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ARTICLE INFO ABSTRACT

Elastin-like polypeptide (ELP) nanoparticles are a versatile platform for targeted drug delivery. As for any type of
nanocarrier system, an important challenge remains the ability of deep (tumor) tissue penetration. In this study,
ELP particles with controlled surface density of the cell-penetrating peptide (CPP) octa-arginine (R8) were
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g?“;Frati?n barri created by temperature-induced co-assembly. ELPs formed micellar nanoparticles with a diameter of around
S;I;lelr?)gi dsne arrier 60 nm. Cellular uptake in human skin fibroblasts was directly dependent on the surface density of R8 as con-

firmed by flow cytometry and confocal laser scanning microscopy. Remarkably, next to promoting cellular
uptake, the presence of the CPP also enhanced penetration into spheroids generated from human glioblastoma U-
87 cells. After 24 h, uptake into cells was observed in multiple layers towards the spheroid core. ELP particles not
carrying any CPP did not penetrate. Clearly, a high CPP density exerted a dual benefit on cellular uptake and
tissue penetration. At low nanoparticle concentration, there was evidence of a binding site barrier as observed
for the penetration of molecules binding with high affinity to cell surface receptors. In conclusion, R8-functio-
nalized ELP nanoparticles form an excellent delivery vehicle that combines tunability of surface characteristics
with small and well-defined size.

1. Introduction Protein-based nanoparticles are being pursued as a further strategy

[4,5]. In the same way as polyesters, these polyamides can also be

The encapsulation of drugs into nanoparticles is gaining significance
in targeted drug delivery for achieving a higher drug dose at the site of
action and for increasing the bioavailability of drugs with poor water
solubility. At this point, liposomes are still the most widely used drug
carriers [1]. Alternatively, nanoparticles made from a great variety of
polymers are being explored [2]. For systemic application, biodegrad-
ability or elimination through excretion are important prerequisites. As
a consequence, a major focus so far has been on polyester-based poly-
mers such as the polylactic acid co-glycolides (PLGAs) or poly-
caprolactones [3].

degraded into non-toxic natural building blocks. However, in compar-
ison to synthetic polymers, for the formation of nanoparticles, very
different boundary conditions apply. For synthetic polymers, nano-
particle formation typically occurs by hydrophobic collapse, once a
solution of organic solvent, containing the polymer, is diluted into an
aqueous phase. For recombinant proteins whose intact tertiary struc-
ture defines functionality, this approach is not possible. They often have
to be water soluble in their monomeric form in order to achieve high
expression yields and purification.

Elastin-like polypeptides (ELPs) are derived from human
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Fig. 1. Characterization of ELPs and ELP nanoparticles. (A) SDS-Page of c-ELP,
scattering results of particles consisting of 0% or 100% cR8-ELP and nR8-ELP,

tropoelastin, a precursor of elastin, a component of the extracellular
matrix [4,6]. ELPs consist of pentameric repeats of GXGVP, where the
guest residue (X) can be any naturally occurring amino acid [7,8]; ELPs
with unnatural amino acids have been reported as well [9]. These
polymers show a reversible, temperature-dependent self-organization
into coacervates. Upon raising the temperature above the lower critical
solution temperature (LCST), they undergo a shape transition from a
disordered, soluble state to a spiral-like state consisting of type-II B-
turns, type-I B-turns and [3-strands, exposing the (hydrophobic) side
chains [10]. This aggregation is thermodynamically driven. By chan-
ging the guest residue or length of the polymer it is possible to tune the
LCST of ELPs [11,12]. To direct this aggregation towards the formation
of well-defined nanoparticles, diblock ELPs were designed with a hy-
drophilic ELP sequence (high LCST) and with a hydrophobic ELP se-
quence (low LCST) that differ in their guest residues. Between the two
respective LCSTs these diblock ELPs exist as micellar structures.

