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Abstract
Introduction  Multiple myeloma (MM) is a hematological blood cancer of the bone marrow that remains largely incurable, 
in part due to its physical interactions with the bone marrow microenvironment. Such interactions enhance the homing, 
proliferation, and drug resistance of MM cells. Specifically, adhesion receptors and homing factors, E-selectin (ES) and 
cyclophilin A (CyPA), respectively, expressed by bone marrow endothelial cells enhance MM colonization and dissemination. 
Thus, silencing of ES and CyPA presents a potential therapeutic strategy to evade MM spreading. However, small molecule 
inhibition of ES and CyPA expressed by bone marrow endothelial cells remains challenging, and blocking antibodies induce 
further MM propagation. Therefore, ES and CyPA are promising candidates for inhibition via RNA interference (RNAi).
Methods  Here, we utilized a previously developed lipid–polymer nanoparticle for RNAi therapy, that delivers siRNA to the 
bone marrow perivascular niche. We utilized our platform to co-deliver ES and CyPA siRNAs to prevent MM dissemination 
in vivo.
Results  Lipid-polymer nanoparticles effectively downregulated ES expression in vitro, which decreased MM cell adhesion 
and migration through endothelial monolayers. Additionally, in vivo delivery of lipid-polymer nanoparticles co-encapsulating 
ES and CyPA siRNA extended survival in a xenograft mouse model of MM, either alone or in combination with the protea-
some inhibitor bortezomib.
Conclusions  Our combination siRNA lipid-polymer nanoparticle therapy presents a vascular microenvironment-targeting 
strategy as a potential paradigm shift for MM therapies, which could be extended to other cancers that colonize the bone 
marrow.
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Introduction

Multiple myeloma (MM) is characterized by an abnormal 
proliferation and accumulation of malignant plasma cells 
in the bone marrow [1, 2]. Current U.S. Food and Drug 
Administration (FDA)-approved MM therapies have shown 
an increase in disease-free survival and have successfully 
improved the overall 5-year survival rate to a 55% [3, 4]. 
For instance, the proteasome inhibitor bortezomib, a therapy 
for newly diagnosed and relapsed/refractory MM patients, 

has shown to be effective and well-tolerated with overall 
response rates over 40% [5]. However, initial remission 
periods last 2 to 3 years [6, 7], with patients developing 
resistance to such therapy, and subsequently facing shorter 
survival times. Thus, there is an urgent clinical need for 
improved therapies against MM.

Given the complexity of the disease, significant efforts 
have been made to understand the biology of MM and the 
implications of the surrounding microenvironment [8–11]. 
Studies have  shown that physical interactions between 
MM cells and the cellular compartment of the bone mar-
row niche enable disease progression and drug resistance 
[12–14]. Therefore, in designing innovative therapies to 
use in MM patients independent of the genomic complexity 
of MM cells, an attractive approach could be to target the 
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physical interactions between MM cells and the bone mar-
row microenvironment. Recent studies have shown that bone 
marrow endothelial cells are major contributors to MM pro-
gression (Fig. 1) [15–17]. Specifically, the adhesion recep-
tor constitutively expressed by bone marrow endothelium 
and responsible for leukocyte recruitment to diseased tissue 
[18, 19], E-selectin (ES), enables cancer cell rolling and 
adhesion to the vasculature contributing to subsequent dis-
semination to distant tissues [17, 20]. Additionally, it had 
been shown that the homing factor cyclophilin A (CyPA), a 
receptor with important roles such as T-cell activation [21], 
is not only expressed but also highly secreted by the bone 
marrow endothelium in the context of MM, and promotes 
their colonization, proliferation, and drug resistant abilities 
of these cancer cells [15]. Thus, inhibition of both ES and 
CyPA could provide a therapeutic strategy to halt MM pro-
gression and evade drug resistance.

Direct and specific inhibition of adhesion receptors and 
homing factors from bone marrow endothelial cells by 
small molecules remains challenging. Thus, ES and CyPA 
are promising candidates for combination RNA interfer-
ence (RNAi) therapy, which inhibits traditionally undrug-
gable targets by reducing their messenger RNA (mRNA) 
expression [22, 23]. Small interfering RNA (siRNA) is a 
valuable tool to treat disease by inhibiting the expression 
of any targeted protein implicated in disease progression 
[24, 25]. However, there are two main challenges that hinder 
the implementation of siRNA therapeutics to treat diseases. 

