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The dilute conditions under which microalgae suspensions are cultured have negatively impacted economical
routes for cell harvesting using conventional approaches. A promising alternative has arisen, for which a
microfluidic concentration approach has been developed for harvesting Cyanobacterium Synechocystis sp. PCC
6803. This method uses passive hydrodynamic forces that include inertial focusing and Dean flow, and has a
number of advantages over existing methods for concentrating dilute suspensions of microalgae; the method
is truly passive, and does not require additional reagents, or external fields or electronics. After injecting a
cyanobacteria suspension into an optimized microchannel configuration at a pre-determined flow rate, intrinsic
inertial forces generated from the structure and geometry of the microfluidic network move the cyanobacteria
laterally toward a known equilibrium position in the channel cross-section. Once focused, the cyanobacteria
stream can be readily separated from culture medium to obtain a concentrated product. The system design
andmaterials used in the new device are chosen with an eye toward low-cost, large-scale commercial manufac-
ture. The operating parameters for inertial focusing of the cyanobacteria suspension have been optimized to
achieve high-throughput and high-efficiency harvesting. The maximum recovery efficiency achieved in a single
microchannel device is 98.4± 0.2% (mean± standard deviation). For those conditions, initial results yield a con-
centration factor of 3.28 for a single pass, which is 98.5% of themaximumpossible value for the current design. In
addition, the calculated power consumption is less than or equal to that of tradition harvesting methods for a
wide range of concentration factors. It is anticipated that this highly parallelizable, robust harvesting approach
will prove to be economically feasible for concentrating microalgae/cyanobacteria at commercial scales.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Although there is great opportunity and potential advantages for
microalgae/cyanobacteria to replace significant quantities of petroleum-
based fuels, these biofuels are not yet economically feasible at commercial
scales. There remain a number of technical challenges to address in order
for microalgae-based biofuels to become commercially viable [1]. These
challenges include the production of sufficient algal biomass in bioreac-
tors [2–3],metabolic engineering of new strains of that are sufficiently ro-
bust and productive [4–5], creation of a low-cost method to harvest the
microalgae/cyanobacteria [1,6–8], and development of a life-cycle assess-
ment tool to evaluate the sustainability, economics, and scalability of the
entire production process [9]. Among the different processing steps, cell
harvesting is a critical economic component, because it can account for
20 to 30% of the total cost [1,7,8]. The primary challenge for harvesting
is the need to concentrate a suspension of dilute, micron-sized cells
from 0.5 g/L (0.05 wt%) to 200 g/L (20 wt%), after which lipid extraction
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may be carried out with relatively high efficiency [10,11]. Many harvest-
ing methods have been developed, such as gravity sedimentation, filtra-
tion and centrifugation. However, the cost of the traditional harvesting
methods still failed to be economically feasible. The costs for the
dewatering technologies include both capital and operational costs
(e.g., power consumption, maintenance). The base case capital costs of
settling ponds, membranes, and centrifuges discussed in a National Re-
newable Energy Laboratory (NREL) report are $5.80/(m3/day), $178/
(m3/day) and $478/(m3/day), respectively [1]. Thus, viable harvesting
methods that are economically feasible and scalable for commercial use
still need to be identified. Recently, there are a number of new or im-
proved technologies under development, such as electrocoagulation
[11],magnetic separation [7], and ultrasonic separation [1]. The investiga-
tion of emerging technologies may yield a harvesting strategy that meets
needed efficiencies, costs, and longevity.

Microfluidic platforms provide a set of fluidic unit operations that
enable the miniaturization, integration, and parallelization for specific
applications. In contrast to isolated application-specific solutions,
microfluidic platforms are designed for ready integration within a
well-defined fabrication technology, allowing easy, fast, and cost-
efficient implementation for a wide variety of different applications
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[12–14]. In addition, microfluidics technology is readily scalable to high
volume, high throughput processes due to its intrinsic properties of
miniaturization and parallelization [15–18]. An important characteristic
of these platforms is that validation of a single microfluidic device's
working principles and subsequent optimization of its operating condi-
tions is sufficient to demonstrate intrinsic scalability of the platform via
a multilayer, parallelized design.

