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Photonics takes a new 
look at bioprocesses

MARK SELKER AND BARB PALDUS

ore than a third of all 
drugs under development 
are biotechnology based. 
Because biological processes in-
volve synthesis of large and com-

plex molecules such as monoclonal antibodies or recom-
binant proteins in live cells, sophisticated manufacturing 
methods are required to optimize the yield of production 
runs. The yield of bioprocesses depends on the viability 
and growth rates of the cell lines, while reproducibility de-
pends on the controlled variation of the bioreactor process 
conditions that determine the cellular  metabolic state and 
productivity. 

Real-time monitoring used in commercial bioreactors in-
cludes dissolved oxygen (DO), pH, temperature, and pres-
sure. Cellular parameters, such as cell mass and viability, are 
obtained using off-line procedures with bioreactor sampling 
occurring every 4 to 24 hours. But as precision and speed 
requirements on critical bioprocess sensors become more 
stringent, traditional electrochemical and off-line methods 
will no longer suffice. Therefore, optical methods are being 
developed (see Fig. 1).

Physical process parameters
Measurement of process variables such as temperature and 

pressure rely on well-established techniques. For these pa-
rameters, sensor precision, accuracy, response time, and sta-
bility are adequate for bioprocess control. 

A pH electrode determines the hydrogen ion (H+) concen-
tration potentiometrically—the underlying principle resem-
bles a battery—while dissolved oxygen or polarographic sen-
sors are based on a Clark cell (see Fig. 2).

Both pH and DO measurements can be improved. The 
precision of electrochemical sensors is adequate but their re-
sponse time is slow (less than 60 s), and their readings drift 
over time as components age or active membranes become 
coated with cells. These sensors also require calibration be-
fore each use and regular off-line reference standardization. 
Furthermore, the lithium-doped glass used for the construc-
tion of pH probes is often brittle and can break inside the 
bioreactor during a growth run; similarly, DO-sensor glass 
electrodes often crack during autoclaving. Because of these 
disadvantages, current electrochemical cells do not address 
the needs of modern bioprocessing. 

Phase fluorimetry can provide an alternative. These sen-
sors utilize the fact that the fluorescence lifetime of an in-
dicator dye can be quenched by an analyte of interest. The 
dye or dyes are entrapped in an analyte-permeable porous 
matrix. Depending on the analyte, the sensing schemes 
will use one dye or ratio of the signals from two different 

Optically based monitoring of 

bioprocess reactors enables 

real-time, noninvasive 

interrogation of the 

bioprocess state, bringing 

the promise of significant 

improvements in process 

reproducibility and yield.
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M FIGURE 1. An optical cell-density probe provides real-time, in situ 
process data, measuring the optical loss across a known distance 
(OPL) to give a measure of the suspended-particle density.
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dyes.1 In the simplest case, the dye life-
time is monitored as it is quenched by 
the target analyte. The quenching pro-
cess used to sense DO is described (to 
first order for dye in a solvent) by the 
Stern-Volmer equations:

I/I0 = 1 + KsvpO2    (1)
τ/τ0 =1 + KsvpO2     (2)
Ksv = kτ0                      (3)

where Ksv is the Stern Volmer constant, 
k is the diffusion-dependent bimolecu-
lar quenching constant, I is fluorescence 
intensity, τ is optical transition lifetime, 
and pO2 is oxygen partial pressure.2 The 
subscript 0 represents the unquenched 
state (no oxygen present). 

As can be seen from equations 1 and 
2, the quenching process affects both 
the fluorescence lifetime and the inten-
sity. Either can be used to measure the 
degree of quenching and therefore the 
concentration of the analyte of interest. 
In practice, fluorescence lifetime is the 
more practical indicator. The use of phase 
fluorimetry eliminates problems from 
drift in source intensity, surface irregu-
larity, and other issues. The transfer func-
tion of the dye response looks very simi-
lar to a low-pass filter; when the pump 
light is modulated, the output fluores-
cence signal is lower in amplitude and is 
phase delayed, such that:

Tan φ  = ωτ(pO2)     (4)

where the phase delay 
between the excita-
tion light and fluores-
cent light is given by 
φ, ω is the circular fre-
quency of the excitation 
light, and τ(pO2) is the 
excited-state lifetime 
expressed as a function 
of the partial pressure 
of oxygen. The degree 
to which amplitude is 
decreased and phase 
delayed is a function of 
the optical transition 
lifetime quenching. Us-
ing equations 1 through 
4, it is possible, to first 
order, to map phase de-
lay and oxygen concen-
tration (see Fig. 3). 

While phase fluo-
rimetry is conceptually straightfor-
ward, it is not entirely free of issues. The 
electronics can be challenging and the 
dyes degrade with exposure to the ana-
lyte, the excitation light, and the ambi-
ent light. The degradation is generally 
due to singlet-triplet crossing and the 
formation of photo-stable ground states 
of other species. Methods to reduce the 
rate of photodegradation include mini-
mizing the exposure to ambient light, 
addition of singlet oxygen inhibiting 
components, and minimizing the exci-
tation intensity.3 These limitations can 
be managed and are offset by the advan-
tages of a simple, rugged sensing ele-
ment. Other advantages include faster 
response times (less than 45 s), the abil-
ity to precalibrate, the ability to prester-
ilize in situ (disposable bioreactors, for 
example), and cost per use. Hence, opti-
cal DO and pH sensors are gaining pop-
ularity for bioprocessing applications. 

