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ABSTRACT: Riboflavin (RF) is an essential vitamin for
cellular metabolism. Recent studies have shown that RF is
internalized through RF transporters, which are highly
overexpressed by prostate and breast cancer cells, as well as
by angiogenic endothelium. Here, we present an optimized
synthesis protocol for preparing tailor-made amphiphilic
phospholipid-based RF derivatives using phosphoramidite
chemistry. The prepared RF amphiphileRfdiC14can be
inserted into liposome formulations for targeted drug delivery.
The obtained liposomes had a hydrodynamic size of 115 ± 5
nm with narrow size distribution (PDI 0.06) and a zeta
potential of −52 ± 3 mV. In vitro uptake studies showed that
RfdiC14-containing liposomes were strongly internalized in HUVEC, PC3, and A431 cells, in a specific and transporter-mediated
manner. To assess the RF targeting potential in vivo, an amphiphile containing PEG spacer between RF and a lipid was
preparedDSPE-PEG-RF. The latter was successfully incorporated into long-circulating near-infrared-labeled liposomes (141 ±
1 nm in diameter, PDI 0.07, zeta potential of −33 ± 1 mV). The longitudinal μCT/FMT biodistribution studies in PC3
xenograft bearing mice demonstrated similar pharmacokinetics profile of DSPE-PEG-RF-functionalized liposomes compared to
control. The subsequent histological evaluation of resected tumors revealed higher degree of tumor retention as well as
colocalization of targeted liposomes with endothelial cells emphasizing the targeting potential of RF amphiphiles and their utility
for the lipid-containing drug delivery systems.

■ INTRODUCTION

Riboflavin (RF) is a water-soluble vitamin (B2) composed from
a D-ribitol chain and an isoalloxazine moiety, which is
responsible for electronic and optoelectronic properties.1

Thanks to these features, a number of RF applications in
nanotechnology have recently surfaced.2−8 One could also find
RF-based biosensors,9,10 biocatalysts,11 and hydrogels,5,12−14

demonstrating the emerging interest in this molecule in the
nanotechnological field.15

RF and its derivatives (FMN and FAD) participate in
fundamental physiological events in cells including energetic
processes, lipid metabolism, and vitamin synthesis. It is not
surprising that RF is an essential vitamin for humans. However,
it is not synthesized in situ and thus should be obtained from
the diet.1 After ingestion, it is absorbed in the gastro-intestinal
tract, distributed within tissues, and taken up by the cells
through a specific pathway. The latter involves RF transporters
(RFVT-1, RFVT-2, and RFVT-3) and carrier protein (RCP-
Riboflavin Carrier Protein).16−19

Overexpression of RCP was found in tumor tissues and
blood plasma of cancer patients in particular in the case of

breast,6,7 prostate,8 and hepatocellular carcinoma.9 Thus, RF
and its derivatives were investigated as a metabolically active
cell targeting moiety in dendrimers,10,11 oligonucleotides,12 and
iron oxide nanoparticles.13,14 Although these systems showed
their targeting efficacy toward cancer cells2,3,20,21 and neo-
vasculature,7 their acceptance to the clinical practice might be
longer compared to conventional widely used lipid-based drug
carriers such as liposomes. Another advantage of the liposome-
based drug delivery systems is their ability to load both
hydrophilic and hydrophobic drugs.22

In this study, we developed a versatile chemical strategy for
the synthesis of amphiphilic RF derivatives, which could be
easily incorporated into lipid-based nanosystems. The estab-
lished synthetic route delivers RF-phosphoramidite, which is a
new building block for design of RF bioinspired phospholipids.
Furthermore, due to its fluorescence properties, the amount of
RF derivatives in the nanomedicine could be easily quantified.
After preparation of RF-functionalized liposomes, their
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physicochemical characterization was performed and their
specific cell internalization demonstrated in cancer cells A431
(human epidermal cervix carcinoma), PC3 (prostate cancer),
and human umbilical vein endothelial cells (HUVEC) that
mimic activated tumor neovasculature. Moreover, for the
subsequent in vivo studies a RF amphiphile bearing a
polyethylene glycol (PEG) spacer between RF and a lipid
was prepared. The biodistribution and tumor accumulation of
RF-amphiphile functionalized long-circulating liposomes was
studied in nude mice bearing PC3 tumor xenografts. The
general strategy of the study is described in Figure 1.

■ RESULTS AND DISCUSSION

Chemistry and Molecule Design. In order to prepare an
amphiphilic derivative, one has to adjust a certain hydrophobic/
hydrophilic balance in the molecule. Although RF belongs to
the family of water-soluble vitamins, it displays a rather poor
solubility in water (1 g in 10 L). Moreover, its solubility in
organic solvents is also complex. Due to its poor solubility in
both water and organic solvents, the chemical modification of
RF represents a real challenge. This behavior could be related
to inherent amphiphile properties of the moleculethe
isoalloxazine ring responsible for hydrophobicity and the ribitol

Figure 1. General strategy of the study.

Scheme 1. RfdiC14 Synthesisa

aReagents and Conditions: (a) DMT-Cl, pyridine, TEA, DMAP overnight, rt; (b) Ac2O, pyridine, overnight, rt; (c) ZnBr2, nitromethane, 10 min, rt;
(d) 2-cyanoethyl-N,N-diisopropylchlorophosphoramidite, DIPEA, DCM, overnight, rt; (e) PMP, triphenylphosphine, DEAD, 3 h, rt; (f) DOWEX
50 H+, MeOH, overnight, rt; (g) NaH, C14−Br, DMF, overnight, rt; (h) ceric ammonium nitrate, acetonitrile/H2O (8:2), overnight, rt; (i) 5-
benzylthio-1H-tetrazole, THF, 6 h, rt, then 0.2 M iodine in THF/pyridine/H2O (2:1:1), overnight, rt; (j) MeONa/MeOH, 24 h, rt.
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chain responsible for hydrophilicity. Nevertheless, the molecule
by itself does not form any autoassemblies. In our strategy, we
tuned both the hydrophilic and hydrophobic properties of RF.
For this purpose we attached lipid chains through a charged
phosphodiester chemical group leading to a bioinspired
phospholipid derivative.
Based on the chicken RCP crystallization data,23 two sites of

the molecule appear suitable for the modification: the N3
position and the primary alcohol of the ribitol chain. In fact, RF
binds into a folded pocket of the RCP involving stacking
interactions between the isoalloxazine moiety and the aromatic
rings of Tyr75 and Trp156 residues. This gives the possibility
to modify N3 or primary alcohol group of RF without
significant impact on its binding affinity toward the RCP.
With the aim of mimicking natural phospholipids as well as

the biological derivative of RF−FMN (flavin mononucleotide),
we mainly focused on the ribitol chain substitution by using a
phosphate linker. Although a previous study showed a small
decrease in the affinity of RF derivatives bearing a ribitol
linkage compared to N3 substitution,24 it nevertheless ensured
cancer cell targeting.25

The versatile synthesis route for the preparation of RF-based
phospholipid is depicted in Scheme 1. This is a convergent
approach based on a phosphoramidite coupling between the
functionalized RF derivative 4 and the glycerolipid moiety 8.
The former was obtained in four steps: orthogonal protections
of hydroxyl groupsDMT for the primary alcohol (1), acetate
protection for the secondary alcohols (2),26 then selective
cleavage of DMT by zinc bromide (3), and finally treatment
with phosphorylating agent (4). The generated RF-phosphor-
amidite 4 was further coupled with a glycerolipid bisubstituted
with C14 chains (8). The latter was classically prepared in four
steps (5−8) from solketal (Supporting Information, Figures
S5−6 and S8).
After coupling 4 and 8, a final cleavage of all protecting

groups was performed to afford RfdiC14 (10), which was
further characterized by 1H, 13C, and 31P NMR, and ESI-MS
(Supporting Information, Figures S1−4 and S9).
This chemical strategy allows the coupling of different lipids

to the phosphoramidite intermediate 4 and is as an adaptable
approach to generate a library of amphiphilic RF derivatives
with various lipid moieties.

