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a b s t r a c t
Rod-shaped nanoparticles have been reported to exhibit improved cellular uptake, intracellular processing and
transport through tissues and organs, as compared to spherical nanoparticles. We use C-S-B triblock polypeptides
composed of a collagen-like block (C), a silk-like block (S) and an oligolysine domain (B) for one-dimensional coassembly with siRNA into rod-shaped nanoparticles. Here we investigate these siRNA encapsulating rod-shaped
nanoparticles as a gene delivery system. Uptake experiments for C-S-B and C-S-B/siPlk1 particles indicate that
these rod-shaped nanoparticles can efﬁciently deliver siPlk1 into HeLa cells. Moreover, C-S-B/siPlk1 complexes
display signiﬁcant mPlk1 gene knockdown in a dose-dependent manner, causing apoptosis as intended. The
lower effectiveness of C-S-B/siPlk1 in inducing cell death as compared to cationic lipid-based formulations is explained by the high lysosome-C-S-B/siPlk1 co-localization ratio, which will need to be addressed in a future redesign of polypeptide sequence. Overall, the non-toxic and unique rod-shaped C-S-B nanoparticles deserve further
optimization as a new siRNA delivery system for cancer therapy.
© 2020 Published by Elsevier B.V.

1. Introduction
It has been established that not only nanoparticle (NP) size and surface chemistry dictate its fate when used as a drug delivery vehicle, but
also the NP shape [1–3]. Whereas earlier work dealt with the impact of
NP shape on cellular uptake and intracellular processing [4–8], more recently it has also been demonstrated that NP shape affects it transport
through tissues and in organs [9–13].
Various nanoparticles, including inorganic nanoparticles and biopolymer nanoparticles, are designed with diverse strategies for delivering nucleic acids (such as DNA, pDNA, dsDNA, ssDNA, siRNA or miRNA)
into living cells [14]. With respect to the delivery of small nucleic acids
such as siRNA, the main nanoparticle delivery formulations currently
in development are polymer and lipid nanoparticles [15,16]. Although
both of them have advanced development over the last decade [17], it
seems that the lipid formulations currently offering the best performance which is demonstrated by the recent introduction of the ﬁrst
FDA approved siRNA therapy approved for humans [18]. Meanwhile,
other lipid-siRNA therapeutic agents are also in clinical trials. For example, TKM 080301, a siPlk1 based lipid agent which suppresses the expression of the tumor aggressiveness-related polo-like kinase I (Plk1),
has already reach Phase II in clinical studies [19].
Both lipid- and polymer nanoparticles developed for siRNA delivery,
however, are typically spherical [17]. The rod-shaped NP showed superior properties than spherical NP as a delivery system. For example, the
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rod-shaped NPs possessed the highest permeability into the intestinal
mucus barriers and cellular uptake into intestinal epithelium cells,
which had the optimum bioavailability than spherical ones [20]. Indeed,
the production of controlled size- and aspect ratio polymer or lipid
nanoparticles as drug delivery vehicles is technologically complicated
[21].
For the extreme limit of rod-shaped particles, however, one can resort to various types of one-dimensional self-assembly, for example by
peptides or polypeptides. Indeed, we have previously designed a triblock polypeptide sequence composed of a collagen-like block (C) for
steric protection, a silk-like block (S) for one-dimensional assembly
into rod-shaped particles, and an oligolysine domain (B) for binding to
negative charged cargo [22]. When mixed with long single stranded
DNA, double stranded DNA or mRNA, the C-S-B triblock polypeptide
spontaneous co-assembles with the long nucleic acids to form rodshaped particles in which the nucleic acids are protected against nucleases [22,23]. As C-S-B is composed of biological macromolecule, it is
found that these particles are not toxic to HeLa cells and are nonhemolytic. However, a luciferase assay shows only a low mRNA transfection efﬁciency for HEK293 cells [23].
Given the high degree of control over the nanoparticle assembly
when using genetically engineered polypeptides, and the fact that
they allow for the assembly of very high aspect ratio nanoparticles, it
is still interesting to explore whether the system may be more effective
for other types of nucleic acids, such as siRNA. Indeed, both nanoparticle
co-assembly and delivery may be very much affected by the type of encapsulated nucleic acid. For example, we have found that while for linear double stranded DNA, typically one DNA molecule is encapsulated
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C-S-B and C-S-B/siPlk1 on 200-mesh carbon copper grids and negatively
staining with uranium acetate. ζ-Potentials of self-assembled C-S-B particles (1 mg/ml), before and after siPlk1 binding are measured by electrophoretic light scattering (Nano-ZA 90, Malvern) at 25 °C in both
double-distilled water (ddH2O) and PBS buffer. Meanwhile, the size distribution of C-S-B and C-S-B/siPlk1 is estimated through electrophoretic
light scattering (Nano-ZA 90, Malvern) as well. The measurement of ζpotentials and size-distribution of C-S-B and C-S-B/siPlk1 is operated
in triplicate.

