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Brown algae play essential roles ecologically, 15t chemical ligand:
practically, and evolutionarily because they maintain coastal pBA-peptide PBA-polyol linkage
areas, capture carbon dioxide, and produce valuable chemicals nd bioloaical liaand:
such as therapeutic drugs. To unlock their full potential, o648°" Bdie recoanition
understanding the unique molecular biology of brown algae is o
imperative. Genetic engineering tools that regulate homeostasis in @ - //
2 Gene

brown algae are essential for determining their biological

mechanisms in detail. However, few methodologies have been @ . .
) s Silencing
developed to control gene expression due to the robust structural -
barriers of brown algae. To address this issue, we designed peptide- PBA gl' X d B Boron
based, small interfering RNA (siRNA)-loaded micelles decorated ~igan FOWTl transporter

with phenylboronic acid (PBA) ligands. The PBA ligands micelle algae

facilitated the cellular uptake of the micelles into a model brown

alga, Ectocarpus siliculosus (E. Siliculosus), through chemical interaction with polysaccharides in the cell wall and biological
recognition by boronic acid transporters on the plasma membrane. The micelles, featuring “kill two birds with one stone” ligands,
effectively induced gene silencing related to auxin biosynthesis. As a result, the growth of E. siliculosus was temporarily inhibited
without persistent genome editing. This study demonstrated the potential for exploring the characteristics of brown algae through a
simple yet effective approach and presented a feasible system for delivering siRNA in brown algae.
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rown algae (phaeophytes) are fascinating organisms that One promising approach is to regulate homeostasis in brown
have evolved independently of plants and animals for over algae using genetic engineering tools. However, few effective
one billion years."” These organisms possess unique technologies have been developed, which have seriously
morphological structures, sexual systems, and metabolic impeded fundamental research on brown algae. Very recently,
processes, which can supply valuable resources, such as methods employing biolistic bombardment and laser-assisted
chemicals for antiviral and antitumor drugs.”* Brown algae thermal expansion microinjection have been established to
also show great potential as a sustainable biofuel resource, introduce ribonucleoproteins (RNPs) of the clustered regularly
offering a viable option for biomass production.”~” Further- interspaced short palindromic repeats (CRISPR)/CRISPR-
more, brown algae significantly helps prevent the release of associated protein 9 (Cas9) system into Ectocarpus siliculosus
carbon in the atmosphere through its superior carbon (E. siliculosus).ls’16 Researchers have also attempted to deliver
capturing ability; in addition, the turnover of their organic small interfering RNA (siRNA) to E. siliculosus using a similar
substrates is slow, leading to the entrapment of carbon as “blue approach,”’lg but no direct evidence of siRNA introduction
carbon” for more extended periods in seawater.”” Brown algae and gene silencing has been obtained. These techniques suffer
play another important ecological role by providing habitats for from low delivery efficiency, require large equipment, and can
other species and serving as primary producers in temperate be applied only to early developmental cells, such as
coastal environments.'°~'* However, the rapid advancement of
climate change in recent years has posed a significant threat to December 4, 2023
brown algae and coastal ecosystems.m’14 It is therefore crucial February 5, 2024
to gain more detailed knowledge on the fundamental and February 20, 2024
physiological characteristics of brown algae to preserve these March 22, 2024

ecologically and practically invaluable creatures and maximize
their utility and tolerability.
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Figure 1. Schematic illustration of the in vivo behavior of siRNA-loaded micelles with PBA ligands in E. siliculosus.

gametophytes. Thus, there is a pressing need for advanced
systems that can securely deliver biomacromolecules into
brown algae.

