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a  b  s  t  r  a  c  t

Analysis  of  the  intrinsic  fluorescence  profiles  of individual  marine  algae  can  be  used  in general  classifica-
tion  of organisms  based  on  cell  size  and  fluorescence  properties.  We  describe  the  design and  fabrication
of a Microflow  Cytometer  on  a  chip  for characterization  of phytoplankton.  The  Microflow  Cytometer
measured  distinct  side  scatter  and  fluorescence  properties  of  Synechococcus  sp.,  Nitzschia  d., and  Thalas-
siosira p.;  measurements  were  confirmed  using  the  benchtop  Accuri  C6 flow  cytometer.  The  Microflow
eywords:
low cytometry
icrofluidics
ptical sensing
ydrodynamic focusing

Cytometer  proved  sensitive  enough  to  detect  and  characterize  picoplankton  with  diameter  approximately
1  �m  and  larger  phytoplankton  of  up  to 80  �m  in  length.  The  wide  range  in  size discrimination  coupled
with  detection  of intrinsic  fluorescent  pigments  suggests  that this  Microflow  Cytometer  will  be  able  to
distinguish  different  populations  of  phytoplankton  on  unmanned  underwater  vehicles.

Published by Elsevier B.V.

hytoplankton

. Introduction

Phytoplankton are marine microorganisms that respond very
apidly to changes in their environment. Alterations in phytoplank-
on assemblies may  reflect environmental changes within a few
ours or over much longer periods. As such, changes in phytoplank-
on populations can be measured in response to introduction of
nvironmental pollutants, alterations in ocean currents, and global
limate change (Nehring, 1998; Thyssen et al., 2008). Blooms of
ome species of phytoplankton, especially in littoral waters, can
ause illness to mammals, fish, corals, and other marine organisms
Burk et al., 1998; Harvell et al., 1999; Knap et al., 2002; Landsberg,
002).

A variety of analytical methods have been deployed to identify
hanges in populations of marine algae with a view to under-
tanding both the organisms and the forces that impact their
roliferation. Remote spectrometry from satellites or from air-
lanes provides a reflectance spectra based on sunlight or laser

ight, respectively (Barbini et al., 2006; Churnside and Donaghay,
009; Fantoni et al., 2006; Fiorani et al., 2007; Hoge et al., 2005).

n situ spectrometry also provides information on the average pop-
lation present in the water based on backscatter and/or laser

nduced fluorescence; while focusing on more local changes than
emote analysis from above, laser-induced fluorescence instru-

ents deployed from a ship or buoy still provide only mean

alues of the backscatter and pigment spectra for all organisms
resent in the field of view (Drozdowska, 2007). Flow cytome-

∗ Corresponding author. Tel.: +1 202 404 6002; fax: +1 202 404 8897.
E-mail address: Frances.ligler@nrl.navy.mil (F.S. Ligler).

956-5663/$ – see front matter. Published by Elsevier B.V.
oi:10.1016/j.bios.2011.03.042
try and cell imaging have been deployed to look at individual
marine algae and to assess population changes more accurately.
Grab samples brought to the surface are analyzed using labo-
ratory flow cytometers (Becker et al., 2002; Gerdts and Luedke,
2006). Smaller “personal flow cytometers” such as the Accuri C6
have been brought onto the boats in order to analyze such grab
samples at the point of collection, and laboratory instruments
have been modified for submersion in relatively shallow waters.
Clearly, the opportunity to evaluate algal populations in situ is
very appealing, and the size, shape, and intrinsic pigment fluo-
rescence provide characteristics that can be measured using flow
cytometry without staining or other preprocessing steps. Cell imag-
ing in situ is also an exciting area under development, but is
currently slow and provides limited resolution for identification
(Blaschko et al., 2005; Campbell et al., 2008). The Cytobot and
the Cytobuoy instruments are the most notable of the marine
flow cytometers already deployed (Dubelaar and Gerritzen, 2000;
Takabayashi et al., 2006; Thyssen et al., 2008). While both are
large, expensive systems, the latter is commercially available and
is producing interesting data on algal populations around the
globe (Olson et al., 2003; Takabayashi et al., 2006; Thyssen et al.,
2008).