ELP-based nanoparticles hold great potential for drug delivery
[13-18]. Drugs can be encapsulated either into the hydrophilic lumen
or into the hydrophobic coacervate shell, or via covalent coupling. In
addition, ELPs can be extended by functional peptides to achieve cell-
specific targeting or enhance cellular uptake [19]. As a means to en-
hance cellular uptake, cell-penetrating peptides (CPPs) are widely em-
ployed. CPPs are mostly cationic peptides of 8-30 amino acids in length
that induce the cellular uptake of (macro-) molecules that otherwise
only poorly enter cells [20]. This capacity also extends to nanoparticles
[21]. Arginine-rich CPPs are a prominent class of CPPs. Oligoarginines
between 6 and 12 arginine residues show optimal activity as CPPs [22].
Interestingly, for functionalization of nanoparticles, multivalency af-
forded by coupling of many individual arginine building blocks shows
less activity than coupling of an equivalent number of arginines in the
form of oligopeptides [23]. Very clearly, the structural arrangement of
the arginine residues also plays a role [24]. For nanoparticles, CPP
density has a positive impact on uptake [25].

To this point, the major part of CPP research has focused on delivery
in two-dimensional tissue cultures. Very clearly, this setting bears little
resemblance with the in vivo situation, where drug delivery systems
need to penetrate tissues in three dimensions. In 3D, particle size is a
critical parameter. Moreover, particle binding and porosity of tissue are
key factors in effective nanoparticle treatment [26,27]. For drug de-
livery systems that employ active targeting through incorporation of
receptor ligands, the binding site barrier (BSB) effect can compromise
penetration [28,29]. High-affinity binding leads to capture of ligand-
functionalized particles in the periphery of the cell mass. Further entry
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is a function of successive saturation of binding sites from the per-
iphery, as demonstrated in vivo by Lee et al. [30]. Arginine-rich CPPs
interact with the heparan sulfate proteoglycans of the glycocalyx. While
each individual CPP binds with affinities in the lower micromolar to
higher nanomolar range a polyvalent presentation may strongly in-
crease interactions due to avidity effects [31].

Here, we investigated the impact of CPP density on penetration of
ELP nanoparticles in 3D cancer cell spheroids. Spheroids are excellent
models for avascular regions of tumor tissue and can be generated with
a highly reproducible morphology thus enabling a reliable determina-
tion of particle penetration [27]. In particular, we were interested to
learn whether a higher CPP density, which should yield more efficient
uptake in 2D, would compromise penetration in 3D due to sequestra-
tion of particles in the outer cell layer.

Nanoparticles of around 60 nm were formed with an ELP diblock
copolymer. Octa-arginine density was varied by incorporating different
molar fractions of ELP elongated with the CPP. To determine cellular
uptake and localization in 2 and 3 dimensions, Alexa®"’ was in-
corporated as a fluorophore. In 2D, uptake was a direct function of CPP
density. Interestingly, in 3D CPP density benefitted penetration, as well.

2. Results
2.1. Characterization of ELP nanoparticles

ELPs consisted of a hydrophilic block [A3G2-60] (60 GXGVP pen-
tarepeats with alanine and glycine as the guest residue X in a ratio of
3:2) and a hydrophobic block [I-60] (60 GXGVP pentarepeats with
isoleucine as the guest residue X) (see Supplementary Information for
sequences). To assess whether the orientation of the terminus with re-
spect to the blocks had an impact on particle formation and uptake,
ELPs were expressed with the hydrophilic block either at the N-ter-
minus (n-ELP) or at the C-terminus (c-ELP). Either variant was extended
with octa-arginine (R8) at the hydrophilic, outer block yielding nR8-
ELP and cR8-ELP. Proteins were expressed and purified with yields
ranging between 20 and 100 mg/L bacterial culture (Fig. 1A). Masses
measured by electrospray ionization — time of flight (ESI-TOF) mass
spectrometry corresponded well to the theoretical values after cleavage
of the N-terminal formylmethionine (Fig. S1 and Table 1). ELP nano-
particles (10 uM) were formed through self-organization by shifting the
temperature from 4 to 37 °C, exceeding the LCST of the hydrophobic
block [I-60] (22°C). Dynamic light scattering (DLS) at physiological
conditions showed monodisperse particles with a diameter of ~60 nm
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Table 1
Overview of proteins used in this study.

