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Particles administrated intravenously will pass through the pulmonary capillary network before being
distributed to the body. Therefore, fabrication of vectors sensitive to blood shear and active with blood
components should be a practical approach to develop lung-targeting gene carriers self-regulated by
circulatory system. In this work, we designed a series of cationic peptides with the same charge density
but varying hydrophobicity and capacity to form hydrogen bonds, and investigated their ability to form
complexes with siRNA, the behaviours of peptide/siRNA complexes in the presence of serum under shear,
and the lung-targeting efficacy of the complexes regulated by blood. The hydrophobic interaction
controls the complexation between peptide and siRNA, while the hydrogen bonds are responsible for the
binding of peptides to the serum components in blood. In vivo tests show that all the peptide/siRNA
complexes can accumulate in lung. However, only the complexes that exhibit weak interaction with
serum components and can be broken down by shear avoid the inflammation and death caused by
pulmonary embolism. Moreover, the peptide with strong hydrophobicity can retain siRNA in lung
without early release of the cargo. Our study provides a step toward the development of adaptive gene
carriers under the regulation of circulatory system.

© 2021 Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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By regulating gene expression involved in the development and
metastasis of cancer cells [1-4], RNA interference is demonstrated
as a promising strategy for cancer treatment. Polycations, as one
category of gene carriers, are generally applied to form polyelec-
trolyte complexes with siRNA for safe and efficient delivery [5-14].
Among the widely used polycations, peptides have received a great
deal of attention because of their inherent biocompatibility and
ease of manipulation [15-18]. Moreover, peptides with desirable
sequences are functionalized and bioactive, which could further
enhance the transfection efficacy [19-26].

siRNA carriers are generally administrated by intravenous
injection. Their destinations in the blood vessels are controlled by
at least two factors: the interaction with blood components and
the deformation by blood flow. The particles with positive surface
charge are subject to aggregation by interacting with the
negatively charged proteins in serum [27-29]. The gene carriers
also experience the shear force generated by blood flow. The shear
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rate of blood flow ranges from 20 s~! to 2000 s~ ! in healthy body
[30,31], which generates impacts on both the endogenous
physiological activities and the exogenous drug delivery [31-35].
For example, the unfolding of von Willebrand factor induced by
shear force is related to the platelet aggregation and thrombus
formation [31,35]. Our previous work has demonstrated that the
flow shear affects polyelectrolyte complexes in two ways: stirring
the system to make it more homogenous which may induce further
aggregation, and tearing apart the particles at shear rate above
certain value [36,37].

Lung cancer has high incidence and is the leading cause of
cancer-related mortality worldwide [38]. Because the particles
administrated intravenously are firstly pumped by heart into the
pulmonary capillary network before being distributed to the body
[39,40], the interaction with blood components and the deforma-
tion under blood flow could be applied to design siRNA carriers for
targeted lung therapy. It is reported that micron-sized particles,
especially those with size over 7 wm in diameter, can rapidly
accumulate in lung by mechanical filtration through capillary bed
after intravenous administration [41-45]. This strategy, however, is
limited because of the risk of undesirable side effects and even
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death due to long time blockade of blood vessels [41,46]. To
improve this situation, Couvreur et al. [47] designed some particles
based on metal organic framework (MOF). The particles can
accumulate in lung via aggregation, and disaggregate within 24 h
to release drug and avoid long time blockade. Inspired by these
findings, we speculate that fabrication of siRNA delivery vectors
that can interact with blood components to form large size
aggregates, and can further break down by blood shear should be a
promising approach to achieve safe and efficient lung-targeting
gene delivery as it is self-regulated by circulatory system.

The aggregation of formulated siRNA particles with blood
components has been well-studied in literature [48,49]. However,
the breakdown mechanism of the aggregates by blood shear has
not been clarified, not mentioning its relationship with the
targeting efficacy. Herein, we designed a series of peptides which
can form complexes with siRNA and tested the behaviors of the
complexes in blood stream. Since the surface property and the
viscoelasticity of the complex are the key parameters affecting
their response to serum and shear force, the peptides are designed
with specific consideration on charge density, hydrophobicity, and
secondary structures.

