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ARTICLE INFO ABSTRACT

Keywords: Rhabdomyosarcoma (RMS) is the most common pediatric soft tissue sarcoma. More effective and less toxic
T.argeted drug delivery therapies are urgently needed for high-risk patients. Peptide-guided targeted drug delivery can increase the
Liposomes therapeutic index of encapsulated drugs and improve patients’ well-being. To apply this strategy to RMS, we
iﬁi;ﬁﬁﬁyosarmma identified the peptide F3 in a screening for peptides binding to RMS cells surface. F3 binds to nucleolin, which is
Vincristine present on the surface of RMS cells and is abundantly expressed at the mRNA level in RMS patients’ biopsies
F3 peptide compared to healthy tissues. We developed a rapid microfluidic formulation of F3-decorated PEGylated lipo-

somes and remote loading of the chemotherapeutic drug vincristine. Size, surface charge, drug loading and
retention of targeted and control liposomes were studied. Enhanced cellular binding and uptake were observed in
three different nucleolin-positive RMS cell lines. Importantly, F3-functionalized liposomes loaded with vincris-
tine were up to 11 times more cytotoxic than non-targeted liposomes for RMS cell lines. These results demon-
strate that F3-functionalized liposomes are promising for targeted drug delivery to RMS and warrant further in
vivo investigations.

indistinguishable from fusion-negative (FN) RMS [4]. Surgery, chemo-
therapy, and radiotherapy are the main therapeutic approaches to treat

1. Introduction

1.1. Rhabdomyosarcoma

Rhabdomyosarcoma (RMS) is the most common soft tissue sarcoma
and accounts for more than half of soft tissue sarcomas in pediatric
patients [1]. Histology separates four major subtypes: embryonic RMS
(eRMS) and alveolar RMS (aRMS) account respectively for 60-70 % and
20-30 % of all cases whereas pleomorphic (pRMS) and spindle cell/
sclerosing (s-scRMS) account for 7-15 % of the cases [2]. The aggressive
aRMS tumors carry one of two characteristic chromosomal trans-
locations, t(2;13)(q35;q14) or t(1;13)(p36;q14) that result in the
expression of PAX3-FOXO1 or PAX7-FOXO1 fusion transcription factor,
respectively [3], and are therefore now classified as fusion-positive (FP)
RMS. Embryonal RMS tumors have a better prognosis and are clinically

local and metastatic disease. Prior to the introduction of multi-agent
therapy in 1969, the overall survival was less than 25 %, and over the
past four decades it has improved significantly reaching up to 70 % [5].

Today, the standard systemic chemotherapy administered consists in
a combination of vincristine (VCR), actinomycin-D, and cyclophospha-
mide in the VAC regimen [6,7]; cyclophosphamide can be substituted by
ifosfamide in the VAI regimen [8]. Especially metastatic RMS still has a
bad prognosis with very low survival rates [9]. The current treatments
are highly aggressive and can cause lifelong debilitating side effects. One
of the chemotherapeutics widely used is VCR, which is known to cause
severe peripheral neuropathy as acute and long-term toxicity. The
quality of life of children under treatment [10], as of survivors [11] is
therefore significantly affected.
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Increase of therapeutic response and reduction of side effects has
been realized by using drug carriers for selective uptake [12]. Multiple
technologies have been applied in nanoparticles delivery platforms,
such as liposomes [13], polymeric [14], and inorganic nanoparticles
[15]. Several of these have reached the clinical testing phase also for
pediatric tumors [16]. In 1995, the liposomal formulations of doxoru-
bicin Doxil®, coated with polyethylene glycol (PEG) [17], and the non-
PEGylated Myocet® [18], were the first cancer nanomedicines to be
approved by the FDA. Both drugs achieved a lower toxicity profile and
improved efficacy compared to the free drug. In 2012, VCR sulfate
liposome injection, Marqibo®, a non-PEGylated liposomal formulation
of VCR, was granted accelerated approval by the FDA for relapsed acute
lymphoblastic leukemia [19]. Interestingly, the tolerability of Marqibo®
in pediatric patients, including one patient with RMS, was acceptable
within the applied dose (Phase I trial, NCT01222780) [20]. We previ-
ously have reported prolonged circulation and increased tumor accu-
mulation of VCR loaded into sphingomyelin/cholesterol-based
liposomes, formulation similar to Marqibo®, modified with PEG groups
[21].

Active targeting by surface modification of the liposomes is a strat-
egy with the potential of improving drug delivery and decrease systemic
toxicity in pediatric population [22]. Next to antibodies and their
fragments, peptides represent a versatile tool for targeted approaches
due to the ease of synthetic production, conjugation, and stability under
physiological conditions [23]. We identified by in vivo phage display
novel peptides selectively binding to RMS cells [24,25]. One of the
candidate-lead peptides, the furin-binding peptide TmR, was tested on
RMS cells. Despite increased binding in vitro, no increased accumulation
of VCR in RMS tumor compared to non-targeted VCR-loaded liposomes
was observed in vivo [21]. Therefore, we used another approach and
tested a panel of known tumor targeting peptides against RMS-
overexpressed surface molecules [26]. The nucleolin (NUCL) targeting
peptide F3, identified originally as the minimal sequence required for
tumor homing of a fragment of HMGB1 isolated by in vivo phage display
on tumor vasculature [27], was the best RMS-targeting peptide, with a
stronger binding to RMS cells compared to TmR [26]. NUCL was sub-
sequently identified as target of the F3 peptide by co-precipitation [28].
NUCL is a multifunctional protein localized primarily in the nucleolus,
but also found in the nucleoplasm, cytoplasm, and cell membrane
[29,30]. It is involved in several aspects of DNA metabolism, and par-
ticipates extensively in RNA regulatory mechanisms [31]. NUCL over-
expression and increased localization on the cell membrane of cancer
cells and angiogenic blood vessels is a common feature of several cancers
[28,32], making it an attractive target for cancer therapies [33-35].
Interestingly, recent pre-clinical studies have shown that pH-sensitive
F3-modified liposomes loaded with doxorubicin are effective in target-
ing and suppressing tumor growth of mesothelioma [36], and of neu-
roblastoma tumors [37].

