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ABSTRACT: Superior green algal cells showing high lipid production and rapid
growth rate are considered as an alternative for the next generation green energy
resources. To achieve the biomass based energy generation, transformed
microalgae with superlative properties should be developed through genetic
engineering. Contrary to the normal cells, microalgae have rigid cell walls, so that
target gene delivery into cells is challengeable. In this study, we report a ZnO
nanowire-incorporated microdevice for a high throughput microalgal trans-
formation. The proposed microdevice was equipped with not only a ZnO
nanowire in the microchannel for gene delivery into cells but also a pneumatic
polydimethylsiloxane (PDMS) microvalve to modulate the cellular attachment
and detachment from the nanowire. As a model, hygromycin B resistance gene
cassette (Hyg3) was functionalized on the hydrothermally grown ZnO nanowires
through a disulfide bond and released into green algal cells, Chlamydomonas
reinhardtii, by reductive cleavage. During Hyg3 gene delivery, a monolithic PDMS membrane was bent down, so that algal cells
were pushed down toward ZnO nanowires. The supply of vacuum in the pneumatic line made the PDMS membrane bend up,
enabling the gene delivered algal cells to be recovered from the outlet of the microchannel. We successfully confirmed Hyg3 gene
integrated in microalgae by amplifying the inserted gene through polymerase chain reaction (PCR) and DNA sequencing. The
efficiency of the gene delivery to algal cells using the ZnO nanowire-incorporated microdevice was 6.52 × 104- and 9.66 × 104-
fold higher than that of a traditional glass bead beating and electroporation.

KEYWORDS: ZnO nanowire, microalgal, gene delivery, transformation, high throughput, microfluidics, biofuel

■ INTRODUCTION

The depletion of fossil fuels pushes human beings to search for
next generation energy resources. Among a variety of energy
resources, biomass based bioenergy production recently
garnered great attention, and in particular, microalgae driven
biodiesel generation looks promising due to its convenience for
large scale cultivation, its potentials to create a variety of
biobased commodity products besides lipid, and an ecofriendly
carbon circulation. Thus, current research has been focused on
the development of superior species of microalgae which show
high lipid content and rapid growth rate.
Typical cellular transformation has been well established in

the fields of recombinant microorganism, protein expression,
and cancer therapy.1−3 For example, genetically engineered
Escherichia coli and cyanobacteria can produce valuable
chemical products such as biofuels.4−6 In this context, many
efforts have also been dedicated to transforming microalgal cells
to retain the aforementioned desired properties.7 In the process
of the cellular transformation in microalgae, the first step is to

deliver the target gene into the cells. For this purpose, a
traditional glass bead beating or an electroporation method has
been widely utilized. However, the current state of the art
technology shows very low target gene delivery and gene
expression efficiency due to the thick algal cell membrane, and
the transfer of the exogenous DNA into microalgae mainly
depends on the random diffusion of targets, which does not
guarantee quantitative gene delivery.8−11 Moreover, the
exogenous DNA or other biomolecules may be damaged
during the glass bead beating or an electroporation, leading to
inaccurate and undesired gene integrity in the nucleus.8 To
overcome such limitations of the conventional methods, new
type gene delivery platforms have been proposed which
displayed low cell viability degradation and higher exogenous
gene delivery performance. A photodegradable polymer based
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gene carrier system was adapted to demonstrate superior
specific gene delivery capability which reduces intranuclear
gene transcription barrier.12 The microalgal cells were
encapsulated with the target genes inside the microdroplets
and were transformed on the droplet based electroporation.13

Recently, biomolecule functionalized nanostructures such as
nanoneedles were also used for inserting target biomolecules
inside the cells.14 Moreover, spatially localized and function-
alized straightforward silicon nanowires were developed for
efficient and diverse transfer of biomolecules into primary
mammalian cells. The facile surface modification and the
punctuation ability of the sharp tip allow the nanowire to be
applied for the biomolecule delivery into the cytoplasm in
cells.15 Depending on the target molecule and cell types,
physical properties of nanowires such as top morphology,
diameter, and sharpness could be manipulated.16