For a better comparison, all the artificial peptides are fixed with
33 amino acid residues and equal charge density (Table 1), so that
they have the same capacity to form complexes with siRNA via
electrostatic interactions. The sequence can be divided into two
parts linked by three glycine residues. The arginine-rich sequence
can condense siRNA to form complex. The hydrophobicity of the
peptides is tuned by the number of incorporated leucine or serine
residues. The peptide named RL contains hydrophobic leucine (L)
residues, while the peptide named RS contains hydrophilic serine
(S) residues. The peptides with intermediate hydrophobicity are
named as RLS, and RLS,;, with the L and S residues in block
arrangement and in alternative arrangement, respectively. The
(FKFE); sequence, which is able to form inter-chain p-sheet
structure [50-52] and functions as dynamic cross-linking point, is
introduced as the second part in the peptide to stabilize the siRNA
complex. A control peptide (RS-Np) without (FKFE); is also
designed to reveal the effect of g-sheet structure.

In order to investigate the differences among complexes
resulting from peptides sequence, the effect of other parameters,
including mixing ratio, concentration, order of mixing, ionic
strength, pH should be eliminated. On the basis of our previous
study [53,54] and the findings on siRNA delivery in literature
[55,56], siRNA with the concentration 5 times higher is added to
peptide in DPBS buffer to ensure that the final peptide/siRNA
mixing charge ratio is 20 and the dilution effect is alleviated. This
charge ratio also ensures that all siRNA molecules are incorporated
inside the complexes. DPBS buffer fixes the ionic strength and pH
value. FBS is added to the complexes to mimic the blood
environment. Because the total concentration of protein in FBS
is about 35-45mg/mL, several orders higher than those of
peptides and siRNA, and conceals the behaviors of complexes in
the mixture, the FBS concentration is diluted to 5vol%. Even
though the concentration of protein in 5vol% FBS is still higher
than those of peptides and siRNA, laser light scattering (LLS), which
is much more sensitive to particle size than concentration, is able

Table 1

Name and sequence of designed peptides.
Name Sequence
RL Ac-RLRRLRRLRRLRRLRRLRGGGFKFEFKFEFKFE-NH;
RLSy, Ac-RLRRLRRLRRSRRSRRSRGGGFKFEFKFEFKFE-NH;
RLS, Ac-RLRRSRRLRRSRRLRRSRGGGFKFEFKFEFKFE-NH,
RS Ac-RSRRSRRSRRSRRSRRSRGGGFKFEFKFEFKFE-NH,
RS-Ng Ac-RSRRSRRSRRSRRSRRSRGGGFGFQFGFQFGFQ-NH,
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to detect the peptide/siRNA complexes in serum under such
conditions.

The behavior of complexes in blood environment depends on
both inherent structure of complexes and the interaction between
peptides and serum components (Fig. 1). As concentrated siRNA
solution is added to peptide solution to reach the +/— ratio of 20,
complex is formed instantly in all the studied cases. The stability of
these complexes is peptide dependent (Figs. 1al-el and Fig. S1 in
Supporting information). The complex formed by RS and siRNA is
the most unstable one, whose size and excess scatted intensity
drop sharply and reach the values of individual peptide in 90 min
(Fig. 1d1 and Fig. S1b). On the contrary, the complex formed by RL
and siRNA is much more stable. The excess scattered intensity
slightly declines with time (Fig. S1b), and the average size does not
show prominent change, except for a broadening in size
distribution in 3 h (Fig. 1a1). RLS,; and RLS;, only differ in sequence,
but their complexes with siRNA exhibit huge difference. The
RLS,/siRNA complex has similar scattered intensity and size as the
RL/siRNA complex, and is even more stable under the same
conditions (Fig. 1c1 and Fig. S1b). The RLS,/siRNA complex,
however, is smaller in size (130 nm) (Fig. 1b1) and much lower in
scattered intensity, which also decreases with time (Fig. S1b).
The RS-Np/siRNA complex does not contain g-sheet structures. The
Rp.app Value is extremely large and increases with time, while the
excess scattered intensity is low and constant (Fig. 1el and
Fig. S1b). The chain density of the complex, which is proportional
to Iex/R® [57], should be much lower than that of the complex
containing p-sheet structures.

