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A B S T R A C T

Interest in microalgae has significantly increased due to its potential as a promising bioresource in various fields.
However, a technique for intracellular delivery of proteins into microalgae has not established yet, although it is
potentially valuable for advanced algal research. Here, we propose a cell penetrating peptide pVEC-mediated
protein delivery tool for microalgae. We discovered that the peptide pVEC from vascular endothelial cadherin
was more effective in transporting exogenous proteins into algal cells than other peptides including R9,
Transportan, TAT and Penetratin. pVEC-mediated tool was shown to deliver proteins of various sizes from 6 kDa
to 150 kDa into wild-type Chlamydomonas reinhardtii and to also work in other algal species such as
Nannochloropsis salina and Chlorella vulgaris when delivering a 66 kDa protein. In addition, we show that our
proposed pVEC-mediated protein delivery system is based on both the endocytic and non-endocytic pathways
simultaneously through a mechanism study using inhibitors such as low temperature, N-ethylmaleimide, 5-(N-
ethyl-N-isopropyl) amiloride, chlorpromazine, sodium azide, and methyl-beta-cyclodextrin. The results show
that the proposed simple and efficient protein delivery tool could contribute to advanced algal research for a
wide array of applications for microalgae in various industries.

1. Introduction

In the last few decades, microalgae, eukaryotic photosynthetic
microorganisms that can grow at a rapid rate and live in harsh
conditions [1], have been considered as a promising bioresource.
Microalgae accumulate diverse nutraceuticals and pharmaceutical
compounds in their cell bodies that can be used in the food and
pharmaceutical industry [1–3]. Some research has shown that micro-
algae not only can generate valuable products but also can effectively
fix carbon dioxide which could be part of the solution for the carbon
dioxide gas emission issue [4–6]. Recently, microalgae have received
significant attention as a bioresource to produce biodiesel because they
accumulate lipids in their cell bodies ranging between 20% to 50% of
their dry cell weight under certain conditions [1,7,8]. Many studies
have shown that the conventional biofuel production system based on
the agricultural biomass, which has severe limitations, could be
replaced with an advanced biodiesel production system that uses
specific algal species [8,9]. However, for the practical use of microalgae
in biodiesel production, improving their biological characteristics has
been considered essential, especially the photosynthetic efficiency,
growth rate, biomass production rate and oil contents in the cell body.

For that reason, it has been a major focus of many basic biological
science or genetic engineering studies [10,11].

Intracellular delivery of proteins is an important technique in
biological science. Delivery of proteins into cells enables the investiga-
tion of protein-protein interactions and their functions in a cell system
[12–16]. Considering that most biological reactions are protein based
reactions, the intracellular delivery of proteins is an excellent approach
for fundamental biological research which is the groundwork for future
applications. Recently, the delivery of proteins has become a hot issue
after the development of the clustered regularly interspaced short
palindromic repeats (CRISPR)/Cas9 system which enables genome
editing with high target specificity and simplicity [17,18]. While
numerous studies have covered the delivery of molecules such as
proteins into mammalian cells, only a few studies have investigated
the intracellular delivery of molecules into microalgae due to the
difficulties of passing through the algal cell wall and the membrane
barrier and the relatively limited amount of research compared to
mammalian cell lines [19,20].

Here, we investigated the highly efficient delivery of proteins into
microalgae using the cell penetrating peptide pVEC, an amphipathic 18-
amino acid-long peptide derived from vascular endothelial cadherin, in
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its non-covalent form. In our previous study investigating the penetra-
tion of cell penetrating peptides conjugated with fluorescein isothio-
cyanate (FITC), we reported that pVEC is the most effective cell
penetrating peptide among the various cell penetrating peptides for
Chlamydomonas reinhardtii [21]. Without any effort to covalently link
target proteins to the cell penetrating peptide by chemical method,
proteins of various sizes from 6 kDa to 150 kDa were effectively
delivered into wild-type Chlamydomonas reinhardtii (CC-124) with pVEC
in this study. In addition to Chlamydomonas reinhardtii, pVEC effectively
delivered proteins into the Chlorella vulgaris and Nannochloropsis salina
which are regarded as promising species for biofuel production.
Furthermore, we investigated whether the endocytic pathway or non-
endocytic pathway (direct pathway) are involved in the delivery of the
proteins in a mechanism study using several endocytosis inhibitors.
This study will greatly contribute to the basic biology of algae as a new
molecular manipulation tool. Additionally, our system will be used in
genetic engineering associated with the CRISPR/Cas9 system as an
efficient cas9 delivery tool in the future.

2. Materials and methods

2.1. Microalgae growth condition and preparation

Microalgae Chlamydomonas reinhardtii (CC-124) and Chlorella vul-
garis were cultivated in tris-acetate phosphate (TAP) medium under
continuous illumination, constant agitation (about 140 rpm), and
constant temperature (25 °C). Nannochloropsis salina was cultivated in
a modified F2N media consisting of 15 g/L sea salt (Sigma-Aldrich,
USA), 10 mM Tris–HCl (pH 7.6), 427.5 mg/L NaNO3, 5 mL/L trace
metal mixture (4.36 g/L Na2 EDTA·2H2O, 3.15 g/L FeCl3·6H2O, 10 mg/
L CoCl2·6H2O, 22 mg/L ZnSO4·7H2O, 180 mg/L MnCl2·4H2O, 9.8 mg/L
CuSO4·5H2O, and 6.3 mg/L Na2MoO4·2H2O), 30 mg/L NaH2PO4·2H2O,
and 2.5 mL/L vitamin stock (1 mg/L vitamin B12, 1 mg/L Biotin, and
200 mg/L thiamine·HCl). The cultivation condition was the same as
that for Chlamydomonas and Chlorella except for the supply of air with
2% CO2 to the broth at 0.5 vvm (column gas per volume per minute)
[22].

