the response of this probe was modeled in oder to
account for some of these factors. The model presented in this paper can be used as a basis for

analyzing the fluorescence signal measured by the probe.

The Importance of NADH in Cellular Metabolism

NAD(P) and NAD(P)H are involved extensively as electron carriers in the oxidation/reduction
(redox) reactions that comprise cellular metabolism. The vast majority of redox reactions employ
either one or both forms of this cofactor. Chemotrophs always oxidize some type of substrate in order
to obtain energy for cellular functions, including biosynthesis. When the substrate is oxidized, the
reducing power of the substrate is stored for use by the cell by coupling the substrate oxidation with
the reduction of a cofactor; directly or indirectly, this cofactor is NAD. For example, in organisms
utilizing glucose for energy, the dehydrogenations of intermediate alcohols to aldehydes and aldehydes
to carboxylic acids are coupled to the reduction of NAD to form NADH and to the reduction of NADP
to form NADPH. Phototrophs reduce NAD(P) directly by using light energy. The reduction power
needed for biosynthetic reactions is often provided by the reduced coenzyme itself. In organisms
containing a respiratory chain, part of the reduction energy is saved by reducing a final electron
accepter, such as oxygen, and coupling this redox chain of reactions with the phosphorylation of
ADP to save the energy in the form of ATP. In terms of energy, NADH is very valuable. Depending
on the respiratory chain involved, (i.e. the final electron accepter, number of phosphorylation sites,
etc.) the oxidation of NAD(P)H can be worth up to three ATP’s 3% The dephosphorylation of
NADPH is worth one additional ATP.

The standard oxidation-reduction potential of the half reaction involving NAD:
NAD* +2H* +2¢~ — NADH + H™, (1)

is ~0.32V,30 Thus, NADH is a cofactor with relatively high reducing power. It is a loosely
bound cofactor. During glycolysis, NAD is reduced to NADH via dehydrogenation of alcohols and
aldehydes involved in the Embden-Meyerhoff pathway, for example, and the tricarboxylic acid cycle.
Oxidation via the pentose phosphate cycle results in reduction of the phosphorylated form, NADP.



The reducing power of NADH can be shuttled to NADPH via a transhydrogenation reaction:
NADH + NADP* — NAD* + NADPH. (2)

Recycling of NAD is accomplished partially by the involvement of NADH and NADPH in biosynthetic
reactions, especially those involving fatty acid and amino acid production. In fatty acid biosynthesis,
the NADPH reduces a keto- moiety to a hydroxy- moiety and an enoate moiety to a fatty acid moiety.
In amino acid biosynthesis, the reduction of keto- moieties to hydroxy- moieties is the predominant
reaction involving NADH or NADPH. The remainder of the reduced NADH and NADPH is recycled
via the reduction of an intermediate metabolite that is ultimately exported, in anaerobic cells, or via
the reduction of an external electron accepter such as O,, NO3, SOZ, or even CO,. The reduction
of pyruvate to form lactate and the reduction of pyruvate to form ethanol are examples of anaerobic
recycling of NAD. Organisms utilizing O2 as the final electron accepter possess a respiratory chain

with electron carriers including flavoproteins, cytochromes, and ubiquinone or meta-quinone(s).

In most respiratory chains, recycling NAD, electrons are first transferred from NADH to a flavo-
protein. Flavoproteins are enzymes containing ether flavin adenine dinucleotide (FAD) or flavin
mononucleotide (FMN) as a tightly bound cofactor. The standard oxidation/reduction potential is
—0.22 V for FAD and —0.19V for FMN 30, The oxidation /reduction potentials for typical flavopro-
teins are close to these values and are greatly affected according to what proteins they are bound
to. Thus, the flavoproteins have less reducing power than NADH. For this reason, the half reaction
reducing FAD to FADH, is coupled to oxidative half reactions that involve species that do not have
sufficient reducing power to reduce NAD. For example, the oxidation of fatty acids to enoate interme-
diates is coupled to FAD reduction, and succinate dehydrogenation in the tricarboxylic acid {TCA)
cycle is also coupled to FAD reduction. In contrast, in the biosynthesis of fatty acids, the reverse
of fatty acid oxidation, or reduction, is accomplished with the more reducing cofactor, NADPH, as
mentioned above. Flavoproteins are also involved in oxidation reactions in which the flavoproteins
are reduced and hydroxylation reactions with O in which the flavoproteins are oxidized. Many

flavoproteins, although not directly involved in the respiratory chain, are reduced by NADH.

There are a few electron carriers with more reducing power than NADH. For example, factor Fy5q
and various ferredoxins have oxidation/reduction potentials of —~0.37V and —0.41V, respectively.
These cofactors are encountered when H, is produced or consumed, as in the assimilation of Hy
and CO, to form CHy4 in methanogens and the assimilation of Hy and N, to form NHj in some

nitrogen-fixing bacteria.

The extent that certain metabolic pathways are employed by a given organism depends greatly
on the concentrations within the cells of the different forms of the cofactor: NADH, NADPH, NAD,
and NADP. These cofactors are involved in many reactions where metabolic pathways diverge, or
branch points. They may participate as either reactant, enzyme activator, enzyme inhibitor, or a
combination of these. For example, as shown in Figure 1(a), many bacteria growing on glucose

produce lactic acid under anaerobic conditions and oxidize glucose completely to CO4 under aero-



bic conditions. The last common intermediate of these two pathways is pyruvate; thus, there is a
branch point at pyruvate. The next step to form lactic acid is a reduction involving NADH, while
the first step in the complete oxidation via the tricarboxylic acid cycle is oxidative decarboxylation
of pyruvate, an oxidation step involving NAD. Beside this, NADH also inhibits the oxidative decar-
boxylation of pyruvate. There is a similar branch point found in the metabolism of brewer’s yeast
as shown in Figure 1(b). In this case, ethanol, instead of lactic acid, is produced under anaerobic

conditions via a two-step process involving NADH in the second step.

A third example!415 shown in Figure 1(c), involves an intermediate in the biosynthesis of lysine
in Bacillus species. 2,3-Dihydropicolinic acid is an intermediate in the biosynthesis of lysine. During
sporulation, however, this intermediate is diverted to the production of dipicolinic acid {DPA), a
major component of the spore coat. The intermediate in this case is either oxidized by NADP en
route to DPA or reduced by NADPH en route to lysine. A high level of the coenzyme in the oxidized
form would indicate substrate depletion, which is usually the cause for sporulation to occur, whereas

a high level of the coenzyme in the reduced form would indicate biosynthetic capability.

As a final example, in Escherichia coli, many of the anaplerotic reactions replenishing TCA cycle
intermediates utilized for biosynthesis, are allosterically controlled by NADH or NADPH 6456, An
example of this is shown in Figure 1(d). Isocitrate, a TCA cycle intermediate, is a key intermediate
which can either undergo oxidation as part of the cycle or undergo a lyase reaction which, along
with the malate synthase reaction, acts as an anaplerotic sequence to replenish intermediates of
the cycle. The oxidation reaction is inhibited by NADPH. The presence of NADPH indicates
biosynthetic capability, so intermediates must be replenished in order to utilize this capability. In
addition, NADPH indicates a reduced state in the cell, so that cycling of the TCA cycle will slow
to allow re-oxidation of NAD{P)H via the respiratory chain to keep up with reduction of NAD(P)
via the TCA cycle. In addition, two other TCA cycle enzymes that catalyze propagation of the
cycle, malate dehydrogenase and citrate synthase, are also inhibited by NADH. Also, two enzymes
which catalyze the consumption of TCA intermediates, the malic enzyme and phospho-enol pyruvate
(PEP) carboxylase, are also inhibited by NADH.

The redox state of the NADH/NAD couple also indirectly affects cellular metabolism via the

energy charge. When NADH/NAD is high, the energy charge, (HY['?’ZZE%;:&T!P])’ is also high,

since the NADH will drive the oxidative phosphorylation of ADP. The effects of the energy charge

on cellular metabolism have been studied quite extensively, especially the effects on glycolysis and
on the TCA cycle. Glycolysis and propagation of the TCA cycle are favored when the energy charge
is low, while gluconeogenesis and other biosynthetic reactions are favored when the energy charge
is high. In general, low energy and a low NADH/NAD ratio favor catabolic or energy producing
pathways, while high energy charge and a high NADH/NAD ratio favor anabolic or energy consuming
pathways.

Since NAD(P) and NAD(P)H have tremendous effects on various branch points of cellular



metabolism, knowing the concentrations of these cofactors can be very important for controlling
and modeling the cellular metabolism of microorganisms. The fluorescence probe discussed in this
paper has proved to have the capability of measuring the concentration of the reduced forms of these

cofactors.

Utilization of NADH Fluorescence Measurement in Micro-
bial Fermentations

The emission and excitation wavelengths of the reduced cofactors, NADH and NADPH, are 450 nm
and 340 nm, respectively. These values are slightly changed upon binding of these cofactors to
proteins as they are inside living cells. The oxidized cofactors do not fluorescence. This fact gives
the fluorescence measurement the potential to be used to measure the internal reduction/oxidation
state of the cofactors inside the cells. A typical fluorescence measurement involves excitation with

an ultraviolet light source and detection of the fluorescent light emitted.

The fluorescence signal has been shown to depend on the biomass concentration as well as
the NADH content of the cells 937, Other factors affect the signal such as pH and temperature.
See Effect of Environmental Conditions on the Model Parameters section of this paper.
In addition, factors affecting optical path of the excitation and/or fluorescent light such as vessel
geometry, bubbles due to aeration, and optical density of the medium itself will also affect the
signal. (The basis for these effects will be revealed in the development of the model of fluorescence
signal.) Finally, common medium constituents, such as yeast extract, casein, and peptone are
highly fluorescent and interfere with the fluorescence measurement by increasing the background
fluorescence and decreasing the sensitivity to NADH, cells, or any fluorophore in general. The
sensitivity of the measurement is dependent upon the pH; and there is usually a pH corresponding

to maximal sensitivity 9. Generally, the sensitivity decreases with increasing temperature.