For further in vivo evaluation of RF targeting potential, we
prepared an analogous derivative of RfdiC14 including a PEG
spacer. The molecule contains a PEGylated lipid coupled to RF
moiety at the 5′O position. A commercially available
phospholipid that holds an NHS-activated carboxylic acid at
the terminal of a PEG spacerDSPE-mPEG2000-succinyl
(1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[succinyl
(polyethylene glycol)-2000])was coupled to a nonprotected
RF via a Steglich esterification.27 The use of previously
developed RF-phorsphoramidite was not possible for this
derivative due to the presence of glycerol esters in the DSPE-
mPEG2000, which could be cleaved during the final
deprotection step.
The PEGylated RF amphiphile was prepared in one step as

depicted on Scheme 2 and named DSPE-PEG-RF (11). TLC
and reverse-phase HPLC analysis confirmed the formation of a
new product, which was purified with reverse-phase HPLC and
analyzed with MALDI-MS (matrix-assisted laser desorption
ionization mass spectrometry) (Supporting Information Figure
S10). The purification from the lipid-PEG precursor was not
complete, but its presence did not cause any negative effect on
subsequent liposome formation since the DSPE-PEG is
classically used in the formulation to ensure long-circulating
properties. This newly synthesized PEGylated RF amphiphile
was further used for the preparation of long-circulating targeted
liposomes.

Formulation. Bare Liposomes. Due to its double myristyl
chain, RfdiC14 can be inserted into almost any lipid
formulation such as micelles, liposomes, nanoemulsions, and
lipid nanoparticles.
The selected model liposome formulation (DMPC:DMPG)

is clinically used as a drug delivery system, available on the
market as Abelcet (encapsulated Amphotericin B).22 Since
RfdiC14 has similar lipid chain length as DMPC and DMPG, it
could be easily incorporated into the liposome bilayer. We
obtained stable liposomes with molar ratio of 90:10:1 for
DMPC:DMPG:RfdiC14 by film hydration method followed by
extrusion through 100 nm polycarbonate membrane and gel
filtration on a G25 Sephadex column. To ensure the proper
incorporation of RfdiC14 into the liposome membrane,
RfdiC14 was dissolved in chloroform and mixed with DMPC
and DMPG during the lipid film preparation. A post-insertion

Scheme 2. DSPE-PEG-RF Synthesisa

aReagents and conditions: (a) RF, DMF, DCC, DMAP 48 h, rt.
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of RfdiC14 in already formed liposomes was not as efficient
because of RfdiC14 auto-organization and aggregation in buffer.
Rhodamine B (RhB) was encapsulated as a model drug in

the aqueous phase of the liposomes (Figure 2A), which allowed
the evaluation of cellular uptake by fluorescence microscopy
(λex 554 nm). The presence of RhB and RfdiC14 in the
formulated liposomes was confirmed and quantified spectro-
scopically (Figure 2C). As control liposomes contain only RhB,
they exhibit single emission peak at 580 nm, whereas targeted
liposomes display two emission maxima580 nm for RhB and
530 nm for RfdiC14. The exact amount of each fluorophore in
the formulation was calculated with the help of calibration
curvesy = 5987x (R2 = 0.9939) for RF and y = 17888x (R2 =
0.98918) for RhB, where y represents the fluorescence intensity
and x the concentration in μM (Supporting Information, Figure
S11). The insertion efficiency of RfdiC14 was always close to
100% with respect to the starting composition (0.2 μmol of RF
for 20 μmol of total lipid content represents the desired 1%
molar). This signifies that RfdiC14 was efficiently entrapped in
the lipid bilayer. Direct quantification of RfdiC14 in liposomes
by fluorescence represents an advantage of this targeting moiety
compared to other commonly used targeting ligands such as

antibodies or peptides that require more sophisticated
quantification methods (e.g., ELISA, HPLC).
The physicochemical properties of the RF-functionalized

liposomes (targeted) in terms of hydrodynamic diameter, core
size, polydispersity, and zeta potential were compared to
RfdiC14-free liposomes (control) (Table 1). Both control and
targeted liposomes had similar hydrodynamic size of 115 ± 5
nm (PDI < 0.1, Figure 2B) and negative zeta potential of −52
± 3 mV. Such negative zeta potential could be due to the
presence of negatively charged DMPG lipid. For this reason,
liposomes exhibited good colloidal stability in buffer during at
least 3 weeks storage at 4 °C. Thus, the hydrodynamic size
measurements (Figure 2D) did not show significant differences
over time. The cryo-EM analysis of targeted liposomes revealed
unilamellar vesicles with a mean diameter of 88 ± 16 nm
(Supporting Information, Figure S13.A). In order to assess the
possible changes that RfdiC14 could induce in the
DMPC:DMPG membrane, we performed a deuterium solid-
state NMR (ssNMR) experiment (Supporting Information,
Figure S13.B) and studied the potential RhB leakage after 2
weeks of storage at 4 °C or 30 min incubation at 37 °C
(Supporting Information, Figure S13.C). ssNMR spectra (in
the range of tested temperatures) as well as the calculation of

Figure 2. A. Schematic representation of bare liposomes. B. Hydrodynamic size and size distribution of control (dark gray) and RfdiC14-tagged
(light gray) liposomes. C. Fluorescence emission spectra of control and targeted liposomes. D. Size stability of liposomes during storage.

Table 1. Physicochemical Properties of Prepared Formulations

formulation
hydrodynamic diameter,

nm
polydispersity

index zeta potential, mV dye, μM

Control liposomes DMPC:DMPG 90:10 115 ± 5 0.10 −52 ± 2 5.7
Targeted liposomes DMPC:DMPG:RfdiC14 90:10:1 115 ± 2 0.06 −51 ± 3 5.1
Control long-circulating liposomes DPPC:Chol:DSPE-PEG:DiR 65:30:5:0.5 137 ± 2 0.06 −18 ± 1 38
Targeted long-circulating liposomes DPPC:Chol:DSPE-PEG-RF:DiR 65:30:5:0.5 141 ± 1 0.07 −33 ± 1 37
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order parameters revealed no significant differences in
membrane organization in the presence or absence of
RfdiC14. This agrees with the absence of RhB leakage observed
during stability studies.
The above-mentioned results indicate that the presence of

RfdiC14 does not perturb the DMPC:DMPG membrane. RhB-
free targeted liposomes were prepared for competitive binding
experiments.
Long Circulating Liposomes. As a long-circulating for-

mulation, we chose the extensively studied DPPC:Cholester-
ol:DSPE-PEG2000 lipid composition in 65:30:5 molar
ratios22,28,29 (Figure 5A). In targeted formulation DSPE-
PEG2000 was replaced by a mixture of DSPE-PEG-RF and
DSPE-PEG-COO−. The preparation method was the same as
that for the above-mentioned bare liposomes. Control long-
circulating liposomes (LCL) had a mean hydrodynamic
diameter of 137 ± 2 nm (PDI 0.06) and a negative zeta
potential of −18 ± 1 mV. Targeted LCL had slightly greater
size of 141 ± 1 (PDI 0.07) and a more important zeta potential
of −33 ± 1 mV. The more negative zeta potential of targeted
LCL could be explained by the presence of unconjugated
DSPE-PEG-COO−, which could not be separated from RF
amphiphile.
A near-infrared lipophilic dyeDiR (1,1′-dioctadecyl-

3,3,3′,3′-tetramethylindotricarbocyanine iodide)was encap-
sulated to track liposome biodistribution in vivo.30 Due to its
hydrophobic character, DiR was dissolved in chloroform and
added to the initial lipid mixture (0.5% molar ratio) during the
lipid film preparation step. Similarly to previously described
bare liposomes, the presence of RF amphiphile and DiR in the
liposomes was confirmed and quantified spectroscopically. In
the fluorescence emission spectra one can observe a character-

istic emission of RF at 530 nm for targeted liposomes and the
DiR emission peak at 782 nm for both formulations. The
calibration curve was used to assess the dye concentration in
liposomes y = 7200x (R2 = 0.9916), where y represents DiR
fluorescence intensity and x the concentration in μM (Table 1).
According to the RF fluorescence intensity measurements the
actual amount of RF in targeted LCL was around 0.35% molar
(Figure 6B; for RF calibration curve see Supporting
Information, Figure S11). Both targeted and control LCL
exhibited decent size stability during storage (no significant size
and PDI increase after 2 weeks of storage at 4 °C, data not
shown).
Additionally, for the in vivo imaging studies, the fluorescence

signal intensity generated by targeted LCL was evaluated in
specifically designed polymeric phantom by combined μCT/
FMT imaging.31 The 3D reconstruction of the phantom
volume based on μCT images yielded fluorescence intensity
values for each LCL concentration tested. The obtained values
were plotted against DiR quantity in nmol (Supporting
Information, Figure S12) and used for the quantification of
LCL accumulation in vivo.

