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There is a growing interest in the photosynthetic carbon fixation by microalgae for

the production of valuable products from carbon dioxide (CO2). Microalgae are

capable of transporting bicarbonate (HCO3
�), the most abundant form of inorganic

carbon species in the water, as a source of CO2 for photosynthesis. Despite the

importance of HCO3
� as the carbon source, little is known about the chemotactic

response of microalgae to HCO3
�. Here, we showed the chemotaxis of a model

alga, Chlamydomonas reinhardtii, towards HCO3
� using an agarose gel-based

microfluidic device with a flow-free and stable chemical gradient during the entire

assay period. The device was validated by analyzing the chemotactic responses of

C. reinhardtii to the previously known chemoattractants (NH4Cl and CoCl2) and

chemotactically neutral molecule (NaCl). We found that C. reinhardtii exhibited

the strongest chemotactic response to bicarbonate at the concentration of 26 mM in

a microfluidic device. The chemotactic response to bicarbonate showed a circadian

rhythm with a peak during the dark period and a valley during the light period.

We also observed the changes in the chemotaxis to bicarbonate by an inhibitor of

bicarbonate transporters and a mutation in CIA5, a transcriptional regulator of

carbon concentrating mechanism, indicating the relationship between chemotaxis

to bicarbonate and inorganic carbon metabolism in C. reinhardtii. To the best of

our knowledge, this is the first report of the chemotaxis of C. reinhardtii towards

HCO3
�, which contributes to the understanding of the physiological role of the

chemotaxis to bicarbonate and its relevance to inorganic carbon utilization. VC 2016
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4942756]

I. INTRODUCTION

Microalgae, the aquatic photosynthetic microorganisms, have recently garnered a lot of

interest for their potential to produce valuable products, such as feedstocks of biofuels1,2 and

chemicals3 from CO2. They are recognized as a sustainable solution to the global warming and

energy security caused by the consumption of fossil fuels. Despite the potential, it is still

required to improve photosynthetic productivity for the economic viability of microalgal pro-

duction systems.4 A deeper understanding of algal physiology is crucial for the realization of

biotechnological application of microalgae.5,6 There have been a number of studies on the phys-

iology related to photosynthesis,7 circadian rhythm,8 and tactic responses9–12 using a unicellular

motile green alga, Chlamydomonas reinhardtii, as a model organism of microalgae.
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One of the attractive properties of microalgae is the ability to take up inorganic carbon (Ci,

CO2, and HCO3
�) for the photosynthetic conversion into organic carbon,13 which accounts for

a large portion of global biomass production.14 Due to the variability of dissolved Ci level and

10 000-fold lower diffusion rate of CO2 in aquatic conditions compared to atmospheric condi-

tions, most microalgae developed the carbon concentrating mechanism (CCM) for acclimation

to CO2-limiting conditions with active Ci uptake systems to accumulate an intracellular Ci

pool.13–16 Under neutral to alkaline pH conditions, HCO3
� is the predominant form of Ci spe-

cies in the water.15 Because HCO3
� is 1000-fold less permeable to lipid membranes relative to

CO2, internal Ci is accumulated in the form of HCO3
� to prevent unintended efflux of Ci with

the assistance of various carbonic anhydrases (CA) and HCO3
� transporters.14,16

Chemotaxis is the directional migration of organisms in response to the gradient of chemi-

cal stimuli including nutrient sources17 and toxic compounds.18 The organisms move towards a

favorable chemical (positive chemotaxis) or away from an unfavorable chemical (negative che-

motaxis). As a consequence, the organisms are able to find optimal conditions for their survival.

In this context, chemotaxis may provide a significant fitness advantage.19 Since modern studies

of bacterial chemotaxis,20,21 the chemotactic responses of bacteria to a wide range of chemical

substances, such as sugars,17 amino acids,22 and signaling molecules,23 have been demonstrated.

Chemotaxis of C. reinhardtii has been studied during the past few decades as well, but rela-

tively less information is available for the chemotactic response of C. reinhardtii compared

with other organisms (e.g., Escherichia coli). Till date, the chemotactic responses in this micro-

alga have been investigated using a limited number of chemicals, including ammonium (NH4
þ)

ion.8,10,12 Furthermore, the chemotaxis of C. reinhardtii to several chemicals (e.g., L-arginine

and CoCl2) is disputable.10–12 Although HCO3
� is an important inorganic carbon source in C.

reinhardtii, it is not known that HCO3
� triggers a chemotactic response of C. reinhardtii.24

In the chemotaxis assay, the traditional methods, including swarm plate assay20 and capil-

lary assay,21 have been developed and extensively exploited in conventional biology laborato-

ries. However, these approaches are unsuitable for an accurate analysis of chemotaxis, because

it is difficult to obtain quantitative information on the extent of chemotactic migration and

stable concentration gradient of chemicals.25–27 To overcome the shortcomings of the classical

methods, various microfluidic systems have been recently developed.26,27 There are a number

of advantages in the microfluidic assays over the conventional methods. Since microfluidics

offers unprecedented level of controllability and stability, a precise manipulation of the fluidic

properties, including the flow rate and the concentration, is possible.23,25,26 Furthermore, the

microscale approach enables the behavior analysis of microorganisms at the single-cell level.27