Microflow cytometry offers the potential to provide a much less
expensive alternative for underwater deployment than the cur-
rently available instruments (Ligler and Kim, 2010). The smaller
size and lower power requirement also suggests that a Microflow
Cytometer could be deployed on an unmanned underwater vehicle

(UUV) for more extensive analyses than a system dragged by a ship
or deployed on a buoy. A prototype cytometer has been deployed
on an unmanned underwater vehicle, but the vehicle was large
with a 100 kg payload capacity (Cunningham et al., 2003). An ideal

dx.doi.org/10.1016/j.bios.2011.03.042
http://www.sciencedirect.com/science/journal/09565663
http://www.elsevier.com/locate/bios
mailto:Frances.ligler@nrl.navy.mil
dx.doi.org/10.1016/j.bios.2011.03.042


4 d Bioelectronics 26 (2011) 4263– 4269

d
r
m
M
f
l
2
e
a
c

p
t
c
u
o
a
w
t
m
d
r
2
fl
u
a
a
d
a
W
o
f
fl
u
C
t
u
i
a
l
c

2

2

g
a
a
e
s
t
b
d
a

d
d
w
o
m
w
i
t

Fig. 1. (a) A schematic of the optical and microfluidics setup. The core fluid and
sheath fluid enter the microchannel at flow rates of 200 �L/min and 800 �L/min,
respectively. The cross-sections in the simulation were selected at positions that
correspond to the locations in the actual microchannel: (b) at inlet to the main chan-
nel, (c) immediately before the chevrons where the faster flowing sheath streams
264 N. Hashemi et al. / Biosensors an

eployable cytometer would be low power, light weight, pressure-
esistant, and capable of measuring both size and fluorescence of
ultiple pigments, including chlorophyll a and phycoerythrin. The
organ group in Southhampton UK is developing a flow cytometer

or measuring phytoplankton that employs impedance instead of
ight scatter to measure size (Benazzi et al., 2007; Mowlem et al.,
006). They have demonstrated the discrimination of three differ-
nt marine algae based on fluorescence emission at 585 and 675 nm
nd impedance at 327 kHz. However, the smallest taxa tested, Syne-
hococcus, was too small to produce an impedance signal.

NRL is developing the Microflow Cytometer for monitoring algal
opulation changes on UUVs. The initial prototype uses grooves in
he top and bottom of the flow channel to direct the sheath fluid
ompletely around the sample stream. The sheathing of the core
sing such passive structures has distinct advantages: less chance
f clogging, the ability to interrogate both large and small objects,
nd minimal shear stress due to the distance of the core from the
all. The sheath fluid, with a higher volumetric flow rate, focuses

he sample stream in front of the excitation beams for measure-
ent of right angle light scatter and fluorescence. We  have already

emonstrated the resolution of this device for discriminating fluo-
escently coded beads in multiplexed immunoassays (Golden et al.,
009; Kim et al., 2009) and the potential for recycling the sheath
uid (Hashemi et al., 2010) in case minimization of sheath fluid vol-
me  proves to be desirable in the final system. In order to develop

 Microflow Cytometer for discriminating populations of marine
lgae, however, it is necessary to demonstrate discrimination of
ifferent algae based on light scatter, as a rough measure of size,
nd fluorescence at wavelengths appropriate for intrinsic pigments.
e characterized the spectra of three different algal species in

rder to predict the optimum excitation and emission wavelengths
or discrimination using portable lasers. While we  evaluated the
ow cytometry data at all of these wavelengths, we  were partic-
larly interested in comparing data obtained using the Microflow
ytometer to that obtained using the commercial Accuri C6 sys-
em being marketed for shipboard applications (Veldhuis, 2010);
sing identical wavelengths for excitation and emission was crit-

cal for this comparison. The Microflow Cytometer prototype was
ble to distinguish the same algal populations with similar reso-
ution to that achieved using the much larger and more expensive
ommercial system.

. Experimental

.1. Design and fabrication of Microflow Cytometer

The Microflow Cytometer employed sets of chevron-shaped
rooves on the top and bottom of a flow channel in order to cre-
te sheath flow. This design wraps two symmetric sheath streams
round a central core stream as previously demonstrated (Hashemi
t al., 2010; Howell et al., 2008). Unlike our previous designs, the
ample inlet width was chosen to be 390 �m to prevent destruc-
ion of larger phytoplankton species. We  optimized the new design
ased on simulated hydrodynamic focusing and transferred the
esign to L-Edit commercial software. Glass photomasks were cre-
ted using a Heidelberg DWL-66 laser pattern generator.