Here, we establish a rapid and robust microfluidic-based formulation
of VCR-loaded liposomes functionalized with the NUCL-targeting F3
peptide. We have studied how F3-surface modification affects the drug
loading and retention, and verified in vitro binding, internalization, and
cytotoxicity of VCR-loaded liposomes in RMS cells.

2. Materials and methods
2.1. Materials

Egg sphingomyelin was provided by Lipoid (581010-2200003-01/
901, Lipoid GmbH, Germany). Cholesterol (C3045) was purchased from
Sigma Aldrich (Buchs, Switzerland). N-palmitoyl-sphingosine-1-{succi-
nyl[methoxy(polyethylene glycol)2000]} (Avanti C16 PEG2000 Cer-
amide, 880180P), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[maleimide(polyethylene glycol)-2000] ammonium salt (Avanti DSPE-
PEG2000-maleimide, 880126P) were purchased from MERCK (Buchs,
Switzerland). 1,1-dioctadecyl-3,3,3,3-tetramethylindotricarbocyanine
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iodide (DiO) was purchased from Abcam (ab189809). As control pep-
tide, the AA peptide (ASKKPAANIKA) was chosen since it does not bind
RMS cells as described previously [26]. F3 peptide (KDEPQRRSARL-
SAKPAPPKPEPKPKKAPAKK) and AA were modified with additional Cys
at the C-terminus, with N-terminus acetylation and C-terminus amida-
tion, and custom synthesized by Genecust at > 95 % purity (Boynes,
France). 4,6-Diamidino-2-phenyl-indol-dihydrochlorid (DAPI, D9542)
and thiazolyl blue tetrazolium bromide (MTT, M2128) were purchased
from Sigma Aldrich. Clinical grade Vincristine sulphate was purchased
from Teva (Jona, Switzerland), and Doxorubicin (Adriblastin) from
Pfizer (Zurich, Switzerland).

2.2. Cell lines

The rhabdomyosarcoma (RMS) cell lines RMS, Rh28, Rh30, Rh4,
Rh5, JR and Rh36, Rh18, TTC-442, RUCH-3, RD, and human fetal lung
fibroblast MRC-5 cells, kindly provided by Prof. Beat Schafer (University
Children’s Hospital of Zurich), were cultivated in Dulbecco’s modified
Eagle’s medium (1-26F01-1, BioConcept) with 10 % FBS (10270106,
Thermo Fisher Scientific) and 100 U/mL penicillin, 100 pg/mL strep-
tomycin (4-01F00-H, BioConcept). Immortalized human healthy pri-
mary myoblasts KM155C25Dist (referred to as myoblasts), kindly
provided by the platform for immortalization of human cells MyoLine
from the Institut de Myologie (Sorbonne University, Paris, France), were
cultured in Skeletal Muscle Cell Growth Medium (C-23060, PromoCell),
supplemented with Skeletal Muscle Cell Growth Medium Supple-
mentMix (C-39365, PromoCell). RMS cells were verified by STR analysis
and tested negative for mycoplasma.

2.3. Surface proteomics

Subconfluent cells from six P15 cell culture dishes (639160, Greiner
Bio-One) were collected, and membrane/surface proteins were enriched
by differential centrifugation as described previously [38]. Briefly, the
plasma membrane protein fraction was enriched after removal of nuclei
and other subcellular compartments and separated by SDS-PAGE. The
enriched plasma membrane proteins were digested, loaded onto a pre-
column (C18 PepMap 100, 5 um, 100 A, 300 um i.d. x 5 mm length,
Thermo Fisher Scientific), and eluted in backflush mode onto a C18
column (CSH Waters column, 1.7 pm, 130 108, 75 pm x 20 cm, Waters).
The HPLC column effluent was directly coupled to a mass spectrometer
via a nano-spray ESI source. The MaxQuant label-free quantification
(LFQ) algorithm was used to analyze abundance of the peptides in the
samples. LFQ (label-free quantitation) intensity was taken for quantifi-
cation and ANOVA analysis of differential expression.

2.4. Conjugation reaction

The targeted liposomes were prepared by incorporating DSPE-PEG-
peptide into the lipid layer of liposomes by performing pre-
formulation conjugation of DSPE-PEG-maleimide with the C-terminal
Cys (C) included in the peptides. In order to identify the most suitable
and efficient solvent for the reaction, different conditions were tested
(Supplementary Figure S1). Eventually, the peptide and DSPE-PEG-
maleimide were mixed at a ratio 1:1, at a concentration of 1.2 mM, in
anhydrous DMSO and stirred for 24 h at 25 °C.

Quantitative control was performed by taking aliquots of the reac-
tion mixture for HPLC quantification of unreacted peptide as described
below, in 2.10; qualitative control was performed by matrix-assisted
laser desorption/ionization time-of-flight (MALDI-TOF). In details, an
a-cyano-4-hydroxycinnamic acid matrix was used and mixed with an
aliquot of reaction mixture prior to measurement. The yield of the
conjugation reaction was defined by the following formula:

Pept. initial] — [Pept. unreacted)

Conjugation efficiency (%) = 100% x [ [Pept. initial]
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2.5. Liposome formulation