To address this issue, we developed a novel peptide-based
siRNA-loading micelle with a phenylboronic acid (PBA) ligand
that targets both polysaccharides in the cell wall, such as
fucoidan and alginate,'”~** and boronic acid transporters on
the plasma membrane. PBA is a unique molecule that exhibits
pH-dependent shifts between hydrophobic and hydrophilic
structures, forming an ester linka§e with diol (polyol)
compounds in a hydrophilic state.”>~*° Phenylboronate ester
formation with polysaccharides in the cell wall may act as a
ligand to facilitate the transportation of delivery carriers.
Furthermore, brown algae possess boronic acid transporters on
the plasma membrane to obtain boronic acid from seawater for
nourishment.”®*” Due to their ability of chemical and
biological recognition, PBA moieties make an ideal ligand
that can dual-target polysaccharides and boronic acid trans-
porters for solid delivery to brown algae. Here, we decorated
the surface of siRNA/cationic peptide complexes with PBA-
modified cell-penetrating peptides (CPPs) through malei-
mide—thiol click chemistry,”**” preparing siRNA-loaded
micelles. Fusion peptides composed of CPPs and cationic
sequence are promising carrier components for the efficient
delivery of nucleic acid to organisms with cell walls.”>*" The
PBA moieties were expected to chemically interact with
polysaccharides, specifically fucoidan and alginate, to enhance
transportation through the cell wall. Boronic acid transporters
on the plasma membrane can then recognize the PBA ligands,
leading to the smooth uptake of the micelles into the cells
(Figure 1). This dual-targeting strategy, especially the ligand
effect on boronic acid transporters, dramatically facilitated
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siRNA uptake into E. siliculosus and accomplished effective
gene silencing. Consequently, the delivered siRNA targeting an
auxin biosynthesis-relevant gene, Myrosinase, succeeded in
transiently inhibiting the growth of E. siliculosus without
persistent genome editing. This study is the first to deliver
solid siRNA into brown algae, paving the way for siRNA-based
genetic engineering to cultivate a better understanding of
brown algae.

The ligand effect of boronic acid was first examined by using a
fluorescent dye conjugated with PBA. PBA-modified FITC
(FITC-PBA) was synthesized according to a previous
publication.”” PBA modification resulted in FITC accumu-
lation in E. siliculosus, and accumulation was not achieved with
an unmodified dye (Figure 2a). Confocal laser scanning
microscopy (CLSM) images indicated that PBA played a
dominant role in fixing FITC. To identify the location of
FITC-PBA in E. siliculosus, we costained the organism with
FITC-PBA along with either calcofluor white (CFW) for the
cell wall or HCS CellMask for the plasma membrane. CLSM
observations showed that the green signal from FITC-PBA
overlapped with blue signals from CFW and HCS CellMask
(Figures 2b and S1), suggesting that FITC-PBA was located in
the cell wall and plasma membrane. Polysaccharides in the cell
wall and boronic acid transporters on the plasma membrane
are potential candidates that can bind with PBA moieties. To
further assess the contribution of PBA, we stained E. siliculosus
after a 24 h preliminary incubation in seawater with various

https://doi.org/10.1021/jacsau.3c00767
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Figure 2. Accumulation of PBA-modified FITC in E. siliculosus. (a) CLSM images of E. siliculosus after FITC-PBA staining. Green: FITC, red:
plastid. (b) Costaining of E. siliculosus by FITC-PBA and (top) CFW for the cell wall and (bottom) HCS CellMask for the plasma membrane.
Green: FITC-PBA, red: plastid, and blue: CFW or HCS CellMask. (c) CLSM images of E. siliculosus stained with FITC-PBA after 24 h of
preliminary incubation in seawater with various concentrations of boronic acid (0, 40, and 400 uM). (d) Quantification of the FITC intensity in
each E. siliculosus sample preliminarily cultured in various concentrations of boronic acid (0, 40, and 400 uM). The FITC intensity was obtained
from CLSM images in (c) (n = 40 individual cells). (e) CLSM images of E. siliculosus after 2 and 4 h of postincubation from FITC-PBA staining in
seawater containing 400 #M boronic acid. (f) Quantification of FITC intensity in each E. siliculosus cell 2 and 4 h postincubation from FITC-PBA
staining in seawater containing 400 #M boronic acid. The FITC intensity was obtained from CLSM images in (e) (n = 35 individual cells). The
solid line in (f) indicates the background value. Scale bars in (a), (b), (c), and (e): SO gm. Data represent the mean + SEM **p < 0.01 and ***p <

0.001 (one-way ANOVA with Tukey’s post hoc test).

concentrations of nourishing boronic acids (0, 40, and 400
uM). Note that the average boronic acid level in seawater is
430 uM.*” FITC-PBA accumulation depended on the boronic
acid concentration in seawater and was suppressed under high
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boronic acid conditions (Figure 2c,d). Moreover, we
postcultured the FITC-PBA-stained E. siliculosus in seawater
with 400 uM boronic acid. The green signal from FITC-PBA
gradually disappeared within 4 h postincubation (Figure 2e,f),
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Figure 3. Ligand effect of PBA moieties on polysaccharides in brown algae. (a) PBA derivatives with different pK, values installed in the N-
terminus of CPP. (b) Relative binding coefficient of PBA to fucoidan and alginate at various pH values. Biological replicate () = 4. (c) Amount of
siRNA transported through the fucoidan/alginate gel at pH 7.0 and 8.0. n = 4. Data represent the mean + SEM.

