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(57) Abstract: A multi-wavelength laser diode based optical sensor system capable of monitoring the dynamics and physiological
changes of a microorganism culture in real-time. The microorganism culture from a microorganism production chamber is pumped
to a flow chamber. Laser diodes emit light at certain wavelengths through the flow chamber, which is sensed by photodiodes. A laser
control circuitry is operatively connected to the laser diodes and a signal conditioning circuitry is operatively connected to the photo -
diodes. A microprocessor reads and records voltage signals corresponding to the wavelengths. A data acquisition system converts
said voltage signals into measurements of biological parameters, which are displayed on a graphical user interface and allow a user
to monitor the measurements in real time.
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OPTICAL DEVICE FOR IN-LINE AND REAL-TIME MONITORING OF MICROORGANISMS

CROSS REFERENCE
[0001] This application claims priority to U.S. Provisional Patent Application No. 62/186,047, filed

June 29, 2015, the specification(s) of which is incorporated herein in their entirety by reference.

FIELD OF THE INVENTION

[0002] The present invention relates to optical sensor systems, in particular, a multi-wavelength
laser and photo diode based optical sensor unit for in-line monitoring of aqueous suspension
system dynamics in real-time. Alternative embodiments of the invention may be used for in-line

analysis and/or control of said system dynamics in real-time when integrated with a controller.

GOVERNMENT SUPPORT
[0003] This invention was made with government support under Grant No. DE-EE0006269

awarded by DOE. The government has certain rights in the invention.

BACKGROUND OF THE INVENTION

[0004] Microalgae have been successfully used as feedstock for the production of
pharmaceutical products, nutritional supplements and chemicals. Certain species of microalgae
are candidates for the production of biofuels due to their high productivity and high oil content.
Producing sufficient amounts of biomass with controlled quality is the premise for production of
microalgae derived products. Optimizing resource inputs and maintaining high productivity are
the key components to control the quantity, quality and cost of the algae production. Real-time
monitoring provides the platform to acquire the environmental and physiological dynamics of a
microalgae culture system. For large scale microalgae production systems, effective decision
making and overall production system management in terms of optimal resource use, harvesting
and culture condition optimization (media composition, lighting, temperature, pH, dissolved
oxygen levels etc.) is crucial in order to achieve maximum profit and to prevent or reduce

economic losses in case of contamination.

[0005] Measurements of biological variables, including cell concentration, cell size, cell
morphology, population composition (i.e. concerns with contamination), pigments and lipid
content, are especially desirable because they are the direct indicators of the dynamics of a
microalgae culture system. Standard methods developed for measurements of these variables
are either too laborious or destructive to be employed for real-time monitoring and control
purposes. Spectrophotometry has been widely used to estimate these biological variables by
measuring the absorbance, turbidity or fluorescence of the culture suspension. As a non-
destructive and rapid analytical method, spectrophotometry became a preferable candidate for

real-time monitoring of microalgae culture systems. There are commercialized sensors to
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monitor microalgae concentration. However, most are designed to monitor microalgae
concentration at an environmental level which is much lower than the cell concentration in
microalgae production applications. Furthermore, these sensors are too expensive for low
added value product applications. Therefore, they are not practical to integrate into outdoor

raceway or photobioreactor (PBR) based algae production systems.

[0006] Thére have been only a few studies on development and evaluation of optical sensors for
. microalgae monitoring and control applications. For instance, Sandes et al. [J Biotechnol. 2008,
122(2), 209-215] focused on measuring the light intensity transmitted through a transparent
production tube with a 10 mm light path length containing a microalgae suspension using an
LED (880 nm) and photodiode pair mounted on opposite sides of the tube. As another example,
Briassoulis et al. [Bioresour Technol. 2010, 101(17), 6768-6777] developed an automated flow-
through density sensor and harvesting system for Nannochloropsis sp. The LEDs paired with
photosensors integrated into the system were used to measure the light transmittance of cell
culture at 470, 518, 630 and 940 nm. The system used a neural network to estimate biomass
concentration by associating the voltage readings from each photosensor with the cell
concentration measured by cell count. The sensor reported has a maximum error at 9% within
an interval of 5 to 145x10° cells mL™, which is a reiatively high error rating.

[0007] Nedbal et al. [Biotechnol Bioeng. 2008, 100(5), 902-910] described the monitoring of
chlorophyll concentration and cell density of a cyanobacterial suspension by a flat-cuvette
photobioreactor with a built-in fluorometer and densitometer. Blue LEDs (455 nm) and orange
LEDs (627 nm) were used for excitation of blue absorption and phycobilins, respectively. The
optical density of the suspension was measured at 680 nm and 735 nm. Cell count and
chlorophyll concentration were linearly proportional to optical density (OD) 680 in the range 0.1—
1.2 and to OD 735 in the range 0.02-0.4. However, these values of OD or cell density are
typically exceeded in microalgae production systems. Furthermore, the sensor unit was
designed for a specific PBR, therefore re-configuration and re-calibration of the sensor will be

necessary if it were to be integrated into other culture systems.

[0008] As another example, Marxen et al. [J Appl Phycol. 2005, 17(6), 535-549] developed a
bioreactor system for the cultivation of Synechocystis sp. PCC6803. Dry mass of microalgae
was estimated by the measurement of optical density of the suspension at 870 nm in situ.
Chlorophyll concentration was determined by the pulse amplitude modulation (PAM) technique.
Since Marxen utilizes a specific bioreactor system, any sensor from Marxen may be difficult to
integrate with other culture systems. Further, Yao et al. [2012 ASABE Paper No. 12-1338431,
St. Joseph, Mich.: ASABE] developed and tested an optical density based sensor using a LED
and photodiode based unit at two wavelengths (Red and NIR) to monitor algae growth. The

2
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sensor was estimated biomass concentration ranging from 0.05 to 0.50 OD in indoor conditions.
The study reported temperature dependency of the sensor unit that caused inaccurate

measurement of algal biomass concentration when tested in outdoor conditions.