Inertial focusing in microfluidic devices is an emerging and robust
approach to concentrate and isolate particles from a liquid medium
based on size. The general approach capitalizes on microscale hydrody-
namic physics resulting from flow throughmicrochannels [19–22]. Due
to the advantages of low device fabrication and operation costs, and
throughput scalable to macroscale system requirements, inertial focus-
ing microfluidics has been demonstrated as a promising approach for
the continuous concentration of mammalian cells, and has replaced
the need for centrifugation [23]. However, in contrast with most of the
devices designed for operation with mammalian cells, which typically
have a length scale greater than 10 μm, concentrating cyanobacteria-
sized bio-particles (~2 μm in size for Cyanobacterium Synechocystis sp.
PCC6803) remains a challenge using inertialmicrofluidics. Our previous
work has demonstrated that inertial focusing could be applied to effi-
ciently focus and isolate polystyrenemicrosphereswith a size compara-
ble to Cyanobacteria, in devices where substantial changes were made
in microchannel design and fabrication [19–22].

In this study, a unique approach is presented that integrates
microfluidics and cyanobacteria concentration, and which has signifi-
cant potential for process throughput scale up that is required to meet
large-scale biofuel production needs. The critical feature of this technol-
ogy is its intrinsic scalability. Although the focus of this study is proof of
principle, fabrication of a massively parallel microchannel network for
processing large volumes, with multiple sequential stages for increased
concentration factors, is anticipated to be a straightforward process. In
this study, to demonstrate and quantify the new approach, the mecha-
nism for concentration of 2 μm cyanobacteria is presented. Then, the
specific design for harvesting cyanobacteria is described in detail
and the fabrication steps for this polymeric prototype are outlined.
High-speed camera images of the concentration and cell isolation pro-
cess have been recorded, and were subsequently used to analyze
cyanobacteria distribution patterns across the microchannel width.
The associated effects of operating parameters such as flow rate and
inlet suspension concentration were characterized based on the data
from the video; from that data the harvest efficiency was evaluated
using the measured concentration factor and recovery efficiency. Since
the cost of algal harvesting is a major factor in the overall economics
of large-scale operation, device fabrication cost and energy consump-
tion (pumping cost) have been calculated and presented in this article.

2. Material and methods

2.1. Device fabrication

The inertial focusingmicrofluidic device was fabricated using soft li-
thography [24] with thermoset polyester (TPE). First, the channel pat-
tern was designed using AutoCAD (AutoCAD 2014, AutoDesk, Inc).
Following that step the CAD design was printed at 20,000 dots per
inch (dpi) onto a photomask. Then, a mold was fabricated in a single
step process under a UV lamp (OmniCure S2000, Lumen Dynamics
Group Inc., Ontario, Canada).

Before fabricating the microfluidic device, the mold was exposed
to hexamethyldisilazane (HMDS) (Sigma-Aldrich, MO, USA) for 4 h at
60 °C. A well-mixed and degassed resin (TAP Clear-Lite Casting Resin,
CA, USA) with MEPK catalyst (TAP plastics, CA, USA) (resin: catalyst =
10:1 w/w) was poured on the mold and surrounded by a piece of
PDMS, which confined the mix within the mold. A piece of transparency
film (3M Scotchpak 9744, MN, USA) was used as a top cover over the
mix to ensure a flat surface. Then, the mold with resin was baked for
8 min at 60 °C, after which the TPE replica was peeled from the master.
A biopsy punch (Technical Innovations, FL, Inc. USA) was used to create
1.5 mm diameter inlet and outlet ports.

To generate an enclosed channel, the TPE replica and a piece of glass
substrate (or a piece of coverslip for high-speed camera imaging) are
placed in a plasma chamber and pumped down to 200.3 mTorr, follow-
ed by purging with O2 gas for 20 s. Then the pieces are exposed to oxy-
gen plasma (Plasma Etch, NV, USA) for 1 min. After removal from the
chamber, the TPE piece is brought into contact with the glass, and left
to cure in a 60 °C oven for 5 min. To achieve pressure-driven liquid
flow of the suspensions in these TPE-glass hybrid devices, tubing con-
nectors (Nanoport, WA, USA) are attached to the ports on the chip
using room temperature cured epoxy.

2.2. Cyanobacteria source and cultivation

Cyanobacterium Synechocystis sp. PCC 6803was grown in liquid BG-
11medium [25]. The strain was inoculated at an initial concentration of
106mL−1 and cultured in a 250mL Erlenmeyer flaskwith 50mL culture
medium in an INNOVA 44 Incubator Shaker (New Brunswick Scientific,
NJ, USA) at 30 °C and a speed of 225 rpm, and an average light intensity
was 100±9 μmol·m−2·s−1. These 50mL suspensionswere cultured to
a concentration between 2 × 108 and 5 × 108 mL–1 for future use, at
which time the culture was diluted or concentrated to the desired cell
density for the inertial focusing tests.