Table 1. Characteristics of siRNA-Loaded Micelles”

pK, of PBA  maleimide conversion (%)
(BP100),-(KH), 99 + 1.0
MPBA- (BP100),-(KH), 8.2 82 + 2.6
unmodPBA-(BP100),-(KH), 7.9 84 + 3.0
FPBA-(BP100),-(KH), 7.1 81 + 3.5

“Data represent the mean + SD (n = 4).

indicating that PBA moieties reversibly bound to E. siliculosus
and competed for nourishing boronic acids in seawater.
Through the reversible binding property, PBA-modified
molecules could avoid entrapment in the cell wall and on
the plasma membrane.

PBA-installed micelles loaded with siRNA were prepared bg a
two-step procedure according to our previous publication.””*’
Prior to micelle preparation, a screening test was conducted to
determine the uptake efficiency of fusion peptides consisting of
various CPPs and nine cationic repeats of a lysine-histidine
unit (KH),. The lysine residues in the cationic segment can
electrostatically interact with nucleic acids, and the histidine
residues enhance endosomal escape.”””* The accumulation of
labeled peptides in E. siliculosus was observed using CLSM.
The screening test showed that (BP100),-(KH), exhibited a
higher uptake efficiency into E. siliculosus than that of other
CPP sequences (Figure S2). (BP100), is known to contain /-
strand rich structure compared with other tested peptides,”*
which could lead to better cell-penetrating efficiency. The

loading capacity (%) size (d. nm) PDI {-potential (mV)
98.0 + 0.8 41.6 + 5.2 0.242 + 0.017 +6.38 + 2.79
98.8 + 0.6 §7.7 £ 10.0 0.241 + 0.019 +7.02 £ 1.71
98.7 £ 0.2 58.1 + 6.0 0.234 + 0.041 +6.22 + 1.51
98.8 + 0.4 60.5 + 8.6 0.239 + 0.022 +1.39 + 0.44
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(BP100),-(KH), peptide was used as a platform in the
following experiment. A series of PBA ligands with different
acid dissociation constants (pK,s) were introduced to the N-
terminus of the (BP100),-cysteine ((BP100),-Cys) peptide. As
phenylboronate ester formation and recognition by boron
transporters are sensitive to the structure of boronic acid,”***
screening of PBA moieties with different pK,s may provide the
optimal formulation for siRNA delivery to brown algae. We
chose 4-carboxyPBA (unmodPBA), 4-carboxy-3-fluoroPBA
(FPBA), and 4-carboxy-3-methylPBA (MPBA) to conjugate
with the N-terminus of (BP100),-Cys (Figure 3a). The pK,
values of PBA after amide coupling were 7.1, 7.9, and 8.2 for
FPBA, unmodPBA, and MPBA, respectively, as determined by
the absorbances measured at 268 nm with various pH values
(Table 1 and Figure S3).”* PBA installation to (BP100)2-Cys
was confirmed through 'H NMR analysis (2 protons on phenyl
ring of PBA: 7.6—7.8 ppm) (Figure S4).

The polyion complex was prepared by mixing siRNA and
maleimide-tetra(ethylene glycol)-(KH), (Mal-TEG-(KH),) at
a residual charge ratio between cationic amino groups on

https://doi.org/10.1021/jacsau.3c00767
JACS Au 2024, 4, 1385—-1395
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Figure 4. In vivo uptake efficiency of siRNA-loaded micelles by E. siliculosus. (a) Toxicity of siRNA-loaded micelles. Biological replicate (1) = 6. (b)
Cellular uptake efficiency of CyS-labeled siRNA. Biological replicate (1) = 6. (c) pH dependency of the cellular uptake efficiency. Biological
replicate (n) = 6. (d) Estimation of intracellular siRNA release by observing FRET signals from micelle loading with Cy3- and CyS-labeled siRNAs
excited by 488 nm. Green: Cy3-labeled siRNA and red: CyS-labeled siRNA (FRET signal). Scale bar: SO ym in the whole images and 10 ym in the
magnified images. Data represent the mean + SEM *p < 0.05, **p < 0.01, and ***p < 0.001 (one-way ANOVA with Dunnett’s post hoc test
compared with the untreated group for (a), with the without ligand group for (b), and with each without ligand group under each pH condition for