First, siRNA is unstable in the bloodstream and is quickly 
degraded by nucleases [26, 27]. Further, siRNA cannot 
readily traverse cell membranes without complexation with 
transfection reagents that are not applicable for in vivo use 
[28]. Nanoparticle (NP) delivery systems can overcome 
these obstacles for successful siRNA delivery by protecting 
the siRNA cargo, preventing degradation, and avoiding renal 
clearance while enabling cellular uptake [27]. One example 
of the clinical translation of NPs is the NP-based mRNA 
vaccines against COVID-19, developed by Moderna and 
Pfizer/BioNTech [29], which received FDA emergency use 
authorization in 2020. Therefore, we hypothesized that sup-
pression of ES and CyPA simultaneously from bone marrow 
endothelium using NPs encapsulating siRNA may decrease 
MM extravasation and colonization of bone marrow.

In previous work, we utilized high-throughput screen-
ing of NPs via molecular barcoding to identify an optimal 
NP formulation to enable siRNA delivery to bone marrow 
in vivo [30]. We showed that our NP formulation success-
fully silenced CyPA (siCyPA-NPs) in bone marrow endothe-
lial cells, which decreased MM cell adhesion and invasion 
in vitro, and extended survival in a xenograft mouse model 
of MM. Here, we used our optimal NP formulation to encap-
sulate ES siRNA for effective ES gene silencing in endothe-
lial cells in vitro, which decreased MM cell adhesion to 
endothelial monolayers in vitro. Further, we co-encapsulated 
both ES and CyPA siRNAs for their simultaneous inhibition 
in bone marrow in vivo, and combined it with bortezomib 

Fig. 1   Adhesion receptors and homing factors expressed by bone 
marrow endothelial cells promote myeloma cell dissemination and 
survival. Illustration showing physical interactions between myeloma 
and bone marrow endothelial cells mediated by the adhesion recep-
tor E-selectin, which binds to selectin ligands expressed on the sur-
face of myeloma cells, and the homing factor, cyclophilin A, through 
its axis with CD147. E-selectin induces myeloma cell extravasation 

by (i) rolling and (ii) adhesion of myeloma cells to the vascular lin-
ing, and together with cyclophilin  A, (iii) their transcellular migra-
tion. Cyclophilin  A, on the other hand, acts as a chemoattractant 
promoting the homing, proliferation, survival, and ultimately drug 
resistance of myeloma cells via the CD147 receptor. Created with 
BioRender.com
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for a synergistic therapeutic effect, which led to extended 
survival of mice when compared to our previous studies. 
These data suggest that a vascular microenvironment com-
bination RNAi approach can be utilized as a potential thera-
peutic strategy for MM, and could potentially be utilized to 
treat other cancers that colonize the bone marrow.

Results and Discussion

Polymer‑Lipid siRNA NP Synthesis 
and Characterization

We have previously optimized a NP formulation for effective 
siRNA delivery to bone marrow endothelium using high-
throughput screening via molecular barcoding [30]. This 
formulation consists of a polymer–lipid hybrid material, 
named 7C1, obtained by Michael addition chemistry syn-
thesizing low-molecular weight polyethylenimine (PEI) and 
epoxide-terminated lipids as shown in Fig. 2a [31–34]. Fol-
lowing purification of the polymer–lipid hybrid, NPs were 
formulated by combining an ethanol phase comprised of 
7C1, and C18PEG1000, at a mole ratio of 70:30, respectively, 

with an aqueous phase containing the siRNAs via chaotic 
mixing in a microfluidic device (Fig. 2b). NPs were charac-
terized based on their size, surface charge, and morphology. 
Dynamic light scattering (DLS) measurements showed that 
each NP formulation was between 75 and 90 nm in diame-
ter for ES siRNA (siES)-NPs or NPs co-encapsulating CyPA 
siRNA (siCyPA) and siES, as shown in Fig. 2c,d, and zeta 
potential (ζ) values were around  − 1 mV, with no change 
observed for either NP formulation (Fig. 2c). Cryogenic-
transmission electron microscopy (cryo-TEM) showed that 
NPs had a multilamellar structure and were monodisperse 
(Fig. 2e), corroborating results from our previous studies 
[32, 35].