2.3. Experimental setup and method

The inlet of the device was connected to one syringe using Tygon
tubing. The cyanobacteria culture in a syringe with known concentra-
tion (2.4 × 107mL−1; 2.4 × 108mL−1 or 2.4 × 109mL−1) was delivered
into the inertial focusing microfluidic chip at specified flow rates using a
syringe pump (New Era Pump Systems, NY, USA) to generate stable and
continuous volumetric flow. The inlet concentration of the cyanobacteria
suspension was measured with a hemocytometer (Hausser Scientific
Partnership, PA, USA) three times.

2.4. High-speed Imaging and data analysis

The TPE-glass hybrid device was mounted onto the stage of an Olym-
pus IX71 Inverted opticalMicroscope (Olympus, Japan), and connected to
a high-speed camera (Fastcam SA3, Photron, USA). Using the high-speed
camera the cyanobacteria concentration process in the isolation region of
the chipwas recorded at 2000 frames per second (495 μs interval) with a
5 μs shutter speed. After images were acquired and stored, analysis con-
ducted using ImageJ (http://rsb.info.nih.gov/ij/) counted the number of
cyanobacteria in each frame and recorded the horizontal xy location of
each cell. Performance of this chip for cyanobacteria harvesting was
assessed using themeasured recovery efficiency and concentration factor.

3. Theory

The concept of inertial migration has been introduced in this discus-
sion to provide a qualitative background for the physics of system oper-
ation, and to indicate howmodificationsmay bemade to existingdesign
to facilitate focusing of micron-sized cyanobacteria. The first studies of
inertial migration involved macro-scale systems in the laminar flow re-
gime, and were demonstrated by Segré and Silberberg [26] in 1961.
Their experiments in tubes of circular cross section showed that rigid,
1 mm diameter spherical particles migrated to an annular region locat-
ed approximately six-tenths of the distance from the axis to thewall in a
1 cm diameter cylinder. Di Carlo et al. first carried out studies to accom-
plish inertial focusing of smaller particles in a microfluidics format
under laminar flow conditions [27]. Those results demonstrated the
potential for concentrating micron-sized particles/bio-particles in a
microfluidic chip without externally applied forces or fields.

http://rsb.info.nih.gov/ij
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In a two-dimensional pipeflow such as that shown in Fig. 1A, particles
in laminarflowexperience a force resulting fromgradients in theparabol-
ic velocity profile, which is called the shear gradient lift force (FSL), push-
ing particles away from channel centerline. At the same time, the channel
wall induces a surface-effect lift force (FWL), which moves particles away
from the channel or tube wall [20]. The net force is referred to as the lift
force. When these two forces balance one another the particles are locat-
ed in a stable equilibrium position within the cross section of the
microchannel. This net lift force may be written as [28]:

FL ¼ ρU2
ma

4

D2
h

f c ð1Þ

whereρ is the liquid density,Um is themaximumchannel velocity, a is the
particle diameter, fc is a lift coefficient, andDh is the hydraulic diameter of
the channel, defined as Dh=2hw/(h+w), where h andw are the height
and width of the channel cross-section, respectively. This equation illus-
trates the strong dependence of lift force on particle diameter, specifically,
to the fourth order. Because of this dependence on a, to focus smaller par-
ticles in a given geometry, much higher Um and a reduced microchannel
cross-sectional area are required compared to other devices for larger
bio-particles, such as those usedwithmammalian cells. In straight, square
channels (Fig. 1B), particles focus to four equilibrium regions centered on
each face. In straight rectangular channels (Fig. 1C), particles migrate to
two equilibrium positions, which are located at the middle of the long
channel faces. For optimal separations in this study, even fewer equilibri-
um positions are needed in order tomaximize the concentration factor of
the product stream. To accomplish this reduction in the number equilib-
rium cell locations, inertial focusing is coupled with Dean flow, which
may be generated through use of a curved channel (Fig. 1D) that results
in amismatch of the velocitymagnitude in the downstreamdirection be-
tween the center and near-wall regions [20]. Dean drag (FD) scales as FD
~ρUm

2 aDh
2/r, where r is the radius of curvature of the channel.
Fig. 1. Inertial lift forces. (A) In two-dimensional or axisymmetric geometries, particles in flow e
that balance when the particles reach equilibrium lateral positions. (B) In a square channel,
centered at each face. (C) For rectangular channels, the randomly distributed particles migr
faces. (D) Dean flow creates two counter-rotating vortices (white arrows) perpendicular to th
drag (location 1: only Dean force; location 2: lift force + Dean force; location 3: lift force− De
4. Results and discussion