in each nanoparticle, for mRNA, multiple chains are encapsulated in
each nanoparticle [22,23]. Also, a more detailed study of the uptake of
the rod-shaped particles by cells may elucidate bottle necks with respect to delivery that may be remedied by rationally improving the design of these polypeptide sequences.
More generally, as compared to well established and much investigated nanoparticles for nucleic acid delivery such as those based on
lipids, synthetic polymers or natural virus-like particles, there is still
much to learn for the more novel class of self-assembling nanoparticles
based on proteins and polypeptides with de-novo designed amino-acid
sequences. With this in mind, we here study particle formation of the CS-B triblock polypeptides with Plk1 siRNA. We demonstrate a modest,
dose-dependent gene knock-down effect for HeLa cells in vitro. We
use ﬂuorescence microscopy elucidate bottle-necks that will need to
be addressed by modifying the sequence of the C-S-B polypeptides to
become efﬁcient rod-shaped delivery vehicles for siRNA.

2.3. Analysis of cellular uptake of C-S-B and C-S-B/siPlk1 nanoparticles by
confocal laser scanning microscope and ﬂow cytometry
HeLa (human cervical cancer) cells are purchased from the Cell Resource Center (Peking Union Medical College headquarters of National
Infrastructure of Cell Line Resource, NSTT). Cells are cultured in
Dulbecco's Modiﬁed Eagle's medium (DMEM) (Gibco) supplemented
with 10% fetal calf serum (Gibco) and 1% penicillin/streptomycin
(Gibco) at 37 °C, 5% CO2.
To visualize the cellular uptake of the nanorods, C-S-B nanorods are
covalently labeled with Cy3 dye. Cy3-SE ﬂuorescent dye with activated
ester group can covalently attach to the amino groups in C-S-B polypeptides by mixing 5 μl Cy3-SE (1 mg/ml) with 3 ml freshly prepared C-S-B
nanorods (1 mg/ml) in 10 mM, pH 7.4 phosphate buffer. The mixture is
incubated at room temperature for 2 h and the unreacted dye is removed by dialysis in water for 8 h. To evaluate the siPlk1 transfection efﬁciency of C-S-B nanorods, C-S-B/siPlk1-Cy5 (N/P ration = 5) nanorods
are prepared by binding siPlk1-Cy5 to C-S-B nanorods directly.
The cellular uptake of the C-S-B and the C-S-B/siPlk1 nanoparticles
are observed by confocal laser scanning microscopy. HeLa cells are
seeded in coverglass-bottom plates at a density of 1 × 105 cells/dish.
After growing in standard culture conditions for 24 h, Cy3-labeled C-SB nanoparticles (C-S-B/Cy3), or C-S-B/siPlk1 nanoparticles with Cy5 labeled siRNA (C-S-B/siPlk1/Cy5) are added to the culture medium and
the ﬁnal concentration corresponding to 100 μg/ml of C-S-B. The N/P
ratio for the C-S-B/siPlk1/Cy5 nanoparticles is 5, which corresponds to
a siRNA concentration of 1.67 μg/ml. After incubation for 4 h, cells are
rinsed with PBS for 3 times and ﬁxed with 4% paraformaldehyde for
15 min. The cell nucleus is stained with one drop solution contained
anti-fade ﬂuorescence mounting medium and DAPI. Cells are observed
using CLSM (A1, Nikon) with the excitation channel of 405 nm for
DAPI, 561 nm for Cy3 and 654 nm for Cy5.
The cellular uptake of C-S-B and C-S-B/siPlk1 nanoparticles is further
evaluated by ﬂow cytometry. HeLa cells are seeded in 6-well plates at a
density of 25 × 104 cell/well and incubated overnight for further
adherence. C-S-B/Cy3 or C-S-B/siPlk1/Cy5 nanoparticles are incubated
with the cells for 4 h. The ﬁnal concentration of nanoparticles is
corresponded to 100 μg/ml of C-S-B. For the siRNA containing nanoparticles, the siRNA concentration is 1.67 μg/ml, corresponding to an N/P
ratio of 5:1. After rinsing by PBS and digestion by trypsin, cells are collected and evaluated by ﬂow cytometry (FC500, Beckman) using the
PE channel to detect the Cy3 ﬂuorescent signals of C-S-B/Cy3 and the
APC channel to detect the Cy5 ﬂuorescent signals of C-S-B/siPlk1/Cy5.