Protein Theoretical mass Measured mass Hydrodynamic diameter
(Da)” (Da)" (nm)*

c-ELP 48,198 48,198 60.5 = 8.8

n-ELP 48,198 48,198 58.7 + 10.3

cR8-ELP 49,505 49,503 63.0 = 15.7

nR8-ELP 49,505 49,504 58.0 = 13.2

2 The theoretical mass was determined with ExPASy (http://www.expasy.
org/) excluding the N-terminal methionine.

> Mass found after deconvolution of the mass spectrum.

¢ Values are represented as mean + SD from three independent measure-
ments.

for all four ELP variants (Fig. 1B, Table 1). These data indicate that
neither the position of the hydrophilic block within the ELP diblock
copolymer nor its extension with R8 had an effect on the formation and
size of the ELP nanoparticles.

2.2. Uptake of ELP-R8 nanoparticles directly correlates with CPP density

First, we determined the dependence of the increase in cell-asso-
ciated fluorescence on the position of the hydrophilic block and the R8
density on the surface of Alexa®¥-labeled ELP nanoparticles using
primary human skin fibroblasts. To this end, ELP nanoparticles were
formed without and with increasing percentages of N-terminal R8-ELP
(nR8-ELP) by mixing n-ELP and nR8-ELP monomers in different ratios.
A fixed ratio (5%) of Alexa®*’-labeled ELP was incorporated for de-
tection of fluorescence (Fig. S2). Nanoparticles were added to the cell
culture medium at a final ELP monomer concentration of 10 pM.

After two hours of incubation cellular uptake and subcellular dis-
tribution were determined by flow cytometry and confocal laser scan-
ning microscopy. Cell-associated fluorescence showed a strong linear
increase with the ratio of nR8-ELP in the particles (Fig. 2A). This de-
pendence of uptake was independent of the orientation of the CPP on
the ELP, as C-terminal R8-ELP (cR8-ELP) showed a similar dependence
on incorporated R8-ELP. However, at lower percentages of R8 (0-25%)
cellular uptake tended to be lower for cR8-ELP than for nR8-ELP (no
statistical significant differences). In the remainder of this study we
used n-ELP based nanoparticles.

Whether cell-associated fluorescence reflected particles taken up
into cells was investigated with confocal laser scanning microscopy. As
for flow cytometry, only little cell-associated fluorescence was observed
for ELP nanoparticles not containing any CPP. At 5% nR8-ELP, the total
fluorescence was localized inside cells. At 50% nR8-ELP, fluorescence
accumulated at the plasma membrane which was even more prominent
at 90% (Fig. 2B).

This cellular uptake of ELP nanoparticles showed a strong time-
dependence. After one hour of incubation with 10% nR8-ELP nano-
particles, fluorescence was primarily observed at the plasma mem-
brane. After two hours, particles were taken up and showed partial
overlap with acidic vesicular structures as evident from colocalization
with lysotracker. This colocalization further increased towards four
hours (Fig. 2C).