The Microflow Cytometer channels were fabricated in poly-
imethylsiloxane (PDMS) using standard microfabrication proce-
ures (Hashemi et al., 2010; Howell et al., 2008). Briefly, a master
as created on a silicon wafer by sequentially spinning on layers

f SU-8 photoresist and exposing with a photomask. After develop-

ent, the master was placed into the bottom of a mold, and PDMS
as poured on top to make layers with thicknesses of approx-

mately 1 mm (bottom) or 10 mm (top). The PDMS was allowed
o cure and was then peeled from the master. Fluidic inlets were
have focused the core laterally, and (d) after the chevrons where the core has been
compressed vertically.

cored into the top of the cytometer, and polyetheretherketone
(PEEK) tubing sections with an internal diameter of 400 �m and a
length of 13 mm were placed into the inlets. Channels were 130 �m
high throughout and 390 �m wide in the sheathing and interroga-
tion region. The chevron-shaped grooves extended 65 �m into the
top and bottom of the channels. The two  PDMS pieces were then
bonded together by oxygen plasma treatment. Finally, optical fibers
were cleaved, placed into their guide channels and carefully aligned
with the channel walls.

A schematic of the optical setup is shown in Fig. 1a. Opti-
cal excitation at 488 nm was provided by an argon-ion laser (Ion
Laser Technologies), which was  launched into a multimode opti-
cal fiber with a core approximately 65 �m in diameter. The optical
fiber delivered excitation light into the interrogation region of the
cytometer. A second multimode fiber on the far side of the chan-
nel served as a beam dump to prevent excess scattered light in
the channel. Fluorescence and light scatter were collected using
two multimode optical fibers placed at 90◦ angles to the beam
dump fiber. Light emerging from each collection fiber was directed
through a fiber splitter, through a bandpass filter (Omega Optical
Inc., Brattleboro, VT), and finally into a photomultiplier tube (PMT,
H9307-02, Hamamatsu, Bridgewater, NJ).

COMSOL Multiphysics finite element analysis software (COM-
SOL Inc., Palo Alto, CA) was  used for analysis and optimization of
the microchannel at specific core and sheath flow rates. To reduce
computation time, the channel was assumed to be symmetrical in
both horizontal and vertical directions and only one quadrant of
the channel was simulated. The actual core size of 390 �m wide and
130 �m high at the inlet was simulated. Sheath inlets with the same
dimensions were simulated on both sides of the core. The simula-

tions in Fig. 1b–d depict the core stream in the main channel at the
inlet, before the chevrons, and after the chevrons. In Fig. 1c, the core
stream has been compressed laterally by the two incoming sheath
streams. In Fig. 1d, the chevrons have redirected the sheath fluid to
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Table  1
Characteristics of phytoplankton species used in this study.

Synechococcus sp. (LB 2380) Nitzschia dissipata (LB FD253) Thalassiosira pseudonana (LB FD2)

Class Cyanophyceae Bacillariophyceae Coscinodiscophyceae
Photosynthetic Chlorophyll a Chlorophyll a & c Chlorophyll a & c
Pigments Phycobilins Carotenoids Carotenoids

–  Phycocyanin
– Phycoerythrin

Carotenoids
Shape Spherical or ellipsoidal moves by

oscillating
Elliptical or elongated frustules isopolar,
bilaterally symmetrical solitary cells

Cylindrical valves: circular structures capping
the top and bottom of the cylinder
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Unicellular

Size  0.8–1.5 �m 12–85 �m in l

he top and bottom of the channel and have vertically compressed
he core stream. The dimensions of the focused core (Fig. 1d) were

easured from the positions where the dye concentration is 0.4,
ssuming the undiluted dye solution has a fluorescence intensity
f 1 and the concentration in the sheath is 0. The width of the core
as 131 �m while the height was 38 �m in the center and 87 �m

t the outer corners.
A voltage signal was collected from the PMTs, digitized on a

