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Abstract

Colorectal cancer (CRC) is one of the world’s most lethal diseases. Docetaxel (DTX)
is a chemotherapeutic agent used for a range of cancers, but it has little activity against
CRC. However, combination therapy with other therapeutic agents is a potential
strategy to enhance the efficacy of DTX in CRC treatment. The nuclear factor-xB (NF-
kB) signaling pathway is implicated in a variety of malignancies (e.g., CRC), and the
blockade of NF-kB may increase the sensitivity of cancer cells to chemotherapy. The
application of small interference RNA (siRNA) to inhibit the translation of
complementary mRNA has demonstrated the potential for cancer gene therapy. In this
study, an amphiphilic cationic cyclodextrin (CD) nanoparticle modified with
PEGylated folate (FA; a ligand to target folate receptor on CRC) has been developed
for co-delivery of DTX and siRNA (against the RelA, a subunit of NF-xB) in the
treatment of CRC. The resultant co-formulation (CD.DTX.siRelA.PEG-FA) achieved
cell-specific uptake indicating the function of the folate targeting ligand. The
CD.DTX.siRelA.PEG-FA nanoparticle enhanced the apoptotic effect of DTX with the
downregulation of RelA expression, which significantly slowed down the growth of
CRC in mice relative to the counterparts containing either DTX or siRelA, without
causing significant toxicity. These results suggest that the folate-targeted PEGylated
CD-based co-formulation provides a promising strategy for combining DTX and

siRNA in treating CRC.

Keywords: colorectal cancer, nanoparticle, chemotherapy, gene therapy, combination

therapy.



1. Introduction

Colorectal cancer (CRC) is one of the most common malignancies, with an
estimated increase in the number of new incidents worldwide, from 1.8 million in 2018
to 25 million in 2035 (Dekker et al., 2019) (Bray et al., 2018). While surgery and
radiation therapy are applied for localized CRC, chemotherapy remains the mainstay of
clinical practice for patients at advanced or recurrent stages (Gustavsson et al., 2015).
Docetaxel (DTX), marketed under the brand name Taxotere®, is known as a
chemotherapy drug used for a range of cancers; however, it is less effective in the
treatment of CRC (Sternberg et al., 1994) (Pazdur et al., 1994). Emerging evidence
reveals that combination with other therapeutic agents may enhance the efficacy of
chemotherapy drugs (Labala et al., 2017) (Joshi et al., 2020) (Nikkhoo et al., 2020).
Therefore, the development of combination therapy presents excellent potential to

improve the efficacy of DTX for CRC.

The nuclear factor-kB (NF-xB, a family of inducible transcription factors)
signaling pathway is activated in a variety of cancers. It is implicated with the resistance
of cancer cells to chemotherapeutics (Taniguchi and Karin, 2018). It has been reported
that the NF-xB signaling pathway plays a crucial role in the maintenance of DTX
resistance, and the blockade of this pathway can enhance the susceptibility of cancer
cells to DTX (Kim et al., 2009) (O'Neill et al., 2011). The application of small
interference RNA (siRNA) to exert downregulation of complementary mRNA achieves
sequence-specific post-transcriptional gene silencing in vitro and in vivo (Guo et al.,
2010) (Guo et al., 2011), suggesting that the combination of anti-NF-«kB siRNA may

improve the efficacy of DTX in the treatment of CRC.

Recently, the design and formulation of nano delivery constructs for transporting



chemotherapy drugs, nucleic acids, and peptides/proteins have significantly overcome
the barriers to in vitro and in vivo delivery (Guo and Huang, 2020). Previously, an
amphiphilic cationic B-cyclodextrin (CD, Fig. 1A) has been developed in our
laboratories for delivery of siRNA in a range of cell lines (Fitzgerald et al., 2015) (Guo
et al., 2017) and animal models (Godinho et al., 2013) (McCarthy et al., 2013). It is
hypothesized that DTX and siRelA may be co-encapsulated within the CD nanoparticle
(NP) due to the availability of various loading domains including: the hydrophobic CD
cavity facilitating inclusion complex formation, the lipid domain and the cationic nature
of the amphiphilic cationic CD. In this study, a folate-targeted PEGylated CD-based co-
formulation (namely CD.DTX.siRelA.PEG-FA) was developed to deliver DTX and
siRelA specifically to CRC cells via the folate receptor (a molecule found on the surface
of CRC cells). The resultant co-formulation achieved significantly higher cellular
uptake compared to the non-targeted counterpart, and improved the apoptotic efficacy
of DTX with a reduction in the expression of RelA mRNA and protein, resulting in a

synergistic anticancer effect in a mouse CRC model.