However, the previously reported methods hold significant
limitations in terms of cellular manipulation. They simply relied
on the gravitational force for the cells to settle down on the
functionalized nanowires, which resulted in low efficiency and
low controllability of target gene delivery. In addition, the
detachment of the target delivered cells from the nanowire was
carried out by treatment of trypsin that can change the cellular
state morphologically and functionally. Thus, a nonchemical
cellular manipulation method would be ideal to control cellular
movement toward the nanowire array and cell recovery from
the nanowire array with minimal damage for further down-
stream applications.
In this study, we report a novel gene delivery platform for

microalgal transformation by combining the nanowire array and
the pneumatic actuated microvalve system. As a model, Hyg3
gene was coated on the ZnO nanowires through a disulfide
based linker and directly penetrated into the Chlamydomonas
reinhardtii (C. reinhardtii) by a microvalve actuation in a high
throughput manner. The compression by a pneumatic
microvalve allows the C. reinhardtii to be penetrated into the
ZnO nanowires, and the gene delivered C. reinhardtii was
recovered by supplying vacuum in the pneumatic line.

■ EXPERIMENTAL SECTION
Culture Conditions. Green microalgal C. reinhardtii were

incubated and subcultured as follows. A single C. reinhardtii colony
was picked on the trisacetate phosphate (TAP) agar plate and
inoculated into a 75 mL filter cap cell culture flask with 10 mL of a
TAP culture medium. The seed culture of an algal cell suspension was
centrifuged at 2500g for 2 min and was washed with 1 mL of a fresh
TAP medium again. C. reinhardtii was resuspended with 10 mL of a
TAP culture medium and incubated under 120 μmol photons m−2 s−1

in a 120 rpm shaking incubator at 23 °C. C. reinhardtii were grown
until they reached a density of 1.02 × 107 cells mL−1 in a TAP
medium.
Hyg3 Gene Preparation. The Hyg3 amplicons, harboring

hygromycin B resistance gene aph7″, which was fused with rbcS2
intron 1 of Chlamydomonas, were prepared using pHyg3 as a
template.8 The resultant Hyg3 amplicons consisted of β2-tubulin
gene promoter (TUB2), aminoglycoside phosphotransferase gene
(aph7″), and 3′ untranslated regions of rbcS2 (Supporting Information
Figure S1 and Table S1). Target Hyg3 gene amplification was
conducted using a DreamTaq Green PCR Master Mix (2X) (Thermo
Scientific, Waltham, MA, USA) with a forward primer (5′-HS-GCC
GAG CAT ACA ACA CAC CT-3′) and a reverse primer (5′-CGC
TTC AAA TAC GCC CAG-3′) (Integrated DNA Technologies,
Coralville, IA, USA). A 270 μL aliquot of of 0.5 mM dithiothreitol
(DTT) was mixed with 30 μL of the Hyg3 PCR products for 2 h
under gentle vortexing to remove the protecting group, producing a

thiol modified Hyg3 gene. The DTT treated amplicons were purified
by an AccuPrep PCR purification kit (Bioneer, Daejon, Republic of
Korea), and 180 μL of the purified Hyg3 PCR products was mixed
with 320 μL of 1 × phosphate buffer saline (PBS) for the downstream
experiments.

Synthesis of ZnO Nanowires. The Hyg3 ZnO nanowires were
synthesized by a typical hydrothermal method.17 A precursor solution
was synthesized with zinc nitrate hexahydrate (Zn(NO3)2·6H2O, 98%;
Sigma-Aldrich), hexamethylene tetramine (HMTA, C6H12N4, 99+%;
Sigma-Aldrich), and PEI ((C2H5N)n, Sigma-Aldrich) in deionized
(DI) water. A substrate coated with ZnO seeds was immersed in the
ZnO precursor solution and heated to 95 °C. After 2.5 h, the ZnO
nanowire grown substrate was washed with DI water and air-dried.
The bottom glass wafer was masked except the trench part, and a thin
ZnO layer on the microfluidic channel was formed by a radiofrequency
(RF) sputtering method (150 W, 3 min). The thickness of a seed layer
was about 10 nm. The glass substrate with a seed layer was immersed
in a precursor solution and heated at 95 °C for 2.5 h. The average
diameter and height of the resultant ZnO nanowires were 36.8 and
529.5 nm, respectively. Since the density of the ZnO nanowires on the
glass substrate was 300 nanowires μm−2, the number of ZnO
nanowires on the area of 3 cm of length × 500 μm of width was
approximately 4.5 × 109.

