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Despite the promising prospect of small interfering RNA (siRNA) for the treatment of diverse diseases, it
remains challenging to develop novel delivery materials to desired tissues and cells. In this study, a novel
iron oxyhydroxide (FeOOH) nanoparticle (NP) whose surface was modified with branched polyether-
imide (PEI) was developed to deliver siRNA into the cancer cells. It was demonstrated that PEI-FeOOH

(PFeOOH) efficiently complexed siRNA, mediated effective cellular uptake and endosomal escape,
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thereby triggering robust gene silencing in vitro. In addition, PFeOOH/siRNA formulation loading with
anti-RRM2 siRNA effectively inhibited the growth of tumor tissues, and exhibited excellent safety profiles
in vivo. Therefore, this study conceptually provided a FeOOH-based nucleic acid delivery vesicle which

RRM2 can potentially use to achieve diagnosis and therapy simultaneously.
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ONPATTRO®™ (patisiran) and GIVLAARI® (givosiran) are two
small interfering RNA (siRNA) therapeutics that were approved by
the U.S. Food and Drug Administration (FDA) in 2018 and 2019,
respectively [1-3]. These events have greatly promoted the
development of nucleic acid therapeutics and raised the field to
a new stage. In theory, siRNA can target any gene and down-
regulate its expression, therefore siRNA-based therapeutics are
under development for the treatment of various diseases including
viral infections [4,5], hereditary disorders [6,7] and cancers
[8-10]. Despite of great success of N-acetylgalactosamine
(GalNAc)-siRNA conjugate delivery platform for liver-targeted
oligonucleotide delivery, it remains challenging to develop
efficient delivery materials to other desired tissues and cells,
especially for the cancer cells [11-17].
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Inorganic materials constitute a kind of important and effective
delivery vesicles, which have been investigated for nucleic acid
delivery for decades [18-24]. The major advantages of inorganic
materials include: controllable particle sizes, large surface areas,
low toxicity, ease of surface functionalization, good biocompati-
bility and ability to protect the housed drugs from degeneration or
denaturation, etc. [25-28]. In the field of inorganic nanomaterials,
the carriers used for biomedical application can basically be
categorized into two classes. One takes advantage of structural
characteristics involving void morphology, such as porosity or
hollow interiors, which can be used to serve as nanocon-tainers,
acting as capsulelike carriers and provide protection to limit the
accessibility of the biomolecules and drugs to denaturing agents
[29-31]. Meanwhile, for inorganic nanomaterials like nanopar-
ticles (NPs) and nanorods, attaching desirable biomolecular signals
or drugs on their surface is another appropriate delivery method.
[32,33]. However, the preparation of the first kind of nano-
composites is complicated and usually takes several days, which
are unsuitable for scaled-up production. To overcome those
hurdles, a facile synthetic method is needed as an inorganic
nanoplatform for drug delivery.
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Iron oxyhydroxide (FeOOH) is an aqueous iron oxide mineral
with feature of stable chemical properties, relatively large specific
surface areas, excellent particle structures and advantages of being
cheap, easy to obtain and better decomposition, and it has a certain
adsorption capacity for organic matter [34,35]. In addition, iron
oxyhydroxide is a precursor used for synthesis of magnetic
materials magnetite, maghemite and hematite in the industrial
application [36]. In the low pH range, the proton H" in the Iron
oxide solution has a strong affinity with O~ of the structure, and
Fe3* in the iron mineral is released into the solution. Moreover, it
may become a T1 magnetic resonance contrast agent with acid
responsive property [30].

Currently, FFOOH-based NPs have mainly been used in photo-
catalytic reaction [37,38] and waste water treatment [39], while
the examples of the development and application of polyelectro-
lyte FeOOH as biomolecular carriers is barely reported. Herein, we
presented a protocol for synthesizing FeEOOH NPs whose surface
were modified with branched polyetherimide (PEI), with molecu-
lar weight of 25 kD, which were then employed to condense siRNA,
forming siRNA-loaded PEI-FeOOH (PFeOOH/siRNA) complexes that
enable siRNA transfection into cancer cells (Scheme 1). To our
knowledge, this is the first example using polymer-decorated
FeOOH NPs to deliver siRNA in vitro and in vivo. Considering its
imaging potential [40,41], this work established a possibility that
FeOOH-based NPs can be used to deliver genes or drugs, and to
achieve diagnosis and treatment simultaneously.