Liposomes were formulated with egg sphingomyelin (E), cholesterol
(C), PEG Ceramide (PEGC), DiO, and DSPE-PEG2000-maleimide (DPEG-
mal) or DSPE-PEG2000-peptide (DPEG-pep) at the mol% ratio E:C:
PEGC:DiO:DPEG-mal/DPEG-pep of 49.8:45:4:0.2:1 by microfluidic
rapid mixing using the Nanoassemblr Ignite (Precision NanoSystems,
Vancouver, Canada). The presence of DPEG-pep in the crude reaction
was verified by MALDI. DPEG-pep conjugate was mixed with the lipid
composition without any purification step due to high efficacy of the
conjugation. Briefly, a 1 or 2 mL syringe containing the lipid mixture in
ethanol:DMSO (58:42 v/v) was inserted in one of the two inlets. The
second inlet had a 5 mL syringe with freshly filtered citrate buffer pH
3.0. Total concentration of the lipid solution prior to mixing was 33.27
mg/mL (50 mM). The microfluidics system was set up with a Total Flow
Rate (TFR) of 12 mL/min; and a Flow Rate Ratio (FRR) of 3:1 of citrate
buffer:EtOH. Initially, different FRRs, between 1.5:1 and 4.5:1, were
tested. Ethanol was removed by dialysis against citrate buffer pH 3.0
using a Slide-A-Lyzer Dialysis Cassette G2 (87730, Thermo Fisher Sci-
entific) for 2 h at 25 °C followed by buffer change and overnight dialysis
at 4 °C. Ultrafiltration was performed with Amicon Ultra 0.4, 10 kDa
MWCO (UFC801024, Merck Millipore) in order to concentrate the li-
posomes solutions. The concentration of the liposomes throughout the
downstream procedures was quantified and equilibrated by measuring
the fluorescence of DiO, to compensate possible losses after dialysis,
ultrafiltration, and during drug loading. The concentration of liposomal
formulations was indirectly monitored by measuring the fluorescence
with a SpectraMax M2 microplate Reader (Molecular Devices, Bucher
Biotech, Basel, Switzerland) with Excitation at 488 nm and Emission at
501 nm. For fluorescence-based experiments, the samples were
normalized by DiO fluorescence assuming homogeneous incorporation.

Hydrodynamic diameter and polydispersity index (PDI) were
measured by dynamic light scattering (DLS, Litesizer 500, Anton Paar,
Buchs, Switzerland) before and after drug loading using refractive index
of 1.46 and a viscosity of 0.8914 mPa/s in 10 mM Nacl at a total lipid
concentration of approximately 0.5 mM in standard disposable poly-
styrene cuvettes (30 runs, 10 sec). Zeta potential of liposomes was
measured via electrophoretic light scattering (ELS) according to Smo-
luchowski approximation with a Debye factor 1.5 (100 runs). Mea-
surements were done in 10 mM NacCl using Omega Cuvette (Anton Paar).

2.6. Vincristine loading and liposomes stability

Vincristine sulfate (VCR) was remotely loaded into the liposomes by
means of a transmembrane pH-gradient, as previously described [21].
Briefly, VCR solution was brought to pH 7.2 with 0.5 M NayHPO4. First,
liposomes buffer was changed from citrate buffer pH 3.0 to HBS buffer
pH 7.4 (HEPES buffer saline: 20 mM HEPES, 150 mM NaCl) using
Sephadex G25 column (PD MiniTrap, Sigma). A drug-to-lipid ratio of
0.1:1 w/w was chosen as the most effective for VCR encapsulation, and a
mixture of liposomes with approximately 0.4 mg/mL VCR was incu-
bated in a water bath at 65 °C for 1 h. Free VCR was removed by two
subsequent ultrafiltration runs (UFC510024, Amicon Ultra 0.5, 100 kDa
MWCO, Merck Millipore). The filtrate was recovered from the Ultracel®
ultra-low protein binding regenerated cellulose membrane. The encap-
sulation efficiency (EE) was quantified according to the following
equation: EE (%) = [VCR encapsulated]/[VCR total], where [VCR
encapsulated] corresponds to the encapsulated VCR concentration
determined by HPLC as described below in 2.10 and [VCR total] cor-
responds to the total VCR concentration. To test drug retention under
physiological conditions, VCR-loaded liposomes were mixed with 50 %
FBS in HBS pH 7.4 and incubated at 37 °C in a water bath. Initial con-
centration of VCR in liposomes was 40 pg/mL, with total lipid concen-
tration of 0.4 mg/mL. Aliquots of 100 pL were taken after 0, 4, 8, 12, 24
and 48 h. The released VCR was separated from the liposomal VCR by
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ultracentrifugation (Optima™ MAX-XP centrifuge, Beckman Coulter,
Nyon, Switzerland) at 100'000 x g for 3 h at 10 °C [39]. VCR in the
supernatant was quantified by HPLC (see 2.10).

2.7. Flow cytometry

In vitro binding of liposomes to RMS cells was evaluated using flow
cytometer CytoFLEX (Beckman Coulter). To achieve the optimal density
of cells, 20'000 RD and Rh30 cells, 30'000 Rh4 cells, or 10'000 MRC-5
cells were plated in a 96-well plate and incubated overnight. Lipo-
somes were added at a total lipid concentration of 0.01 mM in full
growth medium for 2 h incubation at 37 °C and 5 % COa. Cells were
washed twice with DPBS (D1408, Sigma Aldrich) and detached with
Accutase for 10 min at 37 °C (Thermo Fisher Scientific). Gating strategy
included debris and doublets discrimination as well as nonviable cells
exclusion using 7-amino-actinomycin D (7-AAD, 00-6993-50, Thermo
Fisher Scientific). The geometric mean of the fluorescent intensity (MFI)
measured at 488 nm was used to quantify binding of liposomes formu-
lated with the green lipophilic dye DiO. Data was analyzed with FlowJo
v10.8 software (BD Life Sciences).

2.8. Fluorescence microscopy

To have the optimal cell confluency for internalization analysis by
microscopy, 10'000 cells (Rh30, RD) or 20'000 (Rh4) were seeded on 8-
well chamber cover glass slides (80826, Ibidi, Grafelfing, Germany).
17’500 cells (MRC-5) were seeded on 8-well chamber slide with
removable wells (Nunc™ Lab-Tek™ II, 154534, Thermo Scientific).
Cells were incubated with 0.5 mM liposomes (total lipid concentration)
in full growth medium for 2 h at 37 °C in a humidified incubator with a 5
% CO, atmosphere. After incubation, cells were washed with 200 uL
PBS, fixed with 2 % PFA (28908, Thermo Fisher Scientific) for 15 min at
25 °C. To remove residual fixator, cells were washed for 5 min three
times with Tris saline buffer (TBS) and DAPI in TBS was added for 2 min
prior to mounting with a chamber-compatible medium (50001, Ibidi).
The confocal microscope LSM 710 (Carl Zeiss, Germany) was used to
acquire and analyze Z-stacks by detecting DiO embedded in the lipo-
some bilayer in RD, Rh4, and Rh30 cells (Ex/Em 485/500). The wide-
field microscope Axio Imager Z2 (Carl Zeiss, Feldbach, Switzerland)
was used to acquire images of MRC-5 cells with a 40x objective. The
images were further processed by ZEN 3.4 (blue edition) Software (Carl
Zeiss).