[0009] Hence, there is a need for an optical sensor design for in situ monitoring of
microorganism systems or streams that allows for measurement of multiple biological
parameters in real time within a high cell concentration range, and without requiring sample
preparation (i.e. dilution, washing, and filtration) prior to measurements. The present invention
features a low cost multi-wavelength laser diode-photodiode based sensor applicable for use in
microorganism production systems to monitor optical density and growth of microorganisms in
real time. Moreover, since the invention does not require dilution of high cell concentrations, the
system can be integrated into any microorganism cultivation system for real time monitoring,

which can lead to improved resource use efficiency.

SUMMARY OF THE INVENTION

[0010] It is an objective of the present invention to provide for a system for real-time monitoring
of microorganism production through the use of a multi-wavelength based optical density sensor
unit, as specified in the independent claims. Embodiments of the invention are given in the
dependent claims. Embodiments of the present invention can be freely combined with each
other if they are not mutually exclusive. A non-limiting example of the optical sensor system may
comprise laser diode modules as light sources, photodiodes as detectors, a driver circuit, a flow
chamber and a sensor housing temperature controller. The sensor unit can be integrated into
any microorganism culture system for both real time and non-real time optical density

measurements and growth monitoring applications.

[0011] As compared to existing optical sensors, one of the unique and inventive technical
features of the present invention is the use of stronger laser diodes and distinct wavelengths.
Without wishing to limit the invention to any theory or mechanism, the simultaneous use of these
wavelengths advantageously provides for correlation of optical density measurements to
biological parameters. In addition, the invention advantageously uses light path lengths that
eliminate the need for sample preparation and sample dilution requirements, therefore allowing
for real-time measurements. None of the presently known prior references or work has the

unique inventive technical features of the present invention.

[0012] In an exemplary embodiment, the present invention features an inline multi-wavelength
optical sensor system for monitoring of microorganism production. The optical sensor system
can comprise a housing, a flow chamber, a plurality of laser diodes for emitting light at particular

wavelengths, a plurality of photodiodes for sensing said emitted light, a laser control circuitry
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operatively connected to the laser diodes, a signal conditioning circuitry operatively connected to
the photodiodes, a microprocessor, and a memory for storing instructions that causes the
microprocessor to perform certain operations. Optionally, the system may further comprise a
data acquisition system for converting voltage signals corresponding to wavelengths into
measurements of biological parameters such as cell concentration, turbidity, and chlorophyll
content, which are displayed on a graphical user interface and allows a user to monitor

measurements in real time.

BRIEF DESCRIPTION OF THE DRAWINGS

[0013] FIG. 1 shows an exemplary schematic of the optical sensor system. Three laser diodes at
wavelengths of 650 nm, 685 nm and 780 nm were aligned with 3 photodiodes with a detection
range of 350-1100 nm. The flow chamber window was perpendicular to the laser beam.

[0014] FIG. 2 shows a top view of an exemplary embodiment of the present invention.

[0015] FIG. 3 shows a back view of an embodiment of the present invention.

[0016] FIG. 4 shows a front view of an embodiment connected to a power supply unit.

[0017] FIG. 5 shows an optical sensor integrated into an open pond raceway for real-time
microalgae growth monitoring.

[0018] FIG. 6 shows a multi-wavelength optical sensor integrated into air-lift flat panel
photobioreactors (PBRs) for real-time microalgae growth monitoring.

[0019] FIG. 7A shows a correlation between the optical densities of Chlorella sorokiniana (DOE
1412) in the PBR measured by a bench-top spectrophotometer (BT) and by the inline optical
sensors (I0S). ODgso sy = 1.82 X ODgsp o) + 0.056 (AFDW < 0.592 g L™"); ODggs g1y = 1.70 X
ODegs (os) + 0.11 (AFDW < 0.592 g L™"); ODgso g1y = 3.54 X ODsso ios) — 2.51 (0.592 g L < AFDW
< 1.05 g L'"); ODess 1) = 3.72 x ODggs 1os) — 3.88 (0.592 g L' < AFDW < 1.05 g L™"); and ODys0
@®n = 3.71 X ODsgo os)y — 0.2445 (AFDW < 1.05 g L'1). FIG. 7B shows a correlation between
optical density (I0S) and AFDW, AFDW = 0.96 x ODyg jos) — 0.12 (R? = 0.99); AFDW = 0.40 x
ODeso gosy + 0.032 (R* = 0.98); AFDW = 0.30 X ODggs jos) + 0.061 (R? = 0.96).

[0020] FIG. 8 shows a light absorbance spectrum of DOE 1412 and light spectra of laser diodes
used on the optical sensor.

[0021] FIG. 9A shows dynamics of optical density at 650 nm, 685 nm and 780 nm during semi-
continuous culture of DOE 1412 run for 10 days. Illumination intensity was increased from 200
pmol m? s to 400 umol m? s™ during the first batch on 3/2; it was then reduced to 200 pmol m
s™ by the end of the batch. FIG. 9B shows a growth rate of DOE 1412 at 650, 685 and 780 nm.
FIG. 9C shows ratios of optical densities at 650/780nm and 685/780nm for monitoring algae
growth and health.

[0022] FIG. 10 shows an optical density change of S. obliquus in open pond raceway over 18
days. Black arrows indicate events of water addition, precipitation and biomass harvesting.
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[0023] FIG. 11A an exemplary photosynthetic active radiation (PAR) of a sunny day. FIG. 11B
shows a growth rate (u) of S. obliquus in open pond raceway of the same day for which the PAR
data is shown on FIG. 11A. FIG. 11C shows a scattered plot of PAR and p from the data
presented in FIG. 11A and FIG. 11B.

[0024] FIG. 12 shows optical density of a yeast bench culture monitored by the inline optical

density sensor according to an alternative application of the present invention.

DESCRIPTION OF PREFERRED EMBODIMENTS

[0025] As used herein, the term “microorganism” refers to microscopic organisms. As known to
one of ordinary skill in the art, microorganisms may be divided into seven categories: algae,
fungi such yeast and mold, bacteria, archaea, protozoa, viruses, and multicellular animal
parasites such as helminths. Non-limiting embodiments of the present invention features
systems for monitoring of microalgae and yeast production. More generally, the present

invention can be used in monitoring of any microorganism.