2. Materials and methods

2.1. Materials

Docetaxel (DTX) was purchased from DESITE Biotech. Negative control siRNA
(siNC) (sense sequence 5’-UUC UCC GAA CGU GUC ACG U-3’), FAM-labelled
siNC (siFAM) (modified with carboxyfluorescein (FAM) on sense sequence), and anti-
RelA siRNA (siRelA) (sense sequence 5°-CCA UCA ACU AUG AUG AGU U-3’) were
purchased from GenePharma. 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[methoxy(polyethylene glycol)-2000] (DSPE-mPEG2000) was obtained from
NANOCS, and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
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[folate(polyethylene glycol)-2000] (DSPE-PEG2000-Folate) was obtained from Avanti.
The other reagents were purchased from Sigma-Aldrich unless mentioned otherwise.
The amphiphilic cationic B-cyclodextrin (CD) was synthesized, as previously reported

(O'Mahony et al., 2012).

2.2. Co-formulation preparation

Briefly, to prepare folate-targeted co-formulation (Fig. 1A), the CD was dissolved
in trichloromethane with DTX and evaporated to form a thin film. This content was
rehydrated, sonicated for 20 min, and incubated at 37 oC with slight shaking for 2 to 3
h, resulting in the CD.DTX NP. As previously reported (Evans et al., 2016), DSPE-
mPEG2000 and DSPE-PEG2000-FA (molar ratio = 4:1) were dissolved in 20 mM
HEPES buffer (pH = 7.4) and incubated at 60 °C for 15 min to obtain a solution (0.5
mg/mL). Subsequently, the DSPE-mPEG2000/DSPE-PEG2000-FA solution was added
to CD.DTX and incubated at 60°C with slight shaking for one hour, in order to achieve
the CD.DTX.PEG-FA NP (~ 2 mol% of FA in the outer surface per NP in theory). The
CD.DTX.PEG-FA was then incubated with siRNA at room temperature for 30 min to
form the folate-targeted co-formulation. The non-targeted and non-PEGylated co-
formulations were prepared as described above without the use of DSPE-mPEG2000

and DSPE-mPEG2000/DSPE-PEG2000-FA, respectively.

2.3. Physicochemical profiles

The encapsulation efficiency (EE) and loading capacity (LC) of DTX were
determined using HPLC (Shimadzu, Japan) (C18 column; UV at 227 nm; with a mobile
phase of acetonitrile and water, v/v = 60:40). The EE% = (weight of encapsulated
DTX/weight of feed DTX) x 100%; the LC% = (weight of encapsulated DTX/weight

of total formulation) x 100%. The complexation of siRNA (0.5 pg) by CD.DTX,



CD.DTX.PEG and CD.DTX.PEG-FA was assessed by gel electrophoresis in 1% (w/v)
agarose gel at 120 V for 30 min in Tris/Borate/EDTA buffer containing GelStain

(Transgen Biotech) (Guo et al., 2012b).

The morphology of folate-targeted co-formulation was examined by transmission
electron microscopy (TEM). Briefly, a sample containing 100 ug CD were added to a
400-mesh carbon-filmed copper grid (Agar Scientific) for 2 min. The sample was then

stained with 2% (w/w) uranyl acetate, before analysis using JEOL JEM-1230.

The size distribution and zeta potential of co-formulations were measured using
Malvern Nano-ZS as previously reported (Guo et al., 2012a). In addition, the effect of
serum-containing media on the stability of co-formulations was assessed by incubating
co-formulations within 50% fetal bovine serum (FBS) for 24 h at 370C. The particle

sizes were measured by Malvern Nano-ZS to determine the NP stability.