In this study, the spindle-shaped (s-FeOOH) NPs were prepared
by forced hydrolysis of diluted aqueous iron chloride (FeCl5-6H50)
solution [39,42]. During hydrolysis, the colour of the aqueous iron
chloride solution slowly changed from light yellow to deep brown,
indicating the formation of -FeOOH NPs. Then, the positively-
charged and branched PEI was modified on the FeOOH particles
surface to form PEI-coated FeOOH NPs. The product, PFeOOH NPs,
with the highest quality in homogeneity and dispersion were
successfully prepared. It was revealed that 5 mL of the prepared
PFeOOH ethanol solution was dried and weighed to 6 mg. Fig. 1A
shows a typical TEM image of the as-synthesized PFeOOH products
with lengths of approximate 90 nm.

The capability of PFeOOH NPs in binding siRNA was evaluated
with gel retardation assay (Fig. 1B). PFeOOH ethanol solution
(1 mL) was mixed with 1.2 mL of ddH,O to prepare a PFeOOH
solution with a mass concentration of 1 mg/mL. Then it was mixed
with siRNA solution (0.2 mg/mL) at the volume ratios of 1:1, 3:1,
5:1,7:1,9:1 and 15:1, whose mass ratios were 5:1, 15:1, 25:1, 35:1,
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Scheme 1. Schematic illustration of siRNA delivery mediated by PFeOOH NPs. (A)
Formation of PFeOOH NPs and PFeOOH/siRNA complexes. (B) Cartoon illustration of
the PFeOOH/siRNA complexes for targeted siRNA delivery and RNA interference
(RNAi) pathway.
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Fig. 1. Characterization of PFeOOH NPs. (A) TEM image of PFeOOH NPs. (B) Gel
retardation analysis of PFeOOH/siRNA complexes. (C) Particle sizes and zeta
potentials of functionalized PFeOOH/siRNA complexes (n = 3). (D) Cytotoxicity was
measured using MTT assay (n=6). (E) Serum stability assays by hemolysis
experiment. CLB, cell lysis buffer (n=3). Data in (B), (D) and (E) were shown as the
mean + SEM.

45:1, 75:1, respectively. Electrophoresis data showed that siRNA
can be well entrapped by electrostatically interacting with the
PFeOOH NPs when the volume ratio was higher than 3:1 (mass
ratio was higher than 15:1). However, it is usually necessary to use
a ratio higher than the cut-off value (3:1), because if the ratio is
close to 3:1, the siRNA may depolymerize from the nanoparticles if
using them under complicated environment.

To further characterize the interaction between PFeOOH and
siRNA, the size distribution and zeta potential of siRNA-loaded
PFeOOH NPs at various volume ratios were measured (Fig. 1C).
Compared to empty vehicles (PFeOOH) (62 nm), the sizes of
PFeOOH/siRNA complexes were relatively larger than the empty
vehicles when the the volume ratio of PFeOOH and siRNA was 7:1,
which showed an average diameter of 103 nm. But interestingly,
with volume ratios further increased, the sizes gradually de-
creased, even reached 62 nm again at volume ratio of 15:1 (Vpreoon:
Vsirna) (Fig. 1C). The zeta potential of empty NPs was 116 mV. With
the increase of volume ratio from 7:1 to 10:1 and 15:1, the zeta
potentials of PFeOOH/siRNA complexes increased from 39 mV to
84 mV and 87 mV, respectively (Fig. 1C). Due to the electrostatic
repulsion between the nanoparticles, the positive surface charge
helps prevent the nanoparticles from aggregating. Altogether,
PFeOOH/siRNA formulations with volume ratios of 7:1 and 15:1
(mass ratios of 35:1 and 75:1) were selected and used for the
following experiments.