In Vitro Efficacy of Polymer–Lipid siRNA NPs

We next evaluated the silencing abilities of our NP formu-
lation encapsulating siES on murine endothelial (bEnd.3) 
cells. Using real-time quantitative reverse transcription poly-
merase chain reaction (RT-qPCR), we confirmed effective 
gene knockdown, in a dose-response manner, compared to 
bEnd.3 monolayers treated with scrambled control siRNA 
(siControl)-NPs (Fig. 3a). However, to ensure that our NP 

Fig. 2   Synthesis and characteri-
zation of nanoparticles (NPs) 
co-encapsulating E-selectin 
(ES) and cyclophilin A (CyPA) 
siRNAs. (a) Synthesis of 
the lipid–polymer hybrid 
7C1 through a ring-opening 
reaction. (b) NP formula-
tion diagram demonstrating 
co-encapsulation of ES and 
CyPA siRNAs through chaotic 
mixing in microfluidic devices 
for in vitro and in vivo studies. 
(c) Hydrodynamic diameter 
(HD) measured by dynamic 
light scattering (DLS) and zeta 
potential (ζ) values for NPs 
encapsulating ES siRNA or 
both ES and CyPA siRNAs. 
n = 3 independent experiments. 
Error bars indicate standard 
deviation. (d) Comparison of 
HD against normalized intensity 
for both NP formulations, siES-
NP and siES + siCyPA-NP. n = 3 
independent experiments. Error 
bars indicate standard deviation. 
(e) Cryogenic transmission elec-
tron microscopy (cryo-TEM) of 
siES + siCyPA-NP
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formulation delivers siRNA in vitro safely, HeLa cells that 
stably express firefly and Renilla luciferase were used to 
evaluate siRNA NP-induced cytotoxic effects. HeLa cells 
have been widely utilized to evaluate the in vitro efficacy of 
a variety of NPs due to the cost-effectiveness and simplicity 
of the assay, as its readout can be obtained using a lumi-
nescence microplate reader [31, 36]. Thus, to study cyto-
toxic effects, luciferase siRNA (siLuc) was encapsulated in 
the NP formulation (siLuc-NPs) and administered to HeLa 
cells at concentrations ranging from 0.1 to 100 nM. Both the 
efficacy and safety of our siLuc-NPs were assessed using 
luciferase and luminescence-based assays, which revealed 
that while luciferase expression decreased as a function of 
siRNA concentration (Fig. S1a), no cytotoxic effects were 
observed (Fig. 3b). Further, before proceeding to other 
in vitro studies, we tested whether NP efficacy in deliver-
ing siRNA safely was higher than commercially available 
transfection reagents. Thus, we evaluated, using HeLa cells, 
how our NP formulation performed in comparison to Dhar-
maFECT, a commonly used transfection reagent for siRNA 
delivery [37]. We showed that at a siRNA concentration of 
10 nM, our lead NP formulation silenced luciferase signifi-
cantly when compared to the DharmaFECT treatment (Fig. 
S1b), with no cytotoxic effects observed for either delivery 
method (Fig. S1c). These data further confirm our NP for-
mulation is efficient and safe for siRNA delivery in vitro.

Treating Endothelial Cells with siES‑NPs Disrupts 
Interactions with MM Cells In Vitro