5vol% FBS exhibits a broad distribution in DPBS buffer [37],
because of the existence of multiple components. The excess
scattered intensity of 5vol% FBS is also higher than those of
the peptides at 0.1 mg/mL (Fig. S1a). 10vol% FBS is added into
0.1 mg/mL peptides with equal volume, and the final concentration
of FBS is 5 vol%. When the peptides are mixed with FBS, the size
distribution (Figs. 1a2-e2) and the increase of the excess scattered
intensity (Fig. S1c) indicate the occurrence of aggregation in all
the studied cases. The degree of aggregation is peptide dependent.
The aggregates formed by hydrophilic peptide RS and serum
components are at least three times larger in Rpapp (170 nm,
Fig. 1d2) and thirty time higher in excess scattered intensity
(Fig. S1c) compared with the aggregates formed by hydrophobic
peptide RL and the serum components under the same conditions.
RLS, in 5vol% FBS is similar to RS, while RLS,, is closer to RL
(Fig. 1 and Fig. S1c). The behavior of RS-Ng is quite different from
that of RS. It forms an aggregate with Ry, ,pp more than 100 nm after
one hour in 5vol% FBS (Fig. 1e2), while the excess scattered
intensity is much lower (Fig. S1c), indicating that the aggregates of
RS-Np/FBS contain loose structures.

The peptide/siRNA complex at the +/— ratio of 20 is mixed with
equal volume of 10 vol% FBS 30 min after preparation, so that the
final concentration of FBS is 5vol%. The complex with excess
peptides on the surface undergo further aggregates in 5 vol% FBS
(Figs.1a3-e3 and Fig. S1d). The complexes formed by siRNA and the
peptides containing pg-strands exhibit mainly monomodal
distribution in 5vol% FBS (Figs. 1a3-d3), and the average sizes
are around 270 nm. However, the excess scattered intensity of the
complexes varies with the peptides. The RS/siRNA complex
exhibits the highest excess scattered intensity in 5vol% FBS
(Fig. S1d). The excess scattered intensities of the rest complexes
follow the order of RLS, > RLS;, =~ RL (Fig. S1d). The RS-Np/siRNA
complex in 5vol% FBS is also different from the others. A
multimodal distribution with the size of the largest aggregate
reaching microns is observed (Fig. 1e3). Again, the excess scattered
intensity is the lowest in all the studied cases (Fig. S1d).

The peptide/siRNA/FBS complexes are treated by shear at
different shear rates for 2h to reveal the effect of blood flow.



D. Yin, M. Zhang, J. Chen et al.

Chinese Chemical Letters 32 (2021) 1731-1736

3 -
al.RUSRNA  , —o— oh b1. RLSt/SIRNA m 1. RLSa/siRNA . B @ ResRNA — e1. RS-NB/siRNA
%2 —a—1h 1.2 4 —a— 1h 6 e ¥ 12{ ——0h f
-~ 3h —o— 3h —g— 15h —&— 1h
8 8 a L
) 41 2 4
00 il 0.0 Y 0.0 0.0 2.
1 10 100 1000 10000 1 10 00 1000 10000 1 10 100 1000 10000 1 10 100 1000 10000 1 10 100 1000 10000
Rnape/im R, apg/im Rasfnm R ape/MM Ry /M
12 12
9 a2 RLIFBS ——0h b2, RLSWFB —o—0h c2. RLSJFBS —— on | 1.6d2.RSIFBS —= 9462 RS-MBIFBS —o— 0h
8- —4—1h 0 =4~ 1h —a—1h -t i h
——2h . 2h 1.2 4 —o—2h
5 6 1 5 1 5
g 2
34 3 9 ¥
Qo 4 0.0 & 0.0 &
T T T - : - : . T T T T T . -
1 10 100 1000 10000 1 10 100 1000 10000 1 10 100 1000 10000 1 10 100 1000 10000 1 10 100 1000 10000
Ry seefim Ry spefnm Ry i Ry azfim Risp/nm
20 1.2 = 20 - 1.2 -
a3. RUsIRNAFBS = b3. RLSUSRNAFBS _,_ o, c3.RLS¥sRNAFBS .. 43 RSISRNAFBSgh 03. RS-NB/siRNAFBS
—o— 0Oh 1
1.5 —te 1| 91 ——1h | 154 ——1n| g4 -y | 2 zg:
c —o— 3h ~s— 3h —p— 3h —o— 3h
o 10 -6 1.0 64
e
5 34 5 - 23 7
0.0 abloo b 00 00 00 66 Sido 5 blidobdooo
1 10 100 1000 10000 1 10 100 1000 10000 1 10 100 1000 10000 1 10 100 1000 10000 1 10 100 1000 10000 100000
Ry a/nm Ry /M Ry el Ry yefnm Ry, e