In Vitro Evaluation. Bare Liposomes. The targeting
efficiency of RfdiC14 liposomes was evaluated by fluorescence
microscopy for the cancer cell lines A431 and PC3, and in
human umbilical vein endothelial cells (HUVEC), the latter
used as a model of activated tumor neovasculature (Figure 3).
The highest uptake of targeted liposomes was found for A431
cells (62 ± 23 au), 16 times higher compared to control
liposomes (4 ± 1 au), p < 0.001. In the case of PC3 cells, the
uptake of targeted liposomes was 5 times higher than the
above-mentioned control liposomes 90 ± 31 vs 17 ± 11 au (p <
0.001). Compared to the cancer cell lines, HUVECs showed

Figure 3. Cellular uptake of control and targeted liposomes: A. Fluorescence microscopy images of uptake in different cell lines. Nuclei are marked
in blue with DAPI, RhB-containing liposomes are depicted in red. B. Uptake quantification by measuring fluorescence intensity, λex.554 nm, λem.605
nm. Results presented as average ± SD of 3 individual experiments, for each experiment from 10 to 20 images per condition were evaluated (***p <
0.001, **p < 0.01), SD = standard deviation.
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higher liposome internalization for both targeted and control
formulations. However, the uptake of RfdiC14 liposomes was
still twice as high as that for the nontargeted liposomes (358 ±
20 compared to 149 ± 12 au (p < 0.001)).
Although the cellular uptake of RF-liposomes varies among

the studied cell lines the results clearly show that RfdiC14
increases liposome uptake. According to the database of the
Human Protein Atlas (http://www.proteinatlas.org/), RNA
expression of RFVT-2 (SLC52A2) transporter is ubiquitous in
all reported cancer cell lines, though the amount varies among
them. The PC3 cell line exhibited the highest level of RFVT-2
RNA expression compared to others. In spite of the lower level
of RFVT-2 RNA expression, the A431 cell line displayed higher
targeted versus control uptake ratio in our studies. However,
the nonspecific membrane binding of targeted liposomes at low
temperature was also greater for these cells (Figure 3).
In addition, competitive binding experiments proved that the

presence of RF is essential for cellular uptake and confirmed the

specificity of RfdiC14-tagged liposomes toward RF trans-
porters. The uptake of targeted liposomes significantly
decreased (p < 0.01) by 31% for PC3, 37% for A431, and
20% for HUVEC under competition with 20-fold excess of
RfdiC14-tagged nonfluorescent liposomes. These data are in
agreement with our previous studies2 indicating a decrease by
15−30% in the internalization of RF-functionalized ultrasmall
ferrum oxide nanoparticles (FLUSPIOs) when the cells were
preincubated with an excess of RF derivative. Furthermore, a
significant decrease (p < 0.01) in the uptake of targeted
liposomes at 4 °C was observed for all cell lines (Figure 3).
Thus, we hypothesize that the RfdiC14-tagged liposomes were
internalized in a specific manner.
Additionally, flow cytrometric analysis of liposome uptake by

PC3 cells (λex 561 nm; λem 578 nm) confirmed the obtained
results from fluorescence microscopy evaluation (Figure 4).
This complementary approach allows simultaneous analysis of a
high number of cells. The targeted liposome uptake was 28

Figure 4. Flow cytometric analysis of liposome uptake by PC3 cells (λex. 561 nm); the values are presented as geometrical mean ± SD from n = 3
experiments. (***p < 0.001, **p < 0.01).

Figure 5. A. Schematic representation of LCL. B. Fluorescence emission spectra of control and targeted LCL. C. Fluorescence microscopy images of
LCL uptake in PC3 cell line. Nuclei are marked in blue with DAPI, DiR-containing liposomes are depicted in red. D. Uptake quantification by
measuring fluorescence intensity, λex.750 nm, λem.780 nm. Results presented as average ± SD of 3 individual experiments, for each experiment from
10 to 20 images per condition were evaluated (***p < 0.001), SD = standard deviation.
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times higher than basic cell fluorescence level and 2.7 times
higher than (p < 0.01) the uptake of control liposomes. In
accordance with the fluorescence microscopy study, a
competitive binding experiment revealed a 40% decrease in
targeted liposomes accumulation.
Finally, a standard MTT cell viability test for the evaluation

of RfdiC14 liposomes cytotoxicity was performed. For this
purpose, the cells were incubated either with 3 concentrations
of control/targeted liposomes: 50 nM − 1x, 150 nM − 3x, and

250 nM − 5x for 72 h or with buffer (Control). The relative
viability was expressed in % and calculated by the ratio between
formed formazan crystal absorbance of treated and untreated
cells (Supporting Information, Figure S14). The study revealed
no specific cytotoxicity associated with RfdiC14-tagged lip-
osomes compared to controls. The 40−60% decrease in
viability at 3x and 5x concentration is most probably associated
with general toxicity of RhB administrated in high doses.32

Figure 6. A. Longitudinal fluorescence quantification in PC3 tumor xenografts after i.v. injection of control or targeted LCL. B. Pharmacokinetics of
control and targeted LCL measured with 2D FRI from blood spots. Results presented as average ± SD from n = 3 mice per group, SD = standard
deviation.

Figure 7. A. Fluorescence microscopy images from tumor cryosections; nuclei are stained in blue with DAPI, endothelial cells in green with
Rhodamine-Lectin and targeted or control LCL are presented in red. B. Quantification of control and targeted LCL signal in fluorescence
microscopy images from tumor cryosections. C. Quantification of colocalization between endothelial cells and LCL. Results are presented as mean
from n = 3 tumors per group and 15−25 images for each tumor ± SD (***p < 0.001, **p < 0.01), SD = standard deviation.
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Long-Circulating Liposomes. Prior to the in vivo assess-
ment, we verified that this new formulation (DSPE-PEG-RF)
conserved targeting abilities. The in vitro uptake of LCL
targeted liposomes was investigated in PC3 cell line (Figure
5C,D). The quantification of DiR fluorescence in PC3 cells
revealed 6 times significantly higher signal from targeted LCL
(12.2 ± 6.7 au) compared to control (2.3 ± 0.4 au; p < 0.001).
These results are very similar to those observed with RfdiC14
functionalized liposomes confirming that the PEGylation of
liposome surface and the spacer between RF and lipid did not
influence RF targeting potential.
In Vivo Evaluation. Due to the presence of several

transporter systems (SLC52 family and RCP) the evaluation of
RF-targeting in vivo might be a complex issue. Moreover,
targeted nanoparticles are often known to perform worse than
nontargeted in vivo due to accelerated clearance and/or limited
tumor penetration as a result of opsonization triggered by the
presence of targeting moiety.33−35 Thus, in this pilot study we
aimed to compare the pharmacokinetics and biodistribution of
targeted LCL with control LCL and assess their potential in
targeting tumor and neovaculature.
The study was performed in nude mice bearing PC3 tumor

xenografts. The animals (n = 6) were divided into two groups
and each received a single i.v. injection of either targeted or
control LCL. The whole body μCT (micro computed
tomography) and FMT (fluorescence mediated tomography,
ex. 750 nm, em. 780 nm) scans were performed at defined time
points after injection. The μCT/FMT data fusion, reconstruc-
tion, and 3D quantification36 of liposome biodistribution in
healthy organs showed similar results for both targeted and
control LCL (Supporting Information, Figure S16.A). The
highest accumulation was observed in the liver for all time
points and in the heart 15 min after injection. The 2D
fluorescence reflectance imaging (FRI) of excised organs
confirmed these results (Supporting Information, Figure
S16.B). The majority of fluorescence signal was detected in
the liver and spleen. Although compared to conventional
liposomes the PEGylation limits opsonization and macrophage
uptake,29 these organs are still responsible for liposome
excretion.37