2.9. MTT cell viability assay

Cytotoxicity of liposomes containing VCR was evaluated in RMS cell
lines Rh30, Rh4, and RD. To achieve optimal cell density at the time of
experiment, cells were seeded at a density per well of 2’500 cells for RD
and Rh30, or 7'000 cells for MRC-5 in 96-well plates, grown overnight,
and incubated in full growth medium with increasing concentrations of
free VCR or liposomal encapsulated VCR for 2 h at 37 °C in a humidified
incubator with a 5 % CO5 atmosphere, followed by a wash with room-
temperature PBS and growth medium replacement. Cells were incu-
bated for additional 48 h and cell viability was analyzed according to
standard MTT protocol. Briefly, 50 pyL of MTT 5 mg/mL in PBS were
added to the wells and incubated for 3.5 h at 37 °C, medium was
removed and 150 uL. MTT solvent (4 mM HCI, 0.1 % Nonidet P-40
(NP40) in isopropanol) were added. After 1 h RT under gentle shaking,
the optical density (OD) was read at 590 nm with reference filter at 620
nm in a Sunrise spectrophotometer (Tecan). In order to define ECs, the
dose-response curve was plotted on the normalized values, where un-
treated cells were taken as 100 % and the bottom of the curve as 0 %.
Normalized dose-response curves were fitted to the data points by
nonlinear regression analysis using GraphPad Prism.
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2.10. Clustering of surface nucleolin in the presence of micelles composed
of F3 peptide

The experiment method was adapted from Fonseca et. al [36] as
follows: 100'000 RD cells were incubated with 10 pg/mL anti-NCL-
Alexa®488 antibody (mouse, 364-5 clone, Abcam) for 30 min at 37 °C
in the presence or absence of 16.7 uM of LIPO-F3 or LIPO-AA in PBS with
1 % BSA. As controls, the respective IgG isotype was used at the same
concentrations. Cells were then washed twice with PBS and stained
nonviable cells exclusion using 7-amino-actinomycin D (7-AAD,
00-6993-50, Thermo Fisher Scientific). Liposomes were formulated as
described above, but without the fluorescent dye DiO.

2.11. HPLC quantification of peptides and vincristine

The HPLC protocol to quantify unreacted peptides was developed
using acetonitrile with 0.1 % trifluoroacetic acid (TFA) as mobile phase
A and MilliQ water with 0.1 % TFA as mobile phase B. A linear gradient
from 90 % B to 75 % was kept for 15 min, followed by 2 min with 75 % to
90 % B at a flow rate of 1 mL/min, with a reverse phase C18 column
(Nucleosil 100-5 C18, 720014.40, Macherey-Nagel) maintained at
25 °C. The absorbance detection wavelength was set at 220 nm at UPLC
system (Ultimate 3000 HPLC with DAD-3000, Thermo Fisher
Scientific,).

VCR quantification was performed using a RP-18 (5 ym, L x L.D. 25
cm x 4.6 mm) LiChrospher® 100 column (Merck Millipore). Isocratic
elution created by 68 % of phosphate buffer pH 3.2 (33 mM dipotassium
phosphate, 22 mM phosphatic acid) and 32 % of acetonitrile/UPW 90/
10 (v/v). Prior to run, liposomes were disrupted by mixing with EtOH
(1:2, v/v), vortexing for 10 min, and centrifugation to remove any
precipitate. Doxorubicin was added to a final concentration of 82 pg/mL
and used as an internal standard. The length of the run was 16 min at a
flow rate of 1.5 mL/min. The highest signal was measured at 296 nm.

2.12. Statistical analysis

Unless otherwise stated, statistical analysis was performed with
GraphPad Prism software, version 10.1 (GraphPad Software, San Diego,
CA). The statistical significance was evaluated by the paired Student’s t-
test and the Mann-Whitney test, with a threshold of p < 0.05.
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3. Results
3.1. Nucleolin expression in rhabdomyosarcoma cell lines

As previously reported, quantum dots conjugated with the nucleolin
(NUCL) binding peptide F3 bind very strongly to RMS cells but not to
healthy cells [26]. Moreover, we showed that NUCL is overexpressed at
the mRNA level in RMS patient samples compared to healthy muscle
tissue [26]. High abundance of surface NUCL would support the use of
NUCL-specific ligands for targeted therapy against RMS. However, no
protein data was available about the presence of NUCL on the surface of
RMS cells. Therefore, we have analyzed the data from a surfaceome
analysis based on multi-step enrichment of membrane proteins by dif-
ferential centrifugation with eleven RMS cell lines belonging to the two
main RMS subtypes: alveolar, also called fusion positive (FP) (RMS, Rh5,
Rh4, Rh30, Rh28, JR) and embryonal, also called fusion negative (FN)
(Rh36, Rh18, TTC-442, RUCH-3 and RD) [38]. Healthy myoblasts, as
well as embryonic fibroblasts (MRC-5) were used as negative control
(Fig. 1).

NUCL expression levels were estimated by Label Free Quantification
(LFQ). In nine RMS cell lines out of eleven, NUCL expression was
significantly higher than in healthy myoblasts (Fig. 1a); and the fold
change was at least 5-fold higher compared to myoblasts (Fig. 1b). These
data confirm a significant abundance of NUCL on RMS cells compared to
healthy cells and support the investigation of F3 peptide for RMS-
specific active targeting.