The most common application for the fluorescence measurement has been to estimate biomass
concentration. It has the advantages over common methods of biomass estimation of being selec-
tive and instantaneous. Plate counts are most selective, but require a very long measurement lag,
whereas, particulate matter found in most complex media often interferes with dry weight, optical
density, and microscopic methods. The fluorescence measurement has been used to estimate biomass
in fermentations of various organisms. Table 1 list the organisms whose concentration have been
estimated with the fluorescence signal. In most cases, the biomass estimation was not the primary
research objective. In these experiments, the pH, temperature, aeration, and vessel geometry were
kept constant to prevent the effect that changes in these conditions would have on the fluorescence.
Also, in most cases, the medium used did not contain any fluorophores, which would cause in-
terference as stated above. The fluorescence did correlate well with biomass concentration during
exponential growth in most cases. At low concentrations, a linear correlation can be used to fit the

data. However, at higher concentrations, a nonlinear correlation must be used. Below are number



Table 1: Organisms Used for Biomass Estimation by NADH Fluorescence.

Saccharomyces cerevisiae 3:43,66,6,7,4%,68,84,85,86
Bacsllus subtilisb4
Bacillus amyloliquefaciens
Candida tropicalis®?
Candida utilis®?:62
Escherichia coli467,71,66,9
Penicillium chrysogenum 7°
Streptomyces species 84,8586
Zymomonas mobilis 70
Methylomonas mucosa
Clostridium acetobutylicum
Pediococcus species 10
*Methanogenic bacteria 61,73
Mouse fibroblast 10
Mixed lymphocytes (B&T)1°
Hybridoma?

83

48
76,60

*Based of the fluorescence of oxidized Fyq0.

of correlations that have been used to correlate biomass or cell count with fluorescence:

X =KAF ' (linear)*

X =a+bAF +c(AF)? (parabolic)®4.2.3.10

X = a'AFY (log log)84,85,86,71

X = aexp(SAF) (semi-log)83,84,9

X = K'(AF - 10%-5(ODa+0D, )y (abs. corrected (L))6!
X = K"(AF - (OD, + ODj, +8)) (abs. corr. this work)
X = atAAF—FB’- (this work)

* No references are cited since the net fluorescence signal is

expected to be proportional to biomass at low concentrations.

In most cases, these correlations work well only during exponential growth 8 All of these
correlations, except the semi-log correlation, predict a linear correlation in the limit of low biomass
concentrations. For this reason, the semi-log correlation will give erroneous results when used at low
concentrations. However, one study suggests that there is a minimum biomass concentration (2 g/L
for B. subtilis) below which no fluorescence signal can be detected 5%. The absorbance correction for

the right-angle configuration accounts for absorbance of the excitation light and emission light which



both travel 0.5 cm to and from the center of the cuvette, respectively. The last two correlations will

be suggested later in this paper.

In some cases the fluorescence does not correlate well with the biomass concentration. Reasons
for this include low fluorescence of the cells, possibly accompanied by the uptake of an extracellular

54, These are the reasons for the lack

fluorophore, and secretion of an extracellular fluorophore
of correlation in the cases of Sporotrichum thermophile and E. coli 5K, respectively, both trans-
formed for the production of human leukocyte interferon 54. Low cellular fluorescence may be the
result of low levels of the pyridine coenzymes (both oxidized and reduced forms}, NAD(P)(H). In
a survey of twenty-two microorganisms, the level of these coenzymes within the cells was found to
vary nearly two orders of magnitude, from 0.23 umoles/g. dry wt. for Psuedomonas fluorescens to
11.1 pmoles/g. dry wt. for Streptomyces faecalis 46 However, in a survey of the fluorescence of five
types of bacteria at various excitation and emission wavelengths, P. fluorescens was found to be
more fluorescent than Staphylococcus epidermis, Enterobacter cloacae, E. colt, and B. subtilis at the
wavelengths corresponding to NADH fluorescence 20, The high level of fluorescence in this case
is known to be due to pteridin. This demonstrates that the fluorescence due to NADH may be a
minor contribution to the total cellular fluorescence measured by systems tuned to detect NADH
fluorescence. In particular, the fluorescence due to NADH in S. cerevisiae was estimated to be
50-60% of the total cellular fluorescence 84, This is probably close to the upper limit for the rel-
ative contribution of NADH to the total cellular fluorescence since the NAD(P)(H) content of S.
cerevisiae, 8.6 umoles/g. dry wt., is relatively high (compared to that of other microorganisms) 46,
Oxygen-limitation is not required for a strong fluorescence signal. This has been demonstrated for
B. subtilis 54,

The linear, log-log, and semi-log forms were used to correlate the culture fluorescence with
the biomass concentration in batch fermentations of S. cerevisiae 8. The log-log correlation was
found to be the best, however, the data acquisition software used by the author employed a parabolic
correlation to estimate the biomass concentration. It has been mentioned that constant temperature
and pH as well as excessive substrate are required for the biomass correlation to hold 8. See the
Effect of Environmental Factors on the Model Parameters section of this paper for a
discussion of other factors affecting the fluorescence signal.

In a study with E. colt ATCC 11105, the log-log correlation worked well in a batch stirred tank

71 However, different parameters were required when the fermentation was switched to

reactor
a bubble-column reactor or made to be continuous. Further, the parameters for the continuous
bubble-column fermentation didn’t match those for the batch bubble-column fermentation. In this
study, the biomass correlations for E. coli 5K in batch and continuous runs were compared. In
the continuous runs, the fluorescence didn’t correlate well with the biomass concentration. This
was shown to be due largely to extracellular fluorescence. When the background fluorescence was
subtracted, the correlation was similar to that in the batch runs, although there were other metabolic

effects causing discrepancy. Further, when the gene for penicillin-G-acylase was incorporated, the



correlation was changed again. The steady-state fluorescence does not generally correlate with the

steady-state biomass concentration in continuous fermentations as the dilution rate is varied due to
changes in the internal metabolism 71,6,53,

Table 2 summariges the various applications for which NAD(P)H fluorescence has been used.

Table 2: Applications for NADH fluorescence.

1. Determination of critical dissolved oxygen level.

2. Control of aeration or agitation to avoid anaerobiosis.

3. Measurement of substrate mixing, uptake, and utilization.

4. Recognition of metabolic transitions—substrate depletion, change of substrate, change from anaero-

biosis to aerobiosis, product formation, etc.
5. Substrate feed-rate control to avoid glucose repression.

6. Biomass estimation.

See the Ingold FluorosensorTMz Theory and Applications
manual [37] and the BioChem Technology FluroMeasure® System User’s
Guide [10] for a review of the applications of the NADH fluorescence probes.

Model Development

The Beer-Lambert law will be used along with idealized geometric approximations of the light-
source/detector configuration, assuming a constant quantum yield of fluorescence. A sketch of the

actual light-source/detector configuration in shown in Figure 2.

In order to simplify the analysis, an idealized approximation of the configuration is used. In this
analysis, there are three levels of approximation. The simpler approximations have the advantage
of being simple and containing few parameters. The more realistic approximations should be more

accurate, however; and they reduce to the simpler approximations in special cases.

Preliminary experiments show that the simplest approximation is sufficiently accurate, but the
parameters must be determined by curve-fitting. The more realistic approximations are also pre-
sented in order to elucidate problems with the simpler approximations. It could be advantageous to
use the more complex analyses only if the additional parameters required can be obtained a priory
and not determined by curve-fitting. Hopefully, less number of parameters must be obtained by

curve-fitting when using the more complex analyses.

The first level of approximation assumes that the light source is located at a point in the center
of the the probe tip window. The excitation light travels in a parallel beam perpendicular to the
window surface. The emission light is reflected randomly in all directions. The fraction that is

“seen” by the detector, considered to be the probe window, is determined by the size of the window



surface and the distance from the probe tip at which the fluorescence occurs. The distance that
the emission light has to travel to reach the detector is assumed to be the distance to the center of
the window on the probe tip. In order to determine the total amount of reflected light reaching the
detector, the amounts of detected emission light resulting from fluorescence at various points are
integrated over all possible distances, from z = 0 to z = L. Since fluorescence has arbitrary units,

there is no need to scale the integral to keep units consistent.

At the second approximation level, the excitation light is considered to originate from a point
at the center of the probe window as in the first approximation, but it is not considered to be a
parallel beam, but it is considered to be a cone of light spread evenly over a cone angle, pmaz,
such that the light intensity would be constant over any spherical surface bounded by @mq, with
the point light source at the center. In this analysis it is noted that a circle, if viewed at an angle,
appears as an ellipse. The detector is considered to be an “apparent” ellipse. The apparent ellipse is
assumed to located at a distance from the point of reflection such that the major axis of the apparent
ellipse is located in the actual circular disk representing the circular probe window. The amount
of detectable reflected light originating from a locus of points defined by a distance from the probe
tip, z: 0< z < L, and a cone angle, ¢ : 0 < ¢ < Pmas i8 determined as in the first approximation
by assuming the average distance to be traveled by the reflected light to be equal to the distance
to the center of the apparent ellipse. The apparent ellipse determines the fraction of the reflected
light that is “seen” by the detector. In effect, for all points with a common z and ¢, the apparent
ellipse can be considered to be the actual probe window. Thus, the total fluorescence is obtained by

integrating over all values of z and .