Gene Functionalization on ZnO Nanowires. A 0.2 mM amount
of PDPA (3-(2-pyridyldithio)propanoic acid) solution was injected
from the inlet to the ZnO nanowire-incorporated microfluidic channel
for 2 h to coat ZnO nanowires with the PDPA moieties. Then, 500 μL
of a thiol functionalized Hyg3 gene solution (1.53 ng μL−1) was
introduced into the microfluidic channel and incubated for 8 h for a
covalent chemical linkage of the Hyg3 gene with the PDPA linker
through disulfide exchange reaction.

Fabrication of the Microfluidic Device. The microchannel
whose dimension was 3 cm of length × 500 μm of width × 35 μm of
depth was fabricated via a wet etching method. First, an amorphous Si
(200 nm of thickness) was deposited on a 4 in. glass wafer by plasma
enhanced chemical vapor deposition (PECVD). S1818G positive
photoresist was spin coated on the amorphous Si coated glass wafer,
and UV light was exposed to form a microchannel pattern. AZ 300
MFI developer (AZ Electronics Materials, Singapore) was used to
develop the S1818G photoresist pattern and the exposed Si was
removed by a SF6 reactive ion etching (RIE). Then, the exposed glass
wafer was further etched by a HF solution to form 35 μm of a channel
depth. The residual photoresist was removed by acetone, and the
amorphous Si was then eliminated in a 5 M KOH solution. The top
glass manifold layer was also fabricated based on the conventional
photolithography process similar to that of the microchannel. The
bottom glass microfluidic channel layer, a PDMS membrane, and a
glass manifold layer were treated using an O2 plasma cleaner for 1 min
30 s for permanent bonding. Both the inlet and outlet holes (1 mm of
diameter) of the PDMS membrane were manually punched by unicore
punch device (Harris, Melbourne, FL, USA).

Cultivation of Transformed C. reinhardtii. Hyg3 gene delivered
C. reinhardtii were recovered in the ZnO nanowire-incorporated
microdevice by adding 300 μL of a TAP culture medium into the
microfluidic channel. The obtained transformed microalgal cells were
autofluorescenced by a laser scanning confocal microscope using 650
nm long path wavelength and EZ-C1 software (Nikon, Tokyo, Japan)
to visualize in vivo chlorophyll of C. reinhardtii. Prior to the addition of
hygromycin B in the cultivation, the recovered gene transformed C.
reinhardtii were stabilized for 18 h without light exposure, which could
recover the physical damage on the cell membrane induced by the
ZnO nanowires. To verify the Hyg3 gene integrity in C. reinhardtii,
300 μL of the algal cell suspension was cultured in a TAP medium
with 0, 2, 5, and 10 μg mL−1 hygromycin B, and the cellular
proliferation was monitored every day for 2 weeks.

Cultivation on an Agar Plate. To evaluate the transformation
efficiency using the ZnO nanowire-incorporated microdevice, the gene
delivered microalgae were recovered and cultured on the TAP agar
plate which contained 10 μg mL−1 hygromycin B. A 100 μL aliquot of
the transformed C. reinhardtii solution, which was cultured in a TAP

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b09964
ACS Appl. Mater. Interfaces 2015, 7, 27554−27561

27555

http://pubs.acs.org/doi/suppl/10.1021/acsami.5b09964/suppl_file/am5b09964_si_001.pdf
http://dx.doi.org/10.1021/acsami.5b09964


medium containing 0, 2, 5, and 10 μg mL−1 hygromycin B, was mixed
with 3 mL of a TOP agar (TAP + 0.5% agar) and spread onto the TAP
agar plate for transformant selection. After 2 weeks, the formed single
colonies of Hyg3 gene integrated C. reinhardtii were counted.
Integrated Hyg3 Identification by PCR. The transformed C.