Fig. 1. Time dependence of size distribution of peptides/siRNA (al-e1), peptides/FBS (a2-e2) and peptides/siRNA/FBS (a3-e3), respectively. Scattering angle: 30°.

Because the blood shear rate covers a broad range and varies with
vessels [30] as well as the blockage of the vessels, we choose
100~1000 s~ ! to study the effect of shear rates. Our previous
studies [36,37] have demonstrated that the shear force not only
has the stirring effect to facilitate the interaction between the
particle and the environment, it is also able to split the particle into

smaller pieces as the shear rate reaches a critical value. The critical
value is related to size, viscoelasticity, and other intrinsic
properties of the particles. The peptide/siRNA/FBS complex is
not uniform. It contains multiple domains different in charge,
density, and viscoelasticity. The excess FBS components in the
environment can further interact with the complex as it is
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Fig. 2. Size distribution of peptides/siRNA/FBS before (a0-e0) after being sheared at 100 s~! (a1-e1), 500 s~ (a2-e2), 1000 s~ ' (a3-e3), separately, for 2 h. Scattering angle:

30°. Gray dot line: 480 nm.
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deformed or split under shear. Therefore, the overall shear effects
are complicated but peptide-related. The behaviors of RL/siRNA/
FBS and RLS,/siRNA/FBS are similar. At lower shear rate such as
1005, a further aggregation of the complexes as demonstrated by
the increase in size, as well as a spinoff of particles as demonstrated
by the appearance of a small size peak (Figs. 2a and b), are
observed, suggesting that the heterogeneous peptide/siRNA/FBS
complexes experience both the shear effects simultaneously. The
loose periphery of the complex is liable to split under shear, while
the exposure of the complex interior results in enhanced
aggregation with FBS. The former leads to a decrease in the excess
scattered intensity, while the latter shows the opposite trend. The
overall change of scattered intensity is determined by the balance
of the two effects (Fig. S2 in Supporting information). With
increasing shear rate to 500 s~! or above, a further decrease in both
the aggregate size (250 nm at 500 s~! and 210 nm at 1000 s~ ! for
RL/siRNA/FBS, 270nm at 500 s~! and 230nm at 1000 s~! for
RLS, [siRNA/FBS) and the excess scattered intensity is observed
(Fig. S2), suggesting that the spinoff of smaller size particles is the
dominant process. Likewise, both larger aggregates and smaller
pieces are observed as RS/siRNA/FBS is treated at 100 s (Fig. 2d).
The size of the aggregates and the scattered light intensity also
decrease with increasing shear rate. However, the sizes of the
aggregate of RS/siRNA/FBS are 380 nm at 500 s~! and 260 nm at
1000 s~ !, significantly larger than those of the aggregates formed
RL/siRNA/FBS and RLSy/siRNA/FBS under the same conditions
(Fig. 2). The complexes of RLS,/siRNA/FBS and RS-Nj/siRNA/FBS are
special. The size of RLS,/siRNA/FBS does not show prominent
change until the shear rate reaches 1000 s~! (Fig. 2c). The RS-Ng/
siRNA/FBS complex exhibits a multiple modal distribution with the
largest peak in the order of micron (Fig. 2e), and the excess
scattered intensity is the lowest in all the complexes (Fig. S2). With
increasing shear rate from 100 s~ to 1000 s~ !, the multimodal
distribution evolves into a bimodal distribution with the Ry, app 0f
the two fragments being 310 nm and 28 nm, respectively (Fig. 2e).
Meantime, the excess scattered intensity increases by a factor of 5
(Fig. S2), suggesting that the resulting RS-Nj/siRNA/FBS complex
after shear treatment possesses higher chain density. The
morphologies of peptide/siRNA/FBS are also revealed by AFM
experiment. The complexes exhibit mainly spheres or cluster of
spheres after being dried on the mica surface (Fig. S3 in Supporting
information). The variation of size distribution at different shear
rate observed in AFM agree with LLS result.