In the third level of approximation, the reflected light from a single point is not assumed to be
the “average” distance from the probe tip, since the distance from the probe tip actually depends
on the direction of the reflected light. In this analysis, the fluorescence is obtained by integrating
over all values of z and ¢, as well as integrating over all directions of the reflected light that are

aimed toward the apparent ellipse, as discussed above.

A possible improvement at all three levels of approximation is to consider the detector surface
to be the space between two concentric circles on the probe window, instead of a circular disk
representing the entire probe window, since the actual detector is located in a ring around the tube
where the excitation light travels outward. However, this improvement may not be necessary since
the actual detector is recessed about 1inch. Due to diffusion of light caused by the probe window,
the actual point at which the light strikes the window is unimportant. (ie. a constant fraction of
light hitting the probe window also strikes the detector.) However, if necessary, this improvement
is easily made at all three levels of approximation. In this development, any light detected resulting
from multiple reflections is ignored. This light may result from the reabsorption and resultant
fluorescence of scattered, reflected, or previously emitted light. A procedure for accounting for this

reabsorbed and reflected light will be presented elsewhere.



According to the analysis presented in the following paragraphs, the most general approximation

yields the following:

AF = IA(O)X

©maz 27 7’2(398) I,\( ) I;\'(lz) ? 1]
/ / / (zp 01 slnSOSmSO z¢sas Ac‘(I,\(O))(IA'(O) ) dtp dg dpdx

Pmaz 27
/ / / sin p sin ' dp’ df’ dp (32)

where
la =la(z, 0,6, o) (3b)
and where
I (=) -
and

S

(2L < enp (12 S (5
= C ) agarc
I,\'(O) P2 £ A
if the Beer-Lambert law is applied.

The derivation of these equations and the meaning the variables used are presented below.

The angles, 6 and ¢’, are the circular and cone angles, respectively, in spherical coordinates
corresponding to the emitted light using arbitrary references. Appropriate references will make the
subsequent integration simpler. The limits ¢! (z,,8') and ©4(z, e, 6') determine which light is
aimed at the detector surface. If the detector surface is taken to be the entire probe window, then
the lower limit will be zero (if the appropriate references are used). If the detector surface is taken
to be the circular ring between two concentric circles, however, then the lower limit is a function of
the other variables, just as the upper limit is. In the second level of approximation; Iz = l2(z, ) is
used. The angle, ¢, is the cone angle of the excitation light. The upper limit, 4., refers to the
maximum spreading of the excitation light. Integrating over a spherical surface is appropriate since
the intensity of light originating from a point source is constant over a spherical surface with the
point source in the center of the sphere. There is no need to integrate over the circular angle for
the excitation light because the light beam is assumed to be cylindrically symmetrical. The details
of the integration corresponding to the second and third levels of approzimation wnill be presented

elsewhere.

In the first level of approximation, the integral over  is not needed since the light is considered
to be a collimated beam. Also, Iz is considered to be equal to z, thus, the integral over 8’ is
unnecessary. The lower limit for ¢’ is zero, and the upper limit is tan™!(R/z), where R is the radius

of the effective detector surface. Thus, the equation reduces to:

A -21-1A(o) /(;L/Otan"l(R/Z)sinso’g(’s‘.a‘-"\c‘. (22;;)(28) de' dz, (4)




where the "%” results from the integral, fo’r sin ' dp' = 2, in the denominator. Derivation of this

form will be presented below. It is noted that the inner integral can be evaluated as follows:

1 tan"l(R/z). , ! 1 z
E,/; s ... lp—é'(l—\/x—w>. (5)

As a first approximation to the optical geometry of the probe, the following development assumes
that the excitation light travels into the measurement vessel as a collimated beam. This light is
absorbed according to Beer’s Law by all components having absorbance at the excitation frequency
(including all fluorophores). It is also assumed that all fluorophores emit an amount of light at the

emission frequency that is proportional to the amount of excitation light that is absorbed.

According to the Beer-Lambert equation, the amount of light absorbed in a differential slice of
fluid is proportional to the intensity of the incoming light at the excitation wavelength, I, (z), the
concentration of the absorbing species, ¢; and the path length, dz. The amount of light absorbed

by component ¢ in the differential slice, dz, is given by:
—(dIx(z)); = In(z) (ai,aci) dz, (6)
where a; 5 i8 the specific extinction coefficient for component ¢ at wavelength ).

The total amount of light absorbed in the differential slice is obtained by summing the amounts

absorbed by each component. If there are N components:

N
—dI\(z) = =) (dI(3)).- ™

=1

Substituting equation (6) into this equation gives:

—dI)‘ (:L') = I,\(I) -Za;',\c‘- dz. (8)
] I, (z) I,(z) + dI,(z)
Probe Tip ———p o . . ﬁ_l | >
s

=0

Integrating this equation gives the intensity of the excitation light as an explicit function of the
distance from the probe tip, z, the intensity of the excitation light at the probe tip, I (0), the

concentrations of the absorbing species and their specific extinction coefficients, a; »:

N

I, (z) = I,(0) - exp —x~Z(a,~y,\c,-) (9)

1=1



Substitution of this expression for J5(z) in equation (6) yields an explicit function for the amount
of light absorbed by each component, t, in the differential slice, dz:

N

~(dIr(z)); = L(0)e = Lima(2e) (g ey dg, (10)

We will assume that the amount of light at the detected emission wavelength, A’, emitted by
component t in the differential slice is proportional to the amount of excitation light (wavelength
= )) absorbed by that component in the slice. Let #; 1+ be the proportionality constant. If the
component does not fluoresce, ¢; 1 = 0. If all wavelengths were being detected, ¢; x_.7 would
be called the “quantum yield.” We will refer to ¢; x_..+ as the “fluorescence yield.” The amount of
light emitted by component ¢ is given by:

N
(dEx); = $inantTa(0) (ainci) - exp | =2 D _ (ajncs) | da. (11)
=1
Summing over all the fluorescent components, we obtain for the total fluorescence emitted in the

differential slice by all components combined:

N N N
dEy = > _(dEx); = In(0) - ) (¢iainci) exp |~z - Y (ajacy) | dz. (12)
i=1 i=1 =1

The amount of this “reflected” light that makes it back to the detector is also given by the Beer-
Lambert law. However, not all of the light is aimed back at the detector. As shown below in
Figure 3, the cone angle, 95, which defines the fraction of the total light emitted by the fluorophore
is a function of the distance from the probe tip, z. (Actually, each fluorophore molecule emits only
one photon in only one direction, but we can assume each fluorophore molecule emits light in all

directions by using the principle of a continuum.)

If the direction of the emitted light is completely random, then the fraction of the emitted light
that is aimed toward the detector is equal to the fractional area of an arbitrary sphere that is
bounded by the cone angle, ¢/, where p} ranges from ¢}, =0 as 2 — 00 to p5 = 7/2 when z = 0.
This area is equal to 27z%(1 — cos o) where z is the radius of the sphere. The area of the entire

2

sphere is equal to 47z2. Thus, the fractional area is 3(1 — cos p}). Since cos ph = (———z—-—),

Vz? + R2

where R is the radius of the probe tip, the fraction of emitted light that is directed toward the

detector surface is given by:

f(z, R) = % [1 - _\/Z;__—f_:R_] (13)

This expression was obtained in equation (5} by evaluating the integrals with respect to ¢'. Thus,

the amount of “reflected” light in the differential slice that reaches the detector is given by:

dEAl (14&)

N
ar =11 e for ["‘Z(""’”“’

k=1
or, after incorporating equation (12) and simplifying:



N
1 z - N (a CDNes
4P = 310 2 (Baweiac) {1 VYo } e F L Birtaiaeigy,

(14b)

Integrating from z = 0 to z = L gives the total light detected by the probe:

N
1
AF =1y (0) 'E(tﬁi.,\—u\'a;,w;)

=1

L N
z
/ {1- =)o T2 (e egx)ey | da (1)

The A is used because there may be a signal even if no fluorescent species are present, either due

to external light sources or the calibration used.

In this analysis, it is assumed that the effect of light-scattering is similar to that of absorption
in that once light is scattered, it can be assumed that it can no longer contribute to the detected
fluorescence. In this case, the differential slice used in the analysis can be considered to have a radius
such that any light leaving the area bounded by a circle with this radius will not contribute to the
detected fluorescence. Back-scattered excitation light will have the effect of increasing the excitation
light path length, while decreasing the emission light path length. Back-scattered emission light will
have the opposite effect. However, due to light-scattering, the measured absorbancy will be higher
than it really is. It is assumed that these effects will tend to cancel each, such that there a very
small net effect will be observed. When there is a lot of light scattering, these assumptions will not
be valid since light can be detected subsequent to multiple reflections. Since the emission light can
take a tortuous path from the fluorophore to the detector, the factor, f(z, R}, will have a larger
effective value than predicted above. For the same reason, the effective path length will be longer.

The same is true for the excitation light.

To account for small amounts light scattering by various mechanisms, unmeasurable but constant
absorption, and divergence of the excitation light source, a constant, S, is added to the absorption
terms in the exponential. The contribution of background absorbance will certainly result in a
constant term. The contribution due to light scattering and divergence the excitation light would
be considered constant if the amount of light leaving through the back and sides of a constant-width
differential slice of fluid is proportional to the amount of light entering the differential slice through
the back.