reinhardtii grew until their density reached 8.25 × 106 cells mL−1. A 50
μL aliquot of the Hyg3 gene inserted C. reinhardtii solution was taken,
and the genomic DNA of C. reinhardtii was extracted with i-genomic
BYF DNA Extraction Mini Kit (iNtRON Biotechnology). A 2 μL
aliquot of the genomic DNA solution was used as a PCR template.
Two sets of the primers were designed to amplify the Hyg3 gene. The
amplicon of 844 bp was produced by the forward primer (5′-TCT
CGT GGT TGG GGC ATG-3′) and the reverse primer (5′-TCA
ACG AGC GCC TCC ATT-3′), while the amplicon of 1,620 bp was
generated by the forward primer (5′-GAA GGT CGT TTT CCA
TCC-3′) and the reverse primer (5′-CAA CCA ACA AAA TTG CAA
AAC-3′). PCR thermal cycling was executed using a DreamTaq Green
PCR Master Mix (Life Technology) according to the following
protocol: an initial denaturation at 95 °C for 5 min, 35 PCR cycles of
95 °C for 1 min, 60 °C for 30 s, and 72 °C for 1 min 35 s, and a final
extension step at 72 °C for 5 min. The resultant Hyg3 gene amplicons
were analyzed on the gel electrophoresis using 1% of an EB agarose gel
(LPS solution).

■ RESULTS AND DISCUSSION
Structure of the ZnO Nanowire-Incorporated Micro-

device. Figure 1A shows the schematics of the nanowire-

incorporated microdevice. It consists of three layers: from top
to bottom, a glass manifold, a monolithic PDMS membrane,
and a ZnO nanowire embedded microfluidic channel. A glass
manifold has a pneumatic control line, and inlet and outlet
holes from which a cell solution was injected and recovered. A
PDMS membrane has also two holes which were aligned with
the inlet and outlet holes of a glass manifold. After O2 plasma
treatment, the PDMS membrane was sandwiched between the

two glass layers. A digital image of the assembled microdevice is
shown in Supporting Information Figure S2. ZnO nanowires
were grown in the trench of the bottom glass layer. The straight
one-dimensional microchannel was fabricated by a wet etching
photolithographic process with a dimension of 35 μm of depth
× 500 μm of width × 3 cm of length (Figure 1A). On the
bottom of the microfluidic channel, ZnO nanowires were
synthesized by a hydrothermal method. Briefly, crystalline seeds
were deposited on the glass substrate and precursors were
aggregated on the seed which resulted in rapid growth on the
(001) polar plane of ZnO nanowires. Meanwhile, polyethyle-
nimine (PEI) surfactants stabilized the ZnO nanowire surface
to prevent lateral growth.18 In this work, hexamethylenetetr-
amine (HMTA) worked as a capping agent to inhibit the
horizontal growth of the ZnO nanowire, which resulted in the
nanowires with high aspect ratio.17 Synthesized ZnO nanowires
have strong mechanical properties such as a high Young’s
modulus (∼140 GPa) and strength (∼7 GPa). A small diameter
of ZnO nanowires would be ideal considering the low cellular
damage during penetration. Thus, the seed was prepared by a
sputtering process, which could produce ZnO nanowires with
approximately 36.8 nm of diameter that can lead to reasonable
cellular viability. The angle of the prepared ZnO nanowires was
a little bit variable, but most of the ZnO nanowires were almost
vertical with an angle of 79.1° (standard deviation, 7.0°) that
could penetrate the cell membrane (Figure 1B). The length of
the ZnO nanowire fabricated inside the microfluidic channel
was about 529.5 nm on average.

Functionalization on ZnO Nanowires. As-synthesized
ZnO nanowires in the microchannel were functionalized with
the Hyg3 gene as shown in Figure 1C. First, the Hyg3 gene was
amplified by PCR using a thiol modified forward primer. The
resultant thiol modified amplicons were deprotected by
incubation with 0.5 mM of dithiothreitol (DTT) for 2 h and
purified by a PCR purification kit (Bioneer) to remove the
excess of DTT. A 30 μL aliquot of thiol modified Hyg3
amplicon solution was obtained with a concentration of 9.42 ng
μL−1. On the other hand, ZnO nanowires were treated with 0.2
mM PDPA to functionalize the nanowire surface via covalent
bonding with a carboxylate group. The pyridyl moiety in the
PDPA linker is a good leaving group during the disulfide
exchange reaction. Thus, the thiol modified Hyg3 gene was
incubated with the functionalized nanowires for 8 h to react
with the PDPA linker and was finally connected with ZnO
nanowires by disulfide bond.