2. Materials and methods
2.1. Materials
Small interfering RNA targeting human polo-like kinases 1 (siPlk1)
(sense strand, 5′-GAAGAAGAUCACCCUCCUUAdTdT-3′; antisense
strand 5′-UAAGGAGGGUGAUCUUCUUCdTdT-3′) and Cy5 decorated
siPlk1-Cy5 are supplied by Guangzhou Ribo Life Science Co. Ltd. (Guangzhou, China). Fluorescence dye Cy3-SE is purchased from Fanbo Biochemical Co. (Beijing, China). DAPI that use to stain cell nucleus is
obtained from Vector Laboratories (Burlingame, USA). Commercial
gene transfection agent Lipofectamine RNAiMAX is purchased from
Invitrogen (USA). Lyso Tracker probes are purchased from Cell Signaling
Technology (USA). RNAse A (SL2072) and DNA marker (100–1500 bp,
DM1011-50T) are both bought from Coollaber Science & Technology
Co. Ltd. (Beijing, China).
2.2. Preparation and characterization of C-S-B/siPlk1 nanoparticles
The C-S-B polypeptide is produced and puriﬁed as reported previously, SDS-PAGE and MALDI-TOF results for the puriﬁed polypeptide
are the same as obtained earlier, conﬁrming that the material is of similar purity [22]. To prepare the C-S-B nanorods, 1.1 mg C-S-B polypeptide
is dissolved in 0.55 ml phosphate buffer (10 mM, pH 7.4). Then the solution is heated in a water bath at 65 °C for 1 h. After cooled to room
temperature, the nanorods are diluted into 1 mg/ml by above PBS
buffer. For the gel retardation experiments, C-S-B/siPlk1 samples are
prepared by mixing constant volume of 3 mg/ml siPlk1 (1.67 μl dissolved in RNase free water) with varying volumes (2.86, 5.72, 11.4,
28.7, 45.8 and 57.2 μl) of 1 mg/ml C-S-B nanorods (dispersed in
10 mM, pH 7.4 phosphate buffer), followed by vortexing for 2 min.
The siPlk1 is constant at 500 ng, and the N/P (charge) ratios of the samples are 0, 0.5, 1, 2, 5, 8 and 10. Samples are incubated at room temperature for 0.5 h before electrophoresis to let the interaction between
siPlk1 and C-S-B nanorods to proceed. The N/P ratio is the molar ratio
of the total number of positively charged lysine residues (N) on C-S-B
polypeptides to the total number of negatively charged phosphate
groups (P) on siRNA molecules. Samples and free siPlk1 (500 ng) are
electrophoresed in 1% agarose gels which stains with GelRed and visualized by a gel imaging system (Tanon 1600). To observe the gene protection of C-S-B nanoparticles, 60 μl C-S-B/siPlk1 (N/P = 5, 1 mg/ml with
1 μg siPlk1) samples are added with 5, 10, 15 and 20 μg RNAse A,
respectively. Free siPlk1 (1 μg) in 60 μl RNAse free water which incubated with 5 μg RNAse A is used as control. After incubation at room
temperature for 10 min, all samples are analyzed by electrophoresis as
aforementioned.
The morphology of self-assembled C-S-B particles, both before and
after siPlk1 binding, is visualized by transmission electron microscope
(TEM, JEM-1400, JEOL). Samples for TEM are prepared by placing 10 μl