In order to integrate equation {15) analytically, it will be assumed that the effect of the f factor

z
can be approximated by incorporating the effect into the parameter, S. In effect, (1 - ———)
P ¥ P ’ 2 + R?

is approximated by ¢e~*S. The parameter, S, then, is not actually a constant, but is given by:

. {10,;(1— m)}

z

(16)



In Figure 4, S is plotted as a function of z for R = 1cm, which is approximately the radius
of the probe tip. Over the region from £ = Ocm to z = 5cm, the approximation has a maximum
relative error of only 25 percent. The approximation does not have to be accurate for values of z
greater than about 5 cm because most of the fluorescence occurs much closer to the probe tip than
this. Note that there may be other contributions beside the “f” factor to the parameter, S. All the
contributions to S will be discussed in more detail in the next section. Lumping this effect and all

the effects listed above into the parameter, S, we get:

N L N
1 - [ ., aj, caljei+ S
AF = EIA(O)Z (¢;,,\_.)‘;a;';‘c;)/ e * E":l( AT e )c ]d:c (173,)
=1 0
or, after evaluating the integral:
N i a; st}
- $1,(0) Eil (i x—araine:) [1 - e_L[E:=1(“""+ e +S]]

= . (17b)
2.-N=1 (aiaci +aiac) +8

The validity of approximating f(z, R) with an exponential factor can be examined by comparing the
predicted fluorescence signal for equations (15) and (17b) using typical values for the constants. The
following values for were used to evaluate equation (15): N = 1; LI,(0) = 200; ¢; x_.rs = 0.0556;
a;x = 0.09; aj,» = 0.01; and R = 1.0cm™!. Concentration, absorbance, light-intensity and
fluorescence units are arbitrary. Unit length is assumed to be 1cm. In Figure 5, equation (15) is
1

compared with equation (17b}, using § = 1/R = lem™!, as suggested in the subsection of this

paper entitled Estimation of the Light Scattering Parameter, S. It is noted that both expressions

predict a linear relationship between concentration and fluorescence at low concentrations and short

path lengths, L. Also, as the concentration increases, both expressions predict the fluorescence to

$0.(0)é; arrain

gt
01’,\+GI’AI :

These two expressions agree to within 10%. Since equation (17b) always overestimates the predicted

level off at a value of In this example the maximum fluorescence value is 10.
fluorescence obtained using by equation (15), a better agreement is obtained using a slightly higher

value of S. Thus, for § = 1.2cm™!, the agreement is almost perfect, as shown in Figure 6.

If the fermentor is deep enough, the exponential term can be ignored, simplifying the equation

to:
30,(0) - E‘N=1 (bir—rraiac)
Eﬁ__l (ain +ain)ei+ S

Figure 7 shows how deep the fermentor needs to be in order to be considered infinitely deep, using

AF =

(18)

the same constants as in Figure 5.
In this case, the fermentor can be considered infinitely deep if L >~ 2cm.

There is considerable relative error at very low concentrations since the error is proportional
to (e~ ®».1¢1£). Thus, this model shows that the relationship between fluorescence and fluorophore
concentration is nonlinear, but this is at least not completely due to signal saturation. Instead,
absorbance at both the excitation and emission wavelengths as well as the decreasing of f as z

increases cause the nonlinearity of the fluorophore-fluorescence relationship.



For a single fluorescent species in solution, the model predicts the following relationship:
L0 (0)¢r—nrrarc
(GA + a,\:) c + S

This relationship has been evaluated experimentally using thioflavin S as the fluorescent species,

AF = [l—exp(—-L[(aA+a,\:)c+S])]. (19)

varying both the concentration as well as the path length. The agreement is quite good, but
the model parameters don’t have the values that they are predicted to have. See the Model

Verification and Application section of this paper.

In order to use the model to correlate fluorescence with biomass concentration, we can assume
that the fermentor is sufficiently deep so that equation (19) can be used. If the cells are the only

fluorophores present, then using X to denote cell concentration, we have:

IL(0)dxa—naxy- X

AF =~ = .
S+ E.‘:z (a,-l)\ +a;’,\:) ci + (ax')‘ +axa + Sx) X

(20)

where the term, Efiz (as,» + aia) ¢4, results from absorbance of all other components at the ex-
citation and emission wavelengths. Some features of this relationship are noted. First, at low cell
concentrations, the relationship is linear. This is either due to the predominance of the S term,
indicating light scattering and dispersion, or the predominance of the summation, indicating ab-
sorbance at the excitation and/or emission frequency by components other than the cells. Secondly,
compounds that absorb either the emission light or the excitation light decrease the sensitivity of the

fluorescence measurement. Light scattering decreases the sensitivity also, as well as the cells them-

. 1
selves. Finally, there is a maximum fluorescence equal to [_I'\(o)qu"\_”\’( axx )]
2 axx tax x +8x
Using the form of equation (20), the biomass concentration can be correlated as follows:
aX
AF = ——— _|
1 + BX (21)
~1,(0)¢
D X, A=Alax, ,
where o = —2% and f = —2XA ¥ axa + Sx

N N .
S+ Z;=2(a"‘\ +agar)e S+ Zi___z(a;‘,\ + a0 )eq
If there are other fluorophores present, the relationship is:
31:(0) (¢xax,AX+ T, (45"0",,\6.'))
£ .
S+ o (@i +ain) e+ (axa +axa + Sx) X

Other fluorophores have the effect of adding background to the signal as well as decreasing the

AF

(22)

sensitivity of the signal due to the absorbance of excitation light by the fluorophore. The biomass
can be correlated using the following form:

aX + Fy
1 + X’
where o and S are the same as above, and Fy is the measured background fluorescence equal to

1 N
2‘IA (O)Z‘,:2(¢i.x—».\'a.',,\ c)

N
S+ Zizz(a.ﬂ»\ + aj ey

AF = (23)

. The parameters Fo, a, and § vary with the background fluorophore



concentration. However, the ratio a/8, which is the maximum fluorescence as X increases, remains
constant. If the background fluorescence, Fy, is constant, the difference between the measured
fluorescence and the background fluorescence, AF' = AF — Fy, can be expressed as:

,__(o:—-FQ/S)X~ a'X
AF = BX+1  BX+1

(24)

which is the same form as for the case in which the biomass is the only fluorophore present.

If the amount of background fluorescence changes, but it is assumed to be constant, there will
be an error in the estimation of the concentration of the primary fluorophore. Equation (24) was
used to evaluate the error caused by a 10% decrease in the concentration of a secondary fluorophore,
assuming only these species are fluorescence and that only these two species absorb light at either
the emission or excitation wavelength. The primary fluorophore was assumed to have the same
extinction coefficients and fluorescent yield as used in Figures 5-7 (a;,, = 0.09, a; 5+ = 0.01, and
$1,2—x = 0.0556). The parameter, S, was set to 1.0cm™?!, and ;—I,\ (0) was set to 200. Figure 8
summarizes the results of this analysis. The error in the estimate of the concentration of the
primary fluorophore caused by a 10% overestimate of the secondary fluorophore concentration is
plotted against the primary fluorophore concentration for the cases in which ¢, = ¢1, $2 = 104y,
and ¢2 = 0.1¢;. The concentrations of the two components are such that the fluorescence signals
that each component would have in the absence of the other component are equal. If the fluorescent
yield of the secondary component is equal to that of the primary component, a 10% decrease in
the secondary component concentration will result in an over estimation of the primary fluorophore
concentration by 10% since the the sensitivities of the two components are equal. However, if the
fluorescent yield of the secondary fluorophore is greater than that of the primary fluorophore, then
the overestimate is much more severe. This is because the fluorescence signal is more sensitive to
the second component than it is to the first component. As the concentrations are increased, the
sensitivity to the concentration of the first component approaches zero. There comes a point at
which an infinite concentration of the primary component is required to make up the fluorescence
lost by the 10% drop in the secondary component concentration. This corresponds to the vertical
assymptote in Figure 8. Above this concentration, negative concentration of component is predicted.
If the fluorescent yield of the secondary component is less than that of the primary component, the
estimate is off by less than 10%, changing from a positive error to a negitive error. The lower relative
error results because the fluorescence signal is less sensitive to the concentration of the secondary
component than it is to the concentration of the primary component. The negative error results
because of the filtering caused by the secondary component. See below. The error becomes negative

when equation (25) is satisfied.

The type of correlation indicated by equation (24) was evaluated for estimating the sensitivity to
NADH in the presence of various fluorescent medium components. See Model Verification and
Application section of this paper. If a > F,f, then equation (24) is the same as equation (21) with

o =a— FgB. If a < FygP, the fluorescence is predicted to decrease with cell concentration. This



is a result of the less fluorescent species, the cells, blocking the light (by absorption) to the more
fluorescent background component(s). This type of phenomena has not been reported for culture
fluorescence studies thus far. In the case where only one background fluorophore is present, denoted
component 1, the prerequisite for this phenomena to be observed is that:
G1.a tayp
S+ (ax,x +axa)ex < (d’l —¢x (T)) ajgaci. (25)

Thus, this phenomena can be observed by increasing the concentration of the background fluo-

ai,a
Thus, the fluorescence yield must be higher for the background component in order to observe a

rophore, ¢, as long as:

decrease in the fluorescence signal upon addition of an additional fluorophore.

Estimation of the Light-Scattering Parameter, S

The contributions to the parameter, S, are as follows: (1) divergence of excitation light, (2)
divergence of emission light, (3) scattering of excitation light, (4) scattering of emission light, (5)

golvent absorbance of excitation light, and (6) solvent absorbance of emission light, or

S= Sdl'uerg.,A + Sds'verg.,k’ + Sacat..A + Soca.t.,A' + Ssolu..A + Saolv.,A’- (27)

Light-scattering due to reflection of light of the vessel walls and agitator blades is very dependent

on the specific vessel configuration and is not considered here.

Ssotv. is any absorbance of light by the reference solvent (usually water) used to zero the spec-
trophotometer when measuring the absorbance. Water is extremely transparent to visible light, so
Seotv.,ar & 0. However, S,ov.,» may be nonzero. S,cq¢. accounts for light-scattering due to par-
ticulate matter, bubbles or suspension of a second liquid phase. It is expected that this value will
increase as the number of bubbles increases and as the number of cells and/or other particles in-
creases. The value of S,cq¢. Will be less dependent on the light wavelength than absorbance terms.