The 2D FRI of fluorescence signal assessment in blood
revealed similar pharmacokinetics profiles for both formulations
with a half-life of 24 h (Figure 6.B). This signified that the
presence of RF amphiphile in the liposome formulation did not
accelerate the blood clearance and liposomes keep their long-
circulating properties. The tumor accumulation evaluation in
3D over time did not show significant differences between
control and targeted LCL (Figure 6A), whereas the histological
analysis of excised tumor cryosections demonstrated signifi-
cantly higher (p < 0.001) fluorescence signal in animals that
received targeted LCL (78.2 ± 29.4 au) compared to
nontargeted (40.8 ± 7.6 au). This might be explained by the
partial elimination of control liposomes from the cryosections
during several washing steps that are necessary for preparation,
while targeted liposomes were most likely retained due to their
affinity to RF transporters and putative cellular internalization.
A similar phenomenon was observed by Kirpotin et al.38 with
long-circulating immunoliposomes. Moreover, the colocaliza-
tion analysis revealed a more important association (p < 0.01,
Figure 7A,C) of targeted LCL with the endothelial cells of
tumor neovasculature (labeled with Rhodamine-Lectin). These
data are in accordance with the predominant vascular

localization of RF-functionalized ferrum oxide nanoparticles
(FLUSPIOs) in vivo.7,39

Taken together, the presence of RF amphiphile in the
liposome formulation mediates enhanced uptake in vitro and
does not alter the pharmacokinetics of liposomes in vivo. Even
though the 3D quantification in vivo did not reveal differences
in the overall tumor accumulation, the increased retention in
the tumor and colocalization with endothelial cells were
observed for targeted LCL. While the functional EPR effect is
the major driving force for the LCL tumor accumulation,33,34

the liposome functionalization with an RF amphiphile might
increase tumor retention and mediate subsequent uptake in
endothelial and cancer cells. Thus, in agreement with our
studies and the literature,3,7,39,40 RF-based targeting is a
promising approach for prostate, breast, hepatocellular, and
epidermoid carcinomas as well as tumor neovasculature. On the
other hand, because the exact targeting route of RF-conjugated
nanoparticles and macromolecules is still poorly understood,
our RF amphiphiles could be also used as functional tools for
the investigation of RF targeting and internalization pathways
in vitro and in vivo.

■ CONCLUSIONS

In summary, this study describes the synthesis of two
amphiphilic derivatives of RF through the phosphoramidite
and esterification approaches. The key intermediate of the
former, RF-phosphoramidite, can be used as a building block
for tailor-made RF derivatives. The prepared amphiphile,
RfdiC14, is a bioinspired phospholipid that was inserted into
a clinically relevant liposome formulation without influence on
liposome stability, morphology, and toxicity. Cell uptake studies
using PC3 and A431 cells and HUVECs showed efficient and
competitive internalization of RfdiC14 liposomes. A PEGylated
RF amphiphile, DSPE-PEG-RF, suitable for in vivo applications
was also prepared. Similarly to the RfdiC14, it demonstrated
successful insertion into long-circulating NIR-labeled liposomes
and the enhanced uptake of these liposomes in the PC3 cell
line. The μCT/FMT imaging studies in PC3 tumor-bearing
mice showed that the presence of DSPE-PEG-RF does not
compromise liposome pharmacokinetics or significantly alter
organ distribution when compared to the nontargeted
formulation. Moreover, histological analysis of resected tumors
indicated higher retention and endothelial cell targeting
potential of RF-tagged liposomes. Therefore, RF amphiphiles
are considered to be a useful tool for functionalizing
amphiphilic drug delivery systems, such as liposomes. This
approach could be extended to micelles, lipidic nanoparticles,
or nanoemulsions. When such systems are used as cytostatic
drug carriers, an insertion of an RF amphiphile could enable
targeted drug delivery to tumors by addressing its vascular and
tumor cell compartment.

■ EXPERIMENTAL SECTION

Chemicals and Analytical Conditions. All reagents and
solvents were purchased from Sigma-Aldrich, Bachem, Glen
Research, and Alfa Aesar and were utilized without further
purification. All synthesized compounds were characterized
using 1H, 13C, and 31P NMR spectroscopy (apparatus Bruker
Avance DPX-300, 1H at 300 MHz, 13C at 75 MHz, and 31P at
121 MHz or Bruker Avance DPX-400, 1H at 400 MHz, 13C at
100 MHz, and 31P at 162 MHz) and mass spectrometry. The
NMR chemical shifts are reported in parts per million relative
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to the tetramethylsilane, using the deuterium signal of the
solvent (CDCl3, MeOD, or deuterated dimethyl sulfoxide
DMSO-d6) as a heteronuclear reference for 1H. 1D spectra
were acquired by mean of a classical 90° pulse sequences for
the 1H, 90° pulse sequences with an inverse-gated decoupling
during the acquisition for the 31P and 90° pulse sequences with
a power-gated decoupling for the 13C. 2D spectrum was
acquired by mean of a HMQC sequence (1H/13C correlation
via heteronuclear multiquantum coherence). The 1H NMR
coupling constants, J’s, are reported in Hz.
Electrospray ionization mass spectra (Full ESI-MS) were

obtained by the “Mass Spectrometry Platform” in IECB
(Bordeaux, France) on Agilent 6560 ESI-IMS-Q-TOF
apparatus. For the PEGylated sample an Ultraflex III
MALDI-TOF-TOF instrument (Bruker Daltonics GmbH,
Bremen, Germany) equipped with a Smartbeam 2 laser with
a repetition rate up to 200 Hz (500 lazer shots) was used. The
obtained mass spectrum was analyzed with Flex-analysis v 4.0
software (Bruker Daltonics GmbH, Bremen, Germany).
For the flash chromatography, silica gel 60 (particle size: 45

μm, Biotage) was utilized. Aluminum plates coated with silica
gel 60 F254 (Merck) were used for thin layer chromatography
(TLC). The TLC plates were analyzed with visible/UV light or
revealed with phosphomolybdic acid solution (10%). HPLC
and GPC separation and analysis were performed with Waters
Alliance 2695 (Waters Corporation, USA) apparatus equipped
with the UV-detector Waters 486 and Waters 2475 FLR
detector (Waters Corporation, USA) and analyzed with
Millennium 32 software (Waters Corporation, USA). The
reverse phase analytical C8 column (Macherey-Nagel,
GmbH&Co, KG) was used for all HPLC separations. The
BioSep-SEC-S3000 (Phenomenex, Torrance, USA) was used
for GPC separations.
Cell culture media and additives were from Gibco/Life

Technologies, Carlsbad, California.
Synthesis. 10-(5-(Bis(4-methoxyphenyl) (phenyl)-

methoxy)-2,3,4-trihydroxypentyl)-7,8-dimethylbenzo[g]-
pteridine-2,4(3H,10H)-dione (Compound 1). This was synthe-
sized as described previously.26 Briefly, riboflavin (807 mg, 2.14
mmol) was dissolved in dry pyridine (100 mL) under argon
atmosphere. Then TEA (3.6 equiv, 1 mL, 7.7 mmol), DMAP
(0.05 equiv, 13 mg, 0.1 mmol), and 4,4′-dimethoxytrityl
chloride (1.3 equiv, 915 mg, 2.7 mmol) were added. The
reaction mixture was stirred overnight at rt. To stop the
reaction 15 mL of methanol were added and organic solvents
were evaporated under reduced pressure. The crude product
was dissolved in DCM, then filtered, evaporated, and purified
by silica gel column chromatography (DCM/MeOH/TEA 97/
2/1) to afford an orange solid. Yield: 510 mg (0.75 mmol,
35%).

1H NMR (300 MHz, DMSO-d6): δ (ppm) = 2.39 (s, 3H,
CH3), 2.41 (s, 3H, CH3), 3.05−3.18 (m, 2H, CH2−O), 3.72 (s,
6H, 2 × CH3−O, DMT), 3.92 (s, 1H, CH−O), 4.23 (s, 1H,
CH−O), 4.63 (m, 1H, CH2−N), 4.94 (m, 1H, CH2−N), 6.86
(m, 4H, DMT), 7.45−7.17 (m, 9H, DMT), 7.83 (s, 1H, CHar),
7.90 (s, 1H, CHar), 11.37 (s, 1H, NH).