[0026] Referring now to FIGs. 1-12, the present invention features a multi-wavelength optical
sensor system (100) for monitoring microorganism production. The system (100) may comprise
a flow chamber (110), a plurality of laser diodes (120), one or more photodiodes (130), a laser
control circuitry (140) operatively connected to the laser diodes (120), a signal conditioning
circuitry (150) operatively connected to the photodiodes (130), a microprocessor (170), a
memory operatively coupled to the microprocessor, and a housing (160). The housing (160)
may be configured to hold the flow chamber (110), laser diodes (120), and photodiodes (130),
the laser control circuitry (140), and the signal conditioning circuitry (150). Preferably, the
housing (160) removeably attaches to and fluidly mates with a microorganism production
chamber such that a microorganism culture flows through the flow chamber (110). An exemplary
embodiment of the housing is a chassis for the laser diodes (120), photodiodes (130), and flow
chamber (110). The system may further comprise optical filters for the laser diodes (120), and
the optical filters may be placed in the chassis. In one embodiment, the housing (160) may be a
square aluminum tube. However, any suitable shape and material may be used for the housing

(160) when practicing the invention.

[0027] In some embodiments, the flow chamber (110) has an inlet (112), an outlet (114), a first
side (116), and a second side (118) that may be opposite df the first side (116). The
microorganism culture can be pumped through the flow chamber (110), flowing from the inlet
(112) to the outlet (114) of the flow chamber, via a sampling pump. The sampling pump can be
activated by a separate power switch or a microprocessor. In other embodiments, portions of the
flow chamber (110) may be transparent where the laser diodes (120) and photodiodes (130) are

placed. For example, the flow chamber (110) may be constructed from metal and have ports at
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the locations of laser diodes (120) and photodiodes (130). In still other embodiments, the flow
chamber (110) is constructed from a substantially transparent material, such as a transparent
polymer or glass material. In some embodiments, the flow chamber (110) is a rectangular or
square flow cell. Preferably, the flow chamber (110) may be in any suitable shape that allows for
an aligned and certain path length for light transmission to be achieved. Other configurations of
the flow chamber (110) can include cylinders and rectangular prisms. The flow chamber (110)
may further comprise inlet lines and outlet lines that are connected to its inlet (112) and outlet
(114) respectively. In one embodiment, the flow cell (110) may be a square glass tube (such as
about 5mm inner and 6.4 mm outer width) with its inlet and outlet ends shaped for tubing

connection. Non-limiting examples of such lines may include plastic tubing or pipe such as PVC.

[0028] As used herein, one of ordinary skill in the art will understand that the term “light path
length” is defined as the distance between a light emitter and a light collector. As a non-fimiting
example, the path length may be the distance that light travels through a sample in a
cuvette/cell. In preferred embodiments, the flow chamber (110) can have a light path length
effective for providing voltage signal readings that are converted into measurements of
biological parameters without requiring sample preparation or sample dilution of the
microorganism culture. For instance, one embodiment of the present invention may have a path
length of about 5 mm or about 10 mm, which is common in spectrophotometers. The flow
chamber (110) can have a light path length that ranges from about 3 mm to 20 mm, or about 5
mm to 15 mm. For example, the light path length may be about 5 mm or about 10 mm in the
flow chamber (110).

[0029] In other embodiments, the plurality of laser diodes (120) may comprise about 2 to 5 laser
diodes. For instance, the laser diodes (120) comprise at least three laser diodes. In another
embodiment, the plurality of laser diodes (120) may be disposed on the first side (116) of the
flow chamber and oriented in @ manner to allow for light to transmit into the flow chamber (1 10).
For example, the laser diodes (120) are perpendicularly oriented relative to the flow chamber
(110). In another embodiment, the laser diodes (120) are linearly aligned along the length of the
flow chamber (110). As known to one of ordinary skill in the art, a laser diode (120) can emit
light at a wavelength having about a 10nm span. As used herein, the center wavelength is the
mean of a lower wavelength and an upper wavelength. For example, a laser diode emitting
wavelengths in the 680 to 690 nm range has a center wavelength of 685 nm. In some
embodiments, each laser diode (120) can emit light at a center wavelength. Preferably, the light
emitted by the laser diodes is collimated. In one embodiment, each laser diode (120) emits light
at a particular center wavelength which differs from center wavelengths of the other laser diodes
(120). In some embodiments, the laser diodes (120) may be selected to emit light at a plurality

of wavelengths effective for measuring biological parameters. For example, in microalgae

6
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monitoring, the laser diodes (120) are selected to emit light at wavelengths effective for
measuring turbidity, cell concentration, and chlorophyll concentrations. A first laser diode, a
second laser diode, and a third laser diode can emit light at center wavelengths of approximately
650, 685, and 780 nanometers respectively. The optical densities at these wavelengths are
good indicators of biomass concentration as well as health condition of green microalgae.
However, it is understood that the present invention is not limited to the wavelengths described
herein, and that any laser/photo diode arrangement with other wavelengths of interest may be
utilized for unique applications. For instance, other wavelengths (e.g. 540nm and 830-860nm)

may be used for biomass concentration measurement of other species of microorganisms.

[0030] In some embodiments, the one or more photodiodes (130) may be oriented in a manner
so as to receive the light emitted from the laser diodes (120) and passing through the flow
chamber (110). In other embodiments, the photodiodes (130) are linearly aliéned along the
length of the flow chamber (110). The number of photodiodes can range from about 1 to 5
photodiodes (130). In one embodiment, the plurality of photodiodes (130) comprises at least
three photodiodes. In another embodiment, the number of photodiodes is equal to the number of
laser diodes (120) such that each photodiode (130) and laser diode (120) forms an optical
sensor pair. For example, a non-limiting embodiment may feature a first photodiode, a second
photodiode, and a third photodiode. The first photo diode can detect light from the first laser
diode, the second photo diode can detect light from the second laser diode, and the third

photodiode can detect light from the third laser diode.