The effect of light-scattering unll be investigated sn more detasl elsewhere.

It was mentioned earlier that the fraction of the emission light that is aimed back at the detector

1 z
surface, having a radius equal to R, is given by f(z, R) = —(1 ~ ——-——) Let us now estimate
2 Vz2 + R?

what value of Syiverg. Will best approximate the expression for f. In our model, the fraction of light

reflected back to the detector is given by f = % - exp (—ZSdiverg.). Therefore, we have:
z

Ve ey

Note that these two expressions have the same limits as £ — 0 and z — co. In order to estimate

exp (—ZSyiverg.) 1 — (28)

the best value for Sy;yerg.; it is desired to minimize the absolute value of the difference between the
two expressions integrated from £ = 0 to z = oo. Thus, the best value of Syiyerg. Will minimize the
following function:

el z
9(Sdiverg.) = /(; }1 i exp (=2 Saiverg.)| dz. (29)



Integrating this expression leads to a nonlinear optimization problem with a nonlinear constraint.
This is too complicated to solve analytically, but a simpler criterion can be used to solve analytically

for an optimal value of Sgiyerg.. Equating the integral of the two expressions from z = 0 to z = oo

gives:
oo P ) oo
11— ———— d:z:=/ exp (—xSdivers.) d 30
R AN (30¢)
or
1
Sdt’uerg. ~ E (30b)

For example, in Figures § and 6, the detector radius, R, was assumed to be 1cm. In Figure 5,

1

Sdiverg. a0 = ]12- = 1.0cm™"' was used. However, in Figure 6, a slightly higher value, Sgiyerg. ar =

1.2cm™! was used with much better results.

The expression above accounts for divergence of the emission light. The divergence of the excita-
tion light depends on how the light is focused. If the excitation light is a straight beam perpendicular
the detector surface originating from a point in the center of the probe tip, then Sy;4erg..2 = 0. Oth-
erwise, it is nonzero. We will estimate Syiyerg.,» by assuming that the excitation light originates
from a point in the center of the probe tip and spreads evenly over a cone angle, ¢4z, as shown in
Figure 9. In order to estimate the effect that the spreading of the excitation light would have on the
value of Sgiverg.,a, the second level of approximation will be used. This analysis will be presented

elsewhere in the near future.



Results and Discussion

Model Verification and Application

Controlled experiments with thioflavin S:

In order to test the validity of the model, thioflavin S was used as a standard fluorophore. The
advantage of using this compound, as opposed to NADH, for example, is that this compound is
stable, cheap, and has a high fluorescent yield. The concentration of thioflavin S as well as the path
length, L were varied. The later effect was accomplished by positioning a black disc a distance, L,
from the probe as shown in Figure 10.

Although L is almost always fixed in a fermentor, varying L permitted evaluation of the model
parameters and also indicated how deep the fermentor would need to be to be considered “infinitely

deep.”

The equation derived in the previous section to describe the fluorescence signal expected from
only one fluorophore when no other components in the solution absorb light at the excitation or the
emission frequency is:

+1340(0) $340— 4502340¢
(0340 -+ a450) c+ S

AF = [1 - exp(—L [(ass0 + a4s50) ¢ + S])] . (19)

Actually there are only two unknown parameters in this equation, %1340(0)¢340—»450 and S, however,
it can be made more flexible if only the form the equation is retained, not requiring the coefficients
to equal the values specified in the analysis. See Discussion of Preliminary Results section to
see why a more flexible form of this correlation may be required. The following equation was fit
from the experimental results:

AF = ﬁ[l—exp(—L(kgw-{-S))]. (31)

Note that all the constants cannot be determined unless L is varied. For example, if L — oo, then
only the ratios (k;/S) and (ki /k2) can be determined by varying c.

According to equation (31), at constant fluorophore concentration, the fluorescence data can be

correlated with the path length as follows:

AF = Faz |1 — exp(—kL)] (32)
The best values for F,,,, and k were determined for each of four different concentrations of thioflavin
S as shown in Figure 11.

Both of theses parameters can be correlated with the fluorophore concentration as follows:

klc

Fma =TT a
* sz+S

(33)
and

k=kyc+S. (34)



If linear regression is to be used, there are two methods to find the best values for ky, ky, and S.
In the first method, it is possible to determine the best values for k;, k2, and S, by first plotting
k versus ¢ in order to determine k2 and S as the values of the slope and intercept, respectively, of
the best line to fit the data. Finally, the best value for k; can be found by substituting k, and S
into equation (33) and plotting Fi,q. (k2 + Kac) versus ¢, finding the best line that passes through
the origin. The slope of this line will be equal to k;. Alternatively, (1/Fp..) can be plotted versus
(1/¢). The slope and intercept of the best line are equal to (S/k;) and (k;/k,), respectively. Next,
k is plotted versus [(kﬁ;) + (%—) c], finding the best line through the origin. Again, the slope
will be equal to k;. The results of these two methods were compared using least square criterion
on the difference between the fluorescence signal predicted by equation (31) and that measured

experimentally.

In this case, the second method gives slightly better results, but they are not significantly better
than the results from the first method. The correlation the exponential constants, F,,,, and k,
according to the first method are shown in Figures 12 and 13. Finally, in Figure 14, the fluorescence

is correlated with both the concentration and path length according to equation (31).

The values obtained for the constants:

S5 =0412cm™, ky = 60.3 —N—FE—, and kz = 0.0172cm™ 'ppm~?, (35)
cm ppm

were obtained using the second method of linear regression. The average deviation of this correlation
is within the experimental deviation of the fluorescent signal itself. However, the value of k; was
larger than the value expected from the model, (as40 + ass0). In the section, Discussion of
Preliminary Results, possible reasons for the discrepancy are discussed. Among the reasons
discussed is the possibility that there are other sources of nonlinearity. In order to eliminate the
effect of these other sources, the experiment was repeated with lower concentrations of thioflavin S,
varying from 1 ppm to 6 ppm. The results of the second experiment are shown in Figﬁres 15 to 18.
Caution should be used when comparing the results of two experiments because a different source
of thioflavin S was used in the two experiments. Also, the probe was modified between the two
experiments, resulting in a narrower bandwidth of both the excitation and emission light and possible

changes in the focusing of the excitation light and in the viewing field of the detector.

It is noted that F,,,, is nearly linear with concentration over this small range of concentrations,
such that the value of § has little effect on F,,,,. In addition, the correlation of the exponential
constant, k, is not as good as in the first experiment. This is probaly due to absolute errors in the

fluorescence signal, which are a larger fraction of the total signal when the concentration is low.

In the very near future, other fluorophores will be employed along with nonfluorescent substances
that absorb light at the excitation frequency and/or excitation frequency to further test the model

In particular, it will be interesting to see how S and k, vary these conditions. It was estimated that,



for the probe being studied, R = 0.75 cm. The estimated value of S in this case is

1

1
S = Ssiverg. 450+ ... & R +...~133cm™". (36)

This estimated value of S is little more than three times the experimentally determined value. The

possible reasons for this will be discussed in the Discussion of Preliminary Results section.



Application to published culture and NADH fluorescence data:

Equation (22) was used to correlate previously published culture fluorescence and NADH cali-
bration data ®. The effect of background fluorescence of various media was studied. In this study,
the sensitivity of the fluorescence signal to NADH, 5(3—‘25—}{1-, in various media and the media back-
ground fluorescence have been reported. In order to correlate the sensitivity data, equation (17) is

written for the case of only two components, where 1 denotes NADH and 2 denotes the background

fluorophore:
1 1
AF = 0 (0)¢1a—rasact + 50 (0)p2a—arazac2 (37a)
S+ (a1n +a1a)er + (aza +aza)c2
or
ajc1 + azcg

AF = ——mr— . 37b
S+ Pic1 + Paca (37b)

where a1 = 10 (0)¢1a—xa1,5, @z = 512 (0)$2,a~21a2x, B1 = a1,x + 61,0, and B2 = azx + az .
In the absence of NADH, the background fluorescence is:

a2C2

AF = ————
S+ﬂ262

(38)

Thus, a plot of (1/AF) versus (1/c2) should be a straight line with a slope of (S/a2) and an intercept

of (B2/az). This correlation is plotted in Figures 19 and 20 for various medium components.

The sensitivity to NADH at zero concentration can be expressed as follows:

JAF _ alS + (alﬂg - azﬂl)CZ

P) - S 2 (39)

1/ e=0 (S + Baca)
Dividing the top and bottom of this equation by aZ, we get:
oS a —a

oar) _ () (225 Y
o)™ z

1 /=0 (ms_2 + ‘5—:62)

The terms, (S/az) and {f2/a2) were evaluated from the background fluorescence correlation. The

gensitivity to NADH when ¢; = 0 is equal to 121.3 (ﬁ%—ﬁ—). This is predicted to be equal to

(@¢1/5). Thus, the term (@;5/a3) equals 121.3 (Tn%g%b'ﬁ) : (a—s;)z The term, (11.@1;‘;9_121.), was
determined by fitting sensitivity data at different values of c; using the least squares criterion. The
sengitivity data fit in this manner is shown in Figures 21 and 22. These correlations could not be
checked for internal consistency because only ratios of parameters can be determined, and they are
very sensitive to small perturbations in the parameter values. It is possible, however, to conclude

that this method of correlation is adequate to represent the data.