To perform drug release study, the folate-targeted co-formulation solution
containing 500 pg DTX within a dialysis bag (MWCO = 2 kDa; Solarbio®) was
incubated in the release medium (0.01 M PBS containing 0.5% Tween 80; pH values =
5.5 and 7.4) at 37°C with slight stirring. At different time points, the supernatant was
collected, and the release medium with the same volume was supplemented. The

concentration of DTX in the supernatant was measured using HPLC as described above.

2.4. In vitro characterization

CT26 cells (a mouse CRC cell line expressing folate receptor (Fani et al., 2012))
were maintained in RPMI 1640 medium with 10% FBS and 1% Penicillin-

Streptomycin at 37 oC with 5% CO2 and 95% relative humidity.

CT26 cells (200,000 per well) were seeded in 6-well plates. Following 24 h

incubation, cells were treated with CD.DTX.siFAM.PEG or CD.DTX.siFAM.PEG-FA
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([C] of siFAM = 25 nM) and incubated for 4 h. Subsequently, cells were washed with
PBS and trypsinized. After the centrifugation at 1000 rpm for 5 min, cells were
resuspended in 500 pL of ice-cold PBS and analyzed using flow cytometry (Becton

Dickinson FACSCalibur) to determine FAM-positive cells (%).

The cytotoxicity was studied using the MTT assay. Briefly, CT26 cells were
seeded at a density of 5 x 103 cells per well in 96-well plates for 24 h. Subsequently,
free DTX or DTX encapsulated within co-formulations were added into the cells for 24
h. After this, cells were added with 20 uL of MTT reagent (5 mg/mL in PBS) and
incubated at 37 oC for four hours. The purple precipitate was dissolved by 150 pL of

DMSO before the measurement at 570 nm using Microplate Reader.

CT26 cells (200,000 per well) were seeded in 6-well plates for 24 h. Subsequently,
free DTX or DTX encapsulated within co-formulations were added into the plates for
24 h. According to the manufacturer's instructions, cells were then treated with Annexin
V-FITC and propidium iodide (PI) (YEASEN Biotech). Apoptotic cells (%) were

determined using flow cytometry.

CT26 cells (50,000 per well) were seeded in 24-well plates for 24 h. Subsequently,
co-formulations containing siRNA ([c] = 25 nM) were added into cells for 24 h. Total
RNA was isolated using the TransZol up kit (TransGen Biotech). First-strand cDNA
was generated using the TransScript® First-Strand cDNA Synthesis SuperMix kit
(TransGen Biotech). gPCR was performed by the StepOnePlusTM Real-Time PCR
System (ThermoFisher) using the TransStart® Top Green qPCR SuperMix kit
(TransGen Biotech). The assay was performed using appropriate primers for RelA and
GAPDH (Table S1) under thermal conditions as previously described (Luan et al.,

2019).



CT26 cells (50,000 per well) were seeded in 24-well plates for 24 h. Subsequently,
co-formulations containing siRNA ([c] = 25 nM) were added into cells for 24 h. CT26
cells were then lysed using the RIPA Lysis Buffer (Beyotime Biotech) containing 1 mM
PMSF (Beyotime Biotech). The concentration of proteins was quantified using the BCA
assay (TransGen Biotech). After this, ~ 30 to 45 ug samples were loaded into the SDS-
polyacrylamide gel and electrophoresed at 80 V for 30 min and subsequently 120 V for
0. Proteins were then transferred onto a polyvinylidene fluoride (PVDF) membrane
(Invitrogen) at 90 V for 1.5 h. The membrane was incubated overnight with appropriate
antibodies (Table S2) at 4°C. The secondary antibody (Table S2) was added to the
membrane for 1.5 h. Proteins were detected using the enhanced chemiluminescence

(ECL) solution (YEASEN Biotech) and quantified using ImageJ.

2.5. In vivo studies

Six to eight-week-old female BALB/C mice were obtained from Changchun
Institute of Biological Products, China. The experiments have been approved by the

Animal Ethics Committee of Jilin University.

