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ABSTRACT: Riboflavin carrier protein (RCP) and riboflavin trans-
porters (RFVTs) have been reported to be highly overexpressed in
various cancer cells. Hence, targeting RCP and RFVTs using riboflavin
may enhance tumor accumulation and internalization of drug delivery
systems. To test this hypothesis, butyl-based 3-arm peptostar polymers
were synthesized consisting of a lysine core (10 units per arm) and a
sarcosine shell (100 units per arm). The end groups of the arms and the
core were successfully modified with riboflavin and the Cy5.5
fluorescent dye, respectively. While in phosphate buffered saline the
functionalized peptostars showed a bimodal behavior and formed
supramolecular structures over time, they were stable in the serum
maintaining their hydrodynamic diameter of 12 nm. Moreover, the
polymers were biocompatible and the uptake of riboflavin targeted peptostars in A431 and PC3 cells was higher than in nontargeted
controls and could be blocked competitively. In vivo, the polymers showed a moderate passive tumor accumulation, which was not
significantly different between targeted and nontargeted peptostars. Nonetheless, at the histological level, internalization into tumor
cells was strongly enhanced for the riboflavin-targeted peptostars. Based on these results, we conclude that passive accumulation is
dominating the accumulation of peptostars, while tumor cell internalization is strongly promoted by riboflavin targeting.

Cancer is a major reason for death worldwide. It is
estimated that cancer caused 9.6 million deaths in 2018,

and curative treatments of advanced stages are not available for
many tumor types.1 Currently, the best treatment options are
surgery, radiotherapy, and chemotherapy. Unfortunately,
surgery and radiotherapy are not always possible due to the
location of the tumor or the presence of multiple metastases.
Thus, chemotherapy is often the only available option to treat
advanced tumor stages. Due to their nonspecific accumulation,
chemotherapeutics cause damage not only to tumors but also
to vital tissues.2 One option to reduce the nonspecific
accumulation of chemotherapeutics is the use of nanosized
drug delivery systems.3 These systems passively accumulate in
the tumors due to the enhanced permeability and retention
(EPR) effect.4 In order to further improve drug targeting, the
delivery systems can be functionalized to actively target tumor
cells or the tumor microenvironment. Here, vitamin receptors
that are overexpressed in many cancers are promising targets.
Mainly folate5 and biotin6 receptors have been evaluated so far,
but there are other vitamins that are highly expressed at tumor
sites and not yet explored in greater detail.
Vitamin B2, Riboflavin (RF), is responsible for normal

cellular metabolism, proliferation, and growth. It also exhibits
antioxidant and anti-inflammatory properties.7,8 Mammals are
not able to synthesize RF; thus, it must be acquired from their
diet. Absorbed RF is distributed to different tissue compart-

ments via the circulation, and the vitamin is transported into
cells across the plasma membrane by specialized carrier-
mediated processes. These RF transporters were recently
identified and classified as RFVT1, RFVT2, and RFVT3.9

RFVTs and the RF carrier protein have been shown to be
highly expressed in breast,10−14 prostate,15 liver,16 esoph-
ageal,17,18 and brain19 cancers, as well as in squamous cell
carcinoma.14 This makes RF a promising ligand for active
targeting of drugs and drug delivery systems.20

Like poly(ethylene glycol) (PEG), polysarcosine (pSar) is a
protein-resistant material that can introduce stealth-like
properties to a surface at high grafting densities.21−24

Polypept(o)ide stars (a.k.a. peptostars) are consisting of
polysarcosine and polypeptide-based polymers.25−27 These
star-like polymers can be synthesized with precise control over
the size of the functional core and the respective corona by
simply adjusting the degree of polymerization. Besides the
functionalization of the end groups of the stars, the core can be
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Figure 1. Peptostar characterization: (A) Peptostar functionalization scheme. (B) DLS measurements in methanol of nonfunctionalized
nonfluorescent peptostars. (C) SEC elugram at 350 nm. Targeted peptostars show a peak confirming RF conjugation. (D) UV−vis spectroscopy in
PBS. Targeted and nontargeted peptostars show absorbance peaks at 633 and 685 nm proving that the labeling with the dye was successful.
Additionally, riboflavin peaks at 260 and 460 nm indicate its presence on targeted peptostars. (E) Fluorescence intensity measurements of
peptostars excited at 680 nm. Nontargeted peptostars show higher fluorescence compared to targeted ones. (F) FCS measurement in PBS after
functionalization. (G−I) Stability measurements of peptostars synthesized more than 3 months ago: (G) multiangle DLS measurements in PBS;
(H) FCS measurements in PBS; (I) FCS measurements in serum.
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labeled, for example, with a fluorescent dye or a chemo-
therapeutic agent. Hence, peptostars can be functionalized to
have both therapeutic and diagnostic (theranostic) properties.
Therefore, polypept(o)ide stars, based on polylysine and
polysarcosine, are suitable for the functionalization with RF
and, thus, allow for analysis of active versus passive targeting.
In this study, butyl-based 3-arm polypept(o)ide stars were