13C NMR (75 MHz, CDCl3): δ (ppm) = 29.71 (CH3), 45.79
(CH2−N), 55.26 (CH3−O, DMT), 68.58 (CH−O), 76.65
(CH−O), 77.23 (CH−O), 81.43 (C, DMT), 113.16 (CHar),
127.09−129.12 (CHar, DMT), 139.43 (Car), 147.30−158.61
(Car, DMT), 159.40 (Car).
1-(Bis(4-methoxyphenyl) (phenyl)methoxy)-5-(7,8-dimeth-

yl-2,4-dioxo-3,4-dihydrobenzo[g]pteridin-10(2H)-yl)pentane-

2,3,4-triyl triacetate (Compound 2). This was synthesized as
described previously.26 In brief, compound 1 (510 mg, 0.75
mmol) was dissolved in dry pyridine (75 mL) and then cooled
in an ice bath under argon atmosphere. Acetic anhydride (40
equiv, 2.8 mL, 30 mmol) was added dropwise and the reaction
mixture was stirred overnight in the dark at rt. To stop the
reaction 3 mL of methanol were added and organic solvents
were evaporated under reduced pressure. The crude product
was purified by silica gel column chromatography (Ethyl
acetate/Hexane 8/2) to give the desired compound as orange
solid. Yield: 545 mg (0.68 mmol, 90%).

1H NMR (300 MHz, DMSO-d6): δ (ppm) = 1.49 (s, 3H,
CH3, Ac), 2.01 (s, 3H, CH3, Ac), 2.27 (s, 3H, CH3, Ac), 2.39
(s, 3H, CH3), 2.41 (s, 3H, CH3), 3.08−3.03 (m, 1H, CH2−O),
3.26−3.22 (m, 1H, CH2−O), 3.73 (s, 6H, 2 × CH3−O, DMT),
4.79 (s, 1H, CH2−N), 4.84 (s, 1H, CH2−N), 5.25 (m, 2H,
CH−O), 5.49 (m, 1H, CH−O), 6.87 (m, 4H, DMT), 7.33−7.2
(m, 9H, DMT), 7.65 (s, 1H, CHar), 7.90 (s, 1H, CHar), 11.42
(s, 1H, NH).

13C NMR (75 MHz, CDCl3): δ (ppm) = 19.36 (CH3), 20.34
(CH3, Ac), 21.13 (CH3, Ac), 21.40 (CH3, Ac), 45.17 (CH2−
N), 55.19 (CH3−O, DMT), 60.78 (CH2−O), 62.49 (CH−O),
70.14 (CH−O), 72.45 (CH−O), 81.30 (C, DMT), 113.12
(CHar, DMT), 115.73 (CHar), 126.86−131.39 (CHar, DMT),
132.49 (CHar), 132.61 (CHar, DMT), 134.57 (Car), 134.67
(Car), 135.49−139.52 (Car, DMT), 144.41 (CN), 148.15−
158.52 (Car, DMT), 159.61 (CO), 170.12 (CO, Ac),
170.33 (CO, Ac), 170.62 (CO, Ac).

1-(7,8-Dimethyl-2,4-dioxo-3,4-dihydrobenzo[g]pteridin-
10(2H)-yl)-5-hydroxypentane-2,3,4-triyl triacetate (Com-
pound 3). This was synthesized as described previously.26

Compound 2 (545 mg, 0.68 mmol) was dissolved in 20 mL
nitromethane and 1.27 g (9 equiv, 5.6 mmol) of anhydrous
ZnBr2 were added. After 10 min the reaction was quenched by
addition of ammonium acetate (100 mL, 1 M in water). Then,
100 mL of DCM was added and the organic layer was
separated, washed with brine (2 × 40 mL), and dried with
sodium sulfate. After evaporation of DCM under reduced
pressure, the crude product was extracted several times with
ice-cold diethyl ether to remove residual DMT. The desired
compound was obtained as yellow powder (323 mg) and
utilized for the next step without further purification.

1-(((2-Cyanoethoxy) (diisopropylamino)phosphanyl)oxy)-
5-(7,8-dimethyl-2,4-dioxo-3,4-dihydrobenzo[g]pteridin-
10(2H)-yl)pentane-2,3,4-triyl triacetate (Compound 4). All
starting materials were dried overnight under high vacuum. The
glassware and molecular sieves were dried overnight in oven at
200 °C. Under argon atmosphere compound 3 (323 mg) was
dissolved in 6 mL of dry DCM containing molecular sieves. To
this solution freshly distilled DIPEA (0.55 mL) and 2-
cyanoethyl-N,N-diisopropylchlorophosphoramidite (1.2 equiv,
0.17 mL, 0.78 mmol) were added. After overnight stirring at rt,
the reaction was stopped with 0.5 mL of methanol. The
reaction mixture was evaporated under reduced pressure, then
diluted in ethyl acetate (10 mL) with TEA (0.5 mL) and
washed with brine (2 × 20 mL). Combined organic layers were
dried with sodium sulfate and solvents were removed under
reduced pressure. The presence of desired compound was
confirmed by 31P NMR and ESI-MS analysis with sufficient
purity and the crude product (241 mg) was utilized without
purification. Prior to the next reaction step the product was
stored overnight in a vacuum desiccator with phosphorus
pentoxide.
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31P NMR (121 MHz, CDCl3): two diasteroisomers δ (ppm)
= 152.29, 152.47.
Mass calculated: 702.7; found: 701.3 (M−1) (Figure S6).
(S)-4-((4-methoxyphenoxy)methyl)-2,2-dimethyl-1,3-diox-

olane (Compound 5). (S)-(+)-1,2-Isopropylideneglycerol
(0.96 mL 7.50 mmol), paramethoxyphenol (3 equiv, 2.79 g,
22.5 mmol) and triphenylphosphine (1.3 equiv, 2.56 g, 9.75
mmol) were dissolved in dry toluene (35 mL). Then
diethylazodicarboxylate 40% in toluene (1.3 equiv, 4.4 mL,
9.75 mmol) was added dropwise. After stirring 3 h at rt, the
reaction mixture was diluted in water. The aqueous layer was
extracted with diethyl ether (2 × 10 mL) and the combined
organic layers were washed with brine (2 × 15 mL), dried over
sodium sulfate, and removed under reduced pressure. The
crude product was purified by silica gel chromatography (ethyl
acetate/hexane 10/90) to afford the desired product as yellow
oil (1.69 g, 94%).

1H NMR (300 MHz, CDCl3): δ (ppm) = 1.40 (s, 3H, CH3),
1.41 (s, 3H, CH3), 3.77 (s, 3H, CH3−O, PMP), 3.89 (dd, J =
8.8; 5.9 Hz, 2H, CH2−O), 4.01 (dd, J = 9.5; 5.5 Hz, 1H, CH−
O), 4.13−4.20 (m, 1H, CH2−O), 4.50−4.43 (m, 1H, CH2−O),
6.84 (m, 4H, CHar).

13C NMR (75 MHz, CDCl3): δ (ppm) = 25.38 (CH3), 26.81
(CH3), 55.72 (CH3−O, PMP), 66.87 (CH2−O), 69.50 (CH2−
O), 77.24 (CH−O), 109.71 (C), 115.47 (CHar PMP), 152.70
(Car, PMP), 154.03 (Car, PMP).
(R)-3-(4-Methoxyphenoxy)propane-1,2-diol (Compound

6). Compound 5 (1.69 g, 7.0 mmol) was dissolved in methanol
(50 mL) and DOWEX 50 H+ resin (3.30 g) was added. The
reaction mixture was stirred overnight at rt then filtered and
methanol was evaporated under reduced pressure. TLC (ethyl
acetate/hexane 70:30) and 1H NMR analysis of crude product
showed the desired compound with sufficient purity. The
product (1.32 g, white powder) was utilized without further
purification.

1H NMR (300 MHz, CDCl3): δ (ppm) = 3.69−3.88 (m, 5H,
CH3−O, CH2−O), 3.94−4.02 (m, 2H, CH2−O), 4.05−4.12
(m, 1H, CH−O), 6.84 (m, 4H, CHar).