Healthy mice (n = 4) were intravenously (i.v.) injected with folate-targeted co-
formulation containing DTX (~ 4 mg/kg) and siRelA (~ 1 mg/kg) on Day 1, 3 and 5.
Bodyweight was regularly recorded. On Day 25, major organs and the serum were
obtained to analyze histopathology, myelosuppression, and hepatic/renal functions as

previously described (Guo et al., 2020).

The mouse CRC model was established by subcutaneous injection of 5 x 105
CT26 cells into the animal flank. The tumor volume was calculated using the formula
a2b(n/6), where a is the minor diameter of the tumor and b is the major diameter

perpendicular to diameter a. When the tumor volume reached ~ 150 mm3 (Day 0), mice



(n=15) were 1.v. injected with co-formulations containing DTX (~ 4 mg/kg) and siRelA
(~ 1 mg/kg) on Day 1, 3 and 5. The tumor growth was recorded regularly. Separately,
two days after three injections (Day 7), tumors were collected for the following studies:
1) For apoptosis, tumors (n = 3) were fixed with 4% paraformaldehyde (PFA),
conducted on paraffin-embedded slides, and permeabilized (Yu et al., 2020). Apoptotic
cells were examined using the TransDetect® In Situ Fluorescein TUNEL Cell
Apoptosis Kit (TransGen Biotech), and nuclei were stained with DAPI (Beyotime
Biotech), for confocal microscopic analysis (Olympus, FV3000). 2) For the expression
of RelA mRNA, tumors (n = 4) were homogenized within TransZol Up reagent
(TransGen Biotech) using the tissue grinder (Scientz, China). The homogenate was
centrifuged at 12,500 rpm for 20 min at 4 oC to collect the supernatant for RT-qPCR as
described above. 3) For the expression of RelA protein, tumors (n = 4) were
homogenated within the RIPA Lysis Buffer (Beyotime Biotech) containing 1 mM
PMSF (Beyotime Biotech) using the tissue grinder (Scientz, China). The homogenate
was centrifuged at 12,500 rpm for 20 min at 4 oC to collect the supernatant for western

blotting as described above.

2.6. Statistical Analysis

GraphPad prism was applied for statistical analysis. Values were calculated as
mean + standard deviation (SD). A one-way ANOVA (Bonferroni’s Post-Hoctest) was
used to test the significance of differences in three or more groups. A two-way ANOVA
(Bonferroni’s Post-Hoctest) was used to test the significance of differences in the
analysis of body weight and tumour growth. In all experiments, p <0.05 was considered

statistically significant.

3. Results and Discussion



3.1. Physicochemical Characterization of folate-targeted co-formulation

To provide a strategy that improves the efficacy of DTX against CRC, a folate-
targeted PEGylated CD-based co-formulation was developed in this study by co-
encapsulating DTX and siRelA into the CD with PEGylated FA to target the folate
receptor on CRC cells (Fig. 1A). The HPLC results show that DTX was encapsulated
inside the CD at different weight ratios (WR) of CD and DTX (Table S3). At WR5
between CD and DTX, the EE and LC were ~ 92% and ~ 15.3 wt %, respectively (Table
S3). Due to the favorable EE and LC, the WRS5 of CD and DTX was used for the

preparation of the co-formulations.

It is known that DTX is poorly solube in water (2.903 pg/mL) and is given to
patients as Taxotere® in a mix of Polysorbate 80 and ethanol (50:50, v/v) as a solvent
(Huang et al., 2011). However, this solvent can cause adverse effects such as
myelosuppression, hypersensitivity reaction, hemolysis, and fluid retention (Ferraresi
et al., 2000) (Esmaeli et al., 2001). Consequently, a variety of formulations have been
developed to improve solubility of DTX (Quaglia et al., 2009) (Esmaeili et al., 2008)
(Liu et al., 2010) (Ferrati et al., 2015) (Bowerman et al., 2017) (Wang et al., 2017) (Chi
et al., 2019). For example, hydroxypropyl-sulfobutyl-B-cyclodextrin (HP-SBE-B-CD)
due to inclusion complex formation with DTX, achieved a LC of ~ 5.6 wt% (Huang et
al., 2011). In addition, 2-hydroxypropyl B-cyclodextrin (HPCD) formed inclusion
complexes with DTX resulting in a LC of ~ 5.2 wt% (Ferrati et al., 2015). In comparison,
the LC of DTX was significantly improved by our CD (~ 15.3 wt%, Table S3)
formulation. This is likely due to the combined availability of various loading domains
including; the hydrophobic CD cavity facilitating inclusion complex formation, and the
lipid domain of the amphiphilic cationic CD (Fig. 1A).