Discussion of Preliminary Results

In this section, the application of the model to single-species fluorescence is discussed in light of the

experiments conducted with thioflavin S. The agreement between the experimental results and the



correlational form suggested by the model is excellent. However, the estimates of the parameters are

not as good. The parameter, kz, in equation (31) is predicted to equal as4o + a450. The value of ko

found by fitting the experimental data was 0.0172cm™'ppm~!. However, ass + aqs0, a8 measured

with a Bausch and Lomb Spectronic® 710 spectrophotometer was 0.0115cm™!ppm~!. Although

these two values are of the same order of magnitude, they do differ significantly. Also, the predicted

and fitted values of § are 1.33cm ™! and 0.412cm™!, respectively. This is a much greater discrepancy,

but since the value of this parameter iz highly dependent on the geometric assumptions that are

made, this iz expected. Some of the possible reasons for these discrepancies are listed in Table 3.

Below is an elaboration of the causes listed in the table:

(1)

(3)

Beer’s Law doesn’t hold — This can easily be determined by measuring the absorbance at
different dilutions. This hasn’t been done yet. The effect of a nonlinear relationship between

absorbance and concentration on the model has not been considered yet.

Systematic error in the length measurement — The measurement of length involved about five
separate measurements of constant lengths and one measurement of a variable length. Some
of the lengths were added and some subtracted in order to obtain the length that was used. If
the constant part of the measurement was in error, there is a systematic error in the lengths

used in the model.

Incorrect geometric assumptions made in model — A schematic of the actual arrangement
is shown in Figure 2. The 2nd and 3rd levels of approximation are attempts to model this
arrangement more precisely. These approximations do not produce an expression in closed form
and introduce additional parameters, which are both undesirable qualities. See the Model

Development section for an explanation of the different levels of approximation.

Detector saturation — A plot of the fluorescence vs. concentration data for thioflavin S for
infinite path length, shown in Figure 23, suggests that signal saturation is occurring, since the
maximum fluorescence signal allowed by the software supplied with the probe is very close to

the value of fluorescence at which the curve seems to be leveling off at.

The fact the several fluorescent media components analyzed in the Model Verification section
have very similar values of maximum fluorescence also suggests detector saturation is occurring.
See Figures 19 and 20.

In order to eliminate the possible effects of detector saturation, the experiments with thioflavin
S were redone at lower concentrations, corresponding to the linear region of the graph in Fig-
ure 23. Results from this analysis cannot be compared with the previous results for two
reasons: (1) the thioflavin S came from a different lot and (2) the probe had been modified
during the time between the two analyses. (Narrowing of the chromatic band width was one
of the modifications that was made.) Also, the fluorescence units are different. Determi-

nation of model parameters using the low concentration data is very unreliable because the



Table 3: Possible causes for the discrepancy between the predicted and experimentally determined

values of S and k.

Cause

Comment or Remedy

(1)

(2)

(3)

(4)

(6)

(7

Beer’s law does not apply.

Systematic error in the length measure-
ment

Inappropriate geometric assumptions made
in the model

Detector Saturation

Insensitivity of model to values of k; and

S

Other sources of nonlinearity such as non-
monochromatic light or quenching

Light reflection off of vessel walls or black
disc

Inaccurate absorbance reading due to
fluorescence or light-scattering

Light-Scattering

Can be tested for by measuring the ab-
sorbance at different dilutions. This situ-
ation has not been modeled in this paper.

Sensitivity analysis can be applied to the
model.

More general model can be applied.

Some evidence suggests this 18 occurring.
Measurement of inner filter effects can
made in the apparent linear region for the
detector.

Sensitivity analysis can be applied. De-
pends on range of experiment and possi-
ble other causes of nonlinearity.

The effect of nonmonochromatic light
source and/or detector has not been inves-
tigated yet. Previously published models
of quenching show the same dependence
on concentration as in this model for infi-
nite path length.

The apparent value of S would probably
decrease, while the apparent value of k2
would increase.

Need to use a spectrophotometer with the
detector a long distance from sample.

This phenomena has been modeled. The
effect on the apparent values of k; and §
will be studied using this model.




(7)

relationship is nearly linear in this region, and thus, relatively insensitive to the parameter
values. However, the model can be evaluated without introducing other independent sources
of nonlinearity by adding a nonfluorescent species that absorbs light at either the excitation or
emission wavelength. The exponential constant, k, should increase linearly with the absorbing
gpecies concentration. If the coefficient of the absorbing species is equal to the absorptivity,
then detector saturation as well as other sources of nonlinearity are possible causes of the
discrepancy. Most likely, then, the discrepancy would not have been caused by inappropriate

geometric assumptions.

Insensitivity to k; and S — At lower concentrations, the equation predicting the fluorescence is
insensitive to the value of the exponential constant, k, in equation (32), since absolute exper-
imental errors become relatively large as the signal is lowered. However, at high fluorophore
concentrations, the important region in the fluorescence vs. path length curves is the short path
length region. Experimental uncertainty of the length measurement can cause large random
errors in this region, since the fluorescence is most sensitive to length when the path length
approaches zero. Only the maximum fluorescence at a particular concentration is known with
high certainty. In addition, the parameter, S, has little effect at low concentrations when the

fluorescence-concentration relationship is nearly linear.

Other sources of nonlinearity such as nonmonochromatic light or quenching — Other sources of
nonlinearity can affect the fluorescence in a such a way as to modify the apparent parameters
of the model. The effect of nonmonochromatic light has not been studied, but will be in the
near future. Quenching is the radiationless transfer of energy from an excited molecule to an
unexcited molecule. The effect is a lowering of the quantum yield by prolonging the lifetime of
the excited state. Self-quenching can occur if the fluorescence and absorbance spectra overlap,
since a molecule must be capable of absorbing the fluorescent light that the excited molecule
would emit since the amount energy transferred is the same. Analyses of quenching for common
fluorometer configurations shows the same dependence on concentration as this model does
for infinite path lengths. The occurrence of quenching depends of the concentrations of the
donor and accepter, and not on light intensity, it is expected that quenching will have no
effect on the path length terms. Quenching will be modeled specifically for the current probe

configuration.

Light reflection off of vessel walls or black disc— Some of the emitted light could be making its
way to the detector by bouncing off of the vessel walls or the black disc positioned to control
the path length. In this case, a larger fraction of the emitted light can make its way to the
detector. Besides, the fraction is not as strong a function of the path length, L. This will
lower the apparent value of the parameter, S, in the factor that determines the fraction of
emitted light that can make its way to the detector. However, the effective path length for

absorbance of the emitted light will be increased. This would increase the apparent value of



k2. Thus, the overall effect of light reflecting off of vessel walls is to correct both k; and §
in the right direction. In order to verify and/or quantify this effect, a different shaped vessel
could be used, and/or a different colored disc could be used. This effect would be increased

by using a narrower vessel or a lighter colored disc.

(8) Inaccurate absorbance measurement — Absorbance readings can be inaccurate due to the de-
tection of scattered or emitted fluorescent light 2. When measuring absorbance, one wants
to detect all of the scattered light, but none of the fluorescent light. In order to detect as
much of the scattered light as possible, the detector should be located as close as possible to
the sample vessel. However, in order to detect the least amount of fluorescence, the detector
should be located as far from the sample chamber as possible 18, Thus, the error introduced
by the detection of fluorescent light depends on the spectrophotometer configuration. In any

event, color filters could be used to filter out light resulting from fluorescence.

(9) Light-scattering — The effect of light-scattering has been modeled. Both the case in which
light-scattering is proportional to the fluorophore concentration and the case in which the
light-scattering is independent of the fluorophore concentration have been modeled. The effect

on the apparent values of S and k; will be investigated.

In summary, the form of equation (31) is very appropriate to correlate single-species fluorescence,
without any interference due to light-scattering or light absorption by other components. The real
test of the model will be the application to multicomponent systems, in which there 1s interference.
When the model ig applied to this type of system, it will be possible to determine whether or not it

is necessary to appply the more general geometric assumptions.

Effect of Environmental Conditions on Model Parameters

Environmental conditions can affect the fluorescence in several manners. If the environment around
a fluorophore is changed, this can result in quenching or enhancement of fluorescence. For example,
NADH bound to protein is much more fluorescent than free NADH. Also, the absorption spectrum
is slightly shifted. Table 4 lists some examples of this effect. As mentioned earlier, the cofactor
must be in the reduced form in order for it to be fluorescent. The amount of cofactor in this form is
highly dependent on the metabolism of the cells and the availability of energy source and electron
accepter, for example, oxygen. Thus, anything that affects a cell’s metabolism may have an affect
on the cell's fluorescence. A study of the level of pyridine nucleotide coenzymes in microorganisms
indicated that the total of all forms of the coenzymes varyed considerably with medium conditions,
such as carbon source and oxygen availablity46. A third way that environmental conditions can
affect the fluorescence measurement is by affecting the light path, either by changing the absorption

or light-scattering properties of the medium or changing the light path geometry.

Internal Redox Potential. The logarithm of the ratio of NADH to NAD is proportional to the




Table 4: The effect of protein binding on NADH fluorescence. (DPNH = NADH, TPNH = NADPH)
Reproduced from [Udenfriend 1962}.