Peptide/siRNA complexes at the +/— ratio of 20 are adminis-
tered in C57BL/6 mice via tail vein to test the in vivo biodistribution.
The siRNA dose is 1.0 mg/kg on the basis of the mouse weight.
Naked Cy5-labeled siRNA, corresponding to the dose in the
complex, and PBS buffer are also administrated, separately, as
controls. The tissue distribution of siRNAs is monitored over a
course of 48 h using an in vivo imaging system. Compared to
naked-siRNA, peptide-formulated siRNA presents a significantly
prolonged circulation time, and a distinct tissue distribution profile
(Fig. 3 and Fig. S4 in Supporting information). The naked-siRNA
accumulates in liver or kidney after intravenously administrated,
while the peptide-formulated siRNA exhibits extremely high signal
intensity in lung. Unfortunately, the mice injected with RS/siRNA
and RS-Np/[siRNA are all died with bleeding in nose and mouth
after 1h and 6h, respectively. Postmortem reveals hyperemia
and hemorrhage in lungs of these mice, indicating the occurrence
of pulmonary embolism. Interestingly, the mice injected with
RLS,/siRNA are died immediately after administration. Autopsy
results show no prominent pulmonary embolism. We suspect the
death could be related to the sequence of RLS,. Detailed study on
this issue is beyond the scope of the current work.

The mice survive after the intravenously administration of both
RL/siRNA complex and RLS,/siRNA complex. The signal intensity
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Fig. 3. In vivo distribution of peptide/siRNA complexes. (a) Whole-body imaging,
three mice are included in each treatment group. The mice injected with RS/siRNA
and RS-Np/siRNA are died in 1h and 6h, respectively. 1.5h and 48h post
administration, siRNA accumulation in the major tissues is visually examined (b, c).
PBS, mice treated only with saline; naked-siRNA, mice treated with free siRNA
without any carrier.

(Fig. 3¢) shows that the accumulation of RL/siRNA complex in lung
1.5 h after administration is much higher than that in other tissues,
such as liver, kidney, and spleen. The trend remains till 48 h. The
RLS,/siRNA complex exhibits almost equal accumulation in lung,
liver, and kidney in 1.5 h (Fig. 3b). However, the intensity in kidney
is higher than that in lung after 48h, suggesting that the
RLS,/siRNA complexes tend to dissociate and pass through the
pulmonary capillaries, exhibiting a behavior similar as naked
siRNA.

To explain the response of complexes to shear flow and
biodistribution in vivo, the interactions other than electrostatic
interaction, such as dynamic cross-linking, hydrophobic interac-
tion, and hydrogen bonding, should also be considered. Fig. 1
demonstrates that RL has a stronger tendency to form complex
with siRNA than RS, indicating that the hydrophobic interaction
enhances and stabilizes the siRNA complexes. On the contrary, RS
interacts with FBS much more strongly than RL (Fig. 1). We
attribute it to the hydrogen bonds formed by serine residues in RS
with the components in FBS. RLS, and RLS, contain the same
components, but differ in sequence. The former exhibits higher
capacity than the latter in forming complexes with both siRNA and
FBS (Fig. 1 and Fig. S1), suggesting that even distribution of leucine
residues and serine residues along the peptide backbone (RLS,)
yields both stronger hydrophobic interaction with siRNA and
hydrogen bonding with serum components than the distribution
of corresponding residues in block formation (RLSy). Since the
peptide/siRNA complexes at the +/— ratio of 20 contain a large
amount of excess peptides, the interaction of the complexes with
FBS (Figs. 1a3-e3 and Fig. S1d) follows a similar trend as that of the
individual peptide interacting with FBS (Figs. 1a2-e2 and Fig. S1c).
The trends of the peptides interacting with siRNA and FBS are
schematically shown in Fig. 4. The g-sheet serves as dynamic cross-
linking points, which has the capacity to stabilize and tighten the
complexes into more compact form. The peptide/siRNA/FBS
complexes in Fig. 4 contain distinct domains, and each domain
possesses its specific response to shear, the peptide/siRNA/FBS
complexes with multiple domains exhibit peptide-dependent
profiles with increasing shear rate. The behavior of RL/siRNA/FBS
complex is similar to other core-corona complexes under shear
[37,58]: the corona is firstly distorted at lower shear rate to expose
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Fig. 4. Schematically showing the interaction of peptides with siRNA (a), peptides
with FBS (b), and the peptide/siRNA complexes with FBS (c).