At the exponential phase of all cell lines, the cells were harvested
and resuspended in new media at a final concentration of
1.4×108 cells/mL with a hemocytometer.

2.2. Intracellular delivery of proteins with the cell penetrating peptide

The cell penetrating peptides (CPPs) used in this study including R9
(RRRRRRRRR, 1424 Da), pVEC (LLIILRRRIRKQAHAHSK, 2209 Da, C-term-
inal amidated), Transportan (GWTLNSAGYLLGKINLKALAALAKKIL,
2841 Da), TAT (YGRKKRRQRRR, 1622 Da), and Penetratin (PEN,
RQIKWFQNRRMKWKK, 2246 Da) were purchased from Peptron
(Daejeon, Korea). The solutions of CPPs with specific concentrations were
added to cell samples at the same volume ratio resulting in a final
concentration of 7× 107 cells/mL. The target proteins conjugated with
FITC were added to the cell-CPP samples at a final concentration of 10 μM
or 20 μM. After a 15 min reaction time at 25 °C, the cells were washed with
TAP media using a centrifuge, and the supernatants were discarded. After
the washing, the samples were treated with trypsin for 15 min at 37 °C to
effectively eliminate any fluorescent protein bound to the cell surface
because it was observed that FITC-proteins not delivered into the cell
strongly bind to the cell surface in the absence of trypsin treatment
(Supplementary Fig. 1). Although the reason for this phenomenon is not
clear, CPPs (especially pVEC) seem to promote the adhesion of proteins to
the surface of cells. After trypsin treatment, the cells were washed two times
with media with a centrifuge.

2.3. Measurement of molecular uptake efficiency and viability

In this study, three kinds of FITC conjugated proteins, insulin,

bovine serum albumin (BSA) and alcohol dehydrogenase were used
whose molecular weights are 6, 66, and 150 kDa, respectively. FITC-
insulin was prepared with a standard FITC conjugation method
described in a previous study. FITC-BSA and alcohol dehydrogenase
were purchased from Sigma Aldrich. The FITC conjugation to alcohol
dehydrogenase was done by a professional company (BioActs, Korea).

The intracellular molecular uptake efficiency was measured with a
cell cytometer (FACS) (MoFlo XDP, Beckman Coulter, USA). The cell
was regarded as “fluorescent” if its fluorescence intensity was greater
than the background signal from 99% of the untreated control cell. The
efficiency was calculated by dividing the number of fluorescent cells by
the number of total cells. The fluorescence intensity of the bulk sample
was measured by a spectrofluorophotometer (RF-5301pc, Shimadzu,
Japan) at 511 nm with an excitation wavelength of 475 nm. The image
for cellular uptake was took by confocal laser scanning microscopy
(FV1000 Live, Olympus, Japan).

The viability after treating the cells with the CPPs was assayed by
measuring the quantum yield (QY) of chlorophyll in microalgae and the
number of colonies indicating the number of cells recovered. QY was
measured with the AquaPen-C APA100 (Czech Republic). The samples
were incubated for one hour in the dark for dark adaptation. The ratio
of the quantum yield was calculated by dividing the QY of the
experimental group by the QY of the control group. For the number
of colonies, algal cells treated with CPPs were transferred to 10 mL of
TAP media for 8 h at 25 °C under dim light. After a series of dilutions,
400 cells were spread onto agar plates comprised of TAP media with
1.5% agar powder. The agar plates were incubated at 25 °C under
continuous illumination for about 10 days.

2.4. Mechanistic study of the cellular uptake using inhibitors

As mentioned in previous papers [23,24], physical and pharmaco-
logical inhibitors were used including low temperature (4 °C), chlor-
promazine (CPZ), sodium azide (SA), 5-(N-ethyl-N-isopropyl) amiloride
(EIPA), N-ethylmaleimide (NEM) and methyl-beta-cyclodextrin
(MβCD), respectively. All the inhibitors were purchased from Sigma
Aldrich. The cells were treated with each inhibitor for 1 h. The final
concentrations of CPZ, SA, EIPA, NEM and MβCD were 1.5 mM, 10 mM,
100 μM, 2 mM and 150 mM, respectively. After 1 h, the inhibitors were
washed out by centrifugation at 5000 rpm, and the cells were resus-
pended in media at a final concentration of 7 × 107 cells/mL. The CPP
and FITC-BSA were added to cells treated with the inhibitors. After
treatment for 15 min and a series of washing steps mentioned above
(Section 2.2), the fluorescent intensity of the sample was measured in
the same manner as in the previous section.

2.5. Statistical analysis

At least three replicates (n = 3) were used to measure the delivery
efficiency, viability, and fluorescent intensity. Error bars whose values
were derived from dividing each standard deviation by the square root
of 3 are shown in figures. Significant differences between sample means
were analyzed with Student's t-test following significant analysis of
variance results at p < 0.05(*).