4.1. Design of the inertial focusing device for cyanobacteria harvesting

Asmentioned above there are a number of challengeswhen concen-
trating small particles such as cyanobacteria using an inertial migration
approach. First, because cyanobacteria (2 μm) are small relative to
mammalian cells (≥10 μm), a reducedmicrochannel cross-section is re-
quired because of thenon-linear dependence on cell size,which compli-
cates the design and fabrication of correspondingly small microchannel
dimensions. Another important challenge is the high pressure drop re-
quired to achieve flow rates (as represented by Um) necessary to focus
cyanobacteria under conditions that may be scaled up for commercial
use. In particular, these pressure drops become problematic when stan-
dard materials are used to fabricate the microfluidic networks. An ex-
ample of such a material is Poly(dimethylsiloxane) (PDMS), which is a
relatively soft elastomer used in many microfluidic chip applications.
In that device, however, that material exhibits large deformation of
the microchannel cross-section when flow rates are increased to en-
hance particle focusing, with the result that the particles are actually
de-focused. Consequently, fabrication procedures for this device have
been modified to allow use of standard lithographic techniques with a
different polymeric material, thermoset polyester (TPE), which is a
polymer alternative to PDMS with similar fabrication procedures but
higher rigidity for high-pressure flow applications. TPE resin is a readily
acquired, inexpensive feedstock, currently costing $84.25 per gallon
(TAP Plastics Inc., CA, USA) As a reference point, a single chip in these
studies requires only 1 mL of the TPE resin. Thus, the research cost of
raw materials is $0.02 per chip of 10 parallel channels, and bulk use of
material for large-scale parallelized designs can be expected to further
lower the cost. Importantly, it is anticipated that the use of this rigid
polymer will serve as an intermediary for the smooth transition from
laboratory devices to other thermoplastics more ideally suited for com-
mercial use [29].
xperience opposing forces associatedwith shear gradient lift (FSL) andwall-effect lift (FWL)
the randomly distributed inlet suspension will be focused into four equilibrium regions
ate to two equilibrium positions which are located near the middle of the long channel
e primary flow direction; red arrows show the overall effects of both lift force and Dean
an drag; location 4: only Dean force).
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The use of serpentine channels provides an efficient geometry for in-
ertial focusing, and it has been demonstrated that less linear distance is
required as compared to straight channels, plus the fact that the serpen-
tine geometry is readily parallelized for scale up to high throughput op-
eration. Themicrochannel design, which is optimized for cyanobacteria
harvesting, is shown in Fig. 2A. There arefive functional components: an
inlet for the homogeneous suspension, a filter region to prevent down-
streamchannel clogging, an asymmetric serpentine channel to focus the
particles, an isolation region to separate the particle stream from liquid
media, and three collection outlets. The microchannel height is a uni-
form 10 μm, which was necessary to focus particles as small as
cyanobacteria. The curved channels have a width of 20 μm on the
small radius turns and a width of 80 μm on the large radius turns. The
entire serpentine region is 4mm in extent. Thewidth of the isolation re-
gion is 150 μm, and there are outlet three branches connected to that re-
gion. From top to bottom in Fig. 2C, the branchwidths are 30 μm, 45 μm
and 75 μm. Based on this isolation region and outlet channel configura-
tion, the maximum possible concentration factor is 3.33. Using three-
dimensional computational fluid dynamics simulations, it was predict-
ed that outlet 2 should contain the product stream, and outlets 1 and
3 would, ideally, collect particle-free waste streams. Video from the
high-speed camera showing the cyanobacteria concentration process
in the isolation region is shown in a SI Video (see supplementary infor-
mation Video). The camera captured images at 2000 fps, and this rate is
adjusted to 100 fps in video 1 to facilitate viewing.