3.2. DSPE-PEG-peptide synthesis

To create peptide-modified liposomes, we conjugated DPEG-mal to
the F3 peptide by Michael addition reaction with the C-terminal
Cysteine (C) of F3. As negative control for F3 peptide, we initially tested
the scrambled peptide F3scrmbl (QPAPAPADKLKPKE-
KEKSKSKRKRKRAPAVPPAP) described by Zhang et al. [40]. However,
when conjugated to QD as described in [26], F3scrmbl showed a sig-
nificant binding to RMS cells RD (Supplementary Figure S2). Therefore,
we decided to use as a negative control the peptide NTP-AA (ASKK-
PAANIKA), derived from the NCAM1 binding NTP peptide [41], which
does not bind to RMS cells, as previously shown [26]. The control
peptide NTP-AA (referred to as AA) with C-terminal Cysteine was con-
jugated with DPEG-mal.

To find the optimal conditions for efficient maleimide-cysteine
conjugation not promoting peptide-dimer formation, we tested eigh-
teen different combinations of solvents (Supplementary Table S1) and
the reaction products were analyzed qualitatively by MALDI-TOF. In

Rh4
Rh5
Rh28
Rh30
JR
RMS
Rh18 ¥
RD
Rh36 -
RUCH-34—""77+
TTC4424— 77—
MRC-5 =

T T T 1
0 5 10 15 20

Fold Detection over Myoblasts [LFQ]

Fig. 1. Detection of cell surface NUCL by proteomics. Cells were harvested and cell membrane fraction was enriched by a two-step centrifugation process.
Peptides from fragmented proteins were analyzed by LC-MS. (a) LFQ (label-free quantification) of NUCL protein intensity in the different RMS cell lines tested. Shown
are mean values +/- S.D., n = 3. *p < 0.02 in one-way Anova test. ns: not significant (b) Fold change of NUCL label-free quantitation (LFQ) values compared to
immortalized myoblasts (Myo). Dark green symbols indicate alveolar FP-RMS cell lines, whereas light green symbols indicate embryonal FN-RMS cell lines. Grey

symbols indicate control cells. Shown are mean values +/- S.D., n = 3.
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addition, since we aimed to create liposomes in a one-step microfluidic
mixing, the selection of the reagents for the reaction was based also on
the compatibility with the cartridge plastic. The best conditions for the
conjugation reaction between DPEG-mal and the peptides C-terminal
Cysteine were observed with DMSO (Supplementary Fig. S1). Via
MALDI-TOF analysis, the typical peaks of DPEG-mal (MW ~ 2.9 kDa)
could be detected (Fig. 2a). After 24 h incubation with DMSO at 25 °C,
the DPEG-F3 conjugate with a MW of 6.5-6.6 kDa was detected
(Fig. 2b). The unreacted peptides, with a peak visible in the mass
spectrum at MW 3.5 kDa, were then quantified by HPLC. Both coupling
reactions (DPEG-F3 and DPEG-AA) had an efficiency greater than 95 %
(Fig. 2¢).

3.3. Liposome formulation and vincristine encapsulation

In order to manufacture liposomes, a microfluidic mixer (Ignite®,
Precision NanoSystems) was used and flow rate ratio (FRR) and total
flow rate (TFR) were optimized for our lipid composition (E50:C45:
PEGC4:DPEG-mall). TFR of 12 mL/min and FRR of 3:1 were chosen
(Supplementary Figure S3).

Three different formulations of PEGylated liposomes were created by

(a)
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microfluidic mixing: the non-conjugated liposomes, LIPO-NC, composed
of E:C:PEGC:DiO:DPEG-mal; LIPO-AA, conjugated to the control peptide
AA, composed of E:C:PEGC:DiO:DPEG-AA; and LIPO-F3 conjugated to
the anti-NUCL peptide F3, composed of E:C:PEGC:DiO:DPEG-F3, as
schematically represented in Fig. 3. The hydrodynamic diameter of the
liposomes was measured by dynamic light scattering (DLS), and the
particles were homogeneous (PDI < 0.18), with a mean size of
61.7-67.3 nm (Table 1).

VCR was remote-loaded into the liposomes by means of a trans-
membrane pH gradient. The encapsulation efficiency in non-conjugated
liposomes (LIPO-NC) was around 92 %, higher than in peptide-modified
liposomes, with 78.0 % for LIPO-AA and 69.5 % for LIPO-F3 (Fig. 4a).
The mean size of the liposomes increased slightly after VCR-loading and
was between 68.9 and 72.5 nm (Table 1, Fig. 4b).

3.4. Characterization and stability of liposome and VCR retention

Zeta potential was measured by electrophoretic light scattering
(Fig. 4c). LIPO-NC had a mean zeta potential —0.28 mV, LIPO-AA had a
slightly higher mean zeta-potential of +6.42, whereas LIPO-F3 had a
mean zeta potential of +12.75 mV, significantly higher compared to
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Fig. 2. DSPE-PEG-Maleimide conjugation to F3 peptide. (a) MALDI spectra of initial DPEG-mal (2.9-3 kDa) (b) MALDI spectra of the reaction mixture, DPEG-F3
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Table 1
Size and polydispersity index of liposomes before and after VCR encapsulation.

Liposome Pre VCR encapsulation* Post VCR encapsulation

Mean size [nm] PDI, % Mean size [nm] PDI, %
LIPO-NC 66.7 + 3.6 11.6 £ 7.3 72.5 + 3.7 15.6 + 4.7
LIPO-AA 67.3 +£6.1 13.3+9.1 71.4 +£5.1 18.2 + 4.2
LIPO-F3 61.7 £ 1.9 141 £ 4.8 68.9 +4.5 12.5+3.3

“ PDI and hydrodynamic diameter are presented as the mean + SD (n > 3
independent batches).

LIPO-NC and LIPO-AA. The zeta potential reflects surface charge of
spherical nanoparticles, and in our liposomes it correlates with the
presence of positively charged peptides. The net charge of the F3 peptide
is 8 at pH 7.0 and the isoelectric point (pI) is 11.80. For AA peptide the
net charge is 2.95 at pH 7.0 and the pl is 10.85. To determine the storage
stability, the size of liposomes was measured after one month of storage
in HBS Buffer at 4 °C and no change was observed indicating a good
stability at these conditions (Fig. 4d, 4e).