3. Results and discussion

3.1. Screening of cell penetrating peptides for the delivery of proteins

Previously, there have been only a few studies regarding the
application of CPPs in microalgae such as the translocation of cell
penetrating peptides (CPPs) labeled with FITC [19,21,25], delivery of
small dsRNA fragments by a CPP [25] and delivery of proteins with a
covalently linked form [19]. Most of these studies used the arginine (R)-
rich cell penetrating peptide (R7 ~ R9) for the delivery of molecules
which is one of the most well-known cell penetrating peptides. In a
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previous report, our group verified that pVEC (peptide vascular
endothelial cadherin) has the most effective penetration into wild-type
Chlamydomonas reinhardtii among the various CPPs [21]. As an exten-
sion of this verification, we confirmed the translocation of FITC
conjugated to pVEC in some microalgae species, including Chlamydo-
monas, Chlorella and Nannochloropsis, with confocal fluorescent micro-
scopy (Fig. 1). It was observed that the FITC-pVEC effectively pene-
trated into the cells as previously reported. Additionally, we observed
the translocation of pVEC into not only microalgae but also into diverse
microorganisms including bacteria, Synechocystis, animal cells and
plant tissues suggesting the possibility for extensive applications
(Supplementary Fig. 2).

To verify which CPP is effective for the delivery of proteins in a non-
conjugated form, we measured the fluorescent intensity of the delivered
FITC-BSA in wild-type Chlamydomonas reinhardtii (Fig. 2). Among the
CPPs, pVEC was the most effective cell penetrating peptide for
delivering FITC-BSA while the other CPPs did not delivery the protein
into the cells effectively. Interestingly, R9 did not deliver the FITC-BSA
showing no significant difference with the control group in which the
cells were treated with FITC-BSA but without CPP. This result was not
consistent with similar previous studies that delivered molecules using
R9 [19,25]. It seems that the mechanism for the translocation of only a
CPP into the cell and mechanism for the delivery of proteins into the
cell with the help of a CPP are different because both R9 and pVEC can
penetrate into Chlamydomonas reinhardtii cells; however, only pVEC can
transport the protein in the non-covalent form.

Fig. 1. Confocal microscopy images of the translocation of FITC-pVEC into various microalgae species. The cells were incubated for 15 min at 25 °C with 10 μM concentration of FITC-
pVEC. After incubation, the cells were harvested using centrifugation and washed with PBS. To effectively eliminate unbound FITC-pVEC [21], trypsin was added (1 mg mL−1), and the
samples were incubated at 37 °C for 15 min at 25 °C. After the trypsin treatment, the cells were washed two times and then observed with confocal laser scanning microscopy (FV1000
Live, Olympus, Japan).

Fig. 2. Fluorescent intensity of FITC-BSA delivered into wild-type Chlamydomonas
reinhardtii cells measured with a spectrofluorophotometer. The fluorescent intensity at
511 nm was measured with a spectrofluorophotometer with an excitation wavelength of
475 nm. The concentrations of all the cell penetrating peptides was 50 μM. The
background group was cells not treated with both FITC-BSA and CPP. The control group
was cells treated with FITC-BSA but without CPP. The data represent the average of n = 3
replicate experiments. Standard deviation bars are shown. *Significantly different
(Student's t-test, p < 0.05).
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Some simulation studies have revealed that cell-penetrating pep-
tides can interact with the target molecules, which is expected to be a
key factor for molecular delivery into cells, although it is not clearly
understood [26,27]. According to a previous study investigating a
protein delivery system using the pep-1 peptide [27], the authors
mentioned that the hydrophobic part of the amphipathic peptide is
critical for the interaction with the cell membrane and the protein,
which suggested three steps for uptake: 1) formation of a peptide/cargo
complex, 2) interaction of the complex with the external side of a cell,
and 3) insertion of the complex into the cell. Considering that pVEC is
also amphipathic and its N terminal hydrophobic stretch is crucial for
translocation described previously [28,29], it seems that the pVEC-
mediated protein system may have a similar uptake mechanism as the
pep-1 peptide system. However, this hypothesis cannot explain clearly
why R9 can deliver oligonucleotides but cannot deliver proteins into
Chlamydomonas reinhardtii. A more advanced mechanism study on the
uptake of CPPs and CPP-cargo needs to be done in the future. Based on
this observation and on previous studies, CPPs for molecular delivery
should be selected by simultaneously considering the kinds of target
molecules (DNA, protein, etc.) and delivery methods (covalent or non-
covalent linking).