ES is constitutively expressed on the bone marrow endothe-
lium and allows MM cells to roll, adhere, and migrate 
through endothelium to reach distant bone marrow sites 
[17, 20]. Hence, we chose to downregulate ES expression 
to inhibit MM cell extravasation and evade disease spread. 
To evaluate the effect that ES silencing has on MM cell 

transendothelial migration, we conducted transwell assays 
in a co-culture setting using murine endothelial cells as a 
model for bone marrow endothelial cells. bEnd.3 monolay-
ers were seeded and activated with TNF-α, followed by 
treatment with either siControl-NPs or siES-NPs, before 
the addition of Luc+/GFP+ MM.1S cells. After 24 h, we 
measured luminescence signal which revealed a 29% lower 
signal when bEnd.3 monolayers were treated with siES-NPs 
(Fig. 4a). Further, we assessed how the downregulation of 
ES impacted the ability of MM cells to adhere to endothe-
lial monolayers. In a similar setting, we co-cultured bEnd.3 
cells, either treated with siControl-NPs or siES-NPs, with 
Luc+/GFP+MM.1S cells, and observed 85.8% less adhe-
sion of MM cells to monolayers when these were treated 
with siES-NPs (Fig. 4b), which was also demonstrated using 
confocal microscopy by the number of GFP + cells (Fig. 4c). 
These results demonstrate that knockdown of ES expressed 
by endothelial cells hinders the capability of MM cells to 
adhere and migrate across endothelial monolayers, which 
we anticipate could hinder MM progression in vivo. Col-
lectively, these data suggest that siES-NPs induce potent 
gene silencing in endothelial monolayers and significantly 
reduce MM cell extravasation in vitro, and lay the founda-
tion to evaluate this strategy in vivo.

Co‑treatment of siES + siCyPA‑NPs and Bortezomib 
Extends Survival in a Xenograft Mouse Model of MM

Given our previous work where we demonstrated that inhi-
bition of CyPA in combination with bortezomib extended 
survival in a mouse model of MM [30], and by confirming 
that downregulation of ES disrupts physical interactions 
between MM and endothelial cells in vitro, we proceeded 
to co-encapsulate siES and siCyPA to probe the therapeu-
tic efficacy of our combination RNAi strategy in vivo. To 
determine overall survival of mice, we injected 2 × 106 

Fig. 3   Gene silencing and cytotoxicity of siES-NPs in  vitro. (a) ES 
gene expression from murine endothelial cells (bEnd.3) treated with 
1–60 nM of siControl-NPs or siES-NPs for 24 h prior to RT-qPCR 
analysis. n = 6 independent experiments. Error bars indicate standard 

deviation. (b) HeLa cell viability 24 h after treatment with 1–100 nM 
of siControl-NPs or siLuc-NPs. n = 3 independent experiments. Error 
bars indicate standard deviation
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Luc+/GFP+MM.1S cells via tail vein injection on day 0, 
and allowed tumors to grow for 30 days prior to treatment 
(Fig. 5a). On day 30, mice were intravenously injected with 
1.0 mg/kg of siES + siCyPA-NPs with or without 0.5 mg/
kg of bortezomib. These treatments were repeated twice 
per week, with NPs being injected intravenously, and bort-
ezomib intraperitoneally. The results showed an extended 
survival of up to 100 days when mice were treated with 
siES + siCyPA-NPs and bortezomib combined, compared to 
65 days for those treated with siES + siCyPA-NPs or bort-
ezomib alone (Fig. 5b). Notably, our results showed simi-
lar survival of mice when treated with bortezomib or 
siES + siCyPA-NPs, suggesting that downregulation of ES 
and CyPA is vital to increase the therapeutic effect of bort-
ezomib in vivo. Remarkably, these data indicate targeting 
the physical interactions that are primarily mediated by ES 

and CyPA decreases MM spread, which is confirmed by 
extended survival in a mouse model of MM.

Conclusion

Here we used a previously developed NP formulation by 
our group [32] for siRNA delivery to inhibit the adhesion 
molecule and homing factor, ES and CyPA, respectively, 
in bone marrow for MM therapy in vivo. ES and CyPA 
have been shown to play key roles in the extravasation, 
proliferation, survival, and drug resistance of MM [15–17, 
20]. Thus, we sought to simultaneously inhibit ES and 
CyPA expression in bone marrow using NPs in vivo, and 
assess the effect of this strategy in treating MM. In previ-
ous work [30], we demonstrated effective siRNA-NP-based 