[0031] In one embodiment, the photodiodes (130) may be disposed on or near the second side
(118) of the flow chamber (110) opposite from the laser diodes (120). In another embodiment,
the photodiodes (130) are disposed on or near the first side (116) of the flow chamber (110). In
a further embodiment, the photodiodes (130) are disposed on or near the flow chamber (110) at
an angle with respect to the laser diodes (120) such that the photodiodes (130) oriented to
detect light reflected from the microorganism culture. The angle may range from 0° to less than
180°. For example, the sensor unit may have a 90° arrangement of the laser and photo diodes
to enable nephelometer measurement. Preferably, the photodiodes (130) are oriented to detect
light transmitted through a medium in the flow chamber (110), such as the microorganism
culture. In some embodiments, the photodiodes (130) are sensitive to transmitted light at a
plurality of wavelengths corresponding to the plurality of wavelengths of the laser diodes (120). '
In a preferred embodiment, each photodiode (130) is perpendicularly oriented relative to the flow
chamber (110) and directly in line with its corresponding laser diode (120) so as to sense
transmitted light at a wavelength corresponding to the wavelength of the laser diode. For
example, the photodiodes (130) may be capable of sensing wavelengths ranging from between

about 350 to 1100 nanometers.
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[0032] In some embodiments, a first distance is the distance between each neighboring laser
diode (120). Non-limiting examples include distances of between about 0.5 mm to 80 mm, or
about 5 to 15 mm, or about 15 to 30 mm. In other embodiments, a second distance is the
distance between each neighboring photodiode (130). Non-limiting examples include distances
of between about 0.5 mm to 80 mm, or about 5 to 15 mm, or about 15 to 30 mm. For instance,
the first and second distances may each be about 15 mm. It is understood that the first and
second distances are not limited to the aforementioned distances, and may be any appropriate

distance as necessitated by the mechanics and design of the system.

[0033] In some embodiments, the laser control circuitry (140) is operatively connected to the
laser diodes (120). The laser control circuitry (140) is capable of supplying power to each laser
diode (120) upon receiving a control signal. For example, the laser control circuitry (140) can
activate and deactivate (i.e. turn on and off) each laser diode (120) individually to prevent light
noise. In other embodiments, the signal conditioning circuitry (150) is operatively connected to
the photodiodes (130). The signal conditioning circuitry (150) can receive signals from the
photodiodes (130), and then amplify the signals by a zero bias amplification circuitry.

[0034] In some embodiments, a microprocessor (170) may be operatively connected to the laser
control circuitry (140) and the signal conditioning circuitry (150). In one embodiment, the
microprocessor (170) may be disposed in the housing (160). Alternatively, the microprocessor
(170) may be disposed in a data acquisition system (180). The memory can be operatively
coupled to the microprocessor (170), and store computer—readable‘ instructions that, when
executed by the microprocessor, cause the microprocessor to perform operations. These
operations may comprise generating the control signal for the laser control circuitry (140),
wherein the laser control signal activates at least one of the plurality of laser diodes (120)
corresponding to at least one of the plurality of wavelengths of the laser diodes, reading at least
one voltage signal from the signal conditioning circuitry (150) corresponding to at least one of
the photodiodes (130) sensitive to the at least one wavelength of the activated laser diodes, and
recording the voltage signals corresponding to the activated wavelengths. The operations may

further comprise reporting the data on the graphical user interface.

[0035] In other embodiments, the system may further comprise a data acquisition system (DAQ)
(180) operatively connected to the microprocessor (170), which is configured to send the voltage
signals and corresponding wavelengths to the data acquisition system (180). The data
acquisition system (180) can convert the voltage signals into measurements voltage signals into
measurements of one or more biological parameters, such as turbidity, cell concentration, and
chlorophyll concentrations for microalgae monitoring. For example, a first wavelength (780 nm)

correlates to turbidity whereas a second (650 nm) and a third wavelength (685 nm) correlates to
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cell concentration and chlorophyll content. The data acquisition system (180) may also send
commands to the laser control circuitry (140) to turn on each laser diode (120) individually.
Preferably, the data acquisition system (180) comprises a graphical user interface that allows a
user to monitor measurements in real-time. In still further embodiments, the conversion is
calibrated to known readings from a second instrument (i.e. a benchtop spectrophotometer).
Preferably, the optical sensor system (100) is compatible with, and configured to be integrated

into, any data acquisition system that accepts and measures voltage inputs.

[0036] Alternative embodiments of the present invention where the measurements are
dependent on temperature may further comprise a temperature controlling means, such as a
fan, a cooling device, or a heating unit, for maintaining a temperature of the laser and/or photo
diodes. For example, in one embodiment, the system (100) may further comprise a stand-alone
temperature control module for setting and controlling the temperature of the lasers. In one
embodiment, the temperature control module may be disposed in the housing. A circuit board
for signal amplification and laser voltage adjustment can serve as a mounting chassis for a
temperature control board. Alternatively, the temperature control module may be separate from
the housing. In other embodiments, the measurements of the system are independent of the
temperature of the laser diodes or photo diodes. In still further embodiments, the measurements

of the system are independerit of the ambient temperature.

[06037] Referring to FIG. 2, in some embodiments, the system hardware components, such as
the sensor unit, circuit boards, temperature control module, and sample pump may be
completely housed in one enclosure to withstand outdoor environmental conditions. The DAQ,
tubing for sample circulation, and power supply may be separate from the enclosure. For
example, the enclosure may be a rectangular box having a lid with a locking means, such as a
catch lock or hasp, to secure the lid to the box. As shown in FIG. 4, in one embodiment, a
power switch and power supply unit for the entire system may be physically separated from, but
operatively connected to, the main enclosure. In another embodiment, a separate power switch
may be used to control the sampling pump as shown in FIG. 3. Preferably, all cable connections
and fittings on the enclosure are dust-proof. According to another embodiment, the enclosure
may have a separate section or sub-compartment for the electrical components in order to

isolate them from the sensor unit to prevent water damage in case of a leak.