2.4. Analysis of gene knockdown effect of siPlk1 loaded C-S-B nanoparticles
by reverse transcription polymerase chain reaction (RT-PCR)
HeLa cells at a density of 25 × 104 cells/well are seeded in a 6-well
plate. Cells are cultured at standard conditions until 70–80% conﬂuency
before gene transfection. The commercial gene transfection agent Lipofectamine RNAiMAX is used as a positive control which follow the manufacturer's protocol. 3 μg siPlk1 and 9 μl Lipofectamine RNAiMAX
reagent are diluted to 150 μl DMEM medium, respectively. Mix the
two reagents and incubate for 5 min at room temperature. After that,
the siPlk1-lipid complex with another 700 μl DMEM medium are transferred to cells for 48 h. Free siPlk1 incubated with the cells at a
2
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concentration of 7 μg/ml for 48 h is used as another control. C-S-B/siPlk1
nanoparticles formulated at an N/P ratio of 5:1 are incubated with the
cells at siRNA concentrations of 1, 4 and 7 μg/ml for 48 h. Total RNA of
each group is isolated by Trizol reagent and quantiﬁed using a Nanodrop
One spectrophotometer (Thermo Scientiﬁc, USA). The reverse transcription process is carried out using the PrimeScript 1st strand cDNA
Synthesis Kit (Takara). The RT-PCR is carried out by a StepOnePlus
Real-time PCR system (Applied Biosystems) with the forward and reverse primers (Plk1: forward 5′-AGCCTGAGGCCCGATACTACCTAC-3′;
reverse: 5′-ATTAGGAGTCCCACACAGGGTCTTC-3′. GAPDH: forward 5′TTCACCACCATGGAGAAGGC-3′; reverse 5′-GGCATGGACTGTGGTC
ATGA-3′). The ﬁnal PCR process of each group is carried out in triplicate.