4.2. Effect of flow rate on cyanobacteria distribution

Fig. 3 shows the histogram (left) and heat map (right) of
cyanobacteria distribution across the isolation part of themicrochannel
(150 μm) for an inlet concentration of 0.1 vol% (2.4 × 108mL–1), for flow
rates between 100 μL/min and 700 μL/min. The distribution of lateral
cyanobacteria cell positions can be depicted using a histogram plot as
Fig. 2.Design of themicrofluidic device for concentrating cyanobacteria. (A) Top view of the des
the homogeneous suspension, a filter region to prevent downstream channel clogging, an asym
stream from liquidmedia, and three collection outlets. Green dots represent cyanobacteria path
curve. (C) Detailed view and scale of the isolation region. The A1 andA3 regions fed outlets 1 and
the concentrated cyanobacteria product stream.
well as a heat map. Each cell’s horizontal (x,y) position was measured
from a single image stack, and then all positions from all 2000 image
stacks were plotted onto a single histogram and heat map. The histogram
allows for the visualization of the cyanobacteria distribution across the
microchannel relative to the locations of the three outlets. Fitted Gaussian
curves, which are used to quantify the width of the distribution, are
shown as red dotted lines for all histograms. At the same time, the heat
mapenables qualitative visualization of cyanobacteria locations in the iso-
lation region of the microchannel as shown in Fig. 3B. Flow rate played a
critical role in the distribution of cyanobacteria across the 150 μm
microchannel width. Cyanobacteria distribution histograms show in-
creasing focusing efficiency at higher flow rates, that is, the width of the
fitted Gaussian profiles become narrower. As flow rate, and thus velocity
increase, inertial forces increase in magnitude relative to viscous forces,
with the result that the shear gradient lift force and wall-effect lift force
both increase and confine the particle stream to a narrower region. This
effect may be quantified using the Reynolds number, which is a dimen-
sionless parameter that indicates the significance of inertial forces
with respect to viscous forces [20]. It is desirable to achieve as high
degree of focusing (as narrow a distribution) as possible, because that
conditionwill result in the highest possible recovery efficiency and con-
centration factor. Here, recovery efficiency is defined as the ratio of the
number of cyanobacteria in the product channel to the total number of
cyanobacteria. The concentration factor is defined as the ratio of output
cyanobacteria concentration to input cyanobacteria concentration. Re-
covery efficiency and concentration factor are important indices used
to evaluate the performance of the algal harvesting platform.

The horizontal location of the profile peak also depends on the volu-
metric flow rates, such that it shifts further away from the centerline to-
ward the side wall as flow rate is increased. The reason for the shift is
that, at higher flow rates, the increase in the shear gradient lift force
(FSL) becomes dominant, and pushes the cyanobacteria nearer to the
side wall [20]. At the same time, the Dean drag force acting on the
ign and enlarged images for each region. There are five functional components: an inlet for
metric serpentine channel to focus the particles, an isolation region to separate the particle
lines. (B) Cross section view of cyanobacteria focusing in the straight channel after the last
3,which carried thewaste streams, and A2 fed outlet 2,whichwas intended for collecting



Fig. 3.Cyanobacteria distribution across the isolation region at differentflowrates, for an 0.1 vol-% inlet concentration. (A) Thehistogram shows the distribution of cyanobacteria in regions
A1, A2, and A3, where fitted Gaussian curves are shown as red dotted lines for all histograms. (B) Heat map for the corresponding histogram on the left.
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particles is proportional to the square of the maximum velocity in the
curved channel region, with the result that the cyanobacteria experi-
ence a stronger Dean drag directing them toward the inner wall as
flow rate (or Reynolds number, Re) is increased [30]. These two effects
result in the observed shift in the location of the peak cyanobacteria dis-
tribution toward the side wall at higher flow rates (Re). Knowledge of
the location of the focused cyanobacteria stream is a key factor in the
design of the microfluidic concentrator isolation region and the geome-
try of the outlet channels.

4.3. Effect of input concentration on cyanobacteria distribution

To use this platform to concentrate the cyanobacteria culture from
its initial dilute state to a suspension with a hundred- to thousand-
fold increase in cell density, it is necessary for the microchannel configu-
ration to successfully focus a wide range of suspension concentrations.
The inertial focusing approach has been demonstrated when suspension
concentrations are low (b0.01 vol%) [27], but device performance at
higher cells concentrations has yet to be quantified. In this study a wide
range of cyanobacteria culture concentrations—0.01 vol%, 0.1 vol% and 1
vol%—have been investigated using this microfluidic concentrator plat-
form. As expected, the degree to which the cell suspension was focused
dependedon the initial concentration. In the studies, a high-speed camera
recorded the cyanobacteria distributions across the width of the isolation
region for different cyanobacteria suspension concentrations. In those ex-
periments the flow rate was held constant at 300 μL/min. A video of this
process with a 0.1 vol% cyanobacteria suspension inlet concentration is
shown in the SI Video (see the supplementary information Video). Fig. 4