Therefore, the microfluidic systems are considered to be highly suitable for the quantitative

analysis of chemotactic response. In general, the microfluidic gradient generator can be classi-

fied into two groups, flow- and diffusion-based methods.25,26 The flow-based systems generate

a gradient by mixing two or three parallel laminar flow of different concentrations.28,29 Even

though the flow-based systems have several advantages, such as the capability of generating

controllable and switchable gradients,30 the flowing nature limits the period for assay and may

hinder the chemotaxis-induced migration of cells.23,26 Furthermore, the additional apparatus

including syringe pumps and tubes are required to operate these systems, which cause incon-

veniences in system operation.26 Compared to the flow-based devices, the diffusion-based devi-

ces generate the gradient between several fluids which are separated by physical barriers (i.e.,

semi-permeable membrane).26,31–34 Through these systems, undisturbed long-term monitoring

of the chemotaxis is possible without the additional auxiliary equipments.23,26 Consequently,

the flow-free systems seem to be more suitable than the flow-based systems for an accurate

analysis of chemotaxis.

In this study, we describe a microfluidic analysis of the chemotaxis of C. reinhardtii to

HCO3
�, an important carbon source for microalgal photosynthesis. For the quantitative analysis

of a chemotactic response, we developed a modified diffusion-based microfluidic platform,

which is a single-layer polydimethylsiloxane (PDMS) microfluidic device with microchannels

filled with small agarose gel plugs as a semi-permeable membrane for diffusion. Agarose gel is

a commonly used biocompatible material in general biology labs, and it is easy to cast in
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microchannels because of its thermal gelation property.32,33 In addition, agarose gel allows the

free diffusion of small molecules but prevents the fluid flow.26 Although the system in this

study has been developed based on the previous agarose gel-based microfluidic platform,26 it

has unique structural advantages which make it easier to use in general biology labs: (1) a sepa-

rated observation region useful for the quantitative analysis of chemotaxis at the single-cell

level, (2) the system consisted of single-layer PDMS microchannels with a uniform height,

which excludes the necessity of a complicated two-layer lithography process.26 Using the de-

vice, we demonstrated that HCO3
� is a strong chemoattractant of C. reinhardtii and there exists

the concentration at which C. reinhardtii shows the strongest chemotaxis. To the best of our

knowledge, this is the first report on the chemotaxis of a model microalga, C. reinhardtii, to

HCO3
� and relation of Ci metabolism to this chemotactic behavior.

II. MATERIALS AND METHODS

A. Strains, culture media, and conditions

The wild-type (WT) strain of C. reinhardtii, CC-125 (mtþ agg1þ nit1 nit2), and its

mutant strain with a point mutation in CIA5, CC-2702 (cia5),14,35 were obtained from

Chlamydomonas Resource Center (University of Minnesota). The wild-type microalgal cells

were cultured under a low CO2 condition (ambient CO2 condition) and a high CO2 condition

(air enriched with 5% (v/v) CO2). The cia5 mutant, which cannot acclimate to the low CO2

condition due to the lack of CCM, was grown in the presence of 5% CO2. All cultivations

were conducted under a photoautotrophic condition in 100 ml Erlenmeyer flask, with 50 ml of

Tris-phosphate medium (TP medium, Tris-Acetate-Phosphate (TAP) medium36 without acetate;

20 mM Tris base, 7 mM NH4Cl, 0.83 mM MgSO4�7H2O, 0.45 mM CaCl2�2H2O, 1.65 mM

K2HPO4, 1.05 mM KH2PO4, 0.134 mM Na2EDTA�2H2O, 0.136 mM ZnSO4�7H2O, 0.184 mM

H3BO3, 40 lM MnCl2�4H2O, 32.9 lM FeSO4�7H2O, 12.3 lM CoCl2�6H2O, 10 lM

CuSO4�5H2O, 4.44 lM (NH4)6MoO3, pH 7.3), at 23 �C in a shaking CO2 incubator at an agita-

tion rate of 120 rpm under continuous light condition (50 lmol photons m�2 s�1).

B. Design of the microfluidic device

The schematic diagram and the image of the single-layer PDMS microfluidic device with

small agarose gel plugs in the microchannels as a semi-permeable membrane for diffusion are

presented in Fig. 1. As shown, there are two chambers which served as a cell reservoir and a

chemo-effector reservoir on the both ends of the device. The reservoirs are connected with a

concentration gradient generating channel with a length of 5500 lm and a uniform height of

20 lm. The height of the channel was determined to prevent congestion and overlap of the cells

in the channel which disturb accurate analysis of the cell behavior (C. reinhardtii is about

10 lm in diameter). In detail, the chemo-effector reservoir is connected to 5 microchannels

(20 lm wide and 500 lm long) filled with agarose gel (named as agarose gel channel). The

channels function as a membrane for chemical diffusion and a barrier that simultaneously

prevents the intrusion of cells and fluid flow. The opposite end of the agarose channels is con-

nected to a circular observation region with a diameter of 400 lm, which provides a venue for

cell accumulation in response to chemo-effectors. The observation region and the cell reservoir

are connected to the long channel (named as cell migration channel; 155 lm wide and 4600 lm

long) for the cell migration by generating a stable concentration gradient of chemo-effectors.