[0038] EXPERIMENTAL

[0039] For illustrative purposes, the following is a non-limiting example of the present invention
and utilization thereof in microalgae and yeast applications. It is understood that the invention
may be used for other microorganism applications, and is not limited to the embodiments

described herein.



WO 2017/004236 PCT/US2016/040147

[0040] Optical density measurement sensor

- [0041] As shown in FIG. 1, the growth dynamics of the microalgae culture was measured using
the real-time optical density sensor of the present invention. Light absorbance of microalgae
suspensions at multiple wavelengths correlate to different characters of microalgae cells. The
650, 685 and 780 laser diodes were used in the sensor unit. These three wavelengths have
been commonly used to estimate the cell concentration of microalgae suspension. Light
absorbance at 780 nm estimates the turbidity of the suspension since the color of microalgae
has no effect on the absorbance, whereas, light absorbance at 650 and 685 nm correlates to

both intensity of the color (i.e. chlorophyll content) and cell concentration.

[0042] In one embodiment, the optical sensor unit may comprise laser diode modules as light
sources, a photodiode as a detector and custom-made fixtures to house them. The laser diode
modules may comprise laser diodes, a driver circuit and a housing with adjustable optical
lenses. An optical filter can be placed in front of the 685 nm laser diode to allow only the light
with wavelength from 680 to 630 nm to pass through. The system design enabled adjustment of
the output power of the modules by a potentiometer connected to a power source. The
photodiodes with a detection range of about 350-1100 nm were connected to a zero-bias
arhplification circuit. In an exemplary embodiment, three pairs of laser diode modules and
photodiodes were placed in a linear pattern in the fixture. Each pair was aligned and placed a
distance apart, for instance, about 15 mm apart. The diameter of the circular Iighf beam from the
laser diode modules was adjusted to be slightly smaller than the size of detection window on the
photodiode. The optical sensor unit was designed to enable measurements from either standard
cuvettes or custom made flow chambers with a desired light path length. In one embodiment,
the path length may be about 5 mm. Cuvettes and flow chambers were placed perpendicular to

the laser beam and about 1 mm away from the window of photodiodes.

[0043] When used for real-time monitoring, laser diodes were powered sequentially by the data
logger’s control module to avoid light noise from individual laser light sources. The voltage
generated from the photodiodes was amplified and recorded by a data logger and controller.
The entire sensor unit was mounted in a weather proof enclosure enabling connection of tubes
for algae flow through the sensor flow cell and signal cables for the laser diodes and photo
diodes. The voltage output of the photodiode is proportional to the intensity of incident light.
According to Beer-Lambert law, the light absorbance of the sample was determined by:
Abs =—In(Vs/ Vi)
wherein Abs is the light absorbance, V, is the output of the photodiode from growth media (mV),

and Vs is the output of the photodiode from a samplé (mV).

[0044] Cultivation conditions and organisms
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[0045] Indoor photobioreactor (PBR) cultivation:  Chlorella sorokiniana (DOE 1412) was

cultivated in local well water enriched with Peters professional 20-20-20 general purpose water
soluble fertilizer 0.26 g L™, Citraplex 20% iron 0.053 g L™, and trace elements solution (H;BO;
0.0029 g L', MnCl,+4H,0 0.0018 g L, ZnS0O,4+H,0 0.00014 g L', Na,M00,+2H,0 0.00039 g LT,
CoCl2+6H,0 0.000055 g L") under illumination intensity of 200 umol m? s™ or 400 umol m* s
in rectangular air lift photo bioreactors (PBRs). The algae culture temperature was light intensity
dependent and was stabilized at 30+2 [JC. The pH of the medium was controlled at 7+0.3 by
injecting CO, from a pressurized liquid CO; tank into PBRs.

[0046] Outdoor open pond raceway cultivation: Scenedesmus obliquus was used in the outdoor

open pond raceway cultivation experiments. Scenedesmus obliquus was cultivated in local well
water enriched with Pecos medium, trace metal solution and 5g L™ NaCl. The Pecos medium
contained 0.1 g L" urea ((NH,),C0), 0.012 g L™ MgS0,*7H.0, 0.035 g L' NH,H,PO,, 0.175g L’
! Potash (KCI), 0.0054 g L™ FeCl; and 0.02 g L™ Na,COs. The culture was maintained in an
open pond paddie wheel raceway with a surface area of 3 m? located in Tucson, Arizona, USA.
The culture depth was maintained at 10 cm and increased to 15 cm later in the experiment. The
pH of the medium was controlled at 8£0.05 by injecting 95% CO, through an air sparger.

[0047] Offline biomass concentration measurement

[0048] Biomass concentration of microalgae was determined by both cell counting and ash-free
dry weight (AFDW) measurements. Cell suspension was diluted to a concentration between 10°
and 107 cells mL™ for cell counting by a neubauer chamber hemocytometer under a microscope.
The AFDW of the cells was measured following methods known to one skilled in the arts. The
light absorbance of the cells suspension was measured at 650, 685, 750 and 780 nm by a
spectrophotometer using a 10 mm light path length cuvette. Samples were diluted with

deionized water when necessary to keep the absorbance reading below 0.5.

[0049] Real-time monitoring of microalgae growth dynamics

[0050] Indoor PBR cultivation: The microalgae culture system comprises an air lift flat panel PBR
iluminated by a lighting system. The pH, electrical conductivity, dissolved oxygen and
thermocouple temperature probes were placed in the PBR for monitoring and control by a
datalogger. Each sensor was scanned every second and 10 minute averaged data was stored
in the datalogger. Flat panel PBRs were built using clear acrylic panels. Air was constantly
injected into the PBR via an air sparger mounted at the bottom of PBR for aeration and to
achieve proper mixing of the microalgae culture. Carbon dioxide injection was controlled by the
datalogger to maintain a desired pH level (about 7) in the PBR. In one embodiment, the lighting
system comprises about fluorescent light tubes mounted on a supporting structure. Two levels
of light intensity (200 and 400 umols m? s™') were achieved by adjusting the number of lights
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used. The light remained on 24 hours per day, no dark period was used. A centrifugal pump was
used to re-circulate cell suspension through the inline optical density measurement unit for the
PBR. As shown in FIG. 6, the optical density sensor was connected to the PBR system for

continuous monitoring of OD and microalgae growth.