Operation of the Microfluidic Device. As described in
Figure 1A, the ZnO nanowire-incorporated microfluidic device
consisted of a glass manifold, flexible PDMS membrane, and
ZnO nanowire embedded microchannel substrate. To demon-
strate the high performance of the gene delivery to the
microalgal cells using the proposed microdevice, we chose C.
reinhardtii as a model which has been well studied in terms of
the physiological behavior and molecular genetic engineer-
ing.19−21 A stock solution of C. reinhardtii (1.02 × 107 cells
mL−1) was injected from the inlet to the bottom microchannel,
and ca. 1.84 × 104 cells were loaded in the trench whose
volume was 525 nL. Then, the nanowire mediated Hyg3
delivery was performed. The entire process of the gene delivery
in the microdevice was composed of four steps: injection,
pressurization, washing, and recovery.
Figure 2 shows a flowchart for the perspective view of the

microdevice according to the pneumatic operation. First, C.
reinhardtii suspended in the TAP culture medium were loaded

Figure 1. (A) Schematics of the ZnO nanowire-incorporated
microfluidic device. (B) Scanning electron microscope images of the
synthesized ZnO nanowires on the bottom glass layer. (C)
Functionalization process of ZnO nanowires with the target genes
by a covalent disulfide exchange reaction.
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in the ZnO nanowire embedded microchannel (stage I) and
pressed down toward the nanowires upon the supply of air in
the pneumatic line. During this step, cells were penetrated by
the gene coated nanowires and stuck to the bottom
microchannel (stage II). The introduction of the TAP culture
medium flushed out the floating microalgal cells, while the
penetrated cells were held in position due to the compression
of the upper PDMS membrane (stage III). The incubation
allows the coated Hyg3 gene to be transferred into cells by the
reduction of disulfide bond. The disulfide bond which bridges
between the Hyg3 gene and ZnO nanowires can be cleaved
owing to the reducing environments of algal cells. Once the
gene delivery was complete, vacuum was applied in the
pneumatic line to exert back pressure, so that C. reinhardtii
were detached from the nanowire array (stage IV). The
detached cells were recovered from the outlet by injecting the
medium solution in the inlet hole (stage V).
A series of digital micrographs of Figure 2 show the variation

of the cellular morphology for each step. We could observe cells
as red due to the autofluorescence of chlorophyll in vivo. In a
clockwise direction, the microscope images revealed the
injected floating cells, the pressurized cells, the attached cells
after a washing step, and the detached cells.
Through the whole process, five different types of pressure

were applied to verify a relationship between the effect of a
pneumatic compression on a degree of algal cell transfection
and its cell viability. The ZnO nanowire punctuated algal cells
under no pressure (as a control experiment) and 144, 344, 564,
and 900 mbar of PDMS compression from the microdevice
were incubated for 18 h to get a cellular stabilization. In
Supporting Information Figure S3, as the stronger pressure has
been applied, the more distinctive green fluorescence of FAM
in algal cells has also been observed which means a greater
amount of exogenous DNA is delivered into the algal cells
(55.50, 58.53, 108.30, 142.76, and 140.74 au). The viability of
algal cells, however, has been suddenly decreased at 900 mbar
pressure condition which can be recognized by a dramatic
increase in blue fluorescence of trypan blue (Thermo Fisher