polyanions such as PAA [24], as well as supramolecular polyanions
[25]. In the absence of a polyanionic template the C-S-B also can
assemble into rod-shaped nanoparticles, but this requires higher
protein concentrations than in the presence of long polyanionic
templates.
We ﬁrst investigate the optimum charge ratio (N/P) required to obtain fully siRNA saturated complexes of the C-S-B nanorods with the
siPlk1. The result of an electrophoretic mobility shift assay is shown in
Fig. 1a. We ﬁnd that for N/P = 5 and higher ratio, mobility of the complexes no longer decreases. Therefore, at least initially, for further investigation of the complexes of the C-S-B polypeptides with the siPlk1, we
select a charge ratio of N/P = 5. Enzymatic assay with RNAse A indicating that C-S-B could effectively protect siPlk1 from degradation (Fig. S1).
Electrophoretic mobilities of the nanorods with and without siRNA are
determined using electrophoretic light scattering. Results are shown
in Fig. 1b. The C-S-B nanorods have a moderately positive ζ-potential
of 5.7 ± 0.26 mV in doubly-distilled water, probably reﬂecting the contribution of the positively charged building blocks B. In the presence of
siRNA at N/P = 5, only part of this positive charge is neutralized, leading
to a somewhat lower ζ-potential of 4.83 ± 0.11 mV. In pH 7.4 PBS buffer,
the ζ-potential of the naked C-S-B nanorods attains a slightly negative
value of −2.94 ± 0.18 mV. Most likely this is due to the shielding of
the positive charges of the binding blocks B by salt, such that the mobility is determined by the weakly net negative charge of the outer C
blocks. The addition of the siRNA decreases the ζ-potential to
−6.80 ± 0.87 mV.
TEM is used to characterize the morphology and dimensions of the
C-S-B nanorods and the complexes formed by the C-S-B nanorods with
siRNA at N/P = 5. Results are shown in Fig. 2. Rod-shaped nanoparticles
are observed both in the presence (Fig. 2a) and absence (Fig. 2b) of the
siRNA. The lengths of all particles in Fig. 2a and b are determined and a
histogram is prepared for the lengths of the nanorods with and without
siRNA (Fig. 2c). In the presence of the siRNA, the peak of the nanorod
length distributions shifts to somewhat larger values. In the absence of
siRNA, the location of the peak is at approximately 50 nm, whereas in
the presence of siRNA, it increases to approximately 70 nm. DLS measurements are consistent with TEM results with the average size of CS-B and C-S-B/siPlk1 of 45.2 and 68.3 nm (Fig. S2).
For long double stranded DNA, it was previously shown that each
nanorod encapsulated exactly one long DNA molecule [22], but for
long mRNA, it was found that most likely each nanorod contained a
few mRNA molecules [23]. Since these long templates lead to long nanorods, the length distribution for these cases at high N/P is generally bidisperse with a peak for the long nucleic acid-encapsulating nanorods
and a peak for the much shorter C-S-B nanorods. For the very short
siRNA templates, we instead ﬁnd a length distribution with a single
peak and a slight shift of this peak to larger nanorod lengths, in the presence of the siRNA. Hence, we cannot really tell that the self-assembly is
templated by the siRNA. Instead it is probably more accurate in this case
to state that the siRNA simply binds to the self-assembled C-S-B nanorods and that the nanorod self-assembly is only mildly affected by the
binding of the siRNA.
Then the uptake of the nanorods by HeLa cells after having been incubated with the nanorods for 4 h is observed by CLSM. C-S-B nanorods
are ﬂuorescent labeled with Cy3 by covalently conjugating with the
amine groups on nanorods. Representative CSLM images are shown in
Fig. 3a–c which clearly demonstrate that C-S-B nanorods can be internalized by HeLa cells, indicating C-S-B nanorods can be used as a delivery system into cells. To evaluate its siRNA delivery effect, siPlk1 has
been chemically modiﬁed with Cy5 dye molecules. The CLSM images
(Fig. 3d–f) show strong Cy5 ﬂuorescent signals in HeLa cells after incubated with C-S-B/siPlk1-Cy5 (N/P = 5) for 4 h, indicating C-S-B nanorods can be used as a promising gene carrier. The cellular uptake of CS-B nanorods and C-S-B/siPlk1-Cy5 (N/P = 5) is conﬁrmed by ﬂow cytometry (Fig. 3g–h) and the internalized ﬂuorescence signiﬁcantly differentiates them from the untreated cells.

2.5. Cytotoxicity analysis
The cytotoxicity of C-S-B nanoparticles, free siPlk1 and C-S-B/siPlk1
nanoparticles (N/P = 5:1) are evaluated by counting the levels of viable
cells using a CCK-8 assay. HeLa cells are seeded in the 96-well plates at a
density of 5–8 × 103 cells/well and grown overnight under standard culture condition. Cells are incubated with C-S-B nanoparticles at C-S-B
polypeptide concentration ranging from 0 to 700 μg/ml. Cell apoptosis
caused by free siPlk1 and by C-S-B/siPlk1 nanoparticles is assayed by
treating the cells with equivalent siRNA concentrations of 0, 2, 5, 7, 8,
10 μg/ml. Every concentration condition of each particle foemulation
is operated in ﬁve wells parallelly. After incubation for 48 h, the CCK-8
agent is added to determine the percentage of viable cells. Each well is
added 100 μl DMEM medium contained 10 μl CCK-8 and incubate at
37 °C for 1 h. The UV absorbance of blank DMEM/CCK-8 medium
(Ablank), cells without any treatment (Acontrol) and with particle treatment (Asmaple) at 425 nm are measured by a multi-well plate reader
(BioTek). The cell viability is calculated by the formula as followed.