C. Microchip fabrication

The design of the device was generated using AutoCAD software (Autodesk) and printed

on a transparent film as a photomask film. The master for PDMS cast was fabricated using SU-

8 50 negative photoresist (MicroChem) on a silicon wafer by standard photolithography.37 The

device was fabricated by pouring 10:1 w/w PDMS prepolymer mixture of 184 Sylgard base

and curing agent (Dow Corning) onto the generated master and curing at 80 �C in an oven after

degassing process. The two reservoirs were bored using a 4 mm size biopsy punch. The PDMS
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layer containing microchannels and chambers was bonded to a slide glass via oxygen plasma

treatment. In order to make the microchannel of the device hydrophobic, the device was stored

at 80 �C in an oven overnight. Subsequently, the device was treated with oxygen plasma for

10 s to convert the surface of the microchannel into partially hydrophilic state. This process is

necessary for the control of the hydrophilicity of the surface of PDMS microchannels. After the

plasma treatment, the microdevice was stored in atmosphere for several minutes to obtain

thermal equilibrium with room temperature (about 25 �C).

TP medium-based 3% w/v agarose gel solution was then prepared, and 2.5 ll of the solu-

tion at 65 �C was injected into the agarose gel channel. Fig. 1(d) shows agarose gel filling

process to make diffusion membrane channels. Due to the hydrophilicity of surface after the

treatment of oxygen plasma for 10 s, the agarose solution was driven into the agarose channels

by the surface tension.26 After flowing through the channels, the agarose solution suddenly

stopped and solidified at the end of the agarose gel channels because of large cross sectional

FIG. 1. Schematic diagram of the device for chemotaxis assay. (a) Overall design of the device is presented with the direc-

tion of diffusion and cell migration (upper right box: a perspective view of the device mainly focused on the agarose chan-

nels and observation region). (b) Image and description of the microdevice with magnified view of cell migration channel,

observation region, and agarose gel channels. (c) Flow chart of experimental process. (d) A filling process of agarose gel

into microchannels which functions as a semi-permeable membrane allowing free diffusion of small molecules but prevent-

ing fluid flow in the microsystem. (e) A medium filling process in the microfluidic device. Due to their hydrophilic and gas-

permeable properties of oxygen-treated PDMS microchannel, the channel was filled with a medium while pushing out the

trapped air in the channel.
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area difference between an agarose channel and the observation region as reported previously.26

Since the cross sectional area of the observation region is much larger than that of an agarose

gel channel, the flow speed of agarose solution was suddenly retarded when the agarose solu-

tion flows into the observation channel. This concept is supported by the continuity equation

qA1v1 ¼ qA2v2; (1)

where q is the density of the fluid, A is the cross sectional area of the channel, and v is flow

velocity. Due to the large temperature difference between the agarose solution and the surface

of the channels of the PDMS chip, the solution turned into gel immediately after the flow

slowed down. Therefore, the agarose channels were completely formed within 5 s. A small

amount of agarose gel that is remained in the chemo-effector reservoir does not affect the diffu-

sion of molecules because the diffusivity of molecules in low concentration of agarose gel is

nearly the same as in the water as previously reported.34 After the semi-permeable channels

were constructed, 35 ll of TP medium was loaded into both the cell and the chemo-effector

reservoir. As the surface of the microchannel is hydrophilic and PDMS is a gas permeable

material, the medium flowed into cell migration channel and the observation region from the

cell reservoir while pushing out the trapped air in the channel (Fig. 1(e)).

D. Fluorescent dye diffusion analysis

Concentration gradient generation through the channel of the microfluidic device was

analyzed using fluorescein sodium salt (Sigma-Aldrich) solution, since the diffusion behavior of

small molecules is analogous to that of fluorescein.26 The time-lapse fluorescence image of the

microchannel was obtained every 1 h after 35 ll of TP medium based 0.1 mM fluorescein solu-

tion was supplied into the chemo-effector channel. The images were taken with an exposure

time of 3 s using Carl-Zeiss Axio Observer D1 inverted microscope equipped with a 5� objec-

tive lens, AxioCam CCD camera (Carl-Zeiss), and AxioVision image software (Carl-Zeiss).

The fluorescent intensity was quantified using ImageJ software (National Institutes of Health).

E. Biological validation of microfluidic device for analysis of chemotaxis

Prior to the experiment, the wild-type cells were subcultured to OD800 of 0.1 every 4 days

to maintain cells in exponential growth phase under the low CO2 condition. Cells were har-

vested during exponential growth phase by centrifugation at 3000 rpm for 5 min. Subsequently,

the cell pellet was washed once and resuspended in the TP medium at an OD800 of 1.0

(�1.65� 106 cells/ml). To test the functionality of the microfluidic device, the TP medium in

the chemo-effector reservoirs was replaced by chemical solutions in TP medium, including