3.2. CPP mediated-delivery of various kinds of proteins into wild-type
Chlamydomonas reinhardtii

Using pVEC, we tried to deliver three kinds of proteins: FITC-
insulin, FITC-BSA and FITC-alcohol dehydrogenase with molecular
weights of 6, 60, and 150 kDa, respectively. Wild-type
Chlamydomonas reinhardtii was used in this experiment. The target
proteins conjugated with FITC were added to the cell-CPP samples with
a final concentration of 20 μM. With confocal microscopy, it was
observed that all the proteins mentioned above were well delivered
into Chlamydomonas reinhardtii (Fig. 3a). The delivery efficiencies
measured by a flow cytometer were 96.23%, 43.33% and 26.03% for
the FITC-insulin, FITC-BSA and FITC-alcohol dehydrogenase, respec-
tively (Fig. 3b). When the molecular weight of the protein delivered
was increased, both the delivery efficiency and the fluorescent intensity
of the FITC in single cells were decreased. This was an expected
observation given that larger proteins likely cannot be delivered as
efficiently into cells compared to smaller proteins. In order to verify
that the proteins are clearly delivered into the cell body and are not
located on the surface of the cell wall or membrane, Z-stack confocal
images were obtained (Fig. 3c). The green fluorescent signals were
detected in the inner part of each cell body in a series of Z-stack slides;
thus, it can be said that exogenous proteins were well delivered into the
cell body. To quantitatively analyze the green fluorescence, the
fluorescent intensities were measured along the vertical axis of the cell
(Supplementary Fig. 3).

Interestingly, albumin and alcohol dehydrogenase with molecular
weights of 60 and 150 kDa were effectively delivered into the wild-type
Chlamydomonas reinhardtii while a 13.65 kDa (21 bp) dsRNA molecule
was not delivered into the wild-type Chlamydomonas reinhardtii when
using R9 described previously [25]. The previous study suggested that
the lack of dsRNA uptake likely was due to the thick cell wall of
Chlamydomonas reinhardtii [25]. It seems that pVEC has a more power-
ful dragging force for exogenous proteins than that of R9, which
subsequently can penetrate the algal cell wall. Furthermore, it can be
said that our pVEC-mediated protein delivery system is more efficient
than that of physical transduction methods, such as electroporation,
considering the unsuccessful delivery of BSA proteins into Chlamydo-
monas reinhardtii using electroporation in previous reports [30,31].
Recently, the CRISPR/Cas9 system enabling genome editing has gained
keen attention from many research groups due to its high specificity
and countless applications. The delivery of the cas9 protein with a
molecular weight of 150 kDa, which is the key element of the CRISPR/
Cas9 system, also has become important; however, an efficient system

for the delivery of cas9 protein has not been established yet [18,32–34].
Considering the successful delivery of a 150 kDa protein into micro-
algae, the efficient delivery of Cas9 into microalgae by the pVEC
mediated method is expected to be achieved in the future if it is verified
that the pVEC can transport Cas9 or a Cas9/RNA complex into the cell.
We expect that such genome editing by CRISPR/Cas9 system mediated
with protein delivery by pVEC could provide a more advanced under-
standing of algal biology and further applications for commercial
development.

3.3. Delivery efficiency of FITC-BSA and quantum yield ratio of
photosynthetic system according to the concentration of the CPP

In a previous paper, the translocation of a CPP or the delivery of
cargo molecules by the CPP depended on the concentration of the CPP
[21]. We investigated the relationship between the delivery efficiency,
viability and concentration of the pVEC (Fig. 4a). When the concentra-
tion was over 10 μM, a very slight increased delivery efficiency was
observed compared with the control group although not statistically
significant. The intracellular delivery efficiency of FITC-BSA by the
pVEC increased rapidly over a concentration of 40 μM. The delivery
efficiency reached 80% and plateaued when the concentration was over
80 μM. Considering that the morphological change of the algal cell
becomes slightly significant at a high concentration of CPP based on our
observations, the morphological change seems to ultimately destroy the
cell which could be one of the reasons why the efficiency did not exceed
80%. It also was observed that generally, a higher dose was necessary to
transport proteins into the cell while a concentration of 10 μM was
sufficient for the translocation of FITC conjugated pVEC in our previous
study [21].