the RL wrapped inside, which leads to a further aggregation via the
interaction between exposed RL and free FBS in the solution. With
increasing shear rate above 100 s, the aggregates break down
into small size fragments (Fig. 2a). The RL/siRNA complexes can
effectively accumulate in the lung of mice without causing
prominent pulmonary embolism, indicating that the blood flow
in the lung is suitable to breakdown the RL/siRNA/FBS complex
particles.

The RLSy/siRNA/FBS complex exhibits similar behavior as the
RL/siRNA/FBS complex. RLS;, has the same charge density as RL, but
less number of hydrophobic leucine residues. Therefore, the
RLS,/siRNA complex core is not as dense and stable as the RL/siRNA
complex core (Fig.1b1 and Fig. S1b). Most RLS,/siRNA/FBS complex is
prone to break into small particles and go through the capillaries of
lung, which would decrease their targeting efficiency [44] (Fig. 2b).
The in vivo test also confirms this conclusion (Fig. 3).

RS is even more hydrophilic than RLS;,. It does not effectively
form complex with siRNA since the complex dissociates with time
(Fig. 1d1 and Fig. S1b). However, RS interact strongly with FBS via
both electrostatic interaction and hydrogen bonds, which controls
the formation of RS/siRNA/FBS complexes. As the complex breaks
down into small size fragments, the exposed RS can further form
aggregates with the FBS in the environment. At high shear rate,
there still exist large size RS/siRNA/FBS particles (Fig. 2d), as
demonstrated by the relatively higher scattered intensity (Fig. S2).
When the particles are injected intravenously, pulmonary embo-
lism is inevitable.

Even though RLS, and RLS; only differ in sequence, the even
distribution of serine and leucine residues along the backbone
renders RLS, both strong hydrophobic interaction (similar as RL in
Fig. 1c1) and hydrogen bonds (similar as RS in Fig. 1c2). Together
with the electrostatic interaction, the RLS,/siRNA/FBS complex is
tougher than other complexes under shear (Fig. 2c). RLS,/siRNA/
FBS exhibits acute toxicity after being injected and causes sudden
death of the mice. The toxicity could be attributed to certain
sequence of RLS, which is not clear at current stage. The
RS-Np/siRNA/FBS complexes form clusters of huge sizes. Even
though shear, functioned as a homogenizer, breaks down the
clusters and enhances the chain density, the size of the clusters still
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large enough to cause pulmonary embolism, leading to the death of
mice.

Fabrication of vectors sensitive to blood flow is an optimal
approach to targeting siRNA to lung via self-regulation. The
responses to shear and the interaction with FBS components are
two additional yet crucial factors to be considered when designing
peptide as the delivery vehicles. The peptides should interact more
strongly with siRNA than with the FBS components so that the
complex contains distinct domains or hierarchical structures: the
dense peptide/siRNA domains prevent the complexes from being
broken down beforehand and the loose peptide/FBS junctions
break down by shear with ease to avoid pulmonary embolism.
Peptide is probably the best candidate for the blood-regulated
lung-targeting siRNA delivery vehicle because of its high
programmability to tune the balance between different inter-
actions, including electrostatic interaction, hydrogen bonding,
hydrophobic interaction, and so on. The cooperation of different
interactions may result in specific binding of the peptide to certain
biomolecules or tissues, yielding unexpected effect. Designing
peptides with less mount of amino acid residues and simple
sequence could be a solution to avoid complication.
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