CoCl2 and NaCl with different concentrations (10, 50, and 100 mM, respectively). Due to the

concentration difference between the TP medium in the cell reservoir and the chemical solu-

tions in the chemo-effector reservoir, chemical concentration gradient generations were initi-

ated. For each experiment, the diffusion process was done for 4 h to obtain the stable and the

linear concentration gradients along the channel. While the diffusion process was in progress,

the device was stored in a 100% humidity chamber to prevent evaporation. After the linear gra-

dient in the channel was achieved, the TP medium in the cell reservoir was carefully removed,

and 35 ll of the cell suspension was injected. In case of chemotaxis assay using NH4Cl, the

harvested cells were resuspended in nitrogen-deprived TP medium (TP�N medium, TP medium

without NH4Cl) at an OD800 of 1.0. The TP�N medium was also used as the basis of NH4Cl

solution with different concentrations (10, 50, and 100 mM) for the chemotaxis analysis. To

prevent unintended phototaxis-involved cell movement, the microfluidic device was placed in

dark during the assay period. The number of cells in the observation region was determined

through the manual counting and the use of software (ImageJ) to minimize errors in counting

number of cells in the observation chamber. All reagents, including CoCl2, NaCl, and NH4Cl,

were purchased from Sigma-Aldrich.
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F. Analysis of chemotactic response to HCO3
2

The wild-type cells were grown to exponential phase under the low CO2 and the high CO2

conditions. Chemotaxis to HCO3
� was analyzed with various concentrations of NaHCO3 (from

10 mM to 100 mM at an interval of 10 mM). To analyze the effect of the inhibition of inorganic

carbon utilization on chemotaxis to HCO3
�, cells were treated with an inhibitor of external car-

bonic anhydrase, 5-acetamido-1,3,4-thiadiazole-2-sulfonamide (AZ),38,39 and a putative inhibitor

of HCO3
�/Cl� anion exchange, 4,40-dithiocyanatostilbene-2,20-disulfonate (DIDS).40,41 Prior to

the analysis, the wild-type cells grown under the low CO2 condition were treated with 50 lM

of AZ and 500 lM of DIDS solution for 3 h, respectively. Subsequently, the cells were har-

vested, washed, and resuspended in each inhibitor solution at an OD800 of 1.0. 35 ll of the cell

solutions from each condition were loaded into the cell reservoir after HCO3
� concentration

gradient was generated for 4 h. The chemotaxis assays were performed under darkness. The

cia5 mutant grown under the high CO2 condition was also used for chemotaxis analysis to

investigate the relationship between CCM and chemotaxis to HCO3
�.

G. Analysis of the effect of circadian rhythm on chemotaxis to HCO3
2

To synchronize circadian clock, the wild-type cells were placed under the cycle of 12 h-

light and 12 h-dark in the low CO2 condition. After synchronization, the cells were harvested,

washed, and resuspended as mentioned above. Chemotaxis was analyzed every 6 h for 24 h

(i.e., 0 h, 6 h, 12 h, 18 h, and 24 h) using 30 mM of NaHCO3 solution, which triggered the

strongest chemotactic response of the wild-type cells as the chemo-effector. To minimize the

effect of time on the chemotactic response by circadian rhythm, the assays were conducted for

a short period of time (1 h) under the dark condition.

H. Data analysis

We used the chemotaxis index, CI,42,43 to quantify the response of the cells to the chemo-

effectors. In this study, CI is defined as

CI ¼ NChemo�effector

NControl
; (2)

where Nchemo–effector is the number of cells accumulated in the observation region in response to a

chemo-effector, and NControl is the number of spontaneously migrated cells to the observation

region in the absence of a chemical gradient (i.e., only fresh TP medium was supplied in the

chemo-effector reservoir; indicated by control experiments in all following studies). The negative

control experiments were performed for each assay condition. The number of the cells was

counted from the image of the observation region, which was captured every 1 h. For further

analysis, the cell migration channel was observed in the HCO3
� chemotaxis assay after the cell

migration reached the steady-state. To determine the location of the cell band, the image of the

overall channel was analyzed by densitometer using ImageJ software. The center position of the

band was obtained from the point where the density was the highest. The chemotactic responses

of the different assay conditions were determined and compared by the skewness, an index of

asymmetry of distribution, which was calculated using the skew function in the Excel software

(Microsoft). For all chemotactic response assays, the images were taken by an Olympus CKX 41

inverted microscope (Olympus) equipped with a Cannon EOS 700D CMOS camera (Cannon).

III. RESULTS AND DISCUSSION

A. Gradient generation and characterization

The diffusion of a chemical without fluid flow can be described with the Fick’s second law

@c

@t
¼ Dr2c; (3)
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where c is the concentration, t is the diffusion time, and D is the diffusion coefficient of a mol-

ecule. If the diffusion only occurs along the x-axis, the solution of the equation is given by the

following equation:

c x; tð Þ ¼ c0 1� erf
L0 � x

2
ffiffiffiffiffi
Dt
p

� �� �
; (4)

where c0 is the concentration at the chemo-effector reservoir, and L is the entire length of the

channel (L0¼ 5000 lm). Theoretically, the concentration at the end of the channel (x¼ 0) can

always be regarded as zero since the diffused chemical immediately spreads into the cell reser-

voir whose volume is relatively large compared with that of the channel enough to offset the

diffusion effect. As a result, the initial condition is c(x,0)¼ 0, and the boundary conditions of

the system are c(0,t)¼ 0 and c(L0,t)¼ c0.34 When completely diffused along the long channel

(i.e., the diffusion reached the steady-state), the gradient of the chemical becomes linear as

follows:

c xð Þ ¼ c0

x

L0

: (5)