FLUOROMETRIC STUDIES ON DEHYDROGENASE-REDUCED PYRIDINE
NvucrLeoripE COMPLEXES

Fluorescence
Direction
of spectral
shift
Enzyme Coenzyme Intensity  200-800 mu  Reference

Alcohol dehydrogenase (liver) DPNH Increased — (35)
Alcohol dehydrogenase (yeast) DPNH Increased — 39)
Lactic dehydrogenase (heart) DPNH Increased — (22)
Lactic dehydrogenase (liver, DPNH Increased — (40)
Lactic dehydrogenase (heart DPNH Increased — (38)

and muscle)
Lactic dehydrogenase (heart) DPNH Increased — (38)
Lactic dehydrogenase (heart) APDHe® Increased — (38)
Triosephosphate dehydro- DPNH Decreased — (22)

genase
Glutamic dehydrogenase DPNH and Increased — (41)

TPNH

Malic dehydrogenase DPNH Increased — (42, 43)
Isocitric dehydrogenase TPNH — — 44)
Uridine diphosphogalactose4- DPNH — — 45)

epimerase

e APDH =acetylpyridine analog of DPNH.



internal redox potential, E;, at equilibrium. However, the conditions inside growing cells are not
at equilibrium. Instead, chemical reactions within the cells are in a state of quasi-equilibrium or
quasi-steady state. In either case, it is probable that log(%%?) is still a linear function of the
internal redox potential, E;, if it could be measured. In addition, since there is often a constant
potential across the cell membrane during balanced exponential growth, the externally measured
redox potential would also be a linear function of log(l-g%lrl). Assuming this to be true:

. ([NADH]

W) = K - exp(aFE) (41)

where E is the externally measured redox potential; K and a are constants.

It is often assumed that the sum of the concentrations of NAD and NADH is a constant. If this
is true, the fluorescent yield for cells, ¢x r—a:, of equations (20) and (22) would be proportional to

m%%’gm, As a function of [NADH|/|[NAD], ¢x,a—xs can be expressed as follows:

[NADH]/[NAD] ) _

$X A1 = X A= maz * ({NADH]/[NAD] 1 (42)

The factor, ¢x,2—A",maz 18 proportional to the sum of [NADH] and [NAD), whether or not it is

constant.

Temperature. Increased temperature results in the increase in the rate of radiationless decay of
the excited state, which will decrease the quantum yield. Figure 24 shows the variation of the

fluorescence signal with temperature for various fluorescent species.

Increased temperature also results in absorption and emission peak broadening due to the Doppler
effect. Most often, this results in a decrease in excitation light absorption and/or fluorescent yield.
However, if A # A4z, then the absorbance and/or fluorescent yield may increase with temperature
as shown in Figure 25 since the peak may shift or broaden. Native NADH has a negative temperature

coefficient of 1.6% per degree 47.

In a separate experiment 83, the fluorescence due to cell mass in a culture of B. amyloliquefaciens
was shown to be inversely related to the temperature, as detected by oscillations in the fluorescence
signal corresponding to simultaneous oscillations in temperature. The sensitivity in this case was
2.6%9. See Figure 26.

A change in temperature will have an effect on cellular metabolism, also. This in turn may
affect the NADH/NAD ratio within the cells. The temperature will also affect binding constants
for NADH-binding proteins. The substrate-protein equilibrium as well as the cofactor-protein equi-
librium will affect the fluorescence. There may be other intracellular or extracellular fluorophores
or chromophores in equilibrium with less fluorescent or less absorbent species. In general, this equi-
librium will be a function of temperature. These absorbent compounds will cause inner-filtering

effects.

pH. The sensitivity of the measurement of NADH is slightly dependent upon the pH; and there is



usually a pH corresponding to maximal sensitivity °. Figure 27 shows the typical dependence of

fluorescence on the pH.

The fluorescence of internal fluorophores is dependent on the internal pH not the external pH.
In many instances the internal pH is unaffected by changes in the external pH. However, the fluo-
rescence of internal components will be indirectly affected by the external pH if there are external
pH-dependent fluorophores and chromophores. The pH will also affect cellular metabolism, binding
constants, and extracellular equilibrium constants just as the temperature does. The quenching
ability of accepter molecules may depend on pH. For example, a fiber optic pH probe was developed
which takes advantage of the pH-dependence of the quenching of eosin fluorescence by phenol red
38 The change in the quenching ability of phenol red is reflected by the change in its absorbance
gpectrum at the emission wavelength of eosin since the accepter molecule must absorb light corre-
sponding to the amount of energy transferred. Whether or not a substance is protonated, in many
cases, determines if it is fluorescent. Figure 28 lists a number of compounds that are fluorescent in

only one of these two states.

The pH also affects the redox potential across cell membranes. Thus, the redox state of the
NADH:NAD couple may be affected.

Bubbles. Bubbles will tend to decrease the absorbance terms and light-scattering terms due to
medium components including cells while increasing the light-scattering due to bubbles. Thus,
light-scattering terms will increase relative to the the concentration coefficients as the aeration rate

is increased.

Cell Size. The most obvious is the effect on light-scattering. Actually, the size of clumps of cells is
more important in some cases. Of course, cell size is a reflection of cellular metabolism and growth

conditions, so there will probably be a combination of effects on the fluorescence.

Other Fluorophores. Since there are quite a number of biological fluorophores, (See table 5 for a

partial list.) it is likely that other cellular or medium components will have significant fluorescence
measurable to the probe, even though the emission and excitation peaks are separated. According
to table 5, histamine, L-DOPA, vitamin A, and folic acid have emission and excitation peaks near
those of NADH, and it is expected (if their concentrations are high enough) that these compounds
would contribute significantly to the fluorescence probe tuned for NADH. However, Fyo0 and a
commercial preparation of riboflavin were both found to have significant fluorescence as measured
by the FluroMeasureTM probe even though their emission and excitation peaks are far removed from
those of NADH., Many complex medium components such ag yeast extract, peptone, dried bakers’
yeast, and casein are significantly fluorescent as measured by the probe. The fluorescent components
have not been identified yet (probably flavins or riboflavins). If the level of these components remains
constant, the multi-component fluorescence model can be used to estimate the concentration of a
particular component of variable concentration. Otherwise, the concentration of these components

must be estimated by other means. See Linearization of Fluorescence Signal section.



Experiments will be conducted to see how the parameters of the model vary with changes in

temperature, pH, and bubble concentration.

Linearization of Fluorescence Signal

[1-exn (-2 (ot st )]
EZI(B('AC;+Q'«.,\IC.)+S
fluorescence, —2£ ., is a linear function of the fluorophore concentrations:

If Ay a0 = can be measured independently, then the normalized

Ay arda
N
AF
T = £G4, A Ci- 43
A Iy ‘z:;qS A ( )

The filtering due to absorbance and light-scattering due to particulate matter at both wavelengths
can be measured with spectrophotometers set to the respective wavelengths. The contribution to
S due to light-divergence can be estimated as shown previously. However, it is more desirable to
obtain this value experimentally so that all other factors can be accounted for. The light-scattering
due to bubbles, on the other hand, presents a problem. If the absorbances at the excitation and
emission wavelengths are measured outside the fermentor, the light-scattering due to bubbles will
not be measured. One solution to this problem is to estimate the light-scattering due to bubbles as a
function of the aeration rate. Another solution is to measure the fluorescence outside the fermentor
in a sampling loop, after degassing the liquid in the sampling loop. The possible problem of a
sampling delay must be considered in this case. A third solution involves measuring the absorbance
inside the fermentor, including light-scattering due to bubbles, using fiber optics. Care needs to be
taken so that the optical probes devices are sufficiently separated inside the fermentor such that
stray light from one probe doesn’t interfere with measurement of the other probe(s). Using this
coupling procedure, fluorophore concentration can be estimated even when the optical parameters

of the system are not held constant.

It is readily apparent that if more than one fluorophore concentration is unknown, it is im-
possible to estimate one of the fluorophore concentrations from a single-excitation, single-emission
signal. Since the fluorescence spectra will vary in shape and in intensity, it is possible to deduce
several fluorophore concentrations from a series of fluorescence measurements at different excitation
and/or emission frequencies, provided that the relationship between fluorophore concentration and
fluorescence can be decoupled. The linearization technique discussed above, would be useful for this,
since the fluorescence divided by the absorption factor is of a linear combination of the fluorophore
concentrations. Thus, it is suggested that multi-channel fluorescent measurement be coupled with

appropriate absorption measurements in order to linearize the fluorophore-fluorescence relationship.



Thus, for more than one emission-excitation wavelength pair:

(AF/AI), $116811 -+ oo oo B1nG1n] oy
(AF/AD); | = : $ijais : 2 (44)
(AF/AD), Pn1ln1 .- vii PanGpn Cn
where:

(AF/AI); is the normalized fluores- ¢i; is the fluorescence yield for compo-

cence signal for the tth component using nent ¢ using the sth pair of emission and

the jth pair of emission and excitation excitation wavelengths.

wavelengths.

a;y is the absorbance of component ¢ at ¢; is the concentration of component 1

the excitation wavelength using the jth
pair of emission and excitation wave-
lengths.

If this (n X n) matrix is well-conditioned, then the fluorophore concentration can be deduced,
provided the fluorescent yield and absorbance for each fluorophore is known at each excitation-
emission light wavelength pair. If more than n measurements are made, the matrix becomes (mx n),
where m is the number of measurements. In this case, the matrix may be rank-deficient and singular

value decomposition should be used to determine the best values for the fluorophore concentrations.

If multi-channel fluorescence is employed as a measurement, there are other fluorophores beside
NAD(P)H which will be of interest. Very recently, the fluorescence characteristics of Staphylococcus
epidermidis, Pseudomonas fluorescens, Enterobacter cloacae, Escherichia coli, and Bactllus subtilis
were measured 20, Emission spectra for several excitation wavelengths were measured, and the
excitation spectra for several emission wavelengths were also measured. Finally, the lifetimes of the
fluorescence at several pairs of excitation and emission wavelengths were measured. Table 5 lists

some important biological substances that are fluorescent.



Table 5: Other Biological Fluorophores

Maximum Wavelength

Fluorophore Excitation | Emission
NAD(P)H 340 460
(reduced form only)

Fi20 425 472
(oxidized form only)

Flavins 450 535
(oxidized form only) 74

Riboflavins 445 520
Tyrosine 275 303
Tryptophan 287 348
Phenylalanine 260 282
Histamine 340 480
p-Aminobenzoic acid 294 345
Vitamin By, 275 305
Vitamin A 372 510
Folic Acid 365 450
Estrogens 285 325
ATD, ADP, etc. 272 380
Serotonin 295 330
L-DOPA 345 410
Antibiotics Var. Var.