It was reported that excess CPP has harmful effects on cell viability
due to membrane destabilization leading to membrane disruption
[35,36]. To investigate the viability of the algal cells, the quantum yields
of chlorophyll in the photosynthetic system were measured (Fig. 4b).
Quantum yield is known as an indicator of photosynthetic performance
in a photosynthetic organism and decrease dramatically when exposed to
stress. For that reason, the quantum yield of the photosynthetic system
has been used as an indirect indicator reflecting cellular damage caused
by various methods such as electroporation and CPPs in previous
research [21,25,31]. The quantum yield ratio was calculated by dividing
the QY of the experimental group by the QY of the control group. The
control group was cells not treated with CPP. In our results, there was no
significant difference in the quantum yield ratio until 10 μM. However,
the ratio of the quantum yield decreased gradually when the concentra-
tion of pVEC was over 20 μM. Although the quantum yield representing
the efficiency of photosynthesis has been regarded as a good indirect
parameter for cellular viability or proliferation in algal research, it does
not represent exactly the “cellular viability”, in other words, the ratio of
the number of viable cells to the number of total cells. Thus, we
additionally investigated the number of cells that could be practically
recovered and proliferated by spreading CPP-treated cells onto agar
plates (Supplementary Fig. 4). Comparing the quantum yield data, the
recovery efficiency showed a more rapid decreasing trend which was no
coincidence between the quantum yield ratio and the recovery ratio as a
percentage. Forty-five percent of the cells were recovered with a 40 μM
pVEC concentration which showed a significant delivery of protein with
an efficiency of 25%. The recovery efficiency also plateaued at 7%. It
seems to be similar to the intracellular delivery efficiency. This observa-
tion of the delivery efficiency and viability implies that the pVEC-
mediated delivery method is also governed by the “trade-off” phenom-
enon which most intracellular delivery techniques exhibit [37]. As a
result, a concentration of pVEC between 20 and 60 μM was considered as
the appropriate concentration for protein delivery in practical research.
Furthermore, our observation regarding the viability of the algal cells
implies the necessity for a more advanced and unified method to measure
cell viability in algal research.
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Fig. 3. a) Confocal microscopy image showing the delivery of proteins of various sizes by pVEC-mediated protein delivery into wild-type Chlamydomonas reinhardtii. A solution of pVEC
was added to the cell sample with the same volume ratio resulting in a final concentration of 50 μM of pVEC and 7 × 107 cells/mL of cells, respectively. The target proteins conjugated
with FITC were added to the cell-pVEC sample with a final concentration of 20 μM. After a series of washing steps including trypsin treatment, the cells were observed with confocal
microscopy images. The negative control is the group in which the cells were not treated with both CPP and FITC labeled protein. b) The intracellular delivery efficiency was measured by
a flow cytometer. Intracellular delivery efficiency was calculated by dividing the number of fluorescent cells by the number of total cells. The cell was regarded as “fluorescent” if its
fluorescence intensity was greater than the background signal from 99% of the untreated control. c) Confocal Z-stack images of cells with FITC conjugated protein showing the
localization of the proteins in the cell body. The interval of the Z-stack slides is 0.5 μm.
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Fig. 4. a) The cellular uptake efficiency of FITC-BSA into wild-type Chlamydomonas reinhardtii measured by a flow cytometer according to the concentration of pVEC. b) The ratio of the
quantum yield of wild-type Chlamydomonas reinhardtii according to the concentration of pVEC. After incubation of the samples for 1 h in the dark as a dark adaptation, the quantum yield
was measured with the AquaPen-C APA100. The ratio of the quantum yield was calculated by dividing the QY of the experimental group by the QY of the control group. The data
represent the average of n = 3 replicate experiments. Standard deviation bars are shown. *Significantly different (Student's t-test, p < 0.05), **not significantly different (Student's t-test,
p > 0.05).

Fig. 5. Confocal microscopy showing the delivery of FITC-BSA into Chlorella vulgaris and Nannochloropsis salina by pVEC. The experimental step was the same as the Chlamydomonas
reinhardtii experiment. The solution of pVEC was added to the cell sample with the same volume ratio resulting in a final concentration of 50 μM of pVEC and 7 × 107 cells/mL of cell,
respectively. The FITC-BSA was added to the cell-pVEC sample with a final concentration of 20 μM. The control group was cells treated with FITC-BSA but without pVEC.
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3.4. pVEC mediated- delivery of proteins into diverse algal cell lines

We verified that pVEC can effectively transport exogenous proteins
into Chlamydomonas reinhardtii, which is the most well-known model of
microalgae, in the previous section. Here, we investigated whether
pVEC can transport proteins into other cell lines including Chlorella
vulgaris and Nannochloropsis salina which are regarded as some of the
most promising biofuel resources due to their high biomass production
and high lipid content [38]. The model protein was FITC conjugated
BSA at a concentration of 20 μM. In the confocal microscopy image, it
was observed that the pVEC could deliver the FITC-BSA into the two
algal species, which have thick and rigid cell walls, although it was not
as effective as in Chlamydomonas reinhardtii (Fig. 5). Of note is that the
pVEC could transport protein into Chlorella vulgaris for which previous
studies could not deliver molecules (dsRNA) using R9 [25]. Further-
more, it was the first observation of the molecular manipulation of
Nannochloropsis by a cell penetrating peptide which has not been
reported before. The delivery trends into the two species were a little
different. In Nannochloropsis salina, the FITC-BSA was delivered into cell
with a high population and a small amount per cell while FITC-BSA was
delivered into Chlorella vulgaris with a moderate population and a large
amount per cell. After the pVEC-mediated protein delivery into these
two algae species is further optimized, it is expected that this technique
will greatly contribute to the basic science and genetic engineering of
these two valuable algal species for enhanced production of biodiesel.

3.5. Mechanistic study of the pVEC-mediated protein delivery to
Chlamydomonas reinhardtii

Despite much research based on various biological or biophysical
techniques, the mechanism of how CPPs enter cells or transport
exogenous molecules is not understood clearly. It was revealed that
CPPs enter cells through energy-dependent and energy-independent
pathways [39]. Some papers have mentioned macropinocytosis also has
a critical role in the entry of some CPPs [23,40]. We investigated which