Fig. 4. Cyanobacteria distribution across the isolation region for different inlet cyanobacteria suspension concentrations, at a flow rate of 300 μL/min. (A) The histogram shows the
distribution of cyanobacteria in A1, A2 and A3 regions, and fitted Gaussian curves are shown as red dotted lines for all histograms. (B) Heat map for the corresponding histogram on
the left.
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shows the histogram (left) and heatmap (right) of the cyanobacteria dis-
tributions across the channel width. As the concentration increased from
0.01 vol% (2.4 × 107mL–1) to 1 vol% (2.4 × 109mL–1), the locations of the
maximum cell densities were similar, approximately 48 μm (48.8 μm for
0.01 vol%, 47.4 μm for 0.1 vol%, 48.3 μm for 1 vol%), which confirms the
theoretical result that, for given particle size and channel geometry, the
flow rate (or, Re) determines the location of the profile peak. As concen-
tration increases from 0.01 to 1 vol%, the FWHM (full width at half max-
imum) of the cyanobacteria cell distribution increases from 7.79 μm to
19.9 μm,where the FWHMwas calculated fromafittedGaussian distribu-
tion to the cyanobacteria distribution histogram. All cyanobacteria profile
widths are greater than 3 times the cell diameter (2 μm), and this spread
is due to the decrease in velocity from the focusing region to the expand-
ed isolation region; there is a measurable defocusing effect that occurs
which impacts achievable concentration factors. On top of this phenome-
non, the streakwidths reflect a concentration dependence, whichmay be
explained as follows: first, the number of cyanobacteria per unit length of
the channels is fixed, based on the initial concentration; at lower concen-
trations it is theoretically possible for all cells to be focused onto a single
pathline, but at the highest concentration, 1 vol%, this is no longer the
case [31]. Second, at higher concentrations there is increased inter-
particle interactions, which tend to be repulsive due to surface charge ef-
fects [20]. Although the salt in the media mitigates surface charge effects,
the close proximity of the cells upon focusing also tends to defocus the
particle trains. Thus, it is necessary not only to know the location of the fo-
cused particle streams, but also to take into account the streak broadening
in order to ensure as a high recovery efficiency as possible. The isolation
region design used in this studyworkswell for cyanobacteria suspensions
with inlet concentrations up to 1 to 2 vol%.

4.4. Effect of flow rate on concentration effectiveness

To quantify the ability of this inertial migration based microfluidics
platform to concentrate cyanobacteria, the effect of flow rate on
cyanobacteria recovery efficiency and concentration factor were inves-
tigated, and the results are shown in Fig. 5 for a 0.1 vol% inlet suspension
concentration. Flow rates had a positive influence on cyanobacteria har-
vesting, specifically, recovery efficiencies increased as the flow rate was
increased up to 500 μL/min, with a decrease in efficiency at 700 μL/min.
All of the recovery efficiencies were above 96.3 ± 0.3% (mean ± stan-
dard deviation), with the highest at 98.4 ± 0.2%. Concentration factor
was found to follow the same trend as a function of flow rate. Based
on outlet channel geometries, themaximumpossible concentration fac-
tor for the current design is 3.33, and the experimental results yielded
concentration factors above 3.2 for all the flow rates that were tested.
The decrease in both recovery efficiency and concentration factor at
the highest flow rate, 700 μL/min, can be explained by the distribution
of the cyanobacteria across the microchannel. It was observed that,



Fig. 5. Effect of flow rate on chip concentration performance of Cyanobacterium Synechocystis sp. PCC 6803. (A) Effect of flow rates on recovery efficiency. (B) Effect of flow rates on
concentration factor. Cyanobacteria concentration: 0.1 vol% (2.4 × 108 cells/mL).
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although the width of cyanobacteria streak is narrower at 700 μL/min
than at the lower flow rates, its location shifts toward the side wall. As
a result, some cells were directed into outlet 1 instead of outlet 2. If
the outlet channel geometries were redesigned to take this shift into ac-
count, higher recovery efficiencies and concentration factors would be
achieved.
4.5. Effect of inlet cell density on concentration effectiveness