In vitro MTT assay and hemolysis test were performed to
evaluate the biocompatibility of the complexes. Firstly, PFeOOH/
siRNA with volume ratios of 7:1 and 15:1 were assessed at the
transfection concentrations of 50 nmol/L and 150 nmol/L respec-
tively, which proved that these formulations have ideal biocom-
patibility (Fig. 1D). Then cytotoxicity was further evaluated by
testing PFeOOH/siRNA nanoparticles with higher volume ratios
(20:1, 30:1, 40:1, 50:1, 80:1 and 100:1, the transfection concentra-
tion was 50 nmol/L) and at higher transfection concentrations
(300 nmol/L and 600 nmol/L, v/v=15:1). Data showed that no
obvious cytotoxicity was observed for all tested formulations
(Fig. S1 in Supporting information). In addition, red blood cells
(RBCs) samples were treated with PBS buffer, cell lysis buffer (CLB),
and PFeOOH/siRNA formulations at volume ratios of 7:1 and 15:1 at
pH 7.4 for 2 h at 37 °C, respectively. Consistent with the results of
MTT, no hemolysis was observed for the samples treated with PBS
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and PFeOOH/siRNA formulations, while significant hemolysis
was displayed for CLB-treated sample (Fig. 1E). Therefore, it was
preliminarily proved that PFeOOH vehicles have good biocompati-
bility and can be used for animal experiments.

To determine the suitability of PEI-FeOOH NPs as MRI contrast
agent, the MRI performances of PEI-FeOOH NPs were studied using
MR scanner. With the increase in the PEI-FeOOH NPs concentra-
tion, the T2-weighted MRI signal increased gradually (negative
contrast effect) (Fig. S2 in Supporting information), indicating the
promising potential of PEI-FeOOH NPs in the MR imaging of
tumors.

To investigate the cellular uptake and subcellular localization
of different complexes in vitro, 4T1 cells, a murine mammary
carcinoma cell line from a BALB/cfC3H mouse, were treated with
free Cy5-labelled siRNA (Cy5-siRNA) (50 nmol/L), lipofectamine
2000(Lipo)/Cy5-siRNA (50 nmol/L), PFeOOH/Cy5-siRNA (50
nmol/L and 150 nmol/L) at volume ratios of 7:1 and 15:1 for 4 h.
Subsequently, cell were analysed with confocal laser scanning
microscopy (CLSM) or fluorescence-activated cell sorting (FACS).

As shown in Fig. 2A, the Cy5 signal of the all PFeOOH/Cy5-siRNA
groups could be clearly observed in the cells, and the signal
intensities were comparable to that of Lipo/Cy5-siRNA. Most of red
fluorescence signals (Cy5-siRNA) did not co-localize with the green
fluorescence signal (endosome and lysosome that stained with
lysotracker green). In contrast, almost no Cy5 signal was observed
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in naked Cy5-siRNA group. These data indicated that the PFeOOH
NPs mediated effective siRNA transfection into the cancer cells in
vitro. Due to the rapid proton adsorption of PEI in acidic
environment of the endosome, the pH in the organelles increased
and proton sponge effects were induced. Finally, endosomes were
swollen and ruptured, and the siRNAs were released into the
cytoplasm.

In addition, the intracellular fluorescence intensity and cell
percentages with internalized Cy5-labeled siRNA were evaluated
via flow cytometry (Figs. 2B and C). Compared to the untreated
cells, when the final siRNA concentration was 50 nmol/L, the
averaged percentages of Cy5-siRNA positive cells were 79% and
75% at volume ratios of 7:1 and 15:1, respectively. When the final
siRNA concentration was 150 nmol/L, the percentages at volume
ratios of 7:1 and 15:1 were 91% and 89%, respectively. These data
indicated that endocytosis rate of cells transfected with 150 nmol/L
of PFeOOH/Cy5-siRNA was slightly higher than that of cells treated
with 50 nmol/L of PFeOOH/Cy5-siRNA. These results were in line
with the confocal observations showed in Fig. 2A. In addition,
when the transfection concentration was the same, no significant
difference was observed between the cells treated with PFeOOH/
Cy5-siRNA at volume ratios of 7:1 and 15:1.