(c).

peptides and anionic phosphate groups on siRNA (N/P ratio)
of 2. Then, 3 equiv. of (BP100),-Cys with various PBA ligands
to the maleimide group was added to the complex solution,
and the mixture was shaken for 1 h in 5 mM HEPES buffer
(pH 7.8). RP-HPLC charts and MALDI-TOF MS spectra
showed that the Mal group was successfully converted, even
after complexing with siRNA (Figure SS). The micelle
formation was examined by dynamic light scattering measure-
ment. All prepared samples demonstrated a cumulative
diameter of 41.6—60.5 nm with a relatively narrow
polydispersity index (PDI) (Table 1). Note that 98% or
more siRNAs were successfully encapsulated into the micelles.
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Interestingly, the {-potential of the FPBA-modified micelles
was lower than that of the other micelles, probably because
FPBA, with a lower pK, value (7.1), had a negatively charged
structure at pH 7.8. These results suggested that micelle
formation was successful and that PBA ligands were found on
the micelle surface.

The binding affinity of a series of PBA-modified (BP100),-Cys
to fucoidan and alginate was evaluated by an alizarin red S
(ARS) assay.”* As ARS becomes fluorescent after binding with
PBA, the decrease in ARS fluorescence in the presence of

https://doi.org/10.1021/jacsau.3c00767
JACS Au 2024, 4, 1385—-1395
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competitive diol (polyol) compounds exhibits an exchange
reaction between ARS and competitors. The affinity of the diol
to PBA can be calculated from the exchange reaction efficiency.
Fucoidan and alginate are major components in the cell wall of
brown algae and potential candidates that can bind PBA. All
PBA-(BP100),-Cys demonstrated a decrease in ARS fluo-
rescence intensity with increasing fucoidan and alginate levels
(Figure S6), which indicated that they were replaced with ARS
to form phenylboronate ester linkages. Interestingly, all PBAs
showed binding properties similar to those of fucoidan and
alginate regardless of pH and pK, values (Figure 3b). As PBA-
diol binding can be strongly affected by ionic strength,** the
effect derived from various pH and pK, values was possibly
negligible. These results suggested that all designed PBAs
could bind to fucoidan and alginate during delivery. Next, we
assessed the contribution of the PBA-fucoidan/alginate
interaction to the transportation of siRNA-loaded micelles
through the cell wall by using Transwell plates. A fucoidan/
alginate film was prepared on the upper chamber of Transwell
plates,*® and micelle solutions containing CyS-labeled siRNA
were added. After 4 h of incubation, all PBA-modified micelles
exhibited a significantly higher transportation efficiency than
those without ligands regardless of pK, and pH values (Figure
3c), consistent with the PBA binding affinity to fucoidan and
alginate. Further incubation for 24 h improved the trans-
portation of the PBA-modified micelles. The chance of contact
between the micelles and polysaccharide surface was increased
through phenylboronate ester formation, which could enhance
access to a fucoidan/alginate layer and lead to higher
transportation efficiency. Due to the PBA-polysaccharide
interactions, there was a risk that the micelles would fix in
the fucoidan/alginate film; however, the risk that the PBA-
modified micelles become entrapped may be eliminated by the
reversibility of phenylboronate ester. These results indicated
that the chemical interaction between PBA-fucoidan/alginate
ester formation helped the micelles pass through polysacchar-
ide layers.