6-bit A/D board (Data Translation Inc.), and sent through a USB
able to a personal computer. The software interface was written
sing LabWindows (National Instruments). Data was acquired at
00 kilo-samples per second (kSPS) per channel. Since hard drive
ccess is very slow, to avoid A/D card buffer overflows and dropped
ata points, we implemented data thresholding and a modified
ata storage procedure. Data was recorded only when the signal
rom the scatter channel was above threshold, greatly reducing
he amount of data to be stored. If the scatter signal rose above
hreshold, the computer added a timestamp and transferred the
ata to memory allocated in RAM. Testing indicated that no data
as dropped between buffer fills. Only after the experiment was

ompleted was data transferred from RAM onto the hard drive.
lthough such a data collection system can operate at very high
andwidths, there was a danger that the RAM could overflow, espe-
ially if the threshold voltage was set too low. Four channels of
ontinuously recorded 16-bit data from PMTs collected at 200 kSPS
lled approximately one GB of RAM in about 8 min. Since the

ongest experiment required 5 min, and the computer contained
everal GB of RAM, the danger of memory overflow was  eliminated
hen the setup is used as designed.
.2. Microflow Cytometer operation

The sample was injected into the channel using a precision
yringe pump (CAVRO XE 1000, Tecan Systems Inc., San Jose, CA)

ig. 2. Microscopy of the phytoplankton species. The photos show representative imag
etween individual cells, a collage of images of Thalassiosira p. is included (right).
Girdle bands: a series of thin silica strips on the
sides, unicellular (Hildebrand et al., 2009)

, 3–6 �m in width 8–32 �m in length, 4–14 �m in width

at a flow rate of 200 �L/min. The pump was controlled with soft-
ware written in Lab-Windows/CVI via RS232 communication. A
bidirectional peristaltic pump (P625/66.143, Instech Laboratories
Inc., Plymouth, PA) was used to introduce the sheath flow into the
channel. The sheath flow rate was  800 �L/min.

PMT  gains for the detection of fluorescent characteristics of the
phytoplankton were set to 0.95 V and for the detection of light
scatter were set to 0.65 V. Data from three PMTs at 488 ±5 nm
(light scatter), 660 ± 30 nm (chlorophyll), and 575 ± 40 nm (phyco-
erythrin) was  collected and stored using the acquisition software.
The sampling frequency was set to 200 kSPS. A light scatter thresh-
old of 0.005 V was  set in the data acquisition software to trigger
data collection of each event (each microorganism passing through
the interrogation region). The data acquisition software registered
an event when the light scatter exceeded the threshold level and
the data from two fluorescent channels and side scatter were
recorded. Data analysis software correlated the signals detected
for each microorganism passing through the interrogation region
and created scatter plots of fluorescence vs. side scatter. The mean
chlorophyll and phycoerythrin fluorescence, as well as light scat-
ter data were determined for each phytoplankton population and
compared.

2.3. Phytoplanktonic species

Cultures of the three different algae were purchased from the
Culture Collection of Algae (UTEX, Austin, TX). More information
about the cultures is supplied in ESI. There are three classes of
pigments present in these algae: chlorophylls, phycobilins, and
carotenoids. Chlorophyll is a green pigment present in all phyto-

plankton, plants and cyanobacteria and can be used to discriminate
phytoplankton from most other marine particles in a similar size
range. Chlorophyll a is the primary photosynthetic pigment with a
maximum absorption at 675 nm;  however, chlorophyll also absorbs

es of Synechococcus sp. (left) and Nitzschia d. (middle). Due to the greater spacing
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Fig. 3. Fluorescence emission spectra of (a) the three algal species and (b) the phy-
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ell at ∼450 nm.  Chlorophyll c couples photonic energy to chloro-
hyll a and is found in diatoms and dinoflagellates. Phycocyanin and
hycoerythrin are present in cyanobacteria; phycoerythrin absorbs
t 495 and 545–565 nm and fluoresces at 575 nm.  Carotenoids are
ipid-soluble pigments absorbing light in the blue to cyan region of
pproximately 450–490 nm.  The phytoplanktonic species used for
his work are shown in Table 1.

Prior to introduction into the Microflow Cytometer or Accuri
6, the algae were gently stirred to dissociate aggregates. Obser-
ation of the stirred samples under the microscope confirmed that
ost of the aggregates were dispersed and that there was  visible

eterogeneity among the cells in each population.

. Results and discussion

.1. Phytoplankton characterization

A Nikon Eclipse TE2000U inverted microscope was used to
mage the three phytoplankton species. The cell dimensions were
ound to be in the range of 0.5–1.0 �m in diameter for Synechococcus
p., 16–80 �m in length and 2–5 �m in width for Nitzschia d., and
–38 �m in length and 4–29 �m in width for Thalassiosira p. Bright
eld photographs of each microorganism are shown in Fig. 2.