13C NMR (75 MHz, CDCl3): δ (ppm) = 55.72 (CH3−O,
PMP), 63.70 (CH2−O), 69.89 70.46 (CH2−O), 77.25 (CH−
O), 114.67 (CHar PMP), 115.47 (CHar PMP), 152.70 (Car,
PMP), 154.03 (Car, PMP).
(S)-1-(2,3-Bis(tetradecyloxy)propoxy)-4-methoxybenzene

(Compound 7). PMP-protected compound 6 (1.32 g) was
added to a suspension of NaH 60% (4 equiv, 0.89 g, 26.6
mmol) in dry DMF (67 mL). After stirring for 30 min at rt, 1-
bromotetradecane (6 equiv, 12 mL, 39.9 mmol) was slowly
added. The reaction mixture was stirred overnight at room
temperature. To stop the reaction 20 mL of MeOH were added
and the crude product was diluted with water. The aqueous
layer was extracted with diethyl ether (3 × 20 mL) and the
combined organic layers were washed with brine (2 × 30 mL),
dried over sodium sulfate, and removed under reduced
pressure. The crude product was purified by silica gel
chromatography (hexane/ethyl acetate 90/10) to afford the
desired product as a white solid (2.73 g, 66%).

1H NMR (300 MHz, CDCl3): δ (ppm) = 0.86 (m, 6H, 2 ×
CH3), 1.25 (s, 44H, 22 × CH2), 1.59 (m, 4H, 2 × CH2), 3.38−
3.65 (m, 6H, 3 × CH2−O), 3.70−3.79 (m, 4H, CH3−O, CH−
O), 3.93−4.06 (m, 2H, CH2−O), 6.82 (m, 4H, CHar).

13C NMR (75 MHz, CDCl3): δ (ppm) = 14.17 (CH3),
22.73−31.95 (CH2), 55.70 (CH3−O, PMP), 68.64 (CH2−O),
70.37 (CH2−O), 70.81 (CH2−O), 71.75 (CH2−O), 77.23

(CH−O), 114.51 (CHar PMP), 115.53 (CHar PMP), 153.06
(Car, PMP), 153.78 (Car, PMP).

(R)-2,3-Bis(tetradecyloxy)propan-1-ol (Compound 8).
Compound 7 2.73 g (4.62 mmol) was dissolved in ACN/
H2O 8:2 mixture (45 mL) and then put on ice bath. 6.65 g of
ceric ammonium nitrate (2.6 equiv, 12 mmol) were added
subsequently and the reaction mixture was stirred overnight.
After a workup procedure (brine 2 × 30 mL, sodium sulfate)
the crude product was purified by silica gel chromatography
(hexane/ethyl acetate 90/10) to give a white powder (1.37 g,
61%) (NMR spectra, Figures S5−7).

1H NMR (300 MHz, CDCl3): δ (ppm) = 0.88 (m, 6H, 2 ×
CH3), 1.25 (s, 44H, 22 × CH2), 1.57 (m, 4H, 2 × CH2), 2.01
(s, 1H, OH), 3.41−3.75 (m, 9H, 4 × CH2−O, CH−O).

13C NMR (75 MHz, CDCl3): δ (ppm) = 14.14 (CH3),
22.71−31.94 (CH2), 63.11 (CH2−OH), 70.40 (CH2−O),
70.91 (CH2−O), 71.86 (CH2−O), 77.22 (CH2−O), 78.21
(CH−O).
Mass calculated: 484.8; found: 485.5 (M+1) (Figure S8).
1-((((S)-2,3-Bis(tetradecyloxy)propoxy)(2-cyanoethoxy)-

phosphory l )oxy ) -5 - (7 ,8 -d imethy l -2 , 4 -d ioxo -3 ,4 -
dihydrobenzo[g]pteridin-10(2H)-yl)pentane-2,3,4-triyl triace-
tate (Compound 9). To afford compound 9 all starting
materials were dried overnight in a high vacuum pump. The
glassware and molecular sieves were dried overnight in an oven
at 200 °C. Under argon atmosphere compound 4 (241 mg)
was dissolved in 3 mL dry THF containing molecular sieves.
Then a solution of 200 mg diC14 alcohol (1.2 equiv, 0.41
mmol) in 3 mL THF and 4.4 mL of 5-benzylthio-1H-tetrazole
(1.3 equiv, 0.44 mmol) were added. After stirring 6 h at RT, 20
mL of an oxidizing solution (0.2 M iodine in THF/Pyridine/
H2O (2:1:1)) was added. The reaction was stirred overnight at
rt and stopped by adding a solution of sodium bisulfite (5% in
water) until the brown color had vanished. The reaction
mixture was diluted with ethyl acetate (20 mL) and the organic
layer was washed with sodium bicarbonate (2 × 20 mL) and
brine (2 × 20 mL) and finally dried with sodium sulfate. The
solvents were evaporated under reduced pressure. The crude
product was purified by silica gel column chromatography
(ethyl acetate 100%) to afford a yellow powder. Yield: 227 mg
(0.21 mmol, 30%).

1H NMR (300 MHz, CDCl3): δ (ppm) = 0.87 (t, J = 6.6 Hz,
6H, 2 × CH3, chains), 1.24 (s, 44H, 22 × CH2, chains), 1.52
(m, 4H, 2 × CH2, chains), 1.79 (s, 3H, CH3, Ac), 2.20 (s, 3H,
CH3, Ac), 2.34 (s, 3H, CH3, Ac), 2.44 (s, 3H, CH3), 2.58 (s,
3H, CH3), 2.80 (t, J = 6.1 Hz, 2H, CH2−CN), 3.37−3.46 (m,
2H, CH2−O), 3.49 (m, 2H, CH2−O), 3,55 (m, 2H, CH2−O),
3,55 (m, 1H, CH−O), 4.49−4.03 (m, 7H, 3 × CH2−O, 1 ×
CH2−N), 4,87 (m, CH2−N), 5.41 (m, 1H, CH−O), 5.49 (m,
1H, CH−O), 5.62 (m, 1H, CH−O), 7.60 (s, 1H), 8.03 (s, 1H),
8.39 (s, 1H, NH).

13C NMR (75 MHz, CDCl3): δ (ppm) = 14.11 (CH3,
chains), 19.42 (CH3), 20.33 (CH3, Ac), 21.09 (CH3, Ac), 21.42
(CH3, Ac), 22.67−31.90 (CH2, chains), 45.10 (CH2−N), 62.27
(CH2−O), 67.88 (CH2−O), 69.35 (CH2−O), 70.20 (CH2−
O), 70.70 (CH2−O), 71.84 (CH2−O), 76.95 (CH−O), 77.29
(CH−O), 115.71 (CHar), 116.61 (CHar), 128.65 (CHar),
129.06−137.05 (Car), 148.29 (CN), 154.83 (CN), 159.29
(CO), 169.88 (CO, Ac), 170.23 (CO, Ac), 170.26
(CO, Ac).

31P NMR (121 MHz, CDCl3): two diasteroisomers δ (ppm)
= 1.88, 1.98.
Mass calculated: 1102.4; found: 1102.6.
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(S)-2,3-Bis(tetradecyloxy)propyl (5-(7,8-dimethyl-2,4-
dioxo-3,4-dihydrobenzo[g]pteridin-10(2H)-yl)-2,3,4-trihy-
droxypentyl) phosphate (Compound 10, RfdiC14). Com-
pound 9 (227 mg, 0.21 mmol) was dissolved in 5 mL of
methanol and 51 mg of sodium methanoate (3.5 equiv, 0.75
mmol) were added. After 24 h stirring at rt the reaction was
stopped by the addition of 4 g of dry silica. The solvent was
evaporated under reduced pressure and the crude product was
purified by silica gel column chromatography (DCM/MeOH/
TEA 95/5/1) to afford yellow powder. Yield: 151 mg (0.17
mmol, 80%) (NMR spectra, Figures S1−S4).

1H NMR (400 MHz, CDCl3/MeOD 2:1): δ (ppm) = 0.84
(t, J = 6.7 Hz, 6H, 2 × CH3, chains), 1.22 (s, 44H, 22 × CH2,
chains), 1.31 (TEA, t, J = 7.3 Hz, 9H, 3 × CH3) 1.53 (m, 4H, 2
× CH2, chains), 2.42 (s, 3H, CH3), 2.53 (s, 3H, CH3), 3.13
(TEA, q, J = 7.3 Hz, 6H, 3 × CH2), 3.35−3.62 (m, 9H, 4 ×
CH2−O, CH−O, chains), 3.81−3.95 (m, 4H, 2 × CH2−O),
4.12 (m, 1H, CH−O), 4.81 (m, 1H, CH−O), 4.93 (m, 1H,
CH2−N), 5.13 (m, 1H, CH2−N), 7.96 (m, 2H, CHar).