We investigated the cellular uptake efficiency of siRNA-loaded
micelles in E. siliculosus. Prior to uptake experiments, micelle
toxicity was evaluated through an Evans blue assay.””** E.
siliculosus was preliminarily cultured in seawater without
boronic acid for 24 h before micelle treatment because the
interaction between PBA and E. siliculosus depended on the
boronic acid level in seawater, as shown in Figure 2¢,d. The
micelles were then transfected in a glucose solution with
osmotic pressure similar to seawater to prevent aggregation
under high salt conditions. The micelles containing 1 ug or less
siRNA did not enhance the internalization of Evans blue into
E. siliculosus, while those with 2 yg or more siRNA did (Figure
4a). These results indicated that considerable toxicity could
occur upon treatment of excess micelles. We used 1 pg or less
of siRNA in the following experiments.

We examined the cellular uptake efficiency of the micelles by
measuring the fluorescence intensity of the loaded CyS-labeled
siRNA in the total nucleic acid extract. Before the extraction, E.
siliculosus was treated with RNase A in PBS to completely
remove the extracellular siRNA (Figure S7). While no CyS
intensity was observed in E. siliculosus treated with naked
siRNA and siRNA/Mal-TEG-(KH), complexes, the conjuga-
tion of CPP dramatically increased CyS intensities (Figure 4b).
The introduction of FPBA and unmodPBA ligands, which have
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lower pK, values than seawater pH (pH 8.0), further
demonstrated the higher uptake efficiency than that of the
micelles without ligands. MPBA modification showed some
improvement compared with the micelles without ligands, but
it was not significant. Competitive boronic acid in the micelle
solution prevented cellular uptake (Figure S8), indicating that
the PBA ligand helped improve the uptake into E. siliculosus.

To gain further insights into the effect of the boronic acid
structure on the ligand, the uptake efficiency was assessed
under varying pH conditions. While the uptake efficiency of
the micelles without ligands was not affected by pH changes,
that of PBA-modified micelles depended on pH (Figure 4c). At
pH 7.0, all PBA-decorated micelles demonstrated slightly
higher uptake efficiency than those without ligands although
not significantly. FPBA-modified micelles with a low pK, value
(7.1) showed significantly improved cellular uptake at pH 7.5
or higher. Installing unmodPBA (pK,: 7.9) resulted in a
significantly higher uptake at pH 8.0. The MPBA-modified
micelles with a high pKa of 8.2 demonstrated enhanced uptake
only at pH 8.5 among the tested pH values. These results were
consistent with the idea that pH conditions higher than the
pK, value of PBA moieties facilitated the cellular uptake of
PBA-modified micelles into E. siliculosus.

The uptake efficiency showed a pK,- and pH-dependent
manner although PBA-fucoidan/alginate interactions were
independent of the pK, values (Figure 3b,c). That is, the
uptake efficiency was regulated by another factor. The
recognition of the PBA ligands by boronic acid transporters
probably improved the uptake. A boronic acid transporter
identified in E. siliculosus recognizes negatively charged boronic
acid."*® At seawater pH (pH ~ 8), 89% of FPBA moieties
(pK,: 7.1) take a negatively charged structure, which may lead
to effective recognition by boronic acid transporters. Notably,
56% of unmodPBA (pK,: 7.9) and 39% of MPBA (pK,: 8.2)
can form a negatively charged structure at seawater pH. Thus,
it is reasonable that the biological recognition of PBA moieties
by boronic acid transporters was the main factor that improved
the cellular uptake efficiency. Note that all PBA-modified
micelles, even under pH conditions lower than their pK,
values, showed a minor but not significant enhancement in
uptake efficiency. This minor improvement could be attributed
to the PBA and fucoidan/alginate interaction because
phenylboronate ester formation was independent of the pH
and pK, values (Figure 3). Overall, the results demonstrated
that recognition by boronic acid transporters was dominant for
the cellular uptake of the micelles, while the chemical binding
between PBA and fucoidan and alginate was an ancillary factor.