[0051] Outdoor open pond raceway cultivation: As shown in FIG. 5, the optical density sensor

was also integrated into an outdoor raceway system for continuous monitoring of microalgae
growth. Since sensor electronics maybe sensitive to environmental conditions, the optical
sensor with its housing and the datalogger were placed in a location at the outdoor raceway site
to minimize direct exposure to sunlight. The laser output is also temperature dependent (5-15
mV/ °C, vary with lasers). Therefore, a temperature control unit was installed and comprised a
heater plate and heat sink, such as a Fan Heatsink, to maintain a constant temperature (about
25 1C) inside the sensor box. This also ensured a constant laser power output. The paddie
wheel in the raceway system was operated 24 hours a day for continuous culture mixing. The
CO; injection was turned off during night time. In addition to the measurement data collected for
the indoor experiment, photosynthetically active radiation (PAR) was also measured using a
quantum sensor at the level of the raceway system. All variables were recorded at the same
frequency for sensor scanning and data averaging as described for the indoor cultivation

experiment. The experiment occurred from 2/25 to 3/15 for a total of 18 days.

[0052] Alternative sensor applications
[0053] Yeast cultivation: Saccharomyces cerevisiae was cultivated in yeast growth media using

a benchtop fermenter. One liter of yeast growth media consisting of 100 ml of salt solution (1g
CaCl, 2H,0, 1g NaCl, 5g MgS0,4¢7H,0, 10g KH,PO,, 50g (NH,),SO, solved in 1 liter H,0), 1 ml
of trace metal solution (50 mg boric acid, 4 mg copper sulfatee5H,0, 10 mg potassium iodide,
20 mg ferric chlorides6H,0, 40 mg manganese sulfatesH,0, 40 mg sodium molybates2H,0, 20
mg zinc sulfatee7H,0 solved in 100 ml H20), 1 ml vitamin and 100 ml of glucose (20%) and
water was used to grow yeast . The yeast inoculation concentration was 0.1g/L. The culture
temperature and pH were set to and regulated at 30 [IC and 5.0 by the fermenter, respectively.
The experiment was terminated after the yeast culture entered the stationary growth phase.

[0054] Yeast culture suspension was circulated through the inline OD sensor continuously by a
small centrifugal pump. Optical density at 650 and 780 nm was measured every second, and a 5
minute average was recorded by a datalogger. The optical density of the yeast suspension was
measured at 650 and 780 nm by a spectrophotometer using a 10 mm light path length cuvette.
Samples were diluted with deionized water when necessary to keep the absorbance reading
below 0.5. Various samples were taken at different phases of the yeast cultivation for the
calibration of the inline OD sensor. The OD measured from benchtop spectrophotometer at the
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two wavelengths was plotted against OD measured at the point of sampling. Linear calibrations

were obtained for both wavelengths.

[0055] RESULTS AND DISCUSSION

[0056] In situ calibration of the optical density measurement unit

[0057] Light absorbance from a flowing cell suspension can be different from static samples due
to cell movement and potentially the presence of fine air bubbles. Therefore, a calibration of the
unit using flowing microalgae culture is necessary. In order to achieve in-line real-time
monitoring, sample preparation needs to be eliminated or automated. In the present invention,
flow chambers with specific light path lengths, such as 5 mm and 10 mmm, were used to extend

the measurement range of the unit without requiring sample dilution.

[0058] As shown in FIG. 1, the optical sensor unit (referred as I0S hereafter) was calibrated by
comparing the reading from the sensor unit to that from a bench-top spectrophotometer
(referred as BT hereafter) at 650, 685 and 780 nm. The bench-top spectrophotometer was
calibrated to both ash-free dry weight (AFDW) and cell count (CC) for C. sorokiniana at all three
wavelengths: AFDW= 0.188*0Dgs+0.0453 g L (R*=0.96); AFDW= 0.161*ODggs+0.0292 g L
(R?=0.96); AFDW= 0.205*0Dy75,+0.0546 g L' (R*=0.95); CC=(28.6* ODgso+1.13) 10° cells mL™
(R?=0.91); CC=(26.8* ODgss-3.92) 10° cells mL™" (R*=0.95); and CC=(29.8* ODy750+3.96) 10°
cells mL™" (R?=0.90). The optical density readings measured from the spectrophotometer using
standard 10 mm cuvettes were compared to the results obtained from optical sensor unit using
the 5 mm flow cell. Strong linear correlations between the two measurement units were obtained
at all wavelengths examined (FIG. 7A and 7B). A linear correlation was tightly followed
(R?*=0.99) between the optical density measurements obtained from 10S and BT units at 780 nm
with cell concentration up to 1.05 g L™ (1.51x10° cells mL™). Linear correlations hold for ODagso
(R?=0.98) and ODsss (R?=0.99) for cell concentrations below 0.592 g L', However, beyond this
range and while below 1.05 g L, different linear correlations were observed for these two
wavelengths. Compared to the results from Nedbal et al., the optical sensor unit showed the
capability of measuring cell concentration over a wide range without dilution of the samples. The

same calibration procedure was performed for S. obliquus during outdoor testing.

[0059] The OD readings from the optical sensor unit measured using 5 mm path length flow cell
should be half of that from the spectrophotometer using a standard 10 mm cuvette in theory.
However, the results did not show an exact correlation between the two units. This was due to
the light quality from the laser diodes not being the same as that in a spectrophotometer where
a monochromatic light was generated. FIG. 8 shows the spectra of the laser diodes used in the
developed sensor unit, measured by a spectroradiometer and the optical density spectra of DOE

1412. The peak wavelengths of each laser diode were slightly shifted from what was claimed by
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the manufacturers. An optical filter was used to narrow the band width of 685 nm laser diode
from 80 nm to 10 nm and corrected the peak wavelength back to 685 nm from 688 nm. Despite
the inferiority of the light beam generated from laser diodes, the strong linear correlations proved
that the optical sensor unit was able to estimate the cell density as accurate as a

spectrophotometer via calibration (FIG. 7A and 7B).