pathways are involved in pVEC-mediated protein delivery. Based on
previous studies, we tested some endocytosis inhibitors including
sodium azide (SA), which inhibits energy-dependent endocytosis, N-
ethylmaleimide (NEM), which inhibits clathrin- and caveolin-depen-
dent endocytosis leading to the inhibition of endosomal fusion and
energy metabolism, chlorpromazine (CPZ), which inhibits the clathrin-
dependent pathway, and Methyl-β-cyclodetritrin (MβCD) which de-
pletes not only PM cholesterol but also ergosterol which is the
predominant sterol in Chlamydomonas reinhardtii [41]. Low tempera-
ture (4 °C) as a physical inhibitor of endocytosis was also tried (Fig. 6).
Additionally, 5-(N-Ethyl-N-isopropyl) amiloride (EIPA) was also tested
as an inhibitor of macropinocytosis. Among the inhibitors, NEM and SA
were the most effective in inhibiting the delivery of FITC-BSA into
Chlamydomonas reinhardtii with about a 50% decrease. The results
suggest that the intracellular delivery of proteins by pVEC depends on
the overall endocytosis pathway because NEM and SA are regarded as
extensive inhibitors of the endocytosis pathway among the various
inhibitors. Considering that EIPA showed a significant inhibition effect
compared with MβCD and CPZ, macropinocytosis seems also to be
critical for pVEC-mediated protein delivery. The inhibition effect of
EIPA was not strong as the inhibition of protein delivery by EIPA in
cyanobacteria in a previous similar study implying the difference
between cyanobacteria and microalgae [23]. The inhibitors could not
prevent exogenous protein from transporting completely which sug-
gests that non-endocytic pathways are also important and involved in
the pVEC-mediated protein delivery. This observation is quite coin-
cident with previous reports that have suggested that direct penetration
was strongly related to the translocation of pVEC alone and pVEC-
conjugant although they are not exactly same as in our study
[28,29,42].

4. Conclusions

Although microalgae have been seen as a promising bioresource, a
lack of knowledge on molecular manipulation of algal cells compared
with that for mammalian cell lines remains a barrier to understanding
advanced algal science. This study presents a pVEC-mediated protein
delivery system for microalgae for the first time as a new intracellular
molecular delivery method which requires no effort to conjugate the
target protein to the cell penetrating peptide. The pVEC-mediated
protein delivery system successfully delivered proteins of various sizes
from 6 to 150 kDa into Chlamydomonas reinhardtii and can be used for
not only Chlamydomonas reinhardtii but also for Chlorella vulgaris and
Nannochloropsis salina for which it has been difficult to transport
molecules into them. This research provides a versatile new tool to
study and manipulate algae species as a universal methodology.

Acknowledgment

This research was financially supported by the Ministry of Science,
ICT, and Future Planning (Project No. NRF-2014M3A9E4064580) and
Advanced Biomass R &D Center (ABC) of the Global Frontier Project
funded by the Ministry of Science, ICT, and Future Planning (ABC-
2011-0031350). We greatly thank Mr. Jeon at KAIST for the incubation
and manipulation of Nannochloropsis.

Appendix A. Supplementary data

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.algal.2017.04.022.

References

[1] T.M. Mata, A.A. Martins, N.S. Caetano, Microalgae for biodiesel production and
other applications: a review, Renew. Sustain. Energy Rev. 14 (2010) 217–232.

[2] M.A. Borowitzka, Microalgae as sources of pharmaceuticals and other biologically

0

10

20

30

40

50

60

70

80

90

F
l
u

o
r
e

s
c

c
e

n
t
 i
n

t
e

n
s

i
t
y
 
a

t
 5

1
1

n
m

 [
a

.
u

]

Fig. 6. The fluorescent intensity of FITC-BSA delivered by pVEC into Chlamydomonas
reinhardtii cells treated with various inhibitors. The final concentrations of chlorproma-
zine (CPZ), Sodium azide (SA), 5-(N-ethyl-N-isopropyl) amiloride (EIPA), N-ethylmalei-
mide (NEM) and methyl-beta-cyclodextrin (MβCD) were 1.5 mM, 10 mM, 100 μM, 2 mM
and 150 mM, respectively. After 1 h, the inhibitors were washed out with centrifugation,
FITC-BSA and pVEC were added to the treated cell samples with a final concentration of
10 μM and 50 μM, respectively. Washing and measuring of the fluorescent intensity of the
sample were done in the same manner as in the previous section. The data represent the
average of n = 3 replicate experiments. Standard deviation bars are shown. *Significantly
different (Student's t-test, p < 0.05).

S. Kang et al. Algal Research 24 (2017) 360–367

366

http://dx.doi.org//10.1016/j.algal.2017.04.022
http://dx.doi.org//10.1016/j.algal.2017.04.022
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0005
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0005
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0010


active compounds, J. Appl. Phycol. 7 (1995) 3–15.
[3] M. Olaizola, Commercial development of microalgal biotechnology: from the test

tube to the marketplace, Biomol. Eng. 20 (2003) 459–466.
[4] K. Kumar, C.N. Dasgupta, B. Nayak, P. Lindblad, D. Das, Development of suitable

photobioreactors for CO2 sequestration addressing global warming using green
algae and cyanobacteria, Bioresour. Technol. 102 (2011) 4945–4953.

[5] J. Pires, M. Alvim-Ferraz, F. Martins, M. Simões, Carbon dioxide capture from flue
gases using microalgae: engineering aspects and biorefinery concept, Renew.
Sustain. Energy Rev. 16 (2012) 3043–3053.

[6] D.M. D'Alessandro, B. Smit, J.R. Long, Carbon dioxide capture: prospects for new
materials, Angew. Chem. Int. Ed. 49 (2010) 6058–6082.

[7] M.J. Griffiths, S.T. Harrison, Lipid productivity as a key characteristic for choosing
algal species for biodiesel production, J. Appl. Phycol. 21 (2009) 493–507.