synthesized with a protected polylysine core of in total 30
lysine units and a polysarcosine corona of 300 units as
described previously.26,27 In detail, a butyl-based 3-arm
initiator was synthesized and used for the controlled ring-
opening polymerization of the Lys(Boc)N-Carboxyanhydride
(NCA) at first and afterward of the SarNCA. The block
lengths of each arm can be precisely adjusted by the monomer
to initiator ratio. The synthesized peptostar revealed a low
dispersity index of 1.14, as indicated by hexafluoroisopropanol

(HFIP) size exclusion chromatography (SEC), and showed a
hydrodynamic diameter of 7.6 nm with a polydispersity index
(PDI) of 0.16 according to single-angle dynamic light
scattering (DLS) measurements in methanol (Figure 1B).
After the synthesis of star-like polymers, the N-termini of the

peptostars were functionalized with RF via peptide bond
formation or capped by acetylation (Figure 1A). The
successful functionalization was determined via nuclear
magnetic resonance (NMR) spectroscopy and SEC. The
SEC elugram at a wavelength of 350 nm displayed a peak for
RF functionalized peptostars, while acetylated ones did not
show any signal (Figure 1C). For the dye attachment, first, the
Boc group was removed under acidic conditions and then
Cy5.5 dye was conjugated via NHS ester linkage (Figure 1A).
The successful dye conjugation was confirmed by UV−vis
spectroscopy (Figure 1D). The absorbance peaks at 633 and

Figure 2. In vitro and ex vivo results: (A) Fluorescence microscopy images of PC3 cells after incubation with polymers (purple) are in line with the
quantification and show higher uptake of targeted peptostars. Cell nuclei are stained in blue with DAPI. Scale bar indicates 50 μm. (B)
Quantification of cellular uptake of peptostars by A431 and PC3 cells based on FACS. The measurements show a higher uptake of targeted versus
nontargeted polymers and a reduction of cellular internalization after blocking the RF receptors. (C) XTT assay of NIH cells after 24 h exposure to
polymers. (D) Biodistribution of peptostars inside selected organs and tumor. The total fluorescence intensity is normalized according to the
weight of the tissue. No difference can be seen between targeted and nontargeted peptostar biodistribution. (E) 2D FRI images of tumors. Targeted
and nontargeted peptostars have similar tumor accumulation. (F) Total tumor accumulation vs intracellular accumulation of peptostars. The
targeted peptostars show higher internalization compared to control ones.
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685 nm indicated the presence of the dye. Additionally, peaks
at 260 and 460 nm were seen for RF functionalized peptostars.
Fluorescence properties of peptostars were assessed using a
spectrophotometer. At the same concentration, control
peptostars showed higher fluorescence than the targeted ones
(Figure 1E). It is possible that nontargeted peptostars have
more dye molecules attached to their core than functionalized
ones. Additionally, RF is known to quench certain fluorescent
dyes.28 Since the labeling procedure for both polymers was the
same, it seems more likely that RF quenches Cy5.5. Thus, for
further experiments concentrations were chosen according to
the equal fluorescence of both samples.
After the functionalization, fluorescence correlation spec-