The Cyanobacteria inlet suspension concentration is also a key factor
in the harvesting process. If the current single channel design were op-
erated in series, such that the inlet concentration is the outlet product
concentration from the previous stage, then there is a monotonic in-
crease in suspension density with each pass or stage. In this manner
an initially dilute suspension can be concentrated 120-fold after four
stages. To ensure successful operation over a wide range of cell densi-
ties, the platformwas tested with different inlet concentrations ranging
from0.01 vol% (2.4× 107mL–1) to 1 vol% (2.4 × 109mL–1) to quantify its
performance. As opposed to flow rate, the suspension density had a
slightly negative effect on harvesting efficiency, as shown in Fig. 6. The
recovery efficiency and concentration factor both dropped slightly as
concentration increased two orders of magnitude. The average
drop in recovery efficiency was 2.2%, and at the same time, the aver-
age reduction in concentration factor was 0.073, or 2.4%. These per-
formance metrics demonstrate that there is very small degradation in
performance for a wide range of suspension concentrations, and the
basic device design is suitable for implementation in a series format to
obtain a concentrated suspension in a multi-pass configuration. Note
Fig. 6. Effect of inlet suspension concentrations on chip performance at 300 μL/min for Cyanoba
(B) Effect of inlet concentrations on the concentration factor.
that concentrations below 0.01 vol% were not investigated, because it
is known that device operation only improves at lower concentrations
[20]. The current device is relevant as a first stage dewatering technol-
ogy, since it can process large volumes if thousands to tens of thousands
of microchannels operate in parallel, and it can achieve overall concen-
tration factors greater than 100 if operated in series. Also, work con-
tinues on the addition of functional structures into this device to
significantly increase the throughput and the concentration factor in
single channel.

4.6. Power consumption

One essential component of the biofuel processing stream is power
consumption, and this aspect has been a major roadblock on the path
toward economic viability. The results presented above conclusively
demonstrate that the inertial focusing based microfluidic concentrator
(μFC) is capable of continuous operation for harvesting cyanobacteria
with a high recovery efficiency. As a complement to those studies,
power consumption calculations have been carried out to quantify the
energy required per unit volume of suspension in order to determine
whether the energy consumption is comparable to reported data for
other harvesting technologies. In practice, the major consumption of
power in this microfluidics platform comes from the fluidic pressure
drop in each microchannel. The pressure drop down the length of a
channel may be computed as [32]

Q f ¼
−Δp
K

ð2Þ
cterium Synechocystis sp. PCC 6803. (A) Effect of inlet concentration on recovery efficiency.
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where Qf is the volumetric flow rate, K is the hydraulic resistance to
flow within the microchannel, and Δp is the pressure drop in each
microchannel. The resistance K can be calculated as [32]

K ¼ 12μL
w3h

1−
192w
π5h

∑∞
n¼1;3;5;::

1
n5 tanh

nπh
2w

� �� �−1

ð3Þ

The power consumption, or shaft work (W) can then be determined
as

W ¼ Δp� Q f ð4Þ

From Eq. (4) it may be seen that the energy required per unit vol-
ume, or W/Qf, is just equal to the pressure drop. With the advent and
now ubiquitous use of soft lithography techniques, it is straightforward
to construct multi-layer, massively parallel microfluidic networks. In a
parallel microchannel system, the pressure drop of a single channel is
equal to the overall pressure drop of the whole system. Therefore,
there is an advantage to implement a parallel large-scale design to in-
crease the throughput without compromising the low power consump-
tion per unit sample volume. Of course, the power consumption per unit
volumewill increase, more or less linearly, in a serial system, where the
number of sequential stages will determine the overall concentration
factor to be achieved. The calculated pressure drop, power consump-
tion, and energy consumed per unit volume as a function of serial stages
(concentration factor) are shown in Table S1. Table 1 shows the calcu-
lated power consumption per unit volume for different concentration
factors in the cyanobacteria microfluidic concentrator as well as for
other technologies for which power consumption data are reported
[33]. The single-microchannel flow rate used in Table 1 is 100 μL/min,
which is an intermediate flow rate for purposes of demonstration;
lower (10 μL/min) and higher (1000 μL/min) flow rates can also work
in this system (data not shown). The calculated power consumption
of the microfluidic concentrator is comparable to other reported
centrifuge methods, with even lower energy consumption than a de-
canter bowl centrifuge at the same concentration factor. The energy
consumption per unit volume of our microfluidics device with the
current flow rate (100 μL/min) is comparable or even lower than
conventional methods. But this is still not optimal based on the chal-
lenging target of being less than $0.013/GGE (GGE: U.S. gallon of gas-
oline equivalent), as set by the National Alliance for Advanced
Biofuels and Bioproducts (NAABB) in 2009. Every kWh/m3 con-
sumed at the first stage of harvesting contributes approximately
$1/GGE to the cost of algal biofuel [1]. This NAABB target necessitates
reducing the energy requirements of the microfluidics approach by
at least a factor of 10 relative to the Table 1 values. A ten-fold de-
crease in power requirements can be realized if the flow rate is re-
duced to 10 μL/min, which would be significantly lower than other
reported power consumption per unit volume and approaching the
algae harvesting energy consumption targets set by NAABB. Based
on these simple power consumption analyses, it may be concluded
Table 1
Power consumptions of microfluidic concentrator and other concentrating approaches.