To explore gene silencing efficiencies of several complexes with
different volume ratios in vitro, we measured RRM2 mRNA
expression in 4T1 cells after 24h transfection by real-time

PFeOOH/siRNA (viv)

Naked
siRNA

Lipo/

Mock siRNA

1 F]
Q

Nu

siRNA

Endosome

Merged

50 nmol/L 150 nmol/L

7:1 151 711 15:1

- D
120
I_‘LM K b PFeODHISIRRM2
oc =
" =510
i o= =@
Lipo/SiRNA ____ oS = 80 EE
A g Bwd -
3 2 3205
3 = 40— P §
e 8 CE
£ 720 E
3 0 0.0
B - = = = gL = = =
g § % ~ @ R~ o § Z ~ & ~ 0
= =z = x = C = -
g @ 1 2 50 150
S nmollL  nmollL £ nmollL nmoliL

Fig. 2. Invitro subcellular localization, cellular uptake, and gene silencing of PFeOOH/siRNA complexes in 4T1 cells. (A) Intracellular localization was observed by CLSM. Blue,
nuclei stained by Hoechst 33342; green, endosomes and lysosomes stained by LysoTracker green; red, Cy5-siRNA. Scale bar is 20 pm. (B, C) Cellular uptake of Cy5-siRNA
detected by flow cytometry (B) and quantitative analysis of Cy5-labelled positive cell rates (C). (D) RRM2 mRNA expression of 4T1 cells after being treated with PFeOOH/siRNA
complexes at the final siRNA concentrations of 50 nmol/L and 150 nmol/L. Each bar represents mean + SEM of three experiments. Statistical analysis was performed with two-

tailed student t-test. **P < 0.01; ***P< 0.001 vs. the Mock group.
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Fig. 3. Invivo fluorescence imaging and quantitative analysis of the 4T1 xenograft tumor-bearing BABL/c mice following i.t. injection of PBS, PFeOOH/siRNA (7:1) and PFeOOH/
siRNA (15:1). (A) Whole-body imaging of representative mice acquired at the indicated time points post injection. (B) Relative fluorescence intensities in the tumor regions
determined by normalizing to the initial fluorescence intensity of each group (n=3). Data were shown as the mean & SEM.