Fig. 4   Disruption of physical interactions between myeloma and 
endothelial cell  monolayers via NP-based siRNA silencing of ES. 
(a) Myeloma cell invasion through monolayers of bEnd.3 cells 
treated with 60  nM siControl-NPs or siES-NPs. n = 3 independent 
experiments, ****p < 0.0001. Error bars indicate standard devia-

tion. (b) Myeloma cell adhesion to bEnd.3 monolayers treated with 
60 nM of siControl-NPs or siES-NPs. n = 4 independent experiments, 
*p < 0.01. Error bars indicate standard deviation. (c) Representative 
images showing myeloma cell adhesion to bEnd.3 monolayers treated 
with 60 nM of siControl-NPs or siES-NPs. Scale bars: 50 µm
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inhibition of CyPA both in vitro and in vivo, and showed 
that disrupting the physical interactions between MM cells 
and bone marrow endothelial cells, mediated by CyPA, 
decreased the ability of MM cells to invade and adhere 
to bone marrow endothelium. Moreover, we showed that 
combining siCyPA-NPs, with or without bortezomib, 
decreased tumor burden, extended survival of mice, and 
increased the therapeutic effect of bortezomib in a mouse 
model of MM. Therefore, in this work, we explored the 
effects of inhibiting ES expressed by endothelial monolay-
ers in vitro, and found that when ES was downregulated, 
MM cell adhesion and migration through endothelial mon-
olayers was reduced when compared to the untreated mon-
olayers. Thus, we hypothesized that simultaneous inhibi-
tion of ES and CyPA, whose overexpression and secretion, 
respectively, play a role in MM progression, would pro-
vide a strategy to further disrupt interactions between MM 
cells and the bone marrow endothelium, reducing MM 
cell dissemination to distant bone marrow sites. Our data 
confirmed in vivo administration of siES + siCyPA-NPs 
extended survival of mice similarly to bortezomib-treated 

mice, and suggested that a combination of siES + siCyPA-
NPs with bortezomib created a synergistic effect that sen-
sitized MM cells to bortezomib therapy. Of note, some 
limitations in our study include the potential side-effects 
of suppressing ES and CyPA simultaneously in the context 
of the immune system [38], given their important roles in 
leukocyte recruitment and T-cell activation, respectively. 
Future studies are needed to address these potential effects 
using immunocompetent mice and eventually non-human 
primates to effectively assess the safety of our siRNA NP 
strategy. In conclusion, this proof-of-concept study pre-
sents a vascular microenvironment combination RNAi 
therapy for MM, as means to evade its spreading and over-
come drug resistance, which can potentially be applied to 
target other vascular beds within the body to treat other 
malignancies. Overall, the present work demonstrates the 
impact of the surrounding bone marrow microenvironment 
on MM cells, particularly on the adhesion, migration, and 
spreading of MM cells, and how targeting these interac-
tions between the microenvironment and MM cells using 
siRNA NP technology is a promising way to treat MM.

Fig. 5   NP co-delivery of ES and 
CyPA siRNAs in combination 
with bortezomib extends overall 
survival. (a) Treatment regimen 
carried out for the in vivo stud-
ies. Mice were injected I.V. with 
Luc+/GFP+MM.1S on Day 
0, and treatment groups (PBS, 
bortezomib, siES + siCyPA-
NPs, or siES + siCyPA-
NPs + bortezomib) were 
injected I.V. or I.P. twice a week 
on Day 30. (b) Survival data of 
mice with myeloma tumors fol-
lowing treatment groups. n = 10 
mice/group, ****p < 0.0001 
with log-rank test
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Materials and Methods

Polymer–Lipid Synthesis

Polymer–lipids were synthesized by reacting low molecular 
PEI (Sigma-Aldrich, St. Louis, MO, US) with C15 epoxide 
terminated alkyl tails (Tokyo Chemical Industry, Tokyo, 
Japan) at 90 °C in 100% ethanol for 48–72 h at a 14:1 molar 
ratio as described previously (Fig. 2a) [31]. Polymer–lipids 
were purified via flash chromatography to separate the opti-
mized hydrophobic C15:hydrophilic PEI ratio, as described 
previously [31, 32].