We used fluorescein solution to characterize the diffusive property in the device since the

fluorescein has been widely used to monitor and confirm the diffusion phenomena of small mol-

ecules in the microfluidic systems.26,27,34 The diffusivity of fluorescein is about 4.9� 10�6 cm2

s�1 that was calculated from the Wilke-Chang correlation.44 The diffusivity of HCO3 at 25 �C,

1.19� 10�5 cm2 s�1, is about 2.43-fold higher than fluorescein, which is estimated by the

Nernst-Einstein equation45

D ¼ RTk
z2F2

; (6)

where D is the self-diffusion coefficient, R is the gas constant (8.3145 J K�1 mol�1), T is temper-

ature in Kelvin, k is the limiting conductivity (per mole), z is charge, and F is the Faraday con-

stant (9.6485� 104 C mol�1). The diffusion time of molecules can be estimated from t�L2/D as

described previously.26 Thus, the diffusion velocity of HCO3
� is about two times faster than

fluorescein in the microfluidic device. Therefore, the stable gradient of small molecules with

higher diffusivity compared to fluorescein can be generated more quickly. For the comparison of

the theoretical approach with our experimental results, we analyzed the diffusion profile of

fluorescein using ImageJ software. The generation of the gradient was performed by providing a

0.1 mM fluorescein solution into the chemo-effector reservoir. We observed that the fluorescence

signal consistently diffused from the chemo-effector reservoir to the cell reservoir through the

agarose channels due to the concentration difference. The generated gradient along the channel

of the device was measured at an interval of an hour. As shown in Fig. 2, we found that 4 h are

enough to generate steady-state diffusion profile and the gradient was stably maintained over 20

h (longer than the entire assay period). In accordance with the theoretical analysis, the gradient

profile was gradually linearized as the time passed (all of the r2 of the profiles after 4 h were

>0.916).

For the quantitative analysis of chemotaxis, we needed to estimate the steady-state concen-

tration at the observation region. The relationship between the concentration of chemo-effector

reservoir (CS) and the maximum concentration of the observation region (CM; indicating the

concentration at x¼ 5000 lm) was calibrated in a previous study26

CM ¼
1

1þ A0La

NAaL0

CS; (7)

where Aa and A0 indicate the cross sectional area of an agarose gel channel and the following

channel part (the observation regionþ the cell migration channel), respectively; La and L0
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denote the length of an agarose gel channel and the following channel part, respectively; and N
is the number of the agarose gel channels. For simple modeling, A0 and L0 represent the cross

sectional area of the cell migration channel and length of the following part of the agarose gel

channels (i.e., the observation region þ the cell migration channel), respectively. Considering

the parameters in this study, we could obtain CM¼ 0.866CS. Hence, the concentration of the

chemicals at the particular position of the channel can be estimated from the relationship and

its linearity.

B. Biological validation of microfluidic device for analysis of chemotaxis

We validated the microfluidic device by analyzing chemotactic responses of C. reinhardtii
to previously known chemoattractants (NH4Cl and CoCl2) and the chemotactically neutral mol-

ecule (NaCl).8,10–12 It was reported that ammonium ion (NH4
þ) is a strong chemoattractant for

C. reinhardtii,8,10,12 but NaCl does not elicit any response (chemotactically neutral)10 of the

alga. The chemotaxis of C. reinhardtii to cobalt ion (Co2þ ion from CoCl2) was also studied in

several studies,10,11 but its effect is still disputable. We employed the CI given by Eq. (2) for

the quantitative analysis of chemotaxis. We only considered the cells that arrived at the obser-

vation region to determine the chemotaxis index at the specific concentration in the observation

region corresponding to different source concentrations. Due to the concentration gradient from

the observation region to the cell reservoir, the concentration along the long cell migration

channel changes according to the distance from the chemo-effector reservoir. Therefore, it is

unsuitable to include cells remaining in the migration channel for the determination of chemo-

tactic response to the specific concentration of chemicals in the observation region. As above

mentioned, the index is defined as the number of attracted cells by chemotaxis in the observa-

tion region with chemo-effector divided by the number of randomly migrated cells into the

observation region without chemo-effector. Therefore, the CI represents the intensity of the

FIG. 2. Fluorescence microscopy images (the top panel) and their concentration gradient profiles (the bottom panel) across

the channel at different times. 0.1 mM of fluorescein solution was used for the diffusion tracking. The steady-state diffusion

was achieved after 4 h and maintained for the entire assay period (>20 h).
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chemotactic response to various chemo-effectors quantitatively. After 4 h of diffusion with each

chemical solution for establishing stable concentration gradient through the channel, 35 ll of

the wild-type cells grown under atmospheric CO2 condition were loaded into the cell reservoir.

All the assays were performed under darkness to prevent the unintended phototactic movement.