To obtain information about the endocytotic pathways that are in-
volved in the uptake of the nR8-ELP nanoparticles, macropinocytosis,
caveolae-mediated endocytosis and clathrin-mediated endocytosis were
inhibited with their respective inhibitors amiloride (50 uM), genistein
(100 uM) and monodansylcadaverine (50 uM). Cells were incubated for
2h with n-ELP nanoparticles containing the indicated percentages of
nR8-ELP, added at a final monomer concentration of 10 uM, in the
absence and presence of inhibitor. The mean cellular fluorescence in-
tensity was measured by flow cytometry and for each percentage of
nR8-ELP the value obtained with the untreated control was set at 100%
to which the inhibitor values were related. Up to 10% nR8-ELP, all
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European Journal of Pharmaceutics and Biopharmaceutics 137 (2019) 175-184

three inhibitors reduced the mean cellular fluorescence intensity with
amiloride being more effective than the other two inhibitors (Fig. S3).
The inhibitory effect of amiloride, but not that of the other two in-
hibitors, was also observed at the higher percentages (greater than
10%) of nR8-ELP. Based on the observation that at 5% nR8-ELP all cell-
associated fluorescence was localized to intracellular punctate struc-
tures (Fig. 2B), we conclude that macropinocytosis is the predominant
uptake process of nR8-ELP nanoparticles.

2.3. R8-ELP nanoparticles are non-toxic up to 25% R8

The accumulation of ELP nanoparticles at 50% nR8-ELP and higher
at the plasma membrane could cause disturbance of membrane in-
tegrity. To investigate the potential toxicity of ELP nanoparticles, we
measured propidium iodide (PI) positive cells as a hallmark of plasma
membrane damage and necrosis [32]. The percentage of affected cells
for concentrations of 0.5-10 pM ELP monomers was similar to the one
of untreated cells, regardless of the percentage nR8 included (Fig. 3).
However, for concentrations of 50 pM ELP monomers and higher, sig-
nificant cell death was observed for an nR8 content of 25% and higher.
10% nR8-ELP monomers were well tolerated even at a concentration of
100 pM.

2.4. Penetration of nR8-ELP nanoparticles into 3D tumor spheroids

The 2D experiments had shown a strong linear relationship of cell
association/uptake and R8 density. Next, we were interested to learn to
which degree the nR8-ELP nanoparticles had the capacity to penetrate
3D tumor spheroids and how penetration was influenced by the density
of the CPP. On the one hand, a high CPP density could promote asso-
ciation of ELP nanoparticles with the spheroid and thus entry, on the
other hand nanoparticles could be captured and retained in the per-
iphery of the spheroid due to a binding site barrier.

Using HeLa-Trex Flp-in Cox8 acGFP1 cells stably expressing a mi-
tochondrially localized green fluorescent protein we first determined
the capacity of standard confocal microscopy to penetrate the spheroid
core. In this case, the GFP fusion protein only served as a cell tracer and
the mitochondrial localization was without significance for our ex-
periments. As expected for confocal microscopy, fluorescence could be
detected into a penetration depth of up to 60 um (Fig. S4A). However,
only spheroids with diameters larger than 400-500 um generally dis-
play the typical, layered structure consisting of a necrotic core, sur-
rounded by viable quiescent cells and an outer layer of proliferating
cells [33,34]. Because of the need to detect the signal of nanoparticles
in the core of a spheroid at a distance of at least 200 um from the
periphery, we fixed and cut the spheroid in halves followed by confocal
laser scanning microscopy of the equatorial plane. Fluorescence was
homogenously distributed over the whole central area of the spheroid
(Fig. S4B). Parallel to this strategy, we applied a clearing method
adapted from Ke et al. for the visualization of the inner core of spher-
oids [35]. As clearing agent, high-concentration fructose solutions were
used to reduce light scattering within spheroids (Fig. S4C).