Polymer–Lipid NP Formulation

NPs were formed by combining an aqueous phase containing 
siRNA with an ethanol phase containing the polymer–lipid 
and a polyethylene glycol (PEG)-lipid conjugate via con-
trolled mixing in a microfluidic device [23]. Specifically, the 
ethanol phase contained the polymer–lipid (7C1) and a PEG-
lipid conjugate (C18), PEG molecular weight (1000 kDa), 
at a PEG mole percentage of 30% by weight (Avanti Polar 
Lipids, Alabaster, AL, US) as shown in Fig. 2b. The aque-
ous phase was prepared in 10 mM citrate, pH 3.0 buffer 
(Teknova, Hollister, CA, US) with scrambled control siRNA 
(siControl), ES siRNA (siES), or siES and CyPA siRNAs 
(siCyPA) (siES + siCyPA). Syringe pumps were used to per-
fuse the ethanol and aqueous phases at a 2.5:1 ratio through 
the microfluidic device. The resulting NPs were dialyzed 
against PBS at room temperature for 2 h and then extruded 
through a 0.22 μm sterile filter (Genesee Scientific, San 
Diego, CA, US).

NP Characterization

siRNA concentration and encapsulation in NPs was deter-
mined using a NanoDrop Spectrophotometer (Thermo Fisher 
Scientific, Waltham, MA, US) and a modified Quant-iT 
RiboGreen RNA assay (Thermo Fisher Scientific), as pre-
viously described [35, 39]. NP hydrodynamic diameter and 
polydispersity (PDI) were measured using a Zetasizer Nano 
ZS machine (Malvern Panalytical, Malvern, UK). For analy-
sis of NP structure using cryogenic-transmission electron 
microscopy (cryo-TEM), NPs samples were prepared in a 
vitrification system (25 °C, ~ 100% humidity). Briefly, 3 μL 
sample of NP solution was dropped on a lacey copper grid 
coated with a continuous carbon film and blotted to remove 
excess sample without damaging the carbon layer. A grid 
was mounted on a Gatan 626 single tilt cryogenic holder 
equipped in the TEM column. Images of NP samples were 
recorded on an UltraScan 1000 CCD camera (Gatan, Pleas-
anton, CA, US).

Cell Culture

The mouse endothelial cell line bEnd.3 (ATCC no. CRL-
2299) and HeLa cells (ATCC no. CCL-2) were cultured in 
DMEM medium (Thermo Fisher Scientific, Waltham, MA, 
US) supplemented with 10% of fetal bovine serum (FBS) 
and 1% penicillin-streptomycin. MM.1S (ATCC no. CRL-
2974) cells were cultured in RPMI 1640 medium (Thermo 
Fisher Scientific) supplemented with 10% FBS and 1% peni-
cillin-streptomycin. All cell lines were grown at 37 °C under 
a 5% CO2 humidified atmosphere until confluence.

ES Silencing

To investigate ES silencing efficiency, bEnd.3 cells were 
plated in 24 well plates (150,000 cells per well) and incu-
bated for 24 h prior to endothelial activation with TNF-α 
(10 ng/mL) for 4 h, following treatment with siControl-NPs 
or siES-NPs. A serial dilution of each siRNA NP formula-
tion in PBS was prepared at concentrations of 1–60 nM of 
siRNA. Samples were then incubated for 24 h prior to gene 
expression analysis. Cells were washed with PBS and har-
vested using 0.25% trypsin. Cells were disrupted and resus-
pended in TRIzolTM (Thermo Fisher Scientific, Waltham, 
MA, US) and RNA was extracted following the manufactur-
er’s protocol. Briefly, 2 µg of RNA was DNAse treated using 
in a 10 µL reaction containing 1 U/μL RQ1 DNAse, 1× RQ1 
DNAse buffer, and 20 U/μL RNAse inhibitor for 30 min at 
37 °C and stopped with the addition of 1 µL STOP solution 
followed by a 10-min incubation at 65 °C. One microliter 
Oligo dT was added to each reaction and denatured for 5 min 
at 70 °C and moved immediately to ice. Reverse transcrip-
tion of the DNAse-treated RNA was carried out in a 20 µL 
reaction using 1 µL GoScript Reverse Transcriptase (Pro-
mega, Madison, WI, US) containing a final concentration 
of 1× GoScript Reaction Buffer, 2.5 mM MgCl2, 0.5 mM 
dNTPs using the following cycling: 25 °C for 5 min, 42 °C 
for 1 h, 70 °C for 15 min, 4 °C hold.