In response to the gradient of NH4
þ, the algal cells were attracted as shown in Figs. 3(a)–3(c),

indicating NH4
þ acts as a strong chemoattractant which are consistent with the results of previous

works.8,10,12 Fig. 3(a) shows that the number of accumulated cells in the observation region

increases with time and approached its maximum asymptotically. The cell response to TP�N me-

dium was investigated as a control (i.e., in the absence of NH4
þ gradient), and no chemotactic

response was observed. After net cell migration reached steady-state after 8 h of observation, the CI
was estimated to quantify the chemotactic response intensity. As a result, we found that 10 mM of

NH4Cl solution induced the strongest chemotactic response. At the higher concentrations of the

source NH4Cl than 10 mM, the number of accumulated cells and CI decreased (Figs. 3(b) and

3(c)). Considering diffusion characteristics of the device, the NH4
þ concentration at the observation

region was about 8.66 mM when 10 mM of NH4Cl solution was provided as a chemo-effector

source. This result implies that the microalga prefers 8.66 mM of NH4
þ rather than higher concen-

trations (i.e., 43.3 mM and 86.6 mM for the source concentration of 50 mM and 100 mM, respec-

tively) because excessive ion (i.e., NH4
þ and/or Cl�) supply might cause a negative influence on

the cells,34 resulting in the decrease of the chemotactic response intensity.

Fig. 3(d) shows the number of accumulated cells in the observation region in response to

CoCl2 over time. The cells showed no response to TP medium used as a negative control. The

TP medium intrinsically contains 6.73� 10�3 mM of Co2þ ion, but it is negligible compared to

the chemotaxis assay conditions (i.e., 10 mM, 50 mM, and 100 mM of CoCl2), since the concen-

tration is below the threshold concentration of Co2þ to elicit the chemotactic response.11 As a

result of the experiment, C. reinhardtii showed a positive chemotaxis to CoCl2 as previously

reported.11 However, CIs (Fig. 3(e)) and the number of accumulated cells (Fig. 3(f)) did not

display a distinctive peak at a particular concentration between 10 mM and 100 mM. The Co2þ-

induced CI is 3.93-fold lower than that of NH4
þ, indicating NH4

þ is a stronger chemoattractant

than Co2þ. Although it was reported that cobalt is toxic to C. reinhardtii at the concentration of

19 lM,46 it was also known as strong chemoattractant at 0.1 mM.11 Therefore, a further investi-

gation related to cytotoxicity and chemotaxis of cobalt in C. reinhardtii is required. The chemo-

tactic responses of the cells to various concentrations of NaCl solution were also investigated

(Fig. 3(g)). As shown in Figs. 3(h) and 3(i), NaCl does not elicit any chemotactic response of

C. reinhardtii, indicating NaCl is a chemotactically neutral chemical. This result also supports

that chemotaxis to NH4Cl and CoCl2 was elicited by NH4
þ and Co2

þ, respectively, not by

Cl� ion.

C. Chemotactic response to HCO3
2

When dissolved in water, CO2 exists in forms of dissolved inorganic carbon. Among them,

HCO3
� is the most abundant inorganic carbon source for the aquatic photosynthesis15 in moder-

ate conditions of aquatic ecosystem.15 To adapt CO2-limiting environment, the microalgae

induce CCM for facilitating HCO3
� uptake and elevating internal inorganic carbon concentra-

tion for better carbon fixation efficiency with CAs and HCO3
� transporters.14,16 Since motile

microorganisms are capable of detecting and finding the optimal position for a stable supple-

ment of nutrient sources by means of chemotaxis,23 we thought that HCO3
� elicits the chemo-

taxis of a motile microalga, C. reinhardtii. The chemotactic responses of cells to various

NaHCO3 concentrations (from 10 mM to 100 mM at an interval of 10 mM) were analyzed under

darkness to preclude the phototactic response. As expected, we observed a strong chemotactic

response of C. reinhardtii towards HCO3
�, as shown in the upper images of Fig. 4(a). We

obtained the CIs at each concentration of HCO3
� (the bottom of Fig. 4(a)). We found that the

CIs gradually increase as the concentration of HCO3
� increases with a maximum value of

424.6 at 30 mM (equivalent to 26.0 mM at the observation region), followed by a gradual

decrease to 53.4 at 100 mM of HCO3
�. We also analyzed the chemotactic response with a
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FIG. 3. The validation of agarose gel-based microfluidic device for chemotaxis assay of C. reinhardtii using NH4Cl (ammo-
nium chloride; AC), CoCl2 (cobalt chloride; CC), and NaCl (sodium chloride; SC). All data and error bars are the means and
standard deviations of the three biological replicates (n¼ 3). (a) The number of accumulated C. reinhardtii cells in the observa-
tion region in response to NH4Cl gradient according to time. (b) CI measured in the presence of NH4Cl gradient after 8 h of
observation. (c) A representative microscopy image showing the cell response towards NH4

þ after 8 h at different concentra-
tions. (d) The number of the accumulated cells in the observation region towards CoCl2 according to time. (e) CI measured in
the presence of CoCl2 gradient after 8 h. (f) A representative microscopy image showing the cell response towards Co2þ at 8 h
at different concentrations. (g) The number of the accumulated cells in the observation region in response to NaCl gradient
according to time. (h) CI measured in the presence of NaCl gradient after 8 h. (i) A representative microscopy image showing
the cell response towards NaCl at 8 h at different concentrations.
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decreased cell density by half (OD800 of 0.5) to investigate whether the initial cell number in

the cell reservoir affects the chemotaxis index. As shown in Fig. 4(a), the CIs showed no signif-

icant changes in the magnitude and the profile of chemotaxis index, although the cell number

in the observation region decreased. This is because the number of cells reached the observation

FIG. 4. Chemotactic response of C. reinhardtii towards HCO3
�. All the experiments were carried out in triplicates (n¼ 3).