Conclusions and Recommendations

. The form of the simple model presented here can be used to correlate the fluorescence of a one-component

solution with the fluorophore concentration as well as path length.

The fluorophore-fluorescence relationship is inherently nonlinear. This is primarily due to inner-filtering

and geometric effects which are accounted for in the model.

The classical analysis is not appropriate for an open-ended sample because the “monitoring efficiency”

is a function of the position in the sample .

The variation of the sensitivity of the fluorescence signal to the fluorophore concentration can be

correlated with the concentration of a background component, using the model.

. Concentration terms are additive, so that composite properties can be used. Also, deconvolution of

multicomponent fluorescence is easier.

. Parameter estimation needs to be improved, possibly by broadening the model to consider divergent

light-source, light-scattering, re-emitted light, and non-monochromatic light-source and detector.

. By measuring the sample’s absorbance at both the excitation and emission wavelengths, an absorbance

correction can be used to linearize the relationship between fluorophore concentration and fluorescence.

Only one fluorophore concentration can vary, when using only one excitation and emission wavelength
pair. When more than one vary, deconvolution is required. Time-decay data as well as the fluorescence

at other wavelength pairs can be used for deconvolution of the signal.



Nomenclature

a;x; @&i,a¢ Exctinction coefficient of species t at the excitation and emission wavelegths, respectively.
¢s; ¢ Concentration of species .
—~(dI\(z}); Amount of excitation light absorbed by component i with a differential slice.
(dEx(z))s Amount of light emitted by component ¢ with a differential slice.
E\:(z) Intensity of emission light as a function of the distance from the probe tip.
AF Measured fluorescence intensity.
Friaz; k Exponential parameters used to correlate the fluorescence with path length.
Fy Background fluorescence.
f{z, R) Monitoring efficiency at point z, as a function of the detector radius.
I, (0) Intensity of light-source as it enters the sample solution.
I, (z) Intensity of excitation light as a function of the distance from the probe tip.
I,/(z) Intensity of emission light as a function of the distance from the probe tip.
I, Distance emitted light must travel in order to reach the detecter.
L Total path length in the sample.
N Number of species in a multi-component mixture.
NADH; NAD Reduced and oxidized forms of the cofactor nicotinamide adenine dinucleotide, respectively.
OD,; ODY{ Absorbance of the sample at the excitation and emission wavelengths, respectively.
R Effective radius of the detector surface.

S Geometric parameter used to approximate the monitoring efficiency as a function of the position

in the sample.
z Distance from the probe tip.
X Cell mass concentration. (Subscript, X, denotes celluar properties.)
a; a'; f; B Parameters used to correlate multicomponent fluorescnce data.
A; A Wavelengths of the excitation and detected emission light, respectively.

$ia—xrr; $a—ar Fluorescent yield — Ratio of the amount of the light emitted at wavelegths detectable by the
probe, around X', to the amount of light absorbed at A. Differs from the “quantum yield”,

because only the emitted light at wavelegth, A’ is considered in this case.
©' Cone angle which defines the monitoring efficiency at a any position in the sample.
©; ©maz Cone angle describing the spreading of the excitation light.

6’ Circular angle of emitted light.
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Figure 1: Some important branch points in cellular metabolism involving NAD(P)H.
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Figure 3: Amount of total light emitted that is aimed back at the detector surface as defined by the
cone angle, ©; or the distance from the probe, z, and the radius, R, of the effective detector surface.
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Approximation of f(z,R) with a single exponential parameter, S. The values,

S =10cm™! and § = 1.2cm™! are used for approximations shown in Figures 5 and 6, respec-
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Figure 5: The effect of approximating the factor, f(z, R) = (1 - 7_:_2> with f(z,S) = ¢~ =5,
z?+R

This is a comparison of equations (15} and (17b), using N = 1; %I,\(O) = 200; é1 r-ar = 0.0556;
apx =0.09; a; »» =0.01;and R = 1.0cm™!. In equation (17b), $ = 1/R = 1.0cm™! is used.
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Figure 6: The effect of approximating the factor, f(z, R) = (1 - 73’:—3’) with f(z,§) = e™25,

This is a comparison of equations (15) and (17b), using N = 1; -12-1,\ (0) = 200; ¢1,r—~x = 0.0556;
ay,x = 0.09; a3 »» = 0.01; and R = 1.0cm™!. In equation (17b), S = 1/R = 1.2cm™! is used.
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Figur(.e 7: The effect of finite path length on the predicted fluorescence signal. Comparison of
equations (18) and (17) using N = 1; 2/.(0) = 200; ¢1,r—x = 0.0556; ay y = 0.09; a; x» = 0.01;
and S =1/R=12cm™ 1. , T o
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Figure 8: Error in fluorophore concentration estimation caused by a drift in the background fluores-
cence. It is assumed that there are only 2 components present. For both components, a; 5 = 0.09
and a; xr = 0.01. The parameter, S, was set to 1.0cm™!, and -é—I,\ (0) was set to 200. The ﬂ{lorescent
yield for component 1, ¢; x—xr, was set to 0.0556. The cases in which b2 = ¢y, $g = 104, and
#2 = 0.1¢; were considered. The concentration of the second component was chosen such that
its fluorescence in the absence of of component 1 would be equal to the fluorescence of a solution
containing only component 1.
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Figure 9: Spreading of the excitation light over the cone angle, ©mq., as modeled at the second level
of approximation.
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Figure 10: Experimental setup used to verify the model
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Figure 11: Model verification using thioflavin S. The fluorescence signal is correlated as a function
of the path length, according to equation (32), for each of the four fluorophore concentrations listed
below. The curves were evaluated using equation (32) with parameters as shown below.

§ A Oppm o |5 ppm
« A 5ppm ® 20 ppm
; é O 10 ppm ° Py .
£
I
Ry
Ry
o 2
Z
=
7
2 3
-
-
o
<9
o

PATH LENGTH, cm

¢ l Fraz | k
AF = Fpg.(1 - exp(—kL)] | §ppm | 605.1 | 0.4794 |
10 ppm | 1040.1 | 0.5704
15 ppm | 1343.1 | 0.8720
20 ppm | 1595.2 | 0.7748




Figure 12: Correlation of the exponential constant, k, with the concentration of thioflavin S, corre-
sponding to the data in Figure 11.
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Figure 13: Correlation of the exponential constant, Faz, with the concentration of thioflavin S,
corresponding to the data in Figure 11.
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Figure 14: Correlation of the fluorescence signal due to thioflavin S with the fluorophore con-
centration and path length according to equation (31). The data is the same as in Figure 11.

The curves are a result of evaluating equation (31) with § = 0.412cm™?, k, = 60.3
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Figure 15: Model verification using thioflavin S at lower concentrations. The fluorescence signal
is correlated as a function of the path length, according to equation (32), for each of the four
fluorophore concentrations. The numbers used to represent the data points indicate the thioflavin
S concentrations in ppm. The curves were evaluated using equation (32) with parameters as shown

below.
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Figure 16: Correlation of the exponential constant, k, with the concentration of thioflavin S, corre-
sponding to the data in Figure 15.
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Figure 17: Correlation of the exponential constant, Fnaz, With the concentration of thioflavin S,
corresponding to the data in Figure 15.
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Figure 18: Correlation of the fluorescence signal due to thioflavin S with the fluorophore concentra-
tion and path length according to equation (31). The data is the same as in Figure 15. The numbers
representing the data points indicate the thioflavin concentration. The curves are a result of evalu-
ating equation (31) with § = 0.7352cm™?, k; = 137.4 ¥ and k, = 0.04233 cm™lppm™!.
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Figure 19: Correlation of media background fluorescence.
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Figure 20: Correlation of media background fluorescence.
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Figure 21: Correlation of fluorescence sensitivity to NADH as a function of background fluorophore

concentration using equation (40).
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Figure 22: Correlation of fluorescence sensitivity to NADH as a function of background fluorophore

concentration using equation (40)
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Figure 23: Full scale dependence of fluorescence on thioflavin S concentration at infinite path length.
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Figure 24: Variation of fluorescence signal with temperature for several fluorophores. Reproduced
from [Udenfriend 1962]. In this case, probably all emission light was detected, instead of limiting

the detection to a narrow band, as is the case with the FluroMea.sureTM probe. The expected result
for the detection of a narrow band is shown in Figure 25.
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TEMPERATURE, DEGREES

Variations in fluorescence intensity of several compounds as a function of
temperature. All compounds were dissolved in 0.1 M phosphate buffer, pH 7.0, except
quinine (J. Green, unpublished observations). © — O, tryptophan or indoleacetic acid:
e — @, indoleacetic acid in buffer saturated with benzene; & — 4, tyrosine; @ — &
quinine in 0.1 ¥ sulfuric acid.



Figure 25: Possible effects of tem i
: perature on the fluorescence signal. At Ay, th
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Figure 26: Oscillations of the culture fluorescence signal due to oscillations in temperature in a batch
culture of Bacillus amyloliquefaciens during sporulation. The sensitivity to temperature was found

to be 2.65‘,—%tl in this case.
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Fiéure 27: Typical dependence of fluorescence on pH. Reproduced from [Udenfriend 1962].
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Figure 28: Some compounds that are fluorescent in only

[Udenfriend 1962].

The purpose of this {able {8 to summarite, with examples, in what ways
molecular structure and cissociation influence fluorescence. The term non-
fivorescent. as used in the table, indicates that the particular structure does
not yield useful {luorescence in solution, with available instrumentation.
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