quantitative PCR (RT-qPCR) (Fig. 2D). As reported, RRM2 catalyzes
the formation of deoxyribonucleotides and is essential for DNA
synthesis. Inhibition of RRM2 activity in proliferating cancer cells
rapidly induces mitotic arrest and apoptosis, which makes it an
ideal cancer therapeutic gene [43,44]. As shown in Fig. 2D,
compared to the mock group, all four treatments with PFeOOH/
Cy5-siRRM2 complexes remarkably inhibited RRM2 mRNA ex-
pression with approximate 40% inhibition efficiency at 50 nmol/L
transfection concentration and around 50% repression efficiency at
150 nmol/L transfection concentration, respectively. Lipo2000/
siRNA, the positive control, showed slightly higher internalization
and gene silencing efficiencies than PFeOOH/siRNA nanoparticles.
Altogether, it was demonstrated that PFeOOH NP is an effective
delivery material capable of delivering siRNA to cancer cells and
mediating robust down-regulation of gene expression in vitro.
Drug retention and metabolism in the tumors are crucial for
effective cancer treatment. Therefore, we further evaluated the
accumulation and elimination of PFeOOH/siRNA complexes within
24 h after injection. Mice displaying tumor volumes around 400
mm> were randomly divided into three groups and received
the treatments of PBS, PFeOOH/Cy5-siRNA (7:1) and PFeOOH/
Cy5-siRNA (15:1) by intratumoral (i.t.) injection. Whole-body
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fluorescence images of the mice were acquired over 24 h, and the
signals of tumor sites were quantitatively analysed (Figs. 3A and B).
The fluorescence signals of tumor sites for PFeOOH/ Cy5-siRNA
(7:1) and PFeOOH/Cy5-siRNA (15:1) groups were strong and
comparable within 24 h. They firstly declined at 3 h post injection,
and then slowly decreased within 24h post injection. The
elimination rate of PFeOOH/Cy5-siRNA (7:1) complexes was close
to that of PFeOOH/Cy5-siRNA (15:1) complexes in the tumors.
Together with the data shown in Figs. 1 and 2, we chose PFeOOH/
Cy5-siRNA NPs (7:1) for the following anticancer experiments.
Motivated by the decent biocompatibility, effectiveness in vitro
and retention in tumor of PFeOOH/siRNA, the anticancer effect of
proposed formulation was further evaluated in 4T1 xenograft
tumor-bearing BABL/c mice. When the tumor volumes grew to
approximately 450 mm?>, they were randomly divided into three
groups and treated with PBS, PFeOOH/siNC and PFeOOH/siRRM2
by i.t. injection every other day for 9 consecutive days. Tumor
growth and body weight were recorded for 9 days. The tumor
volumes were normalized to the volumes recorded at the starting
points, which represented the relative fold changes of tumors
during the treatment course. As shown in Fig. 4A, the mice treated
with PFeOOH/siNC NPs did not exhibit tumor suppression
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Fig. 4. Antitumor effect of siRRM2-loaded PFeOOH NPs in 4T1 tumor-bearing BABL/c mice. (A) Relative fold changes of tumor volumes normalized to the starting point. (B)
Normalized average tumor weights at the end observation time. The tumor weights of the animals were normalized to the corresponding tumor volumes of the animals
recoded at the starting point, which could erase the influence of differences of tumor sizes on the final treatment efficacy. (C) Expression of RRM2 mRNA in tumor tissues. (D)
Changes in body weight of the animals. (E) Serum biochemistry parameters measured in mouse specimens collected at the end time point. (F) Histological assessments of
major organs and tumor tissues using H&E staining. Data are presented as mean + SEM. *P< 0.05; **P< 0.01; ns, no significant difference was observed. n=>5.
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compared to the PBS group. While PFeOOH/siRRM2 exhibited
acceptable inhibitory effect compared to the PBS group and the
PFeOOH/siNC group (Fig. 4A). Although tumors in PFeOOH/siRRM2
group still grew during the treatment course, which may be
attributed to the tumors were too large (~ 450 mm>) when we
started to treat, significantly difference was observed between
PFeOOH/siRRM2 and PFeOOH/siNC, and between PFeOOH/siRRM2
and PBS. At the end time point, the mice were uniformly sacrificed
and dissected, and the tumors were weighed. The normalized
tumor weight revealed consistent pattern (Fig. 4B). The expres-
sions of RRM2 in tumor tissues were significantly repressed in the
mice receiving the treatment of PFeOOH/siRRM2 nanoparticles
(Fig. 4C). Moreover, the body weights of all groups increased
during the treatment course (Fig. 4D). To further assess the toxicity
in vivo, blood of mice was obtained for serum biochemical analysis.
Tumors and different organs, including the heart, the liver, the
spleen, the lungs, and the kidneys were collected, fixed, embedded,
and stained for histopathological observation. As shown in Fig. 4E,
there was no obvious change of markers of liver or kidney function
in serum for these three groups. No distinct pathological change
was observed in the major organs of PBS, PFeOOH/siNC and
PFeOOH/siRRM2 groups, and apoptosis was observed in tumor
received PFeOOH/siRRM2 treatment, as the arrowhead indicated
(Fig. 4F).

In summary, we here designed and constructed PEI-coated
FeOOH NPs as a vehicle to deliver siRNA in vitro and in vivo. Flow
cytometry and confocal microscopy data proved that the PFeOOH/
siRNA NPs were able to be swallowed by 4T1 cells and escape from
endosomes/lysosome, which triggered robust gene silencing in
vitro. No significant cytotoxicity was observed in MTT and
hemolysis assays. In addition, the functionalized siRRM2-loaded
PFeOOH NPs exhibited ideal drug retention in tumor tissues,
effective anticancer effects, and an excellent safety profile in vivo.
Therefore, we believe the PFeOOH NPs is a promising carrier in
siRNA or drugs delivery for therapeutic development. In addition,
the amine groups on the shells (the PEI polymer) of the NPs
actually can provide further surface modification for attachment of
other functional groups, such as targeting moieties or imaging
reagent, which may expand the applications of proposed nano-
structures.
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