To measure drug retention under physiological conditions, lipo-
somes were incubated at 37 °C in 50 % FBS in HBS pH 7.4. The amount
of released VCR was measured by HPLC in the supernatant after ultra-
centrifugation (Fig. 4f). After 24 h, LIPO-F3 released 35 % of encapsu-
lated VCR, while LIPO-NC and LIPO-AA released about 50 % of the
encapsulated drug. After 48 h an additional 10-20 % was released
(Fig. 46).

3.5. Liposomes binding to RMS cells and uptake

In order to evaluate the binding and uptake of peptide-modified li-
posomes by RD, Rh4, and Rh30 RMS cells, we used flow cytometry and
confocal scanning microscopy. As control we included the human fetal
lung fibroblast cell line MRC-5 that should express lower amount of
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NUCL (Fig. 1). After incubation of liposomes at 10 pM total lipid con-
centration with adherent cells for 2 h, the geometric mean fluorescence
intensity (MFI) of the different samples was determined by flow
cytometry, and the ratio to untreated cells was calculated as a proxy for
liposomes binding to cells. LIPO-NC fluorescence intensities were
similar to those of the untreated cells, ranging from 1.2- to 1.8-fold over
untreated cells. When incubated with the RD cell line, LIPO-F3 showed a
14.7-fold higher binding compared to LIPO-AA, and a 42.1-fold higher
binding compared to LIPO-NC. The binding of LIPO-F3 to Rh4 and Rh30
cells was also stronger than LIPO-AA, exhibiting 12.7-fold and 12.5-fold
binding, respectively. Moreover, LIPO-F3 binding to Rh4 and Rh30 was
25.5-fold and 20.4-fold stronger than LIPO-NC, respectively (Fig. 5a). In
contrast, incubation with MRC-5 fibroblasts did not show a particularly
strong binding of the different liposomal formulations. LIPO-F3 showed
only a 2.3-fold stronger binding compared to LIPO-AA and a 2.4-fold
stronger binding compared to LIPO-NC. The MFI of MRC-5 cells incu-
bated with LIPO-NC and LIPO-AA was identical with the fluorescence of
untreated MRC-5. Interestingly, more than 96 % of RD, Rh4, and Rh30
cells incubated with LIPO-F3 resulted positive for the dye DiO, while
upon incubation with LIPO-AA 44 % RD cells, 31 % Rh30 cells, and only
1 % Rh4 cells were positive. Only 2.4 % MRC-5 cells incubated with
LIPO-F3 were positive, and MRC-5 incubated with LIPO-AA were all
negative. These results suggest that F3-modified liposomes bind pref-
erentially to RMS cells and that the binding correlates with the degree of
NUCL expression in the cells.

In addition, to visualize the internalization, we incubated RD, Rh4,
Rh30, and MRC-5 cells with liposomes at a final total lipid concentration
of 0.5 mM. When incubated for 2 h prior to washing, LIPO-AA were not
detected intracellularly, whereas LIPO-F3 internalization was evident in
all the cells of the RMS cell lines within 2 h (Fig. 5b). In contrast,
internalization of LIPO-F3 was visible only in few MRC-5 cells. These
results show that only LIPO-F3 is rapidly internalized into RMS cells, in
contrast to LIPO-AA, and further support the specificity of F3 for RMS
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cells.

3.6. F3-mediated NUCL clustering

NUCL is primarily localized in the nucleus, but it can shuttle to the
cell membrane [31]. NUCL does not have a transmembrane domain and
is exposed to the extracellular side of the cell membrane in a complex
with other proteins [32]. Several natural and synthetic anti-NUCL li-
gands bind to different extracellular portions of the protein. Detection of
surface NUCL by FACS with anti-NUCL antibodies results however only
in modest fluorescence intensity shifts as shown in multiple studies
[28,42-44]. To further prove and quantify the presence of NUCL on the
surface of RMS cells, we took advantage of the F3-stimulated clustering
of NUCL on the cell surface. DSPE-PEG-F3 micelles were shown to
stimulate the NUCL surface clustering and to increase remarkably
detection by anti-NUCL antibodies [36]. We selected RD cells for these
experiments, since they displayed a better binding by LIPO-F3 compared
to Rh4 and Rh30 (Fig. 5a). When incubated with LIPO-F3 prior to
staining with anti-NUCL antibodies, surface presence of NUCL on RD
cells, as quantified by flow cytometry, increased from 16.1 % to 91.6 %
(Fig. 6). Incubation with the negative control LIPO-AA increased the
intensity of NUCL staining only up to 28.3 %. Thus, pre-treatment with
LIPO-F3 leads to a 3.2-fold increase in detection of surface NUCL
compared to LIPO-AA. The significant shift in NUCL detection only in
the presence of F3-functionalized liposomes supports the specificity of
F3 binding to NUCL.
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3.7. Invitro cytotoxicity

The ECsp for RMS cells of non-encapsulated VCR and of VCR
encapsulated in LIPO-NC, LIPO-AA, and LIPO-F3 was evaluated by MTT
assay. The cells were incubated for 2 h with free VCR or liposomal VCR
at varying drug concentrations from 1.37 nM to 9 uM (3-fold dilutions).
Subsequently, the cells were washed to remove liposomes, in order to
evaluate toxicity of bound liposomes and avoiding VCR release from
unbound liposomes. Cells were cultured for additional 48 h with fresh
medium (Fig. 7). The ECsg of VCR-LIPO-F3 for RD cells was 3.4 nM,
similar to the ECsq of free VCR (2.87 nM), and 8.9- and 7.2-fold lower
than VCR-LIPO-AA and VCR-LIPO-NC, respectively (Fig. 7a). For Rh30
cells, the ECsg of VCR-LIPO-F3 was 2.9 nM, 3-fold higher than the ECgq
for free VCR (0.9 nM), but 2.7- and 3.4-fold lower than for control li-
posomes LIPO-AA and LIPO-NC, respectively (Fig. 7b). The ECsg of free
VCR for MRC-5 was 27.8 nM, which is in range with the 90 nM IC50
reported in the literature [45]. The ECsg of VCR-LIPO-F3 for MRC-5 was
86 nM, 3-fold higher than the ECsq for free VCR, but 3.3- and 4.5-fold
lower than for VCR-LIPO-AA and VCR-LIPO-NC, respectively. These
results suggest an enhanced cytotoxic effect of VCR-LIPO-F3 formulation
in RMS cells. Free VCR had an ECsg similar to VCR-LIPO-F3 in RD cells,
3-fold lower in Rh30 cells and MRC-5 cells.