Cell Viability ð%Þ ¼ Asample −Ablank =ðAcontrol −Ablank Þ  100%

(1)

A live/dead cell viability assay is carried out to further conﬁrm the viability of cells which treated with C-S-B nanorods, siPlk1 and C-S-B/
siPlk1. Typically, Calcein AM is used to stain viable cells and EthD-1 is
used to stain nonviable cells. Cells are seeded in 6-well plates. Next,
the cells are incubated for 48 h with Lipo/siPlk1 complexes, free siPlk1
and C-S-B/siPlk1 nanoparticles (N/P = 5). After staining with 2 μM
calcein AM and 4 μM EthD-1 for 20 min, cells are observed by ﬂuorescence microscope (Leica) with green ﬂuorescence taken to mean viable
cells and red ﬂuorescence taken to mean dead cells.
2.6. Co-localization analysis of lysosomes and C-S-B nanorods in HeLa cells
HeLa cells (5 × 104) are seeded in coverglass-bottom confocal dishes
and cultured overnight under standard culture conditions. Next, cells
are incubated for 12 h with Cy3 labeled C-S-B nanorods at a concentration of 100 μg/ml C-S-B. Then, 100 nM Lysotracker Green is added
followed by a further 15 min of incubation to stain the lysosomes.
Cells are kept in phenol red free DMEM medium before being observed
by CLSM. The co-localization ratio is calculated by the Nikon NIS
software.
2.7. Statistical analysis
Statistical evaluations of the data are performed using the Student's
t-test. All results have been expressed as the mean ± standard deviation
unless stated otherwise. *p < 0.05, **p < 0.01.
3. Results and discussion
The C-S-B polypeptide has been shown to co-assemble with a variety
of polyanionic templates into rod-shaped nanoparticles including double stranded and single stranded DNA [22], long mRNA [23], synthetic
3
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Fig. 1. a) Electrophoretic mobility shift assay of siPlk1 complexed with C-S-B. Various charge ratios (N/P) are indicated below the lanes. b) ζ-Potentials of C-S-B nanorods with (+) and
without (−) siPlk1 at N/P = 5 for both ddH2O (hatched ﬁll) and PBS (solid ﬁll).