Cell parameters
In a bioprocess, the viable cell density 
(VCD) is defined as the number of live 
cells per unit volume, while total cell 
density (TCD) is the total number of 
cells per unit volume, including dead 
cells and detritus. In cell culture, VCD 
is a critical parameter. In the early stag-
es, when TCD is low and nutrients are 
abundant, most of the cell population is 
viable, so TCD approximates VCD. As 
the culture reaches completion, large 

numbers of cells begin to die. Knowing 
the VCD is important for optimizing 
harvest time and maximizing yield.

Measurements of TCD and VCD 
are made using off-line laboratory cell 
counting methods—For TCD the num-
ber of cells in a known volume is physi-
cally counted, while VCD is measured 
using the Trypan blue-dye exclusion 
method. Here, cells with compromised 
membranes (that is, nonviable cells) will 
absorb the dye and become stained. The 
VCD is then computed as the difference 
between TCD and stained cell density. 

Traditionally, TCD was measured by 
counting cells manually with a light mi-
croscope and a clicker-counter, while 
for VCD a light microscope and a hema
cytometer was used. Today, instru-
ments obtain a video image of the sam-
ple before and after automated mixing 
with Trypan blue dye and use automat-
ed counting algorithms to determine 
TCD and VCD. Nevertheless, off-line 
sampling and sample dilution are still 
required, so accuracy and precision 
remain limited by human error. In addi-
tion, these off-line methods incur time 
delays between sampling and results, so 
they cannot be used for real-time bio-
process control. In general, it is also 
labor intensive and risky to repeatedly 
pull samples from a bioreactor.

Optical cell-density probes are enjoying 
increased popularity because they provide 
real-time, in situ process data. The optical 
cell-density probe, like many traditional 
electrochemical probes is inserted into the 
bioreactor and autoclaved with the biore-
actor before use. It resides inside the bio-
reactor during the growth run and gives a 
real-time continuous reading. 

Most optical cell-density probes have 
their genesis in wastewater applica-
tions where turbidity probes character-
ize the quality of the water and its treat-
ment. Unfortunately, the term turbidity 
is so loosely defined that these devices 
are generally not immediately applica-
ble to bioprocessing. Optical cell-densi-
ty probes often utilize Mie scattering to 
account for cell density. The optical loss 
across a known distance gives a mea-
sure of the suspended-particle density. 
It is also possible to use back- and side-
scattered light to get similar information. 
In the simplest case, light is sent across 
a gap and the optical loss is measured. If 
a bioprocess is stable and repeatable, the 

FIGURE 2. Traditional measurement techniques use glass 
pH electrodes (top left), stainless-steel dissolved-oxygen 
sensors (top right), and an associated transmitter (middle) that 
measures the analog sensor signal and performs calibration 
and temperature compensation. The pH electrode assembly 
(bottom left) comprises measuring and reference electrodes, 
whose potential difference gives the pH reading. In a Clark cell 
for measuring DO (bottom right), the anode is first “polarized,” 
after which a current flows in the sensor as oxygen is reduced 
at the cathode surface.
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real-time optical-loss measurement can 
be correlated to off-line cell-density mea-
surements. This means that through sim-
ple nonlinear mapping, the transmitter 
can display the actual cell-density units 
for future growth runs. 

We should note here that the 
industry-standard use of absorption 
units (AU) for these probes instead of 
optical density (OD) is somewhat am-
biguous and highlights the confusion 
that exists within the bioprocessing in-
dustry. It is our contention that an opti-

cal scattering measure-
ment should isolate a 
single variable, namely 
scattering loss. The 
most efficacious mea-
surement is one that 
strives to measure only 
the scattering loss due 
to the cells. Howev-
er, the current off-line 
method, often called 

“OD 600” or “OD 550,” 
in which the number 
gives the spectropho-
tometer wavelength in 
nanometers, under-
scores this issue. As 
many biological enti-
ties absorb at 550 nm 
(near the solar emis-
sion peak), one can 
easily envisage a sce-
nario in which the 
growth media absorp-
tion changes in this 
spectral region, while 

the cell density remains the same; this 
would clearly produce an erroneous 
change in the perceived cell density. Ad-
ditional complications arise when dif-
ferent spectrometers are used, as the 
AU level at which the forward-scatter-
ing saturation occurs can change from 
instrument to instrument. The AU 
reading will then depend on where it 
is measured. Given these issues, we be-
lieve that physical cell count or dry cell 
weight is the best “gold standard” refer-
ence method for calibrating an optical 

cell-density probe. 
Another optical probe of interest is 

a cell-viability probe. Chance was the 
first to note that in situ culture fluores-
cence can provide a window into cell 
metabolism.4 Specifically, both NADH 
and NADPH (nicotinamide adenine di-
nucleotides) fluoresce near 460 nm with 
the NADH fluorescence stronger than 
NADPH. Apparently, the correspond-
ing oxidized forms do not fluoresce. It 
has been suggested that the ratio of 
these reduced nucleotides to their oxi-
dized forms can be used to determine 
cellular “health.”5 Several attempts have 
been made to construct a functioning 
probe, but have yet to yield a commer-
cial success. 

Optical techniques allow bioengi-
neers to perform real-time, noninva-
sive interrogation of their bioprocess 
state and thus more effectively and cost-
efficiently characterize each growth run. 
Future bioprocessing will undoubtedly 
use optical methods to either upgrade 
traditional sensors or enable new ones, 
enabling dramatic improvements in 
process yield.� ❏
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FIGURE 3. A typical physical setup for phase fluorimetry 
includes source, detector, and dye-based sensor element 
(top left). The degree to which the fluorescence amplitude 
is decreased and phase delayed is a function of the optical-
transition lifetime quenching. The energy-level diagram for a 
typical dye and the behavior of equation 4 are shown (bottom 
left and right, respectively).