In the remainder of this paper, we used spheroids grown from U-87
human glioblastoma cells as an in vitro 3D tumor model. To evaluate
uptake and penetration capacity, U-87 spheroids were incubated for 5h
or 24 h with nR8-ELP nanoparticles (0%, 10% and 25% nR8) added at a
final monomer concentration of 10 uM. At the end of the incubation
period, spheroids were fixed and bisectioned after which a confocal
image was taken of the equatorial plane. Exposure to the nanoparticles
had no impact on spheroid morphology in terms of area (Fig. S5A) and
aspect ratio (Fig. S5B). After an incubation time of 5h, the ELP nano-
particles were hardly visible in the peripheral cell layers of the
spheroid. Only little penetration was observed for 10% nR8-ELP na-
noparticles, and a slight increase in penetration for 25% nR8-ELP na-
noparticles (Fig. 4A, upper panel). In contrast, after 24 h there was a
clear dependence of fluorescence and penetration depth on nR8-ELP
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Fig. 2. Cellular uptake of ELP nanoparticles by primary human skin fibroblasts. (A) Mean fluorescence intensity of cells incubated for 2h with nanoparticles
containing Alexa®*’-labeled c- or n-ELP without and with the indicated percentages of cR8- (red symbols) or nR8-ELP (black symbols) and added at a final monomer
concentration of 10 uM. Mean cellular fluorescence intensity was quantified by flow cytometry. Values presented are the mean + SEM of 3 independent experiments
(red) or 2 independent experiments (black). Significance was assessed using two-way ANOVA followed by Bonferroni’s multiple comparisons test (no significant
differences). (B) Subcellular distribution of ELP-associated fluorescence (red) after 2 h incubation with n-ELP nanoparticles containing the indicated percentages of
nR8-ELP and added at a final monomer concentration of 10 uM as revealed by confocal laser scanning microscopy. Plasma membranes were visualized by Cell Mask
Green (green) (scale bars 20 pm). (C) Lysosomal localization of ELP associated fluorescence (red) after 1 h, 2h, and 4 h incubation with 10% nR8-ELP nanoparticles
added at a final monomer concentration of 10 uM. Acidic compartments were labeled with LysoTracker Green. ELP nanoparticles; red, lysosomes; green, scale bars
20 pm. Mander’s Overlap Coefficient was calculated as a measure for colocalization (n = 1). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

intracellular localization. This showed that on one hand the ELP na-
noparticles functionalized with R8 were accumulated by cells as a result
of the cell uptake-inducing effect of octa-arginine. On the other hand,
the CPP also promoted penetration into the spheroids. This is reflected
in the fluorescence intensity as function of the distance from the outer

1001 hutodo edge (0O um) to the core (200 um) in a mean radial intensity profile

ok ok [_*l 1 10% R8 displaying average values every 10 um (Fig. 4B). Interestingly, after

— 804 ’T‘ l_\ - 25% R8 normalization of the intensity profiles to the maximum fluorescence
b ] ] 50% R8 intensity at 20 um from the outer edge, penetration for 10% and 25%
£ 60 Il 90%Rs nR8-ELP nanoparticles was nearly indistinguishable after 24 h incuba-
g tion (Fig. 4C). Penetration depth of nR8-ELP nanoparticles after 5h and
— 401 24 h incubation was independent of the size of the spheroids (Fig. S6).
3 To determine the extent of cellular uptake, U-87 spheroids were
20+ treated for 5h and 24 h with n-ELP nanoparticles containing 0%, 10%

or 25% nR8-ELP at a final monomer concentration of 10 uM. At the end

0- of the incubation period, the spheroids were fixed and cut into halves.

0 0.5 5 10 50 100 Subsequently, the nuclei and actin skeleton were stained after which a

ELP monomers (1tM) confocal image was taken at the equatorial plane. After an incubation

time of 5h, for 0% nR8-ELP nanoparticles no uptake was observed
(Fig. 5). For 10% nR8-ELP nanoparticles after 5 h, a few faint dots were
present in the cells of the outer layer of the spheroid. 25% nR8-ELP

Fig. 3. Determination of nR8-ELP toxicity. Cell damage was determined via the
fraction of propidium iodide positive fibroblasts (sub-G1 phase) after 24h
treatment with n-ELP nanoparticles containing the indicated nR8-ELP percen-

tage and added at the indicated final monomer concentration. Error bars denote
the standard error of the mean (SEM) of 3 independent experiments.
Significance was assessed using two-way ANOVA, followed by Tukey’s multiple
comparisons test. Significant differences are indicated by P < 0.05,
“P < 0.01, "P < 0.001, """P < 0.0001.