Scientific, Pittsburgh, PA, USA) stained algal cells in the
bottom fluorescence images of Supporting Information Figure
S3, which means critical damage on algal cell viability.
Moreover, attributed to the significant algal cell viability
reduction at 900 mbar of pressurization, there is a saturation
point of green fluorescence in algal cells and, therefore, we have
chosen 564 mbar of pressure in the following experiments to
achieve high algal cell viability and exogenous DNA delivery
performance on the green algal cell.
When C. reinhardtii were flattened by the pneumatic

pressurization between the PDMS membrane and ZnO
nanowire array, the diameter of the algal cells increased from
8.33 to 10.33 μm. A 1.25-fold increment in the size indicated
that cells were pressed down and directly contacted with the
gene coated nanowires. The washing process removed the
unpunctuated cells, leaving only the attached cells in the
nanowire array. Upon pneumatic vacuum supply, C. reinhardtii
were released and recovered their original size (8.37 μm),
suggesting that the 36.8 nm diameter of the ZnO nanowires did
not cause significant cell disruption during the target gene
delivery process (Figure 3A). An additional cellular viability

confirmation of the recovered algal cells at 564 mbar of
pressurization was analyzed by a premix cell proliferation assay
WST-1 kit (TAKARA Bio Inc., Shiga, Japan). We compared the
cell viability of nanowire punctuated cells with that of a positive
control, which directly used the cultured microalgae for WST-1
assay. Figure 3B shows that C. reinhardtii penetrated by ZnO
nanowires represented 74.3% cell viability of a positive control.
Although there was some damage on the cell membrane, such
an issue would be overcome by tuning the nanowire density.

Evaluation of the DNA Delivery to the Cells via ZnO
Nanowires. To assess the DNA delivery efficiency by the
proposed nanowire-incorporated microdevice, we immobilized
the fluorescein (FAM) and thiol labeled single stranded DNAs
(FAM labeled ssDNA) (5′-FAM-AATTGGCCAATTGGCC-
SH-3′) on the ZnO nanowire (Supporting Information Figure
S4) and then performed DNA transfer to the microalgae
following the same scheme of Figure 2. A certain concentration
of a FAM labeled ssDNA solution (10−3, 10−2, 10−1, 1, 2, 5, and
10 μM) was injected to functionalize the ZnO nanowire array
and measured the initial fluorescence intensity of the ZnO
nanowire per area of 36 μm × 36 μm. After the FAM labeled
DNA delivery to the cells, we measured the fluorescence
intensity of the ZnO nanowire again. By comparing the
fluorescence intensity before and after DNA delivery, we could
estimate the DNA delivery efficiency by the ZnO nanowire-
incorporated microdevice.

Figure 2. Illustration of the working principle of the pressure driven
target gene delivery in the microdevice. (Inset: Autofluorescence
images of in vivo chlorophyll of C. reinhardtii during the injection,
pressurization, washing, and reverse pressurization step. Scale bar: 50
μm.

Figure 3. (A) Size distribution of C. reinhardtii during the injection,
pressurization, and recovery step. Algal cell size was transformed into a
normal distribution. (B) Cell viability test using a WST-1 cell
proliferation assay.
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Figure 4A shows the microscope images of a single algal cell
after the FAM labeled ssDNA delivery. Not only the red

fluorescence signal which is derived from in vivo chlorophyll but
also the green signal that comes from the FAM were observed,
demonstrating a success of the FAM labeled ssDNA transfer
into microalgal cell. We have calculated the efficiency of the
FAM labeled DNA transfer based on the relative fluorescence
intensity reduction at a specific rectangular area (1,296 μm2) of
the ZnO nanowire substrate. Supporting Information Table S2
shows the relative fluorescent intensity before and after the
exogenous DNA delivery into C. reinhardtii depending on the
injected DNA concentration, and the transfer efficiency was
measured by dividing the fluorescence intensity subtraction by
the initial fluorescence intensity. The fluorescence intensity on
the ZnO nanowire array at the initial state was 22.1, 57.7, 222.1,
337.9, 395.2, 422.7, and 453.2 at the concentrations of 10−3,
10−2, 10−1, 1, 2, 5, and 10 μM, respectively. The fluorescence
intensities on the ZnO nanowire array after DNA delivery were
4.3, 23.7, 105.4, 163.8, 190.2, 197.6, and 232.6. Thus, the