[8] L. Rodolfi, G. Chini Zittelli, N. Bassi, G. Padovani, N. Biondi, G. Bonini,
M.R. Tredici, Microalgae for oil: strain selection, induction of lipid synthesis and
outdoor mass cultivation in a low-cost photobioreactor, Biotechnol. Bioeng. 102
(2009) 100–112.

[9] G. Huang, F. Chen, D. Wei, X. Zhang, G. Chen, Biodiesel production by microalgal
biotechnology, Appl. Energy 87 (2010) 38–46.

[10] T.G. Dunahay, E.E. Jarvis, S.S. Dais, P.G. Roessler, Manipulation of Microalgal Lipid
Production Using Genetic Engineering, Seventeenth Symposium on Biotechnology
for Fuels and Chemicals, Springer, 1996, pp. 223–231.

[11] N.M.D. Courchesne, A. Parisien, B. Wang, C.Q. Lan, Enhancement of lipid
production using biochemical, genetic and transcription factor engineering ap-
proaches, J. Biotechnol. 141 (2009) 31–41.

[12] A. Vila, A. Sanchez, M. Tobıo, P. Calvo, M. Alonso, Design of biodegradable
particles for protein delivery, J. Control. Release 78 (2002) 15–24.

[13] M. Yan, J. Du, Z. Gu, M. Liang, Y. Hu, W. Zhang, S. Priceman, L. Wu, Z.H. Zhou,
Z. Liu, A novel intracellular protein delivery platform based on single-protein
nanocapsules, Nat. Nanotechnol. 5 (2010) 48–53.

[14] T. Vermonden, R. Censi, W.E. Hennink, Hydrogels for protein delivery, Chem. Rev.
112 (2012) 2853–2888.

[15] J.S. Wadia, S.F. Dowdy, Protein transduction technology, Curr. Opin. Biotechnol. 13
(2002) 52–56.

[16] S.R. Schwarze, K.A. Hruska, S.F. Dowdy, Protein transduction: unrestricted delivery
into all cells? Trends Cell Biol. 10 (2000) 290–295.

[17] S. Ramakrishna, A.-B.K. Dad, J. Beloor, R. Gopalappa, S.-K. Lee, H. Kim, Gene
disruption by cell-penetrating peptide-mediated delivery of Cas9 protein and guide
RNA, Genome Res. 24 (2014) 1020–1027.

[18] P. Mali, K.M. Esvelt, G.M. Church, Cas9 as a versatile tool for engineering biology,
Nat. Methods 10 (2013) 957–963.

[19] J.M. Hyman, E.I. Geihe, B.M. Trantow, B. Parvin, P.A. Wender, A molecular method
for the delivery of small molecules and proteins across the cell wall of algae using
molecular transporters, Proc. Natl. Acad. Sci. U. S. A. 109 (2012) 13225–13230.

[20] M.A. Borowitzka, High-value products from microalgae—their development and
commercialisation, J. Appl. Phycol. 25 (2013) 743–756.

[21] A. Suresh, Y.C. Kim, Translocation of cell penetrating peptides on Chlamydomonas
reinhardtii, Biotechnol. Bioeng. 110 (2013) 2795–2801.

[22] N.K. Kang, S. Jeon, S. Kwon, H.G. Koh, S.-E. Shin, B. Lee, G.-G. Choi, J.-W. Yang, B.-
r. Jeong, Y.K. Chang, Effects of overexpression of a bHLH transcription factor on
biomass and lipid production in Nannochloropsis salina, Biotechnol Biofuels 8
(2015) 1.

[23] B.R. Liu, Y.-W. Huang, H.-J. Lee, Mechanistic studies of intracellular delivery of

proteins by cell-penetrating peptides in cyanobacteria, BMC Microbiol. 13 (2013) 1.
[24] J. Yoo, D. Lee, V. Gujrati, N.S. Rejinold, K.M. Lekshmi, S. Uthaman, C. Jeong, I.-

K. Park, S. Jon, Y.-C. Kim, Bioreducible branched poly (modified nona-arginine)
cell-penetrating peptide as a novel gene delivery platform, J. Control. Release
(2016).

[25] Y. Wei, J. Niu, L. Huan, A. Huang, L. He, G. Wang, Cell penetrating peptide can
transport dsRNA into microalgae with thin cell walls, Algal Res. 8 (2015) 135–139.

[26] H. Räägel, P. Säälik, M. Pooga, Peptide-mediated protein delivery—which pathways
are penetrable? Biochim. Biophys. Acta Biomembr. 1798 (2010) 2240–2248.

[27] E. Gros, S. Deshayes, M.C. Morris, G. Aldrian-Herrada, J. Depollier, F. Heitz,
G. Divita, A non-covalent peptide-based strategy for protein and peptide nucleic
acid transduction, Biochim. Biophys. Acta Biomembr. 1758 (2006) 384–393.

[28] A. Elmquist, M. Hansen, Ü. Langel, Structure–activity relationship study of the cell-
penetrating peptide pVEC, Biochim. Biophys. Acta Biomembr. 1758 (2006)
721–729.

[29] E. Ozkirimli, The uptake mechanism of the cell-penetrating pVEC peptide, J. Chem.
2013 (2013).