Next, we investigate the gene knockdown effect of siPlk1 after being
delivered to HeLa cells using the nanorods, by quantifying the Plk1
mRNA through reverse transcription PCR. Results are shown in Fig. 4.
As a positive control, a commercial siRNA lipid-based transfection
agent is used, and (using the recommended transfection agent dosage
provided by the supplier) it reduces the mRNA expression to 20.0%. In
contrast, negatively charged siRNA is rapidly degraded and does not
easily pass cell membranes. Consequently, free siPlk1 is displayed displays no reduction of the Plk1 mRNA level. For C-S-B/siRNA nanorods
at equivalent siPlk1 concentrations of 1, 4 and 10 μg/ml, the Plk1
mRNA expression levels of 102.7%, 75.5% and 47.7% are achieved, indicating that the C-S-B/siRNA nanorods do reduce the gene expression
in a dose-dependent manner, but clearly are not as effective as the commercial lipid-based control.
The biocompatibility of C-S-B via the quantiﬁcation of HeLa cell viability after incubating the cells for 24 h is evaluated. Cell viability is
quantiﬁed using a CCK-8 assay and results are shown in Fig. 5. For the
empty C-S-B nanorods, no signiﬁcant cytotoxicity is observed even at
the highest concentration(700 μg/ml C-S-B polypeptide, Fig. 5a). Besides, the hemolysis ratio with an increasing concentration of nanorods
is also measured. The hemolysis ratios of C-S-B nanorods at 10, 20, 50
and 100 μg/ml are 1.8, 2.63, 3.29 and 6.57% (Fig. S3), indicating that CS-B nanorods have a good biocompatibility. A similar result is obtained
for the bare siPlk1 (Fig. 5b), indicating it cannot effectively enter the
cells which is consistent with the RT-PCR results. Thus, any decrease
in cell viability that we observe for the C-S-B/siPlk1 nanorods must
therefore be due to the effects of the siPlk1 rather than the carrier. As
a Plk1 inhibitor, various siPlk1 delivered nanoparticles have been
widely investigated as gene cancer agents clinically [19]. Indeed, for
the C-S-B/siPlk1 nanorods, we observe a signiﬁcant dose-dependent decrease in cell viability. This strongly suggests that the siPlk1 delivered by
the C-S-B nanorods have depleted the level of Plk1 mRNA, inhibited cell
proliferation, decreased cell viability and lead to cell-cycle arrest in-vitro
[19,26]. The C-S-B/siPlk1 induced cell apoptosis causes the cell viability
to decrease down to 65.7% at an equivalent siPlk1 concentration of
10 μg/ml.
The cell viability results are further conﬁrmed by direct visualization
using a live-dead cell viability assay. Results are shown in Fig. 6. Red represents dead cells (cells are stained with EthD-1) and green suggests
live cells (cells are stained by calcein AM). As expected, for the untreated (Fig. 6a) and bare siPlk1 treated groups (Fig. 6b), we only ﬁnd
live cells. For the positive control which siPlk1 is delivered with the
commercial transfection agent Lipofectamin RNAiMAX, at an equivalent
siPlk1 concentration of 1 μg/ml, we ﬁnd mostly dead cells, and additionally, dead cells are detached from the culture dish, thus leading to less
cells in the ﬁeld of view as compared to other groups (Fig. 6c). Finally,
for the C-S-B/siPlk1 nanorods at an equivalent siPlk1 concentration of
10 μg/ml, we ﬁnd a mixture of live and dead cells (Fig. 6d), consistent
with the CCK-8 cell viability assays. Furthermore, RT-PCR results have
demonstrated that the expression of mPlk1 is decreased (Fig. 4) and
caused partial cell apoptosis (Fig. 5c). To understand better why the C-

Fig. 2. TEM of self-assembled C-S-B nanoparticles. a) C-S-B alone b) C-S-B with siRNA at N/
P = 5. Bar in a) and b) is 200 nm. c) Length distributions for self-assembled nanorods
without (light grey) and with siRNA (dark grey), based on SEM images of a) and b).
4
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Fig. 3. Cellular uptake of nanorods delivered siRNA. CLSM visualization of cellular uptake of C-S-B nanorods (a–c) and C-S-B/siRNA nanorods (d–f). DAPI was used to stain cell nuclei (a, d).
The C-block was covalently labeled on the N-terminal side with Cy3 (b), siRNA was chemically labeled with Cy5 dye (e). The merged images clearly (e, f) demonstrate cellular uptake of CS-B and C-S-B/siRNA (N/P = 5) nanorods. Flow cytometry for HeLa cells having been incubated for 4 h with C-S-B (g) or C-S-B/siRNA (N/P = 5) (h) nanorods.

nanorods for 12 h, the overlay ratio of labeled C-S-B and labeled lysosomes is 63.4%, indicating that most of the C-S-B nanorods are trapped
in lysosomes. Thus, we tentatively identify insufﬁcient endosomal escape as a major reason for the relatively low efﬁciency of gene knockdown effect by the C-S-B/SiPlk1 nanorods in vitro.

S-B/siPlk1 nanorods are so much less effective in inducing cell death
than the positive control, we have tracked the cellular location of C-SB nanorods using a CLSM co-localization assay. C-S-B nanorods are ﬂuorescent labeled with Cy5. Lysosomes are stained using lysosome tracker
probe. As shown in Fig. 7, after incubation of the cells with the C-S-B
5
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Fig. 4. Gene knockdown effect of C-S-B/siPlk1 nanorods. Relative expression of Plk1 mRNA
for: control sample (black); Lipo: positive control commercial transfection agent
Lipofectamine/siPlk1 (blue) with equivalent siPlk1 concentration of 3 μg/ml; bare
siPlk1 at 7 μg/ml (light blue); increasing concentrations of C-S-B/siPlk1 nanorods
corresponding to siPlk1 concentrations of 1 μg/ml (green), 4 μg/ml (pink) and 7 μg/ml
(red). **p < 0.01. (For interpretation of the references to color in this ﬁgure legend, the
reader is referred to the web version of this article.)