The intracellular distribution of the PBA-modified micelles
was investigated by monitoring FITC-labeled siRNA using
CLSM. The green and red pixels correspond to FITC-labeled
siRNA and plastids, respectively. Green pixels were observed in
the cytosol, demonstrating successful delivery into E. siliculosus
(Figure S9a). As the acidic compartments in E. siliculosus, such
as lysosomes, were present as submicron- to micron-sized
particles in the cytosol (Figure S9b), most siRNA might escape
from acidic compartments except the indicated area by the
white arrow in Figure S9a. These results represent the first
successful demonstration of the uptake of nucleic acid into
brown algae. We further evaluated the siRNA release profile in
brown algae by using a Forster resonance energy transfer
(FRET) technique. The micelles loading with both Cy3- and
CyS-labeled siRNAs emit significant FRET signals due to the
proximal existence of the fluorescence dyes in the core.””*’
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Figure S. Gene silencing and phenotypic effects on E. siliculosus. (a) Quantification of Myrosinase transcripts in E. siliculosus after 24 h of siRNA
treatment. Biological replicate (1) = 6. (b) Representative CLSM images of immunofluorescence staining of Myrosinase (green signal). Scale bar:
50 ym. (c) Immunofluorescence-stained Myrosinase intensity in brown algae. Biological replicates (1) = 12. Data represent the mean + SEM. Each
dot represents biological repeats. ***p < 0.001 (unpaired 2-tailed Student’s ¢ test).

Encapsulating these siRNAs in the FPBA-modified micelles
showed obviously higher FRET efliciency than the mixture of
Cy3- and CyS-labeled siRNAs (Figure S10a). Prior to an in
vivo observation of the FRET signal, we measured FRET
changes in the cell extract. While incubation in a buffer
condition and a glucose solution with a similar osmotic
pressure to seawater did not affect FRET efliciency, incubation
in cell extract dramatically reduced it (Figure S10b). These
results raised the expectation of siRNA release from the
micelles in brown algal cells. We conducted in vivo FRET
observation in brown algae using CLSM. The green and red
pixels correspond to Cy3-siRNA and CyS-siRNA excited by
488 nm, respectively. Note that, time gating of plastid
autofluorescence allowed precise Cy3 and CyS signals.”’
After 4 h of micelle treatment, some green signals overlapped
with red ones, which indicated that siRNA still formed a
micelle structure (Figure 4d). Meanwhile, other green signals
did not colocalize with red ones. As CyS fluorescence was
observed clearer by excitation at a 633 nm wavelength than
488 nm excitation (Figure S11), both Cy3- and CyS-labeled
siRNAs were successfully delivered in the same cell, and the
monitored CyS signal by 488 nm excitation was certainly
derived from FRET. After 24 h of micelle treatment, although
the fluorescence intensity was low, almost no FRET signals
were detected, indicating the complete siRNA release in brown
algae.

Gene silencing efficiency was examined using siRNA targeting
a gene relevant to an auxin biosynthesis pathway. Auxin is an
essential plant hormone for the progression of development.**
The following distinct pathways for auxin synthesis are
proposed in terrestrial plants: the YUC pathway, the indole-
3-pyruvic acid (IPA) pathway, the indole-3-acetamide (IAM)
pathway, and the indole-3-acetaldoxime (TAM) pathway
(Figure $12).%7* From genome sequence analysis, homo-
logues of genes encoding catalyzing enzymes involved in auxin
biosynthesis were inferred in E. siliculosus.*” In this study, we
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chose a putatively conserved auxin biosynthesis enzyme in the
IAOx pathway, Myrosinase, as a target gene. The Myrosinase
sequence was obtained from a previous publication,"*’ and
Myrosinase-targeting siRNA with 21 bp was designed by
pssRNAit.** After 24 h of siRNA-loaded micelle treatment, the
amount of Myrosinase transcripts was measured by quantitative
real-time (qRT)-PCR analysis according to a previous
publication.”” Myrosinase transcript reduction was observed
only in E. siliculosus treated with the unmodPBA- and FPBA-
modified micelles (Figure Sa), and FPBA-modified micelles
showed a 74% decrease in target gene transcripts. Furthermore,
MPBA-modified micelles and those without ligands did not
show a decrease in the target transcript. Additionally, naked
siRNA and Mal-(KH),/siRNA complexes exhibited trivial
effects. Notably, no gene silencing effect on the target gene was
observed for the FPBA-modified micelles loaded with
scrambled siRNA (Figure S13a), which indicated that
successful gene silencing was achieved through the siRNA
delivered by the micelles with PBA ligands.

Gene silencing effect on protein level was evaluated via
immunofluorescence staining. Green signals representing
immunofluorescence-stained Myrosinase were observed in E.
siliculosus (Figure Sb). FPBA-modified micelle treatment
reduced the fluorescence intensity. Quantification of green
signal levels from lysed samples revealed that delivered siRNA
decreased approximately half of Myrosinase in protein level
(Figure Sc), which was consistent with the gene silencing effect
on transcripts (Figure Sa). These results establish a solid
outcome in the gene silencing effect by installing PBA ligands.