The modification of PEG and PEG-FA onto the CD.DTX was achieved using the
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“postinsertion” technique (Fig. 1A and Table S4). This versatile approach allows the
incorporation of PEG and targeting ligands into a variety of preformed liposomes or
liposome-like structures (Rothdiener et al., 2010) (Evans et al., 2017). Subsequently,
the capacity of CD.DTX, CD.DTX.PEG, and CD.DTX.PEG-FA to complex siRNA was
assessed using gel retardation. Results show that siRNA was complexed onto CD.DTX
via electrostatic interaction between the CD and siRNA, and the full complexation
occurred at WR20 of CD and siRNA (Fig. S1). The binding of siRNA was also fully
achieved by CD.DTX.PEG and CD.DTX.PEG-FA at WR20 of CD and siRNA (Fig.
1B), indicating that the ability of the CD to complex siRNA remained unaffected by the

modification of PEG and PEG-FA (WRS5 of CD and PEG-(FA)).

The dynamic light scattering (DLS) results show that CD.DTX.siRNA.PEG and
CD.DTX.siRNA.PEG-FA demonstrated significantly larger particle sizes (122 and 125
nm, respectively) as compared to CD.DTX.siRNA (~ 100 nm) (Fig. 1C), indicating the
successful incorporation of PEG and PEG-FA. The polydispersity index (PDI) of
CD.DTX.siRNA, CD.DTX.siRNA.PEG and CD.DTX.siRNA.PEG-FA was 0.24, 0.26
and 0.27 respectively (Fig. 1C), indicating the generation of mainly monodisperse co-
formulations. In addition, while the CD.DTX.siRNA displayed a significant cationic
surface charge (40 mV), the surface charge of CD.DTX.siRNA.PEG and
CD.DTX.siRNA.PEG-FA remained nearly neutral (9 mV and 10 mV, respectively) (Fig.
1C), likely due to the steric interference from PEG and PEG-FA (Rahme et al., 2015).
Compared to CD.DTX.siRNA (EE = 92% and LC = 15%), CD.DTX.siRNA.PEG and
CD.DTX.siRNA.PEG-FA achieved similar EE (~ 90% and 89%, respectively) and LC
efficiencies (~ 12.2% and ~ 11.8%, respectively) (Fig. 1C), indicating that the capacity
of CD to encapsulate DTX also remained unaffected by the modification of PEG and

PEG-FA. The TEM results show that a spherical structure was formed by
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CD.DTX.siRNA.PEG-FA (Fig. 1D), which was similar to the morphologies observed
by CD.DTX.siRNA and CD.DTX.siRNA.PEG (data not shown). Due to favorable
physicochemical profiles (Fig. 1B and 1C), WRS of CD and DTX, WR20 of CD and
siRNA, and WRS5 of CD and PEG/PEG-FA (~ 2 mol% of FA per NP in theory) were

used for the preparation of co-formulations.

The release efficiency of DTX from folate-targeted co-formulation was evaluated
under different pH conditions (Fig. 1E). Results show that > 90% of DTX was released
at 24 h in an acidic environment (pH 5.5), while the release efficiency of DTX was
significantly reduced (~ 40%, p < 0.05) in the neutral environment (pH 7.4). These
results imply that the co-formulation may achieve a higher DTX release in an acidic
environment, which is similar to other amine-functionalized NPs that also facilitate pH-
sensitive drug release (Gao et al.,, 2010) (He et al., 2017). We have previously
demonstrated that siRNA was released from the CD inside endosomes (pH = 5.5 to 6.0)
due to the presence of the amine moiety inducing the proton sponge effect (Guo et al.,
2017) (Fitzgerald et al., 2016a). Taken together, this data suggest that when folate-
targeted co-formulation targets CRC cells via the folate receptor and subsequently
enters into the endosome, DTX and siRNA can be simultaneously released into the

cytoplasm to elicit a synergistic therapeutic effect (see below discussion).