Error bars are the standard deviations. (a) The chemotaxis index (CI) of the wild-type cells (OD800¼ 1) in response to

HCO3
� at various source NaHCO3 (sodium bicarbonate; SB) concentrations (from 10 mM to 100 mM at an interval of

10 mM). The blue dashed line indicates the chemotactic response of the wild-type cells at an OD800 of 0.5. The upper

images show the representative microscopy images of the accumulated cells at each source concentration. The cell behavior

assay in the absence of HCO3
� gradient was performed as a control experiment. (b) Cell population band formation in

response to the different source NaHCO3 concentrations (from 20 mM to 100 mM at an interval of 20 mM) across the cell

migration channel. The top panel shows the representative cell bands formed at different position of the cell migration

channel, while the bottom panel shows the center positions of the cell bands. The red line indicates the linear regression of

the center position. The linearity of the center positions (r2¼ 0.956) indicates the existence of the most preferred HCO3
�

concentration in the chemotaxis of C. reinhardtii.
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region by random motility was also reduced. This result indicates that the initial cell density is

not a factor of the CI. Under the same cell density, notably, the chemotaxis index of HCO3
�

was 2.34-fold higher than NH4
þ (CI: 181.2), supporting that HCO3

� is a more favorable che-

moattractant and implying that it is an important nutrient source to C. reinhardtii. Since the

cells used in this experiment were cultivated in TP medium containing 7 mM of NH4Cl under

ambient CO2 condition, the most limiting nutrient may be the inorganic carbon. Therefore, it

seems that HCO3
� triggered a stronger chemotactic response of the cells than NH4

þ. In addi-

tion, we found that the chemotactic response of C. reinhardtii to HCO3
� is light-independent,

considering that the assay was carried out under a long-term dark condition.

Subsequently, we checked the cell distribution in the cell migration channel for further

analysis. Interestingly, the dense population bands appeared at different positions in the cell

migration channel (the top panel of Fig. 4(b)) according to the different concentrations of

HCO3
�. The dense population bands migrated toward the chemo-effector source as the concen-

tration of source became lower, indicating that cells move to find the optimal concentration of

HCO3
� according to different source concentrations. For accurate analysis of the band location,

we estimated the center position of the dense population band by densitometry. The bottom

panel of Fig. 4(b) shows a linear distribution of the center positions according to the source

concentration, which also supports the existence of the most preferred HCO3
� concentration for

the chemotaxis of C. reinhardtii, since the concentration profile across the channels shows near

linearity after sufficient diffusion, as shown in Fig. 2.

D. Circadian rhythm of chemotaxis to HCO3
2

The circadian rhythm of C. reinhardtii is an internal biological process, which controls var-

ious physiological, metabolic phenomena to occur with the diurnal cycle.47 Till date, several bi-

ological phenomena such as phototaxis,9 chemotaxis,8,48 and UV sensitivity49 in C. reinhardtii
have been shown to follow a circadian rhythm. Although the effect of circadian rhythms on

chemotaxis has been studied previously, the studies have been limited to only nitrogen sources,

such as ammonium and nitrate.8,48

To test the circadian rhythm of chemotactic response towards HCO3
�, the wild-type cells

were cultured under the low CO2 condition and acclimated to a photoperiod of 12 h-light and

12 h-dark (LD 12:12) to synchronize circadian clock. Each experiment was performed after

HCO3
� concentration gradient was generated for 4 h using 30 mM of NaHCO3. Since the che-

motactic response of cells under circadian rhythm rapidly changes according to time, we ana-

lyzed the chemotactic response during a short span of time (1 h) with the cells sampled every

6 h to minimize the effect of time on the chemotactic response. Fig. 5 shows that the intensity

of the chemotaxis that varied according to the time of sampling. As a result, the chemotaxis to

HCO3
� was maximal at the middle of the dark period while it was lowest at the middle of the

light period. This rhythmic pattern is consistent with a previous work, which revealed that the

chemotaxis to NH4
þ under circadian rhythm shows the maximum during the dark period and

minimum during the light period.8 C. reinhardtii is able to uptake inorganic carbon (HCO3
�

and CO2) and efficiently convert them into organic compounds in the light phase by the means

of CCM and photosynthesis.50 Thus, they can successfully cover their carbon requirement. In

the dark phase, however, the light-dependent carbon assimilation process would stop, and the

dark respiration starts to increase the internal production of CO2.40 As a consequence, the efflux

of CO2 from the cells takes place. To compensate for the loss, a necessity of the carbon sources

and the intensity of chemotactic response (CI) also might increase to allow the cells to find a

nutrient-rich environment.8

E. Correlation of chemotaxis with carbon dioxide concentrating mechanism

C. reinhardtii developed the ability to cope with variable CO2 concentrations.14 We investi-

gated the effect of various factors that involved in CCM and inorganic carbon utilization,

including transcriptional regulation of CCM, bicarbonate transporters, and external carbonic

anhydrases. It was known that C. reinhardtii exhibits a relatively low affinity to inorganic
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carbon when grown under the high CO2 concentration (5% (v/v)).51 As shown in Fig. 6(a), the

distribution of CIs of wild-type cells (CC-125) acclimated to the high CO2 (5%) showed a pat-

tern with a peak shifted to higher concentration of NaHCO3 (skewness: �0.137 6 0.023) com-

pared to the pattern of wild-type cells acclimated to low CO2 (ambient) (skewness:

0.551 6 0.033), but showed lower peak chemotactic index, indicating that cells grown in the

high CO2 prefer higher concentration of HCO3
� with lower intensity of chemotactic response.