approximate DNA delivery efficiencies into microalgae were
0.75, 0.61, 0.53, 0.52, 0.52, 0.53, and 0.49, respectively. These
data were plotted in Figure 4B. It seems that the DNA binding
sites may be saturated from the injected DNA concentration of
2 μM, while the average transfer efficiency retained nearly 52%.
Figure 4C shows the fluorescence images before and after FAM
labeled DNA delivery according to the concentration of the
FAM labeled ssDNA solution. Obviously, we could observe the
reduction of the fluorescence intensity after DNA delivery into
the algal cells. The fluorescence intensity variation on the
surface of ZnO nanowires allows us to estimate the relative
amount of delivered DNA into green algal cell, C. reinhardtii.
These results imply that a qualitative target gene delivery
comparison would be possible by manipulating the concen-
tration of exogenous DNA functionalized on the ZnO
nanowires and measuring the fluorescence intensity reduction
on the nanowire surface before and after exogenous DNA
delivery.

Growth Analysis of Microalgae. To confirm successful
integration of Hyg3 gene, the recovered transformed C.
reinhardtii was cultured with addition of hygromycin B (0, 2,
5, and 10 μg mL−1). Figure 5A shows the fluorescence images
of the proliferated C. reinhardtii. The growth trend of Hyg3
gene integrated C. reinhardtii was varied depending on the
concentration of hygromycin B. Without addition of hygrom-
ycin B (a control experiment), transformed C. reinhardtii
represented an explosive population increase (the first row).
On the other hand, the growth rate with hygromycin B was
reduced compared with the control experiment, and the higher
concentration of the hygromycin B caused the lower growth
rate of the algal cells (from the second to the fourth row). We
performed the identical cell culture experiment using wild type
C. reinhardtii for comparison. Panels B and C of Figure 5
display the cell concentration versus incubation time using wild
type and transformed C. reinhardtii, respectively. As expected,
wild type could grow only without hygromycin B. Even 2 μg
mL−1 hygromycin B inhibited the cellular proliferation (Figure
5B). On the contrary, transformed C. reinhardtii revealed
different growth profiles depending on the concentration of
hygromycin B. The proliferation profile of transformed C.
reinhardtii without hygromycin B was similar to that of wild
type, but the cell concentration (1.2 × 107 cells mL−1) was less
than the wild type (3.5 × 107 cells mL−1) by ca. 3-fold. These
results indicated that transformed C. reinhardtii still retained
high viability, but slight physical damage would be unavoidable.
Under the conditions of 2 and 5 μg mL−1 hygromycin B, algal
cells displayed slow growth rate, and ca. 82-fold and 17-fold
increases in the cell number over the initial number were
produced after 14 days. The 10 μg mL−1 hygromycin B,
however, prohibited the cell proliferation. Thus, Hyg3 gene
transformed C. reinhardtii via the nanowire mediated technique
were dependent on the antibiotics concentration for cellular
growth and could survive below 5 μg mL−1 hygromycin B.
We further investigated the Hyg3 gene integration in the

cells by using the PCR and DNA sequencing. The cultured cells
with antibiotics in the presence of 5 μg mL−1 hygromycin B
were collected, and the genomic DNA was extracted to be used
as a template in the PCR. We designed the two primer sets
which could amplify the integrated Hyg3 gene with 844 bp and
1,620 bp. Figure 6 shows the resultant gel electropherogram in
which 844 bp as well as 1,620 bp Hyg3 gene bands appeared
clearly, while there was no Hyg3 band for nontransformed C.
reinhardtii cells. The 844 bp and 1,620 bp PCR amplicons were

Figure 4. (A) Fluorescence images of the single C. reinhardtii after
injection of the FAM labeled ssDNA. From left to right, the bright
field image, the red fluorescence of the in vivo chlorophyll, the green
fluorescence of the transferred FAM labeled ssDNA, and the merged
image of C. reinhardtii. Scale bar: 10 μm. (B) Fluorescence intensity on
the ZnO nanowire array before and after exogenous DNA delivery at
various concentrations of injected FAM labeled ssDNA. (C)
Comparison of confocal fluorescence images on the nanowire
substrate before and after FAM labeled ssDNA delivery into C.
reinhardtii.
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sequenced, and the sequencing data were matched with target
gene sequence (Supporting Information Figures S5 and S6).
These results clearly demonstrated that the Hyg3 gene was
successfully inserted into C. reinhardtii and there was no
degradation of exogenous target genes during the trans-
formation.
Transformation Efficiency. The exogenous gene expres-