Auxin, a downstream product of the Myrosinase-relating
pathway, was then evaluated using an immunofluorescence
technique referring to a previous publication.”” After 24 h of
siRNA treatment, green signals representing immunofluor-
escence-stained auxin in siRNA-treated E. siliculosus seemed
weaker than the untreated one (Figure 6a). Quantification of
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Figure 6. Phenotypic effects on E. siliculosus. (a) Representative CLSM images of the immunofluorescence staining of auxin (green signal). Scale
bar: 50 ym. (b) Immunofluorescence-stained auxin intensity in brown algae. Biological replicates (1) = 12. (c) Schematic illustration of the effect of
auxin on E. siliculosus growth. (d) Representative DIC images of E. siliculosus after treatment with siRNA-loaded micelles. Scale bar: 100 ym. (e)
Width, (f) length, and (g) aspect ratio of E. siliculosus obtained from (d). Biological replicate (n) = 10. Data represent the mean + SEM *p < 0.05
(unpaired 2-tailed Student’s ¢ test for (b, e—g)).

the green signal intensity revealed a significant difference (Figure 6b). The auxin reduction level by siRNA was limited
between the siRNA-treated sample and the untreated one compared with transcript and protein levels. Other auxin
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biosynthesis pathways could compensate for IAOx one. The
impact of gene silencing on auxin biosynthesis was further
evaluated to determine the resulting phenotypic effect. E.
siliculosus is composed of a prostrate body and an upright
body.”” The prostrate body consists of polarized apical cells,
elongated cells localizing at the apexes, and round cells in the
center. Auxin regulates elongated cell growth and differ-
entiation to round cells during early development (Figure
5¢)."°%31 Thys, the length, width, and aspect ratio of each cell
should correlate with the auxin biosynthesis efficiency.
Following Mpyrosinase gene silencing with FPBA-decorated
micelle treatment, the width, length, and aspect ratio were
thinner, shorter, and smaller than those of the untreated group
(Figure Sd—g). This phenomenon demonstrated that the cells
slowly differentiated from elongated to round, demonstrating
that inhibition of the IAOx-relevant auxin biosynthetic
pathway strongly affected the growth of E. siliculosus. Notably,
the phenotypic effect did not persist over 48 h (Figure Sd—g).
The temporary gene silencing, which was not prolonged over
24 h (Figure S13b), probably allowed for temporary growth
control. These results suggested that the IAOx pathway may
assume a critical role in E. siliculosus growth although the
pathway is auxiliary in auxin synthesis in terrestrial plants
except for Brassicaceae,"® which raised a clue about auxin
biosynthesis in brown algae as well as E. siliculosus.

The significance of brown algae cannot be overstated as the
organisms play essential roles in evolution, ecology, and
various applications. However, many characteristics of brown
algae remain unknown due to the lack of genetic engineering
technologies. To address this issue, we developed a PBA-
modified micelle loaded with siRNA to regulate the gene
expression of a model brown alga, E. siliculosus. The PBA
ligands chemically and biologically interact with extracellular
polysaccharides and boronic acid transporters. The PBA
ligand, which achieves multiple and sequential effects,
dramatically improves the cellular uptake efficiency of
siRNA-loaded micelles. The enhanced siRNA introduction
led to efficient gene silencing in E. Siliculosus in transcript,
protein, and auxin levels, resulting in temporary growth
inhibition by Mpyrosinase gene suppression. In this study,
nucleic acid was successfully delivered to brown algae with
control of homeostasis for the first time.

The developed system is unbound to siRNA delivery. The
design principle can potentially be applied to deliver other
biomacromolecules such as plasmid DNA, messenger RNA,
and proteins. The expansion provides a promising platform
and may accelerate progress in the field of brown algae. With
the increasing availability of genetic engineering tools, the
potential to create advanced strains that produce valuable
materials increases. Furthermore, the PBA-ligand strategy
established in this study may be adapted to other organisms
expressing boronic acid transporters as well as brown algae.
The available technology for numerous organisms with boronic
acid transporters may provide new opportunities for
fundamental and applied research in endlessly interesting
algae and plants.
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