[0060] Real-time microalgae growth monitoring
[0061] The optical sensor unit along with other sensors to monitor algae culture environment
was integrated into a PBR to monitor the dynamics of a microalgae culture system. FIG. 9A
shows the growth dynamics of semi-continuous culture of DOE 1412 as measured by the optical
sensor unit over a period of 10 days. Sensor output shown in FIG. 9A was calibrated to optical
density reading from a bench-top spectrophotometer. The optical sensor unit showed the
- capability to capture the growth phases during semi-continuous operation, and the sudden
change of cell concentration due to harvesting and addition of fresh media (indicated with
arrows on the figure). A maximum cell concentration of 1.05 g L™ (1.51x10% cells mL™") was
observed during the cultivation experiment without any sample preparation and dilution for the
measurements. Growth dynamics of the microalgae was quantified by the growth rate. The
growth rate was determined by the following equation with At of 2 hours (0.08 days):
_ In{OD,),~In(OD).

g= 'j_‘gf 4

wherein y = Growth rate (day'1), OD = Optical density of microalgae at different time points

(A=780 nm), and At = Difference between the two time points (day).

[0062] The change of growth rate was clearly demonstrated by plotting the growth rate (u) of
DOE 1412 over time (FIG. 9B). The initial lag phase was followed by an increase in cell growth.
Microalgae culture reached maximum growth rate soon after the lag phase when there is no
light limitation. The growth rate then gradually decreases as the culture becomes light limited.
When the illumination intensity was increased from 200 pmol m? s to 400 pmol m? s” on
March 02, 2014, an increase in growth rate was observed (FIG. 9B). The growth rate dropped
down to the level prior the alternation of light intensity as the culture again became light limited.
These events were detected by the optical sensor unit (FIG. 9A and FIG. 9B). Although real time
growth rate is not required for microalgal biomass production purposes, data with such high
resolution provided a useful tool fbr studying the fast response of microalgae to sudden change

of the environmental conditions.

[0063] Monitoring not only the cell concentration change, but also the dynamic physiological
status of the microalgae culture including the changes in growth rate and the change of

chlorophyll content can serve as indicators of the health of the culture. This is important for
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cultivation of microalgae production when it is desirable to control conditions to produce a
product of interest. For example, some microalgae produce more lipids when nutrients, such as
nitrogen, are limiting. The ratios of optical densities at different wavelengths (685/780nm and
650/780nm) are shown in FIG. 9C. The ratios remained constant during lag phase, followed by a
rapid increase during the exponential growth phase and stabilized at a higher level throughout
the linear growth phase. The ratios then started to decrease as the cell growth slowed down,
which indicated the transition from linear to stationary phase. The pattern of the ratio change
occurred repeatedly over the time course of the experiment regardless of the growth pattern
change induced by increased light intensity during the first batch. Signaling of this transition
indicated that there is a decrease of chlorophyll content, which absorbs most of the red light
during the period indicated by the decreasing optical density ratios. This may be due to nitrogen

limitation, since nitrogen is often rapidly consumed by algal cells during exponential growth.

[0064] The optical sensor unit was also integrated into an outdoor open pond raceway for
stability testing under highly dynamic outdoor weather conditions such as large temperature
variations between daytime and nighttime periods. For instance, a 20 °C temperature difference
were measured inside sensor box from daytime to nighttime when the temperature control
system was not activated. The optical density of the culture of S. obliquus during a period of 18
days recorded by the optical sensor is shown in FIG. 8. The real-time optical density shows
repeatedly an increase OD reading indicating the biomass increase during the day time due to
photosynthesis. A small decrease in optical density was observed during the nighttime "since
photosynthetic microorganisms metabolize intracellular carbohydrate to sustain their metabolic
activity. Sudden decreases of optical density of the culture due to water addition, precipitation
(rain) and biomass harvesting were clearly shown in the figure labeled by arrows. The growth
rate of S. obliqguus was compared to photosynthetic active radiation (PAR) measured at the
raceway (FIG. 11). The growth rate of S. obliquus was dependent on the PAR level except
during the water addition time period. This set of high resolution data enables one to evaluate in
detail about how S. obliquus responds to solar radiation level in a sunny day. The correlation
between PAR and growth rate can be used for the prediction of biomass production rate based

on historical weather data for a given region.

[0065] The multi-wavelength laser diode based optical sensor unit was designed, developed and
evaluated for the monitoring of microalgae culture dynamics in real-time. The optical sensor unit
" of the present invention demonstrated the capability of estimating cell concentration and
changes of the physiological status of the microalgae culture in real-time. The sensor unit was
operated continuously for 18 days without any visible microalgae biofilm deposit observed on
the flow chamber of the sensor unit. In this design, the only component of the sensor hardware

that had contact with the culture medium is the flow chamber, which is easily replaceable. In
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further embodiments, an ultra-hydrophobic material may be applied on the surface of flow

chamber to further extend the maintenance interval.

[0066] Algae biomass concentration was accurately estimated by optical density measurements
at 650, 685 and 780 nm wavelengths used by the sensor unit. The sensor was capable of
measuring maximum optical density of 5.41, 5.86 and 4.88, (e.g. as high as 1.05g L™ (1.51x10°
cells mL") at 650 nm, 685 nm and 780 nm respectively without any sample preparation for the
measurements. Growth rates and ratios calculated from optical density at each wavelength were
good indications for monitoring of microalgae growth transitions and for detection of
disturbances to the culture system (.e. chahge of light intensity, water addition, rain, and
harvesting). With proper calibration, installation and operation, the optical sensor of the present
invention can be integrated into any microalgae productions systems, such as PBRs and
outdoor raceways, for real-time monitoring purposes at a relative low cost to ultimately help

optimize product quality and quantity.