It is known that PEGylation has been used as a stabilizing ligand to form so-called
"stealth" NP for enhancing pharmacokinetic profiles (Suk et al., 2016). When incubated
in 50% serum-containing medium for 24 h, the particle size of the PEGylated co-
formulations, CD.DTX.siRNA.PEG and CD.DTX.siRNA.PEG-FA, was in the range of
~ 120 to 125 nm (Fig. 1F). In contrast, the diameter of non-PEGylated co-formulation,
CD.DTX.siRNA, was significantly greater (> 750 nm, p < 0.05) under the same

conditions (Fig. 1F). This data indicate the capacity of the PEG groups to efficiently
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mask the surface charge of the co-formulations and improve stability in the presence of
serum, suggesting the potential to extend blood circulation times. Due to instability,

CD.DTX.siRNA was not used in the following in vitro and in vivo studies.
3.2. In vitro studies of folate-targeted co-formulation

The antiproliferative property of the co-formulations was studied in the CT26 cell
line (a mouse CRC cell line expressing the folate receptor (Fani et al., 2012)) using an
MTT assay. It is interesting to note that DTX on its own caused ~ 20% cell death (IC20)
at 1.33 pg/mL (Fig. S2 and S3), and no significant difference in the cytotoxicity was
achieved by CD.DTX.PEG containing DTX at the same concentration (Fig. S3). In
contrast, CD.DTX.PEG-FA containing DTX at 1.33 pug/mL significantly (p < 0.05)
increased the antiproliferative effect (~ 40% cell death) compared to free DTX and
CD.DTX.PEG (Fig. S3). In addition, CD.siRelA.PEG-FA generated significantly
higher cell death (~ 20%, p <0.05) as compared to CD.siRelA.PEG and CD.siNC.PEG-
FA (Fig. S4), due possibly to the cell-specific delivery of DTX and siRelA via the

ligand-receptor pathway.

Subsequently, FAM-labeled siRNA was used to investigate the uptake of co-
formulations in CT26 cells (Fig. 2A). No internalization was observed by siFAM alone
as compared to untreated control. In contrast, the uptake of siFAM complexed within
the non-targeted co-formulation was significantly higher (p < 0.05) than free siFAM
(Fig. 2A and S5), while the folate-targeted co-formulation further (p < 0.05) increased
the internalization of siFAM into CT26 cells (Fig. 2A and S5). These results confirm

the capacity of the folate targeting ligand to promote receptor specific uptake.

In addition, the folate-targeted co-formulation containing the combination of DTX
and siRelA caused significantly higher cytotoxicity (~ 95%, p < 0.01) as compared to

non-targeted counterpart (~ 40%) (Fig. 2B), indicating that the antiproliferative activity
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resulted mainly from cell-specific delivery of DTX and siRelA. Moreover, the cytotoxic
effect of CD.DTX.siRelA.PEG-FA was significantly greater (p < 0.01) than either
CD.DTX.PEG-FA or CD.siRelA.PEG-FA (Fig. 2C), indicating the synergistic
therapeutic response from the combination of DTX and siRelA. CD.DTX.siRelA.PEG-
FA also led to a synergistic apoptotic effect (~ 95%, p <0.01) in CT26 cells relative to

CD.DTX.PEG-FA (~ 18%) or CD.siRelA.PEG-FA (~ 8%) (Fig. 2D and S6).

It is known that the NF-«xB signaling pathway plays a key role in the maintenance
of DTX resistance, and the blockade of NF-«B can enhance the susceptibility of cancer
cells to DTX (Kim et al., 2009) (O'Neill et al., 2011). Our laboratories have reported
that the activity of NF-kB could be inhibited by the application of siRNA against RelA
(a subunit of NF-xB) (Fitzgerald et al., 2016b) (Luan et al., 2019). In this study,
CD.siRelA.PEG-FA significantly reduced the expression of RelA mRNA (~ 85% , p <
0.01) relative to CD.siRelA.PEG and CD.siNC.PEG-FA (Fig. 2E). Accordingly, the
expression of RelA protein was significantly downregulated (~ 75%, p < 0.01) by
CD.siRelA.PEG-FA as compared to the control groups (Fig. 2F and S7). These results
confirm that the folate-targeted co-formulation was able to specifically co-deliver DTX
and siRelA into CT26 cells, and the DTX-induced apoptotic effect was significantly
enhanced by siRelA-mediated NF-«B blockade.