In order to test the carrier effect of the different liposomal formula-
tions, RMS cells and control fibroblasts MRC-5 were incubated with
empty liposomes, not loaded with VCR, at the highest total lipid con-
centration used in the cytotoxic assays. The different liposomal
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Fig. 5. Liposomes binding and internalization in RMS cells (a) Flow cytometry analysis performed after incubation of adherent cells with 10 pM liposomes for 2 h
at 37 °C. This analysis was performed in at least three independent experiments, one representative experiment is shown. (b) Confocal microscopy shows inter-
nalization of DiO-labelled liposomes (green) in RMS cells after 2 h of incubation at concentration 0.5 mM (total lipid concentration). Normal fluorescence microscopy
was performed with human fetal lung fibroblast cell line MRC-5. Cells were washed and fixed prior to analysis. Images shows overlay of nuclear staining with DAPI

(blue) and DiO (green).
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Fig. 6. Cell surface clustering of NUCL upon stimulation with LIPO-F3.
Preincubation with LIPO-F3 increases cell surface presence of NUCL, allowing
to detect the molecule by flow cytometry. RD cells were detached and incu-
bated with liposomes for 30 min, washed twice and incubated with primary
anti-NUCL antibodies (or isotype control). After incubation with secondary
Alexa488-conjugated antibodies, the cells were washed and analyzed by FACS.
This experiment was performed in duplicate.
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formulations showed a modest effect on cell viability for RMS cells,
inducing a decrease of 6 %-12 % for RD cells and 14 %-23 % for Rh30
cells. A stronger effect was visible in MRC-5 cells, with a decrease of up
to 42 % for LIPO-AA. These data indicate that VCR-free liposomes are
well tolerated by RMS cells and in this experimental setting contribute
only marginally to their cytotoxicity. Human fibroblasts MRC-5 in
contrast showed a stronger sensitivity to the incubation with VCR-free
liposomes, which might also correlate with the fact that they are more
delicate and sensitive to culture conditions. We conclude that LIPO-F3
bound to RMS cells and were internalized very efficiently within the
2 h timeframe to reach an ECs( similar or close to free VCR, a drug with
high cell permeability [46].

4. Discussion

In this work, we developed a rapid, easily scalable, and robust
microfluidic formulation of sphingomyelin/cholesterol-based PEGy-
lated liposomes modified with the NUCL targeting peptide F3 and
loaded with vincristine (VCR). After VCR encapsulation with efficiencies
of up to 90 %, the liposomes had a favorable size of around 70 nm, were
stable over one month at 4 °C, and retained the majority of encapsulated
VCR after 24 h in serum at 37 °C. Size, PDI, stability, and VCR release
from the liposomes was not affected by surface modification with pep-
tides. F3-modified liposomes bound very efficiently to RMS cells and
were internalized faster than control liposomes in RMS cell lines. In vitro,
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VCR-loaded F3-liposomes decreased ECsy between 2- to 10-fold
compared to control liposomes LIPO-NC an LIPO-AA.

While a certain adjustment of parameters has to be expected for
different liposomal formulations, the rapidity and scalability are
intrinsic to the microfluidics production method chosen [47-49]. It is
important to specify that the scalability is not strictly dependent on the
formulation used but rather on the employed manufacturing procedure.
Indeed, with respect to the classical thin film formation and extrusion
method to produce liposomes, a direct transfer of the critical process
parameters from R&D development to commercial manufacturing is
easier and a continuous flow microfluidic manufacturing allows to
produce up to 48 L of particles per hour.

Marqibo®, a non-PEGylated sphingomyelin and cholesterol formu-
lation of VCR, received accelerated FDA approval for the treatment of
relapsed acute myeloid leukemia [50]. However, the FDA approval was
withdrawn recently, due to the failure of a postmarking clinical trial to
verify the clinical benefit of the drug attributed to the difficulties with
patient recruitment [51].

Besides economical and strategical reasons, one additional reason
behind this withdrawal might be found in the limited stability of Mar-
qibo® [52]. PEGylation has a striking positive impact on circulation
time and immune evasion of nanoparticles when administered intrave-
nously and promotes long-term storage by preventing precipitation
[21,52-55]. A more stable formulation might increase the clinical
application of liposomal VCR. Moreover, passive tumor accumulation, is
highly dependent on the different impact of the enhanced permeability
and retention (EPR) effect [56], which is highly heterogeneous between
pre-clinical models and human tumors, and within tumors [57-59].
Active targeting of nanoparticles to the tumor and its vasculature might
obviate a possibly heterogeneous EPR effect in human tumors [12,60].
With this in mind, we developed a more stable, long circulating targeted
version of Marqibo® [21]. The formulation included 4 % of PEG Cer-
amide (PEGC) and 1 % of DSPE-PEG2000 (DPEG) lipids and led to a
prolonged circulation in the blood and increased accumulation of VCR
in RMS tumors [21]. However, active targeting had no additional
benefit. In vitro, liposomes targeted with the TmR peptide bound to RMS
cells a modest 2-fold better than control peptide modified liposomes
[21]. We hypothesized that a better binding was needed to further
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increase tumor accumulation in vivo. Hence, F3 peptide was identified as
a better binder to RMS cells [26]. Here we report that F3-decorated li-
posomes bind to RMS cells at least 12-fold more compared to non-
targeted control liposomes, a significant increase compared to TmR-
liposomes.