13C NMR (100 MHz, CDCl3/MeOD 2:1): δ (ppm) = 8.81
(CH2, TEA), 14.26 (CH3, chains), 19.57 (CH3), 21.56 (CH3),
23.01−32.27 (CH2, chains), 46.63 (CH2−N, TEA), 47.68
(CH2−N), 48.82 (CH2−N), 52.89 (CH2−O), 58.67 (CH2−
O), 65.48 (CH2−O), 67.45 (CH2−O), 70.84−73.00 (CH2−O,
CH−O, chains, RF), 77.95−78.35 (CH−O, chains, RF), 117.71
(CHar), 132.09 (CHar), 132.83(Car), 135.78 (Car), 138.09 (Car),
149.19 (CN), 151.13 (CN), 157.50 (CO), 161.03
(CO).

31P NMR (162 MHz, CDCl3): 1.86.
Mass calculated: 923.2; found: 923.5 (Figure S8).
DSPE-PEG-riboflavin (Compound 11). 400 μL of stock

solution (25 mg/mL in chloroform) of DSPE-PEG2000-
succinyl (10 mg, 0.34 μmol) were put in a round-bottom
flask and the solvent was evaporated under gentle nitrogen
stream. RF (20 equiv, 2.5 mg, 6.8 μmol) was solubilized in
anhydrous DMF and added to DSPE-PEG-succinyl. Then a
catalytic amount of DMAP and a stoichiometric amount of
DCC were added and the reaction mixture was left under N2
and continuous magnetic stirring. After 48 h DMF was
evaporated by lyophilization (Dura-DryMP from FTS
Systems), the crude product was dissolved in H2O/ACN
50:50 mixture and purified by HPLC on reverse phase
analytical C8 column. Solvent A was H2O/ACN/TFA
50:50:0.1 and solvent B was H2O/ACN/TFA 50:50:0.1, with
the gradient from 0% to 100% B in 25 min and then 100−0% B
in 5 min. The product was detected by the UV-detector at 265
nm. Gathered fractions were lyophilized and analyzed with
MALDI-TOF mass spectrometry.
Mass observed: 3288; 2438.
Liposome Preparation and Characterization. Prepara-

tion. Liposomes were prepared with standard film hydration
method. The final concentration of lipids was 20 mM. For the
targeted liposomes at least 1 mol % of RF amphiphile was
added to the initial lipid blend. For the NIR-labeled long-
circulating liposomes DiR dye was added to the initial lipid
blend (0.1 mol %). The lipids were dissolved in chlorophorm,
mixed in appropriate proportions in the round-bottom flask,
and the solvent evaporated under vaccuo. The flask was then
put into lyophilizator overnight to remove any residual solvent
traces. The film was hydrated with 1 mL of 25 mM HEPES
buffer (pH = 7.4) containing 1 mM of Rhodamine B (for 1 h at
40 °C) for bare liposomes or with 10 mM HEPES buffer (pH =
7.4) with 9.25% sucrose (for 1 h at 60 °C) for LCL. Hydrated

films were then subjected to 3−5 freeze−thaw cycles with the
help of liquid nitrogen and a water bath (40−60 °C). Obtained
MLV were then extruded 11 times through a 100 nm
polycarbonate membrane (Avanti Polar Lipids). To separate
liposomes from free Rhodamine B in solution, LUVs were
purified by size-exclusion chromatography with prepacked
PD10 columns (Sephadex G25 resin, GE Healthcare). The
liposome purity and stability were evaluated by GPC with a
help of BioSep-SEC-S3000 column (isocratic mode in PBS,
flow rate 1 mL/min, 20 min). Liposome solutions were stored
at 4 °C.

Size and Charge Measurement. Size, distribution, and zeta
potential measurements of control and specific liposomes were
performed in triplicate by dynamic light scattering (DLS) using
a Zetasizer Nano ZS (Malvern Instruments Ltd., Malvern,
Worcestershire, UK) at 25 °C. Calculations of size distribution
based on light scattering intensity were performed by the
Zetasizer Nano software from the correlation functions using
the general purpose algorithm (Malvern dispersion technology
software, v 7.03). The liposomal stock dispersions were diluted
by a factor 15 with an appropriate HEPES buffer before
measurements performed by DLS.

Cryo-EM. Cryo-EM analysis was performed as described
earlier.41 For the sample preparation, 5 μL of sample aliquot
was deposited onto an EM grid coated with a perforated carbon
film (Ted Pella, Redding, CA, USA), the excess liquid was
blotted off with a filter paper, and the grid was then quickly
plunged into liquid ethane using a Leica EM-CPC cryo-
chamber. EM grids were stored in cryo-boxes under liquid
nitrogen until use, and then mounted in a Gatan 626 cryo-
holder and transferred in a Tecnai F20 microscope operated at
200 kV. Images were recorded with a USC1000-SSCCD Gatan
camera. The size of the objects was measured with ImageJ
software (U.S. National Institutes of Health, Bethesda,
Maryland, USA).

Fluorescence Spectroscopy. Liposome fluorescence inten-
sity was evaluated by Tecan Infinite 200 Pro (Tecan Trading
AG, Switzerland) and analyzed with Tecan i-control, v 1.7.1.12
software. First calibration curves were prepared for Riboflavin
(ex. 450 nm, em. 530 nm), Rhodamine B (ex. 554 nm, em. 583
nm), and DiR (ex. 750 nm, em. 782 nm). The concentration of
fluorescent agent in each batch of liposomes was determined
with following equations: y = 59087x (R2 = 0.9939) for
Riboflavin and y = 17888x (R2 = 0.98918) for Rhodamine B, y
= 7200x (R2 = 0.9916) for DiR, where y represents fluorescence
intensity and x the concentration in μM.

Solid State NMR. Two sets of samples were prepared:
DMPC:DMPG (90:10) and DMPC:DMPG:RfdiC14
(90:10:10) with the total lipid concentration of 20 mM. For
all samples DMPC-d54 (Avanti Polar Lipids, USA) with fully
deuterated acyl chains was utilized. Lipids were dissolved in
chloroform, mixed in appropriate proportions, and the solvent
evaporated under gentle nitrogen stream. The obtained lipid
films were taken up in 500 μL of MiliQ water, hydrated at 45
°C for 30 min, and then subjected to 5 freeze−thaw cycles.
After the last cycle samples were frozen in liquid nitrogen and
lyophilized (Dura-DryMP from FTS Systems). The obtained
powder was taken up in 100 μL of light water (containing 2−3
ppm of deuterium, CortectNet, France) for solid NMR studies.
Then again 3 freeze−thaw cycles occurred (10 min at 45 °C/
stirring/freezing in liquid nitrogen) before the transfer to 4 mm
zircon oxide rotors (CortectNet, France).
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The NMR spectrometer RMN 800 MHz SB Bruker
(Wissembourg, France) equipped with the probe CP-MAS
SB 1H/BB able to rotate at magic angle was used for the solid
NMR studies. The echo solid sequence (90°-τ-90°-τ-Acq) was
employed for the deuterium observations. The pulses at 90°
were 2.88 μs, the echo delays (τ) were 40 μs with the
registering from 4k points. The repeating time was 2 s with the
acquisitions number from 1 to 12k according to the sample.
The temperature varied from 20 to 50 ± 5 °C. The obtained
signals were filtered with a decreasing exponential function of
the constant between 100 and 500 Hz and then subjected to
Fourier transformation from the top of the echo spin. Finally,
the data were analyzed with the help of Topspin 3.2 software
(Bruker, USA).
Cellular Uptake Experiments. Cell Culture. A431 (human

epidermal cervix carcinoma) and PC3 (human prostate
carcinoma) cell lines as well as HUVEC (human umbilical
vein endothelial cells) primary culture were maintained at 37
°C, under humidified air with 5% CO2, in RMPI, McCoy’s
medium, or Endopan 3 L-Glutamine medium supplemented
with 10% (v/v) fetal bovine serum (except HUVECs) and 100
U/mL of penicillin G and 100 U/mL of streptomycin (cell
culture media and additives were from Gibco/Life Technolo-
gies, Carlsbad, California). Cells were cultivated in standard 75
cm2