[30] H.R. Azencott, G.F. Peter, M.R. Prausnitz, Influence of the cell wall on intracellular
delivery to algal cells by electroporation and sonication, Ultrasound Med. Biol. 33
(2007) 1805–1817.

[31] S. Kang, K.-H. Kim, Y.-C. Kim, A novel electroporation system for efficient
molecular delivery into Chlamydomonas reinhardtii with a 3-dimensional micro-
electrode, Sci. Rep. 5 (2015) 15835.

[32] L. Li, Z.-Y. He, X.-W. Wei, G.-P. Gao, Y.-Q. Wei, Challenges in CRISPR/CAS9
delivery: potential roles of nonviral vectors, Hum. Gene Ther. 26 (2015) 452–462.

[33] F. Zhang, Y. Wen, X. Guo, CRISPR/Cas9 for genome editing: progress, implications
and challenges, Hum. Mol. Genet. (2014) ddu125.

[34] S.-E. Shin, J.-M. Lim, H.G. Koh, E.K. Kim, N.K. Kang, S. Jeon, S. Kwon, W.-S. Shin,
B. Lee, K. Hwangbo, CRISPR/Cas9-induced knockout and knock-in mutations in
Chlamydomonas reinhardtii, Sci. Rep. 6 (2016).

[35] G. Tünnemann, M.C. Cardoso, M. Castanho, Cell-penetrating peptides—uptake,
toxicity, and applications, membrane active peptides, Methods and Results on
Structure and Function 9 (2009).

[36] K. Saar, M. Lindgren, M. Hansen, E. Eiríksdóttir, Y. Jiang, K. Rosenthal-Aizman,
M. Sassian, Ü. Langel, Cell-penetrating peptides: a comparative membrane toxicity
study, Anal. Biochem. 345 (2005) 55–65.

[37] W.G. Lee, U. Demirci, A. Khademhosseini, Microscale electroporation: challenges
and perspectives for clinical applications, Integr. Biol. 1 (2009) 242–251.

[38] A. Converti, A.A. Casazza, E.Y. Ortiz, P. Perego, M. Del Borghi, Effect of
temperature and nitrogen concentration on the growth and lipid content of
Nannochloropsis oculata and Chlorella vulgaris for biodiesel production, Chem. Eng.
Prog. Process Intensification 48 (2009) 1146–1151.

[39] F. Madani, S. Lindberg, Ü. Langel, S. Futaki, A. Gräslund, Mechanisms of cellular
uptake of cell-penetrating peptides, Journal of Biophysics 2011 (2011).

[40] S. Futaki, I. Nakase, A. Tadokoro, T. Takeuchi, A. Jones, Arginine-rich peptides and
their internalization mechanisms, Biochem. Soc. Trans. 35 (2007) 784–787.

[41] N.A. Baumann, D.P. Sullivan, H. Ohvo-Rekilä, C. Simonot, A. Pottekat, Z. Klaassen,
C.T. Beh, A.K. Menon, Transport of newly synthesized sterol to the sterol-enriched
plasma membrane occurs via nonvesicular equilibration, Biochemistry 44 (2005)
5816–5826.

[42] A. Chugh, F. Eudes, Cellular uptake of cell-penetrating peptides pVEC and
transportan in plants, J. Pept. Sci. 14 (2008) 477–481.

S. Kang et al. Algal Research 24 (2017) 360–367

367

http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0010
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0015
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0015
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0020
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0020
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0020
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0025
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0025
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0025
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0030
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0030
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0035
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0035
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0040
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0040
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0040
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0040
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0045
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0045
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0050
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0050
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0050
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0055
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0055
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0055
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0060
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0060
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0065
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0065
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0065
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0070
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0070
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0075
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0075
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0080
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0080
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0085
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0085
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0085
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0090
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0090
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0095
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0095
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0095
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0100
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0100
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0105
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0105
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0110
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0110
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0110
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0110
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0115
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0115
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0120
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0120
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0120
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0120
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0125
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0125
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0130
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0130
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0135
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0135
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0135
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0140
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0140
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0140
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0145
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0145
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0150
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0150
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0150
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0155
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0155
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0155
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0160
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0160
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0165
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0165
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0170
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0170
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0170
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0175
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0175
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0175
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0180
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0180
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0180
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0185
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0185
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0190
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0190
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0190
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0190
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0195
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0195
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0200
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0200
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0205
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0205
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0205
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0205
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0210
http://refhub.elsevier.com/S2211-9264(16)30764-0/rf0210

	A highly efficient cell penetrating peptide pVEC-mediated protein delivery system into microalgae
	Introduction
	Materials and methods
	Microalgae growth condition and preparation
	Intracellular delivery of proteins with the cell penetrating peptide
	Measurement of molecular uptake efficiency and viability
	Mechanistic study of the cellular uptake using inhibitors
	Statistical analysis

	Results and discussion
	Screening of cell penetrating peptides for the delivery of proteins
	CPP mediated-delivery of various kinds of proteins into wild-type Chlamydomonas reinhardtii
	Delivery efficiency of FITC-BSA and quantum yield ratio of photosynthetic system according to the concentration of the CPP
	pVEC mediated- delivery of proteins into diverse algal cell lines
	Mechanistic study of the pVEC-mediated protein delivery to Chlamydomonas reinhardtii

	Conclusions
	Acknowledgment
	Supplementary data
	References