troscopy (FCS) measurements in phosphate buffered saline
(PBS) were performed. The results showed that control
peptostars had a 7.0 nm hydrodynamic diameter, while
functionalized ones had 8.0 nm (Figure 1F). Furthermore, to
check the dispersion stability, multiangle DLS (ALV/CGS-3,
Germany) measurements using peptostars synthesized more
than 3 months ago were performed. The solutions demon-
strated bimodality: small unimers and big, possibly, supra-
molecular structures were found (Figure 1G). The unimer size
varied according to the angle on average being 11 ± 8 nm for
targeted peptostars and 12 ± 8 nm for control ones. The size
dependence on an angle indicates that these structures have
nonspherical shape. Additionally, we found the larger
structures to have an average hydrodynamic diameter of 148
± 14 nm for targeted and 132 ± 9 nm for nontargeted
polymers. We presume these structures to be micelle-like as
their size did not significantly vary according to an angle.
Taking into consideration that micelles are formed only when
the polymer concentration is above critical micelle concen-
tration (CMC), we suspect that at lower concentrations such
as used for FCS measurements the peptostars would not form
these supramolecular structures. To check this hypothesis, the
samples were diluted and measured using FCS. As expected,
the structures of approximately 140 nm size were not seen;
instead, peptostars formed smaller clusters that had a
hydrodynamic diameter of 73.0 nm for targeted and 64.8 nm
for nontargeted polymers (Figure 1H). It is noteworthy that
the unimers were also not seen as the sample appeared to be
uniform. Hence, we assume that the change in concentration
destabilized the colloidal dispersion and caused the polymers
to redistribute. This implies that the aggregations are
concentration-dependent and not based on chemical inter-
actions. Furthermore, to mimic in vivo environments, the
polymers were dissolved in the serum and size was measured
using FCS. In the serum, nontargeted peptostars had a
hydrodynamic diameter of 12.0 nm, while targeted ones
measured 12.8 nm (Figure 1I). The slight increase in the size
compared to initial FCS measurements in PBS (Figure 1F)
could be a result of polymer interaction with the proteins in
the serum. Based on these results, we suspect that peptostars
tend to form aggregates only in PBS but are stable in serum.
Cy5.5 is known to be hydrophobic; thus, if exposed to water, it
tends to aggregate. Hence, it is assumed that Cy5.5 inside the
core of the peptostar was not sufficiently shielded by the three
polysarcosine arms and thus rendered the systems more
amphiphilic. On the other hand, this was not the case when
peptostars were dissolved in the serum. It is assumed that the
proteins that are present in the serum interfered with the
peptostars, shielded their hydrophobic core, and as a
consequence prevented the formation of larger structures.

Similar behavior is known for other amphiphilic substances
such as the contrast agent Gadofluorine, which forms micelles
only in PBS but is stabilized and kept in the blood circulation
by protein interactions in vivo.29 We postulate that in vitro and
in vivo peptostars should behave similarly to those in the
serum.
In a previous study, the toxicity of nonfunctionalized,

nonfluorescent peptostars was tested on human cervical
epithelial carcinoma (HeLa), human embryonic kidney
(HEK 293), and mouse dendritic (DC 2.4) cells using the
CellTiter-Glo Luminescent cell viability assay.26 Only a minor
decrease in cell viability was seen using concentrations up to 1
mg/mL. In line with these results, we observed no toxic effects
for our RF functionalized and control nonfluorescent
peptostars that were tested on mouse fibroblast (NIH) cells
using XTT colorimetric cell viability assay, in concentrations
up to 1.5 mg/mL (Figure 2C). To assess the cellular uptake of
peptostars with and without RF, squamous cell carcinoma
(A431) and prostate cancer (PC3) cell lines were chosen. Both
cell lines have been shown to overexpress RFVTs.14,15 Polymer
internalization was initially evaluated using fluorescence
microscopy (Figure 2A). The results were further confirmed
by flow cytometry (FACS). In both cell lines, the uptake of
targeted peptostars was superior to that of nontargeted ones
(Figure 2B). Competitive binding experiments with either pre-
exposure of the cells to 10-fold higher dose of free RF or
nonfluorescent targeted peptostars showed significant (p <
0.001) reductions in targeted peptostar uptake. These results
are in line with the hypothesis that RF-functionalized
peptostars are taken up via a transporter-mediated pathway.
Furthermore, these results are in agreement with two previous
studies in which liposomes30 and 4-arm PEGs31 were
investigated as RF-targeted systems.
Biodistribution experiments were carried out on Balb/c