content (Fig. 4A, lower panel). ELP nanoparticles containing 25% nR8-
ELP displayed the highest fluorescence and the deepest penetration into
the spheroid. The dot-like distribution of ELP nanoparticles indicated

nanoparticles showed the strongest uptake. After 5h, nanoparticles
could be detected inside cells, three cell layers deep into the spheroid.
After 24h for 0% nR8-ELP nanoparticles hardly any uptake was ob-
served. For 25% nR8-ELP nanoparticles extensive uptake was present
five cell layers into the spheroid (~80 um). The data show that along
with penetration, a fraction of ELPs is taken up by the cells.
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Fig. 4. Distribution of fluorescence of nR8-ELP nanoparticles (0%, 10%, and 25% nR8-ELP) in U-87 spheroids after 5h and 24 h incubation at 10 uM final con-
centration of ELP monomers. (A) Visualization of penetration depth of nR8-ELP nanoparticles (0%, 10%, and 25% nR8-ELP) after 5h (upper panel) and 24 h
incubation (lower panel). The fluorescence intensity is visualized by confocal laser scanning microscopy of the equatorial plane of fixed and bisectioned spheroids.
Scale bar is 200 um. (B) The fluorescence intensity of the nR8-ELP nanoparticles (0%, 10%, and 25% nR8-ELP) in the spheroid after 5h and 24 h incubation
represented in a mean radial intensity profile. The average fluorescence was extracted every 10 um represented the distance from the outer edge of the spheroid
(0 um) to the inner core (200 pum). Error bars denote the standard error of the mean (SEM) from two independent experiments, with at least two spheroids measured
per condition per experiment. (C) Background corrected (minimal fluorescence intensity) fluorescence of 10% and 25% nR8-ELP nanoparticles after 24 h incubation,
normalized to the maximum fluorescence intensity of the peak at 20 pm from the outer edge of the spheroid.

2.5. Concentration dependence of penetration depth

At this point, we wanted to learn whether penetration of 25% nR8-
ELP nanoparticles after 24h incubation was dependent on ELP con-
centration as this would indicate the presence of a binding site barrier,
either due to cellular uptake or due to binding to the extracellular
matrix. For both cases, ELP nanoparticles should penetrate deeper into
the spheroids at higher concentrations. We tested three different con-
centrations of 25% nR8-ELP nanoparticles (2.5 uM, 10 uM and 25 pM).
Penetration was determined after fixation and clearing. For a reliable
extraction of quantitative information on penetration depth, we de-
veloped a method to measure the mean radial intensity profile of the
distribution of ELP nanoparticles across the equatorial plane of spher-
oids (Custom program, SI). The highest concentration of 25uM dis-
played consistently the highest intensities inside the spheroids
(Fig. 6A). However, after normalization of the mean radial profiles of
2.5uM and 10 uM 25% nR8-ELP nanoparticles to the maximum fluor-
escence intensity of the peak at 30 um, both 10 uM and 25 puM displayed
very similar intensity profiles, demonstrating that for these concentra-
tions the penetration was independent of nanoparticle concentration
(Fig. 6B). In contrast, for 2.5 uM 25% nR8 ELP nanoparticles fluores-
cence was only present in the periphery indicative of a binding site
barrier.