flasks and splitted each 3−5 days (up to 10 passages
maximum).
Fluorescent Microscopy. Cells in maintenance medium were

trypsinized and seeded into 24-well culture plates at optimum
confluence. Incubations were conducted at 50 nM (RhB) of
control or targeted liposomes in serum-containing maintenance
medium for 30 min. For the competitive binding experiment
cells were preincubated with 20-fold excess of targeted
liposomes without RhB for 15 min and then, without washing,
50 nM of targeted liposomes were added and incubated for 30
min. For 4 °C uptake studies cells were preincubated in the
refrigerator for 30 min. After incubation with liposomes, cells
were washed three times in 1× PBS to remove free liposomes
and fixed with 4% PFA. The cell nucleus was stained with DAPI
standard protocol (Life Technologies). Cellular uptake was
monitored by fluorescence microscopy in on an AxioVert
microscope (Carl Zeiss AG) under 20× or 40× magnification.
Two channels were studied for each liposome batchDAPI
(ex. 365 nm, em. 455 nm) to visualize nucleus and dsRed (ex.
554 nm, em. 605 nm) to observe liposome uptake trough RhB
fluorescence or Cy7 (ex. 750 nm, em. 782 nm) for DiR
fluorescence in LCL. For each individual well from 10 to 20
images were collected and the fluorescence intensity was then
quantified with ImageJ Software (U.S. National Institutes of
Health, Bethesda, Maryland, USA). Uptake experiments were
conducted in triplicate.
Flow Cytometry. The incubation conditions were the same

as for fluorescence microscopy experiments. Briefly, cells were
trypsinized, counted, and then incubated in Eppendorf tubes
(0.4 million cells/mL) with 50 nM of liposomes for 30 min at
37 °C. Then, tubes were centrifuged and the cell pellet was
washed 3 times with PBS to remove free liposomes. For the
competition experiment cells were preincubated with a 20-fold
excess of targeted liposomes without Rhodamine B for 15 min.
Finally, cells were resuspended in PBS buffer in flow cytometry
tubes and the measurements were performed using a FACS
Canto II (Becton Dickinson) flow cytometer. Fluorescence was
monitored in two channelsgreen channel FITC (ex. 495 nm,
em. 519 nm) and orange channelPE (ex. 561 nm, em. 578

nm). 50 000 cells were counted for each condition tested. The
data were analyzed and quantified using FACS Diva Software
(Becton Dickinson).

Cytotoxicity Test. The cytotoxicity of control and specific
liposomes was accessed using a standard MTT (Life
Technologies) test following the manufacturer’s description.
Briefly, cells in maintenance medium were seeded in 96 well
plates and incubated for 72 h with liposomes in 1×, 3×, and 5×
concentrations (50, 150, and 250 nM, respectively). After
incubation, cells were washed with maintenance medium
without serum and 50 μL of MTT (5 mg/mL) solution per
well was added. Cells were incubated 2 h a 37 °C and the MTT
solution was removed. Formed by live cells, blue formazan
crystals were solubilized with 200 μL DMSO per well. The blue
formazan absorbance was read at 570 nm with Tecan Infinite
200 Pro. The cell viability was calculated using the following
formula: Viability % = (A570 nm for the treated cells/A570 nm for
the control cells) × 100%, where A570 nm is the absorbance
value. Each assay was repeated in triplicate.

In Vivo Experiments. The in vivo experiments were
approved by the local and national regulatory authorities and by
ethical animal welfare committee under the number AZ - 87-
51.04.2010.A278. Eight-week old male CD1-nu/nu mice
(Charles River Laboratories, Wilmington, USA) weighing
∼25 g were fed with chlorophyll-free food pellets and water
ad libitum. Mice were housed in ventilated cages and placed in
controlled room with adapted conditions. PC3 human prostate
carcinoma cells were cultured as described in Cell Culture.
Mice were injected with PC3 tumor cells (3 × 106 cells/100
μL) by subcutaneous inoculation into the dorsolateral right
flank. A tumor size of ∼3−4 mm in diameter was obtained
within 30−40 days. The animals were conditionally inhalation-
anaesthetized during all experimental operations.

Phantom Studies. Phantom studies for the probe calibration
were performed in a block shaped FMT phantom36 (33 × 40 ×
15 mm3, absorption 0.1 cm−1, scattering 8 cm−1), containing a
cylindrical inclusion (diameter 3 mm, length 1 cm). The
inclusion was filled with varying concentrations of fluorescen-
cent DiR liposomes (ex 750 nm, em 782 nm). 5% CT contrast
agent (Imeron 400, Bracco Imaging, Konstanz, Germany) was
added to liposome solutions to facilitate the segmentation of
the inclusion in the μCT images. 1% of Lipovenoes (20%
stock) were also added to mimic tissue absorption. The
phantom was subjected to the μCT imaging (Tomoscope
DUO; μCT Imaging, Erlangen, Germany) with subsequent 3D
FMT scans (FMT2500; PerkinElmer). Based on μCT data, the
cylindrical inclusion in phantom was segmented using Imalytics
Preclinical (Gremse-IT, Aachen, Germany)42 and the fluo-
rescence signal from FMT was quantified in the segmented
volume.

Animal Studies. Control and targeted LCL (100 μL with 2.5
nmol DiR in each) were injected into the tail vein of 6 CD-1
nude male mice bearing PC3 tumors of size of ∼3−4 mm in
diameter. Animals were divided in 2 groupscontrol and
targeted with n = 3 in each group. The anaesthetized (2.5%
mixture of isoflurane/O2) animals were placed on a multimodal
imaging mice holder (CT-imaging, Erlangen, Germany), which
is manually adjusted to keep the mice with the tumors
projecting at the right side. High-resolution dual-energy μCT
and subsequent image reconstruction were performed as
described previously.36 After the μCT scan, without changing
the position and orientation of mouse, it was transferred to the
FMT. Process parameters such as excitation wavelength and
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calibration agent were preset by the FMT based on earlier
phantom experiments. The FMT machine detected and set
automatically the laser scanning depth of imaging holder.
Whole body images of the mice were first captured using FRI.
The 3D FMT scans were subsequently performed in the region
of interest selected from 2D FRI images. All animals were
subjected to μCT and subsequent 3D FMT imaging at 0.25, 4,
24, and 48 h. After the final scanning, Rhodamine-lectin
(Axxora, LLC, 1 mg/mL; 70 μL) was injected into the tail vein,
and mice were sacrificed for ex vivo biodistribution validation.
The μCT and FMT image data sets were fused as described
previously.36 Based on μCT data, tumors and healthy organs
were interactively segmented using Imalytics Preclinical.42

Fluorescence signals from FMT were overlaid with correspond-
ing organ-segmented μCT images, and the concentration of
control and targeted LCL in organs was quantified. The mean
DiR content for each segmented organ was calculated on the
basis of phantom experiments and was normalized to its
respective average volume. The blood samples of 3 μL per
mouse were collected before injection and at 0.25, 4, 24, and 48
h after injection and placed at the filter paper. At the end of the
experiment the filter paper was imaged with 2D FRI and
fluorescence signal in each blood spot was quantified.
Tumor Cryosections and Staining. Histological stainings

were performed to visualize the tumor micromorphology and
compare the tumor accumulation of different liposomal
formulations. Thus, snap-frozen 8-μm-thick sections were
prepared and stained using DAPI (Sigma-Aldrich, Germany)
for nuclei. Blood vessels were already stained with Rhodamine-
lectin. Sections were mounted on microscopy slides, washed
twice with PBS and fixed using Mowiol (Sigma-Aldrich,
Germany). Fluorescence microscopy imaging was performed
using an Axio Imager M2 microscope and a high-resolution
AxioCam MRm Rev.3 camera, at different magnifications. The
images were acquired in various positions of the tumor and
within various depths. The data were further post-processed
using ImageJ software (U.S. National Institutes of Health,
Bethesda, Maryland, USA) and the colocalization was analyzed
with Fiji Colocalization Test tool (U.S. National Institutes of
Health, Bethesda, Maryland, USA).
Statistics. All data are presented as the mean ± standard

deviation. Two-tail Student’s test and variance analysis were
used to determine significance among groups. A value of P <
0.05 was considered to show significant differences.
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