Each phytoplankton species also produced distinctive flu-
rescent emission spectra as a result of different pigment
oncentrations. Using a TECAN Spectrophotometer (Tecan Trad-
ng AG, Switzerland) and 488 nm excitation, the emission spectra
f each of the three algal species was collected (Fig. 3a). When
xcited with a 488 nm laser, the fluorescence emission spectrum
howed that Synechococcus sp. emitted strongly in the red region
640–700 nm)  with a smaller peak at 545 nm.  Nitzschia d. and Tha-
assiosira p. both had strong peaks at 540–545 nm (in the green
egion), and Thalassiosira p. showed a smaller peak at 680 nm as
ell. For comparison of the cell spectra with purified pigments,

ig. 3b shows the emission spectra for R-phycoerythrin (AnaSpec
nc., Fremont, CA) and chlorophyll purified from Dinophyceae (Jack-
on ImmunoResearch Laboratories Inc., West Grove, PA) excited
ith 488 nm light.

.2. Flow cytometry of phytoplankton

The phytoplankton species were analyzed using the Microflow
ytometer and an Accuri C6 flow cytometer (Ann Arbor, MI).
he concentration of the phytoplankton flowing through both
icroflow Cytometers was ∼2100 cells/�L for the Synechococcus

p., ∼50 cells/�L for the Nitzschia d., and ∼150 cells/�L for the Tha-
assiosira p. The excitation and emission wavelengths for the various
igments found in phytoplankton compared to the excitation and

mission wavelengths used by the flow cytometers in this analysis
re summarized in Table S1 in the ESI. Chlorophyll a is not strongly
xcited at 488 nm.  However, there is enough excitation to observe

 significant fluorescence signal in the wavelengths longer than

able 2
tatistical analysis of data collected using the Accuri C6 and the Microflow Cytometer.

Mean SSCa CV SSC (%) Mean Chl.a

Accuri C6
Synechococcus sp. 4.0 202 9.4 

Nitzschia d. 570 103 7.0 

Thalassiosira p. 12 291 86 

Microflow Cytometer
Synechococcus sp. 9.8 235 23 

Nitzschia d. 160 101 3.9 

Thalassiosira p. 31 163 75 

a PMT values are arbitrary optical units. All mean intensities for the Accuri can be mult
umbers shown on the dot plots. The mean PE/Chl. ratios are dimensionless.
coerythrin and chlorophyll excited with 488 nm light.

650 nm.  Phycoerythrin is excited by the 488 nm laser and detected
at ∼585 nm.  Although the 488 nm excitation was  not optimal for
exciting the pigments, this wavelength did excite both chlorophyll
and phycoerythrin, providing a basis for comparison of characteri-
zation data from the two  instruments.

Fig. 4a and b show scattergrams of the magnitude of the
phycoerythrin fluorescence (575–585 nm)  plotted vs. chlorophyll
fluorescence (650–680 nm). Fig. 4a shows the fluorescence data
obtained using the Microflow Cytometer and Fig. 4b depicts the
fluorescence data obtained by the Accuri flow cytometer. The data
shows that the three different populations can be discriminated
based on their fluorescence emission spectrum in both systems. The
correlation between the two  data sets was found to be very similar
statistically as shown later in Table 2. Nitzschia d. emits strongly
in the orange region (characteristic of phycoerythrin), while the
red fluorescence (characteristic of chlorophyll) is very weak. Tha-
lassiosira p. emits most strongly in the red region consistent with
the smaller peak (660–690 nm)  seen in Fig. 3a. However, it does not

emit as strongly in the orange region. Synechococcus sp. emits both
in the red and orange spectrum.

CV Chl. (%) Mean PEa CV PE (%) Mean PE/Chl.