This result supports the previous report as mentioned above51 and shows that the chemotaxis to

HCO3
� of C. reinhardtii is highly correlated with CO2 utilization and acclimation.

We also analyzed the chemotactic response of a mutant (CC-2702, cia5) of CC-125 with a

point mutation in CIA5, a transcription regulator that induce CCM.14 Therefore, this mutant is

unable to acclimate to the low CO2 condition due to the impaired component of CCM including

putative bicarbonate transporters.14 The distribution of CIs of the mutant showed a pattern with

a more shifted peak to high concentration of NaHCO3 (skewness: �0.618 6 0.043), indicating

that the mutant lacking induction of CCM requires higher concentration of inorganic carbon

source to compensate the loss of CCM induction. Because it was known that putative bicarbon-

ate transporters are impaired in the cia5 mutant, we further analyzed the effect of inhibition of

putative bicarbonate transporters on the chemotaxis to HCO3
� using a specific inhibitor of puta-

tive HCO3
�/Cl� transporters, DIDS. Interestingly, the wild-type cells treated with DIDS

showed significantly enhanced chemotaxis index at higher concentrations of NaHCO3
� than

30 mM, compared to the wild-type cells acclimated to low CO2 (Fig. 6(c)), which suggests that

transport of bicarbonate is correlated with chemotaxis to bicarbonate. However, the wild-type

cells that were treated with a specific inhibitor of external CAs, AZ, showed no noticeable dif-

ference with the untreated cells (Fig. 6(d)), indicating that external CAs are not directly

involved in the chemotaxis to HCO3
�.

IV. CONCLUSION

Chemotaxis is the most crucial behavioral response to chemical stimuli, which allows

microorganisms to find nutrients or avoid toxic compounds for their survival. Microalgae, the

FIG. 5. The chemotaxis index of the cells synchronized to Light (on): Dark (off) (12 h:12 h) cycle. The chemotactic

response was assayed for 1 h using the cells sampled every 6 h. Chemotaxis to HCO3
� showed the maximum level at the

middle of the dark period (18 h) and the minimum level during the day phase (6 h). The upper images show the representa-

tive images of the attracted cells at each sampling time. Data are the mean (bar graph) and standard deviation (error bars)

of three biological replicates (n¼ 3).
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aquatic photosynthetic microorganisms, require inorganic carbon sources for photosynthesis and

HCO3
�, the most abundant form of inorganic carbon in the water15 is an important carbon

source of microalgae. In this study, we demonstrated for the first time the chemotactic response

of C. reinhardtii to HCO3
� using an agarose gel-based flow-free microfluidic platform under

various conditions. For a more accurate and quantitative analysis of the chemotaxis of C. rein-
hardtii, we developed a modified diffusion-based microfluidic platform based on the previous

agarose gel-based microfluidic device,26 which can provide long-term stable gradient with

unique features including a separated observation region useful for quantitative analysis of che-

motaxis at the single-cell level and single-layer device that is easy to fabricate without a com-

plicated two-layer lithography process. Furthermore, a long cell migration channel provides an

additional advantage in monitoring the profile of population band according to chemical con-

centrations and exposure time. The simple design and fabrication process make it easier to per-

form chemotaxis assays practically in general biology laboratories. We confirmed that the

microfluidic platform is suitable for long-term chemotaxis assays using previously known che-

moattractants and a chemotactically neutral molecule. Using the agarose gel-based microfluidic

system, we found that C. reinhardtii showed the strongest chemotactic response at 26 mM of

HCO3
�, which is 2-fold higher than NH4

þ. We also observed that the cell population band

migrates to preferred concentration in the microchannel with chemical gradient according to the

source concentration. In addition, it was revealed that the chemotaxis of C. reinhardtii to

HCO3
� also displayed circadian rhythmicity with a peak during the dark period. Even though

the sensing mechanism, such as the chemoreceptor and the signaling pathways, is not identified

yet, this study suggests that there is a clear link between the chemotactic behavior and the inor-

ganic carbon metabolism. Furthermore, it promotes understanding the physiological role of the

chemotaxis of C. reinhardtii to HCO3
� for efficient inorganic carbon uptake and metabolism.

FIG. 6. The distribution of CI in response to several factors related to CCM according to different NaHCO3 concentrations.

Data and error bars are the means and standard deviations of triplicate experiments (n¼ 3). Dashed line indicates the che-

motactic response of the wild-type cells (OD800 1) acclimated to the CO2 (ambient) condition. CI distributions of (a) the

wild-type cells acclimated to 5% CO2-enriched air. (b) CC-2702 (cia5), a CCM-deficient mutant. (c) The wild-type cells

treated with DIDS, inhibitor of putative HCO3
�/Cl� transporter. (d) The wild-type cells treated with AZ, inhibitor of exter-

nal carbonic anhydrase. TP: TP medium used as a negative control.
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