2.6. nR8-ELP nanoparticles display highest penetration depth after 24 h

After the evaluation of concentration of ELP nanoparticles on pe-
netration depth, we measured the impact of incubation time on pene-
tration depth of 25uM 25% nR8-ELP nanoparticles. U-87 spheroids

10% R8

were incubated with 25 uM 25% nR8-ELP nanoparticles varying from
0.5h to 48 h and subsequently fixed and cleared. An incubation time of
24h displayed the highest penetration depth (Fig. 7A). In the outer
layers, fluorescence of ELP nanoparticles increased over time with a
maximum at 4 h. When the incubation time was increased to 48 h, in-
tensities decreased. This observation may be attributed to degradation
of ELP nanoparticles. However, the coherence and regularity of
spheroids decreased from 24 to 48 h, as well (Fig. S7). After normal-
ization of the mean radial profiles for the different incubation times to
maximum fluorescence intensities at 30 um from the outer layer, the
intensity profiles of 24h and 48 h demonstrate high fluorescence in-
tensities towards the central parts of the spheroid (Fig. 7B).

3. Discussion

Here, we show that functionalization of ELP nanoparticles with the
cell-penetrating peptide (CPP) octa-arginine (R8) simultaneously con-
ferred two functional characteristics which are highly relevant for fu-
ture in vivo drug delivery applications. On the one hand, the CPP
mediated the cellular uptake of the nanoparticles, on the other hand,
the CPP also promoted the penetration of nanoparticles into 3D tumor
spheroids. Both activities positively correlated with the density of the
CPP on the surface of the nanoparticles.

By swapping the orientation of the hydrophilic and hydrophobic
protein block, we evaluated both C-terminal (cR8-ELP nanoparticles)
and N-terminal conjugation of the CPP (nR8-ELP nanoparticles). Uptake
of nR8-ELP nanoparticles was slightly higher which may be attributed
to the negatively charged C-terminus counteracting the positive charge
of octa-arginine. Investigating the accompanying mechanism of uptake

Fig. 5. Intracellular uptake of ELP na-
noparticles in  U-87  spheroids.
Spheroids of similar size (400 pm) were
incubated with ELP nanoparticles con-
taining 0%, 10% or 25% of nR8-ELP for
5h and 24h and imaged by confocal
laser scanning microscopy after fixa-
tion, sectioning and staining. The actin-
cytoskeleton of the cells was stained
with phalloidin (green) and the nucleus
with DAPI (cyan) to evaluate the intra-
cellular distribution. The box in the
overview indicates the approximate
size of the enlargements. Scale bar is
200 pm. (For interpretation of the re-
ferences to colour in this figure legend,
the reader is referred to the web version
of this article.)
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suggested macropinocytosis as the major endocytic pathway, as has
been reported before for octa-arginine mediated uptake [36,37]. Octa-
arginine by itself has little cytotoxicity, which may be attributed to the
low membrane-activity of this CPP [38]. Also for ELP nanoparticles
containing R8 up to a ratio of 25% RS, toxicity was low. This ob-
servation is in contrast to the multivalent presentation of nona-arginine
on a linear backbone [25], demonstrating that geometry of presentation
has a major impact on the toxicity of oligoarginines.

For free oligo-arginines coupled to low molecular weight cargos, a
concentration-dependent, direct cytoplasmic uptake has been observed
[39,40]. This uptake was even more pronounced when cyclic versions
of the peptide were employed and could then be extended to low mo-
lecular weight proteins [41]. To explore the relevance of this observa-
tion for uptake of ELP-nanoparticles we also synthesized a cyclic-R8-
coupled ELP version. However, as for the linear R8 coupled ELP na-
noparticles, uptake was only endocytic independent of concentration
(not shown). This result demonstrates that also for cyclic peptides there
is a size limit to this mode of uptake.

The promotion of penetration by conjugation of R8 was not ne-
cessarily to be expected as R8 was primarily selected as a cell-pene-
trating peptide and the ability to induce cellular uptake was confirmed
in 2D tissue cultures. Uptake of R8 is associated with binding to gly-
cosaminoglycans [42] and this interaction has also been associated with
triggering of endocytosis [43]. In our view, the best view to explain this
counterintuitive finding may be that exchange between glycosami-
noglycans between adjacent cells is faster than induction of
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endocytosis.