3.3. In vivo anti-CRC effects of folate-targeted co-formulation

The in vivo toxicity of folate-targeted co-formulation was evaluated in this study
using healthy BALB/c mice (n =4) (Fig. 3). As shown in Fig. 3A, no body weight loss
was observed in mice following i.v. administration of the folate-targeted co-formulation
relative to the saline group. The H&E staining results show that no histopathology was
detected in the major organs (e.g., the heart, liver, spleen, lung and kidneys) of animals

after i.v. injection of the folate-targeted co-formulation (Fig. 3B) as compared to the
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saline group. Furthermore, no significant myelosuppression (Fig. 3C) or hepatic/renal
injuries (Fig. 3D) were caused by the folate-targeted co-formulation compared with the
saline group. These results indicate no systemic toxicity was caused by

CD.DTX.siRelA.PEG-FA under the conditions tested.

The therapeutic efficacy of the folate-targeted co-formulation was assessed using
the CT26-derived CRC mouse model (n = 5) (Fig. 4A). Results show that no significant
tumor inhibition was achieved by free “DTX and siRelA” as compared to the saline. In
contrast, tumor growth was significantly (p < 0.05) retarded by the non-targeted co-
formulation relative to free “DTX and siRelA” (Fig. 4A), while anti-CRC efficacy was
further (p < 0.05) enhanced by the folate-targeted co-formulation (Fig. 4A). In addition,
no difference was found in the extent of apoptotic tumor cells between the saline and
free “DTX and siRelA” (Fig. 4B). In contrast, CD.DTX.siRelA.PEG significantly
increased apoptosis (~ 3%, p < 0.05) in tumor cells as compared to free “DTX and
siRelA”, while the folate-targeted co-formulation further (p < 0.01) improved the
apoptotic efficacy (~17.5%) (Fig. 4B). As shown in Fig. 4C, 4D and S8, the folate-
targeted co-formulation significantly (p < 0.01) reduced the expression of RelA mRNA
(~ 80%) and protein (~ 75%) compared to any of the other groups. These results confirm
that the anti-CRC efficacy resulted mainly from the cell-specific co-delivery of DTX

and siRelA by the folate-targeted co-formulation.

4. Conclusions

An effective strategy to enhance the efficacy of DTX is still an unmet need for
CRC therapy. Due to the role of NF-kB in the maintenance of DTX resistance (Kim et
al., 2009) (O'Neill et al., 2011) and to the strong potential of siRNA to downregulate
any gene of interest (Guo et al., 2010) (Guo et al., 2011), the application of siRNA
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against NF-kB may improve the efficacy of DTX in the treatment of CRC. In this study,
an amphiphilic cationic CD was used to develop a folate-targeted PEGylated delivery
vector for co-formulating DTX and siRelA. The resultant co-formulation demonstrated
favorable physicochemical properties, in terms of particle size (~ 125 nm), surface
charge (~ 9 mV), drug loading (EE = 89%; LC = 11.8%), pH-triggered drug release
(higher release in an acidic environment), and serum stability (no aggregation up to 24
h). These are compliant with the requirements for improved pharmacokinetic profiles.
The in vitro studies, including cellular uptake, cytotoxicity, apoptosis and gene
knockdown, confirmed that a synergistic therapeutic efficacy was achieved by cell-
specific co-delivery of DTX and siRelA using the folate-targeted co-formulation.
Following i.v. administration the inhibition of tumor growth detected for the
combination of DTX and siRelA was achieved by the folate-targeted co-formulation,
without causing significant toxicity. In addition, this formulation avoids the solvent
related toxic effects of the current commercial formulation of DTK (Taxotere® ) while
still maintaining the ability to deliver a therapeutically relevant dose. These preliminary
results indicate the future potential of this combination therapeutic strategy in the

treatment of CRC.
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Figure legends