NP Efficacy and Safety In Vitro

To determine efficacy and safety of our NPs in vitro, HeLa 
cells were plated in 96-well plates (10,000 cells/mL) and 
treated either with siControl-NPs, siLuc-NPs, or Dharma-
FECT followed by a 24-h incubation. Twenty-four hours 
after, either a Luciferase Assay System (Promega, Madi-
son, WI, US) or a CellTiter-Glo Luminescence Cell Viabil-
ity Assay (Promega) were carried out using a microplate 
reader to determine siRNA transfection efficiency and tox-
icity, respectively, following the manufacturer’s protocol. 
All quantifications were done by normalizing experimental 
groups to the untreated cells group.



	 C. G. Figueroa‑Espada et al.

1 3

Transendothelial Migration Assays

To perform the migration assay, a CytoSelectTM Tumor 
Transendothelial Migration Assay (Cell Biolabs, Inc., San 
Diego, CA, US, Catalog No. CBA-216) was used follow-
ing the manufacturer’s instructions. Briefly, each insert was 
seeded with 1 × 105 bEnd.3 cells in 24-well plates contain-
ing culture medium (DMEM supplemented with 10% FBS 
and 1% penicillin-streptomycin) for 48 h, prior to activation 
with TNF-α (10 ng/mL) for 4 h, following treatment with 
siControl-NPs or siES-NPs. Luc+/GFP+MM.1S cells were 
labeled with CytoTracker and then added to the correspond-
ing inserts. After 24 h of incubation, cells were lysed and 
mixtures were transferred to a 96-well plate for fluorescence 
readout at 480 nm/520 nm using a plate reader. Migration 
data were normalized using data obtained with medium 
alone. Results are mean ± standard deviation for triplicate 
assays.

Cell Adhesion Assays

To investigate cell adhesion, bEnd.3 cells were plated in 
8-well chambers (ibidi GmbH, Munich, Germany) or 
96-well plates (15,000 cells/mL per well) and incubated for 
48–72 h prior to TNF-α (10 ng/mL) treatment for 4 h. Fur-
ther, MM.1S cells (35,000 cells/mL per well) were added 
on top of bEnd.3 monolayers 24 h after these were treated 
with siControl-NPs (60 nM) or siES-NPs (60 nM). Monolay-
ers were stained with phalloidin (red) and DAPI (blue) for 
easier GFP + MM.1S identification, and fixed with 4% (wt/
vol) paraformaldehyde (PFA) prior to imaging. The adhesion 
of Luc+/GFP+MM.1S cells was determined after co-culture 
with bEnd.3 cells and treatment as described above, using 
confocal microscopy.

Animal Studies

All animal procedures conducted at the University of Penn-
sylvania were approved by the Institutional Animal Care and 
Use Committees (IACUC), and were in accordance with 
local, state, and federal regulations. For the in vivo studies, 
female Nod/SCID mice were intravenously (I.V.) injected 
with Luc+/GFP+MM.1S cells and were randomly divided 
into four groups after 30  days (n = 10). After injecting 
MM.1S cells, on day 30 mice were treated with the follow-
ing: (i) PBS, (ii) free drug (bortezomib), (iii) siES + siCyPA-
NPs, and (iv) siES + siCyPA-NPs and bortezomib. Mice 
were injected intraperitoneal (I.P.) twice a week with 0.5 mg/
kg bortezomib or via I.V. injection of siES + siCyPA-NPs 
(1.0 mg/kg). Mice were sacrificed when they had hindlimb 
paralysis, cachexia, weight loss of > 15%, or become mori-
bund. Survival data of mice with MM.1S tumors following 
treatment was assessed.

Statistics

All analyses were performed using GraphPad Prism 9 (La 
Jolla, CA, US) software; specifically statistical analyses 
were carried out with unpaired 2-tail t-test unless otherwise 
stated. Data were plotted as mean ± standard deviation.
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