sion level is not absolutely proportional to the number of
inserted target genes because of a DNA degradation problem
and a random combination of the exogenous gene with the
microalgal genome. The accurate and controllable nanowire

mediated gene delivery would enhance such a transformation
efficiency compared with the conventional methods. To
evaluate the transformation efficiency, we loaded the microalgal
cells (1.84 × 104) in the microchannel for Hyg3 gene delivery
and then recovered them for cultivation on the TAP agar plate
which contained 10 μg mL−1 hygromycin B. Based on the
number of the formed single colony on the TAP agar plate
which was ca. 120, the transformation efficiency of ZnO
nanowire-incorporated microdevice was calculated as 6.52 ×
10−3. The transformation efficiencies of the glass bead beating
and the electroporation method were 1.00 × 10−7 and 6.73 ×
10−8, respectively.8,13 Therefore, the ZnO nanowire assisted
gene transformation efficiency shows 6.52 × 104- and 9.66 ×
104-fold enhancements in the conventional algal cell trans-
formation performance (Table 1).
Moreover, a typical bead beating method could scratch the

microalgal cells or even rupture them, so the microalgae cannot
maintain their original cell viability, and the exogenous genes
can be fragmented. Similarly, the conventional electroporation

Figure 5. (A) Images of the algal cell proliferation up to 13 days. C. reinhardtii were cultivated in the presence of hygromyin B (0, 2, 5, and 10 μg
mL−1), and the autofluorescence of in vivo chlorophyll of C. reinhardtii was monitored. Scale bar: 50 μm. (B) Growth profiles of the nontransformed
C. reinhardtii with addition of 0, 2, 5, and 10 μg mL−1 hygromyin B. (C) Growth profiles of the transformed C. reinhardtii with addition of 0, 2, 5, and
10 μg mL−1 hygromyin B.

Figure 6. Gel electrophoresis of the Hyg3 PCR products using (A)
wild type C. reinhardtii, (B) transformed C. reinhardtii (844 bp
amplicon), and (C) transformed C. reinhardtii (1,620 bp).

Table 1. Comparison of the Microalgal Transformation
Efficiency

methods
no. of cells used per

transformation
no. of produced

colonies

ZnO nanowire 1.84 × 104 120
glass bead beating 3.00 × 108 30.0
electroporation 1.57 × 107 1.06
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method, which employs electric pulses, may easily hinder
microalgal cells survival due to high electric intensity.22 Since
the typical algal cell transformation actually depends on random
diffusion of exogenous gene into the cells, the exact gene
delivery capability into the nucleus would be diminished. On
the other hand, the ZnO mediated target gene transfer method
enables the direct penetration of ZnO nanowires into the algal
cell membrane, and successful gene insertion into the
microalgal cells in a controllable way, so that the DNA
degradation could be minimized and direct gene transfer to the
nucleus would be more feasible, thereby enhancing the
transformation efficiency.

■ CONCLUSION
In summary, we demonstrated a high throughput ZnO
nanowire assisted gene delivery microfluidic device for
microalgal cell transformation. Besides the nanowire fabrica-
tion, the microfluidic device was equipped with the pneumatic
PDMS microvalve so that the cellular manipulation for
attachment and detachment from the ZnO nanowire array
could be manageable. As a proof of concept, the Hyg3 gene was
coated on the surface of ZnO nanowires and delivered to C.
reinhardtii to be transformed into a hygromycin B resistant
strain. The transformed C. reinhardtii could be cultured in the
presence of hygromycin B, meaning that the exogenous gene
integration was successful. We further identified the integrated
Hyg3 gene by the PCR and DNA sequencing. In comparison to
the conventional glass bead beating and electroporation
method, the proposed ZnO nanowire-incorporated micro-
device showed superior transformation efficiencies by 6.52 ×
104- and 9.66 × 104-fold, respectively. Thus, our novel
methodology can provide an important tool to improve the
transformation efficiency, which is critical to generating
superior transformed microalgae for biofuel production.
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