nude mice bearing A431 xenografts. Peptostars were injected
into the tail vein, and after 30 min, the mice were sacrificed,
and organs of interest and tumors were dissected and imaged
using 2D fluorescence reflectance imaging (FMT2500,
PerkinElmer). The 30 min time point was chosen because
no long circulation times are expected for the small peptostars,
the sizes of which are at the renal elimination threshold.
Furthermore, the benefit of active targeting is usually
prominent at early time points, especially since RF uptake is
known to be a very fast process,14 while passive accumulation
dominates at later time points. By visual inspection of ex vivo
images, the highest fluorescence is seen in the liver and kidneys
(Figure S1). Since the tumors were smaller than other organs,
the fluorescence intensity signals were normalized according to
the tissue weight (Table S1). The quantification revealed the
highest fluorescence per gram of tissue in the liver, lungs, and
spleen (Figure 2D). We postulate that high lung, liver, and
spleen accumulation is due to uptake by cells of the
mononuclear phagocyte system (MPS). In this context, please
note that, due to the thickness and strong optical absorption of
liver and spleen tissue, the peptostar accumulation may be
underestimated in comparison to other organs. The
fluorescence signal in the kidneys points to partial renal
excretion of the peptostars. In line with this, lower fluorescence
signal in the heart compared to the other organs indicate that
most of the polymer is already cleared 30 min post-injection.
Therefore, we do not expect major changes in the
biodistribution after this time point.
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No difference in tumor accumulation of targeted and control
peptostars could be seen (Figure 2E), which is in line with
results from the comparison of nontargeted and RF-targeted 4-
arm PEG polymers of 13 nm diameter.31 However, in this
study RF-targeting of 4-arm PEG did enhance tumor cell
internalization. To test if this was also the case for 3-arm
peptostars, tumors were further analyzed histologically.
Fluorescence images of fresh cryosections were taken to assess
the whole accumulated polymer content, while for the
quantification of the internalized content, the cryosections
were extensively washed before imaging. Around 80% of
targeted peptostars were internalized, which was significantly
(p < 0.01) more than nontargeted ones (38%) (Figure 2F).
This points to a successful tumor cell targeting of our system.
In conclusion, like other polysarcosine systems, 3-arm

peptostars with pLys core are biocompatible and do not
show cytotoxicity up to 1 mg/mL. Labeling these systems with
Cy5.5 at the core increased their tendency to form aggregates
in PBS, while in the serum, the polymers interacted with the
proteins and had only a slight increase in size. Choosing more
hydrophilic imaging tags like radiometal-containing chelate
complexes, which would be preferable for clinical translation,
may solve this issue. Alternatively, generating peptostars with a
higher number of arms should improve the shielding of their
core. This would be a preferred solution, since in the future,
the imaging tag will be replaced by a hydrophobic chemo-
therapeutic. In this context, we could already show improved
stability of 6-arm versus 3-arm peptostars with a glutamic acid
core in PBS and serum.25 Though our systems had a different
core, we assume that the effect of more arms will be similar.
From in vivo experiments, it was seen that the circulation time
of peptostars was short, as the blood concentration was very
low 30 min post-injection. Interestingly, despite the lacking
difference in tumor accumulation, RF-targeted 3-arm peptos-
tars did show improved internalization compared to control
polymers. Hence, tumor accumulation does not necessarily
mean tumor cell internalization, and active targeting using RF
is beneficial as it enhances the internalization. For a drug
delivery system, this results in a higher drug load being taken
up by the cancer cells instead of being released in the tumor
interstitial space where it is likely to be taken up by the
macrophages. Nonetheless, macrophage internalization does
not always lead to reduced drug efficiency, as these cells can
work as reservoirs and release drugs slowly to the cancer
cells.32 However, this only holds true for drugs capable of
passively entering cancer cells after interstitial release.
Furthermore, except for drugs targeting the tumor stroma or
immune cells, in the end, only the drug content internalized by
cancer cells is responsible for the tumor eradication, and thus,
the increased probe internalization by cancer cells due to RF-
targeting could result in significantly enhanced antitumor
activity even if it is only improved by a factor of 2. However,
proving this hypothesis using drug-loaded peptostar systems
with longer blood half-life is still open and will be the aim of
our future studies.
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