Fig. 6. Live/dead cell viability assay on HeLa cells incubated with C-S-B/siPlk1 nanorods.
Green are ﬂuorescent labeled live cells, red are ﬂuorescent labeled dead cells. a) Control;
b) bare siPlk1; c) Commercial Lipofectamine/siPlk1 transfection agent positive control at
equivalent siRNA concentration of 1 g/ml; d) C-S-B/siPlk1 nanorods at N/P = 5 and an
equivalent siRNA concentration of 10 g/ml. (For interpretation of the references to color
in this ﬁgure legend, the reader is referred to the web version of this article.)
Fig. 5. In vitro toxicity of C-S-B/siRNA nanorods for HeLa cells by CCK-8 essay. a) Relative
cell viability as a function of C-S-B concentration for C-S-B nanorods. b) Relative cell
viability as a function of siPlk1 for bare siPlk1 siRNA. c) Relative cell viability as a
function of equivalent concentration of siPlk1 for C-S-B/siPlk1 nanorods.
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novel class of self-assembling nanoparticles based on proteins and polypeptides with de-novo designed amino-acid sequences. Given that the
nanorod-forming polypeptides have in the ﬁrst place been developed
as a simple polypeptide mimic of the templated assembly as seen in
rod-shaped viruses such as TMV [22], it is encouraging that they also
seem to be able to deliver siRNA into HeLa cells, leading to the knockdown effect of gene expression, albeit not yet very effectively. Nanoparticle uptake is known to sensitively depend on the nanoparticle shape
and morphology, but almost all lipid and polymer nanoparticles currently under development have spherical morphologies. Therefore, it
would be of interest to further develop the siRNA-containing polypeptide nanorods further, by adding modiﬁcations to the polypeptide design that could enhance the transfection efﬁciency.
We have identiﬁed poor escape of the nanorods from lysosomes as a
key factor in the relatively low efﬁciency of gene knockdown induced by
the nanoparticles, hence future modiﬁcations should at least initially
focus on improving endosomal escape. This could be achieved by
using known strategies such via membrane disrupting peptides or via
the pH buffering or proton sponge effect [27,28]. The former could be
achieved by including sequences for membrane disrupting peptides
within the sequence of the C-S-B polypeptides, the latter by incorporating a large number of histidine residues, which could be done in all
three blocks making up the C-S-B polypeptides. For the silk block, the
histidines could replace the glutamines in the silk block. In earlier
work, we have already shown that silk ﬁbrils incorporating histidines
are acid soluble [29,30]. This could imply that the siRNA nanorods
would fall apart during acidiﬁcation in lysosomes. It would be interesting to see whether this would aid or oppose the ﬁnal efﬁciency of gene
knockdown.
We wish to emphasize that we found the nanorods by themselves
are completely non-toxic. In addition, protein-based polymers such
elastin-like and silk-like polypeptides have been shown to be nonimmunogenic, or only very weakly immunogenic [22,31]. This is a key
advantage of the nanorods composed of protein-based polymers. A
next step is obviously to investigate pharmacokinetics and in-vivo delivery for these new particles. Circulation time will be a major consideration. This will be mainly governed by the solvent exposed outside C
block. Interestingly, a number of (non-immunogenic) hydrophilic random coil polypeptides have been designed and studied in detail with
the speciﬁc purpose of prolonging circulation time of proteins fused to
them [32–36]. If necessary, these would be interesting candidate sequences for future designs.
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Fig. 7. The co-localization of the lysosomes and C-S-B/Cy3 after incubating for 12 h. Green
represents ﬂuorescent labeled lysosomes and red represent ﬂuorescent labeled C-S-B
nanorods. The overlay ratio is 62.4%, suggesting most C-S-B nanorods are trapped in
lysosomes. (For interpretation of the references to color in this ﬁgure legend, the reader
is referred to the web version of this article.)
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