{0067] Real-time yeast growth monitoring

[0068] The OD change measured at 650 and 780 nm of a yeast bench culture is shown in FIG.
12. Various growth phases such as lag phase, exponential phase, linear phase and stationary
phase were clearly identified and monitored with high resolution using the inline OD sensor.

[0069] As used herein, the term “about” refers to plus or minus 10% of the referenced number.
Various modifications of the invention, in addition to those described herein, will be apparent to
those skilled in the art from the foregoing description. Such modifications are also intended to
fall within the scope of the appended claims. Each reference cited in the present application is

incorporated herein by reference in its entirety.

[0070] Although there has been shown and described the preferred embodiment of the present
invention, it will be readily apparent to those skilled in the art that modifications may be made
thereto which do not exceed the scope of the appended claims. Therefore, the scope of the
invention is only to be limited by the following claims. Reference numbers recited in the claims
are exemplary and for ease of review by the patent office only, and are not limiting in any way.
In some embodiments, the figures presented in this patent application are drawn to scale,
including the angles, ratios of dimensions, etc. In some embodiments, the figures are
representative only and the claims are not limited by the dimensions of the figures. In some
embodiments, descriptions of the inventions described herein using the phrase “comprising”
includes embodiments that could be described as “consisting of’, and as such the written
description requirement for claiming one or more embodiments of the present invention using

the phrase “consisting of” is met.
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WHAT IS CLAIMED IS:

1. A multi-wavelength optical sensor system (100) for monitoring of microorganism production,
said system (100) comprising:

a. a flow chamber (110) having an inlet (112), an outlet (114), a first side (116) and a second
side (118), wherein a microorganism culture is pumped through the flow chamber (110)
from the inlet (112) to the outlet (114);

b. a plurality of laser diodes (120) disposed on the first side (112) of the flow chamber,
wherein the laser diodes (120) emit light at a plurality of wavelengths, wherein the laser
diodes (120) are oriented such that light is transmitted into the flow chamber (110);

c. one or more photodiodes (130) oriented to receive iight transmitted from the laser diodes
(120), wherein the photodiodes (130) are sensitive to transmitted light at a plurality of
wavelengths corresponding to the plurality of wavelengths of the laser diodes;

d. a laser control circuitry (140) operatively connected to the laser diodes (120), wherein the
laser control circuitry (140) is capable of supplying power to each laser diode (120) upon
receiving a control signal,

e. a signal conditioning circuitry (150) operatively connected to the photodiodes (130),
wherein the signal conditioning circuitry (150) amplifies signals from the photodiodes;

f. a housing (160) configured to hold the flow chamber (110), laser diodes (120), and
photodiodes (130), the laser control circuitry (140), and the signal conditioning circuitry
(150), wherein the housing (160) is configured to fluidly connect with a microerganism
production chamber such that the microorganism culture flows through the flow chamber;

g. a microprocessor (160) operatively connected to the laser control circuitry (140) and the
signal conditioning circuitry (150); and

h. a memory operatively coupled to the microprocessor (170), the memory stores computer-
readable instructions that, when executed by the microprocessor (170), cause the
microprocessor (170) to perform operations comprising:

i.  generating the control signal for the laser control circuitry (140), wherein the laser
control signal activates at least one of the plurality of laser diodes (120)
corresponding to at least one of the plurality of wavelengths of the laser diodes;

ii. reading at least one voltage signal from the signal conditioning circuitry (150)
corresponding to at least one of the photodiodes (130) sensitive to the at least
one wavelength of the activated laser diodes; and

ii.  recording the voltage signals corresponding to the activated wavelengths.

2. The system of claim 1 further comprising a data acquisition system (DAQ) (180) operatively
connected to the microprocessor (170), wherein the microprocessor (170) is configured to

send the voitage signals and corresponding wavelengths to the DAQ (180), which converts
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the voltage signals into measurements of one or more biological parameters, wherein the
conversion is calibrated to known readings from a second instrument, wherein the DAQ
(180) has a graphical user interface that allows a user to monitor measurements in real time.

3. The system of claim 2, wherein the laser control circuitry (140) turns on each laser diode

(120) individually via commands received from the DAQ (170).

4. The system of any of claims 1-3, wherein the plurality of laser diodes (120) are selected to

emit light at wavelengths effective for measuring one or more biological parameters.

5. The system of any of claims 1-4, wherein the plurality of laser diodes (120) comprise at least
three laser diodes, and wherein the photodiodes (130) comprise at least three photodiodes.

6. The system of any of claims 1-5, wherein the microorganism is microalgae, wherein the
plurality of laser diodes (120) are selected to emit light at wavelengths effective for

measuring turbidity, cell concentrat‘ion, and chlorophyll concentrations.

7. The system of claim 6, wherein a first laser diode, a second laser diode, and a third laser
diode emit light at center wavelengths of approximately 650, 685, and 780 nm respectively.

8. The system of any of claims 5-7, wherein a first photodiode configured to detect light from the
first laser diode, a second photodiode configured to detect light from the second laser diode,
and a third photodiode configured to detect light from the third laser diode, wherein the

photodiodes are sensitive to wavelengths of about 350 to 1100 nm.
9. The system of any of claims 1-8, wherein light emitted by the laser diodes (120) is collimated.

10. The system of any of claims 1-9, wherein the flow chamber (110) has a light path length
effective for providing voltage signal readings that are converted, by the DAQ (170), into
measurements of the biological parameters without requiring sample preparation or sample

dilution of the microorganism culture.
11. The system of claim 10, wherein the light path length is about 5 mm to 10 mm.

12. The system of any of claims 1-11, wherein the photodiodes (130) are disposed on or near
the second side (118) of the flow chamber opposite from the laser diodes (120), wherein the
photodiodes (130) are oriented to detect light transmitted through the microorganism culture.

13. The system of any of claims 1-11, wherein the photodiodes (130) are disposed on or near
the flow chamber at an angle with respect to the laser diodes (120), wherein the angle is 0°
fo less than 180°, wherein the photodiodes (130) are oriented to detect light reflected from

the microorganism culture.
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