Harvesting technology Concentration factor
(vol. in/vol. out)

Energy consumed
per unit volume
(kWh·m–3)

Decanter bowl centrifuge [33] 11 8.0
Self-cleaning, disc-stack centrifuge [33] 120 1.0
Nozzle discharge centrifuge [33] 20–150 0.9
Microfluidic Concentrator 3 1.6

11 3.2
36 4.8
118 6.4
390 8.1
that the microfluidic concentrator approach is a promising alterna-
tive for harvesting cyanobacteria for biofuel production.

4.7. Capital cost

The cost of fabricating a module capable of processing 300 L/h of
cyanobacteria suspension to obtain a concentration factor of about
120 is considered here. Regarding the physical size, to process 300 L/h
at 100 μL/min/channel, it would require 50,000 parallel channels.
Given the channel geometries used here, a 50-layer device with 1000
parallel microchannels per layer would have a width of 0.5 m, a height
of 0.1m, and length (in the direction of flow) of 0.01m. That length rep-
resents a single pass through the concentrator, so sequential processing
would require a module length of 0.01N, where N is the number of
passes or concentration steps. If this device is constructedusing thermo-
set polyester, as was done in this proof-of-concept study, the total cost
of materials (retail) would be $120, including the silicon wafer mold,
photoresist, andmonomer. A pump capable of processing this volumet-
ricflow rate could be purchased for less than $500. Ifwe assume that the
microfluidic module to be replaced 4 times a year due to fouling or me-
chanical failure, then the capital cost of the proposed system would be
$0.40/(m3/day). This capital cost is less than one tenth of the settling
pond, which has the lowest base costs of traditional harvesting ap-
proaches discussed in the Introduction section. It must also be noted
that there is a trade-off between the capital cost and the energy con-
sumption for the microfluidic concentrator. As the proposed scale-up
strategy is linear, capital costs would increase linearly with decreasing
flow rate. For example, the capital cost would be $4.0/(m3/day) to pro-
cess 300 L/h at 10 μL/min/channel, but the energy (pumping) costs
would decrease by a factor of 10.

5. Conclusion

A low cost, miniaturizedmicrofluidic concentrator for cyanobacteria
harvesting has been developed. The platform design is based on
concepts from inertial migration and Dean flow theories, and it has
the potential to be applied at commercial scales for harvesting of
cyanobacteria at initial concentrations of 0.1, 0.01, or even 0.001 vol%,
with a final product stream that may have cell densities as high as
3.2 vol%. Demonstrated recovery efficiencies in this device exceed 96%,
and can reach 98% under continuous operating conditions, while at
the same time resulting on concentration factors approaching the theo-
retical maximum. This device is versatile, and it has been shown that
higher recovery efficiencies and concentration factors may be achieved
at higher flow rates and with optimized outlet channel geometries.
Importantly, this device is tailored to Cyanobacteria concentration, but
is by no means restricted to this microorganism. Many other
microalgae or bacteria could be concentrated by adjusting the
microchannel geometries. Compared with the capital cost of other
microalgae/cyanobacteria harvesting technologies, the cost of device
is very low (~$0.002 per channel), there are no residual chemicals in
the harvested cyanobacteria or media, and there are no moving parts
in the device itself. In addition, volumetric power consumption of this
microfluidic concentrator is comparable and even lower relative to
other traditional approaches. Scale up of this microfluidics concentrator
is conceptually straight forward through parallel microchannel configu-
rations andmultilayer (stacking) operation. Additional opportunities to
lower the microalgae harvesting costs using microfluidics technology
lies in the trade-off in the inverse relationship between operating ener-
gy requirements and capital cost. Further studies using lower flow rates
in the microfluidics device would be beneficial in reducing the overall
cost and approaching the NAABB target. This microfluidic concentrator
is a promising alternative approach for harvesting at commercial scale,
and may help with overall process economics and feasibility.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.algal.2017.03.018.
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