100 0.28 180 0.06
240 2.3 320 31

53 0.10 71 0.015

260 0.46 200 0.04
120 9.7 110 2.6

86 0.25 89 0.005

iplied by 104 and the numbers for the Microflow Cytometer by 10−1 to get the raw
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Fig. 4. Scatter plots of the phycoerythrin (y-axis) plotted vs. chlorophyll fluorescence (x-axis) for each individual cell are shown in (a and b). (c and d) depict scatter plots
of  chlorophyll fluorescence vs. side scatter, and (e and f) represent scatter plots of phycoerythrin fluorescence vs. side scatter. (a, c, and e) are the data obtained using the
Microflow Cytometer and (b, d, and f) show the Accuri flow cytometer results. Synechococcus sp. is represented by red dots, Nitzschia d. by green dots, and Thalassiosira p. by
purple  dots. (For interpretation of the references to color in this figure legend, the reader is referred to the web  version of the article.)
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Scattergrams of chlorophyll fluorescence vs. side scatter
488 nm)  and phycoerythrin fluorescence vs. side scatter are shown
n Fig. 4c–f. The side scatter data is the largest for Nitzschia d. and
he smallest for Synechococcus sp. The proportional increase of both
igments as the light scatter increases for Synechococcus suggests
hat the particles with higher side scatter may  be aggregates. The
ame could be true for Nitzschia d., but the individual cells are
learly larger.

The statistical data obtained using the Accuri and the Microflow
ytometer are summarized in Table 2. The mean values were used
o provide a comparison between the different cell populations. The
oefficient of variation (CV) was calculated for each of the different
arameters presented in Fig. 4 in order to obtain a metric for the
eterogeneity of each cell population.

In general, larger particles produce larger side scatter signal than
maller ones in both cytometers; but there was not an exact cor-
elation. Volten and colleagues found that the Mie  theory (based
n sphericity and homogeneity) did not produce good approxima-
ions of scattering by phytoplankton, due to differences in internal
tructure and inclusions (Volten et al., 1998). The Accuri produced a
ean value of side scatter on the order of 4.0 × 104 for Synechococ-

us sp. that increased one order of magnitude for Thalassiosira p.
nd two orders of magnitude for Nitzschia d. Data from our instru-
ent also showed the smallest side scatter value of 0.98 for the

ynechococcus sp. (∼1.0 �m in diameter) and the largest value of 16
or the Nitzschia d. (≤80 �m long). In both cases, the mean value for
halassiosira p. was three times that for Synechococcus sp., while the
itzschia d. was much larger. This observation was also consistent
ith the observed sizes of the species obtained by microscopy. The
Vs were high for all measurements, reflecting the heterogeneity
f the cell populations as seen in the microscope images.

Mean chlorophyll intensity was found to be the lowest for the
itzschia d. and the highest for the Thalassiosira p. in both cytome-

ers. The CV for the fluorescence of chlorophyll for the Thalassiosira
. was the smallest among all the species studied. While the largest
V for chlorophyll was found for the Nitzschia d. using the Accuri, CV
or chlorophyll fluorescence was the largest for the Synechococcus
p. using the Microflow Cytometer. In both cytometers, the mean
ntensity of phycoerythrin for both Thalassiosira p. and Synechococ-
us sp. was about an order of magnitude less than for Nitzschia
. and the CVs were about the same for both systems. However,
he Microflow Cytometer showed a significantly smaller CV for
ll signals for the Nitzschia d. in comparison with the Accuri flow
ytometer. The PE/Chl. ratio was calculated based on the ratio of
hycoerythrin to chlorophyll for each individual cell. The ratios of
hycoerythrin to chlorophyll (PE/Chl.) were found to be the largest
or Nitzschia d. and the smallest for Thalassiosira p. in both systems.

. Conclusions

We have designed and developed a Microflow Cytometer that
easures light scatter and fluorescence properties of microorgan-

sms. We  used our instrument to characterize and discriminate
hree populations of phytoplankton. The phytoplankton were
esolved on the basis of side scatter and multi-wavelength fluo-
escence. The Microflow Cytometer results were comparable with
he results obtained using Accuri C6 flow cytometer. Our system
s sensitive enough to characterize and detect the picoplankton
ynechococcus sp. with diameter less than 1 �m and is also capable
f measuring phytoplankton species as long as 80 �m (Nitzschia
.). The wide range of cell sizes measurable using the Microflow

ytometer is very significant. Now that we have established the
alidity of our results by comparison to a more conventional
ytometer, we are replacing the large 488 nm argon laser with
olid-state lasers that are both small for in situ use and provide
lectronics 26 (2011) 4263– 4269

excitation light closer to maximum absorbance wavelengths for
chlorophyll and phycoerythrin (Hashemi et al., 2011). This sys-
tem can thus be miniaturized and adapted for deployment on
unmanned underwater vehicles.
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