Figure 1. Preparation and characterization of folate-targeted co-formulation. (A) The
formulation schematic. (B) The binding efficiency of siRNA (0.5 pg) by co-
formulations. (C) The particle size, PDI, surface charge, EE% and LC% of co-
formulations (containing 1 pg siRNA) (n = 3). (D) TEM image of folate-targeted co-
formulation (containing 1 pg siRNA) (bar = 100 nm). (E) The release of DTX from
folate-targeted co-formulation (containing 500 pg DTX) in 0.01 M PBS (pH = 5.5 and
7.4) for 24 h at 37 oC (n =4, * p < 0.05). (F) The particle size of folate-targeted co-
formulation (containing 1 pg siRNA) in the presence of 50% serum-containing medium

for 24 h at 37 oC (n =4, * p <0.05 and NS = no significance).

Figure 2. In vitro characterization of folate-targeted co-formulation. (A) Cellular
uptake of CD.DTX.siFAM.PEG and CD.DTX.siFAM.PEG-FA (25 nM siFAM) was
assessed using flow cytometry (n = 3). (B) Cell viability of CD.DTX.siRelA.PEG and
CD.DTX.siRelA.PEG-FA (~ 1.33 pg/mL DTX and ~ 25 nM siRelA) (n =3, * p < 0.05

and ** p < 0.01). (C) Cell viability of CD.siRelA.PEG-FA, CD.DTX.PEG-FA and
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CD.DTX.siRelA.PEG-FA (~ 1.33 pg/mL DTX and ~ 25 nM siRelA) (n =3, * p < 0.05
and ** p < 0.01). (D) Apoptotic cells (%) caused by CD.siRelA.PEG-FA,
CD.DTX.PEG-FA and CD.DTX.siRelA.PEG-FA. (E) The mRNA level of RelA in
CT26 cells following the treatment of CD.siRelA.PEG, CD.siNC.PEG-FA and
CD.siRelA.PEG-FA (25 nM siRelA) (n =3, * p <0.05 and ** p <0.01). (F) The protein
level of RelA in CT26 cells following the treatment of CD.siRelA.PEG, CD.siNC.PEG-

FA and CD.siRelA.PEG-FA (25 nM siRelA) (n =3, * p <0.05 and ** p < 0.01).

Figure 3. In vivo toxicity of folate-targeted co-formulation. (A) The body weight over
25 days following i.v. treatment of saline and folate-targeted co-formulation (~ 4 mg/kg
DTX and ~ 1 mg/kg siRelA) on Day 1, 3 and 5 (n =4). (B) The organs were collected
on Day 25 and assessed using H&E staining assay. No significant toxicity was caused
by the folate-targeted co-formulation as compared to saline. (C) Hematological analysis
including red blood cells (RBCs), white blood cells (WBCs), platelets (PLTs) and
hemoglobin (HGB), carried out on Day 25 (n = 4). (D) The liver/kidney functions
including alanine aminotransferase (ALT), aspartate aminotransferase (AST), blood

urea nitrogen (BUN) and creatinine (CRE), determined on Day 25 (n = 4).

Figure 4. In vivo antitumor activity of folate-targeted co-formulation. (A) Tumor
growth of CRC following the treatment of saline, free “DTX and siRelA”,
CD.DTX.siRelA.PEG and CD.DTX.siRelA.PEG-FA (~ 4 mg/kg DTX and ~ 1 mg/kg
siRelA) over a 35-day period (n=5, * p <0.05 and NS =no significance). (B) Apoptosis
(%) in tumor tissues was examined on Day 7 by TUNEL Cell Apoptosis Kit (n=4, * p
<0.05 and ** p <0.01). (C) mRNA expression level of RelA in tumor tissues following
the treatment of folate-targeted co-formulation on Day 7 (n =4, ** p <0.01 and NS =
no significance). (D) Protein expression level of RelA in tumor tissues following the
treatment of folate-targeted co-formulation on Day 7.
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