The encapsulation efficiency of VCR by pH gradient was here slightly
lower for peptide-modified liposomes (LIPO-AA and LIPO-F3) compared
to non-conjugated liposomes (LIPO-NC). This could be due to the posi-
tive net charge of the peptides, i.e. the sum of the charges of the ionizable
groups, which is 8 for peptide F3 and —2.95 for peptide AA. Negatively
charged lipids such as DSPE-PEG are known to increase the membrane-
water partition coefficient for positively charged drugs and improve
their loading [61]. Conversely, a positive lipid might have the opposite
effect. The zeta-potential data indicate a positive shift of surface charge.

In the present study, the modification of liposomes with peptide F3
did not impact the drug retention under physiological conditions as
suggested by in vitro release experiment. In comparison to a non-
PEGylated liposomal formulation with egg sphingomyelin/cholesterol
55/45, where 50 % drug retention was achieved after 5 h in 50 % FBS at
37 °C [62], our liposomes demonstrated longer drug retention of around
32-40 h at the same conditions. Here, VCR release for the three for-
mulations was measured in the supernatant after liposomes centrifuga-
tion and was higher than the 10-20 % release we measured at 24 h with
horizontal diffusion cells separated by a 200-nm pore size polycarbonate
membrane [21]. However, it is within a range that should allow to
achieve prolonged circulation in the bloodstream.

An important outcome of the present study is the validation of F3
peptide-mediated targeting of NUCL in RMS. NUCL is an abundant
protein of the nucleus, highly expressed in exponentially growing cells
[29], with multifaceted functions [32,63,64]. Its role in cancer has been
extensively studied and discussed [32,65,66]. A number of ligands have
been developed to target surface NUCL such as the pseudopeptides HB-
19 [67], N6L [68], and the aptamer AS1411 [69,70], which have
reached clinical trials for the treatment of various solid tumors
(NCT01711398, NCT00740441). The first nanoparticles targeted with
F3 peptide were PEGylated QDs used to deliver siRNA to knockdown
EGFP expression in HeLa cells [71]. The first F3-modified pH-sensitive
PEGylated liposomal formulation showed a very favorable
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biodistribution of doxorubicin in a mouse breast cancer model, with
preferential tumor accumulation [72]. In addition, the F3-modified pH
sensitive liposomes have shown an extraordinary toxicity and pharma-
cokinetic profile in various pre-clinical animal models and therapeutic
efficacy against mesothelioma [36].

We reported that F3-peptide is binding to RMS cells very strongly,
and that NUCL mRNA expression levels are increased in RMS patient
samples in comparison to healthy tissues [26]. NUCL was found to
interact in RMS with the pro-oncogenic transcription factor TBX3 [73],
and anti-NUCL oligonucleotide aptamers were shown to inhibit cell
growth in embryonal RMS cells [74], suggesting a functional role in RMS
progression. One limiting aspect of the study of cell surface NUCL by
flow cytometry is the weak signal obtained with the available anti-
bodies, probably also influenced by the active dynamics of NUCL
transport. We were able to detect the enriched presence of NUCL on the
surface of nine out of eleven RMS cell lines compared to healthy
immortalized myoblasts and normal embryonic fibroblasts by antibody-
independent surface proteomics. Moreover, by pre-treating RMS cells
with F3-liposomes, thereby stimulating clustering of NUCL on the cell
surface [36], we could observe a significant shift of the fluorescent
signal detected by FACS supporting the specificity of the interaction
between F3-liposomes and surface NUCL. These data support targeting
of NUCL as relevant strategy also for RMS.

F3 peptide modification of liposomal VCR significantly increased
delivery to RMS cells in vitro. Free VCR had an ECsg in the low nano-
molar range (1-5 nM) which is in line with previous reports from other
groups [45,75-78]. Here, we treated RMS cells and human embryonic
fibroblasts MRC-5 cells as NUCL-low control, for 2 h before washing and
changing the media to avoid the confounding effect of VCR released by
unbound liposomes over 48 h. VCR-LIPO-F3 showed an ECs signifi-
cantly lower than VCR-LIPO-AA and the control liposomes VCR-LIPO-
NC. Importantly, F3-liposomes showed a weaker binding to MRC-5
cells, which express less NUCL than RMS cells, as measured by FACS
analysis and F3-liposomes loaded with VCR showed also a moderate
toxicity against MRC-5 cells, supporting the specificity of F3-peptide for
NUCL: These results are very promising and support future tests in vivo.

One limitation of this study is the lack of a proper negative control
sequence for F3 peptide. In several studies, including the original work
describing F3-NUCL interaction for the first time, an unrelated peptide
with the sequence ARALPSQRSR was used as negative control [27,72].
In another study, a scrambled version of F3 peptide was used in two
different forms, either conjugated to long PEG (3564 Da PEG, “‘exposed”
scrambled), or short PEG (176 Da PEG, “buried” scrambled). Surpris-
ingly, the “exposed” scrambled version on the surface of microbubbles
still had 70 % of the binding capacity to the tumor vasculature compared
to the exposed F3 [40]. Many randomly generated scrambled F3 se-
quences will contain positively charged clusters (K/R-enriched) poten-
tially leading to unspecific interactions. Here, we chose the peptide NTP-
AA (AA) as negative control since we knew it does not bind to RMS cells.
NTP-AA is derived from the NCAM-1 binding peptide NTP, by
substituting two Arginine (R) with two Alanine (A), eliminating the
binding capacity to RMS cells [26].

5. Conclusions

In summary, the here reported NUCL targeting with F3-modified
VCR-loaded liposomes provides a highly promising approach for tar-
geted rhabdomyosarcoma treatment that might be used as an alternative
to existing free VCR regimens with a better safety profile and possibly
with a decreased dosing of the drug. The data provided here support the
future investigation of the biodistribution profile and therapeutic effi-
cacy of VCR-loaded F3-liposomes in preclinical RMS models.
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