To describe the penetration of high-affinity binders into three-di-
mensional tissues, the concept of the binding site barrier has been
formulated. Even though the affinity of individual CPPs for glycosa-
minoglycans is only in the upper nanomolar range [44-46], the mul-
tivalent display on the surface of particles can strongly increase affinity
through avidity effects [25]. We addressed the potential presence of a
binding site barrier by varying the density of the CPP as well as the
concentration of the ELP nanoparticles. The first intervention affected
the avidity, and both should promote the saturation of binding sites.
After normalization of the fluorescence intensities, penetration was
independent of peptide density. There was, however, a concentration
dependence. For 2.5 uM ELP-nanoparticles, also after 24 h fluorescence
was restricted to the periphery of the spheroids. In contrast, for 10 uM
and 25 pM ELPs, efficient penetration to the same degree was observed.
Further support for the presence of a binding site barrier came from an
experiment in which we incubated spheroids for a 30 min pulse fol-
lowed by a 24 h chase. No spreading of fluorescence from the brightly
fluorescent rim at the periphery of the spheroids could be observed (not
shown). The observation that ELP nanoparticles not carrying any R8 did
not show any penetration suggests that the binding site barrier is a
consequence of uptake rather than saturation of binding sites on the
glycosaminoglycans. At higher concentrations the endocytic capacity
may become increasingly exhausted. Rapid exchange between a bound
and unbound state should promote percolation of the particles through
the interstitial space. Apparently, even with an avidity effect in place,
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the interaction with the glycocalyx still has a high enough off-rate.

Also outside the field of cell-penetrating peptides, positive charge
has been demonstrated to enhance penetration. For dendrimers that
were significantly smaller than the ELP-nanoparticles, positively
charged terminal groups provided increased tumor penetration com-
pared to neutral or negatively charged terminal groups [47]. Regardless
of this addition, smaller dendrimers seemed to penetrate more quickly.
Addition of R8 to somewhat larger dendrimers significantly boosted the
penetration [48]. Also for lipid nanoparticles similar observations were
made [49,50]. However, in these and other studies penetration was
inferred at best from confocal images of uncleared spheroids so that in
fact, no information on penetration behavior could be derived [51,52].
With the use of cleared and sectioned spheroids, we quantified the
cellular uptake and 3D penetration of R8-conjugated ELP-nanoparticles
to disclose the CPP’s role as dual functionality charge carrier. Spheroids
are a decisive but only first step towards physiologically more relevant
tumor models and it will be interesting to investigate penetration as a
function of cell type and spheroid size. Furthermore, it will be inter-
esting to extend these studies to models that also incorporate perfusion
and extracellular matrix [53].

Surprisingly, starting after 4h fluorescence in the periphery de-
creased. By comparison, it still increased in the central parts of the
spheroids. A possible explanation could be degradation of ELP-nano-
particles. In this case, however, ELP-nanoparticles that were only ex-
ternally associated with the cells in the periphery still had to diffuse
further towards the center. Alternatively, the extended presence of R8-
ELP nanoparticles could lead to a dissociation of cells from the per-
iphery, a hypothesis that is supported by the rugged appearance of
spheroids after a 48 h incubation. Further research will be required to
address how in vivo heterogeneity in the composition of the extra-
cellular matrix, presence of different cell types and interstitial fluid
pressure affect particle penetration [53]. In addition, the formation of a
protein corona surrounding the nanoparticles could influence penetra-
tion and accumulation [54].

ELP-based nanoparticles are being pursued as a strategy for targeted
drug delivery and represent excellent candidates for this purpose be-
cause of their biodegradability, biocompatibility, and the presence of
both hydrophobic and hydrophilic components in the same system that
provide flexibility in drug formulation [5]. Moreover, proteins can be
easily extended with targeting moieties such as nanobodies [19], and
also variation of the CPP may further tune penetration [55]. This study
was primarily conceptional in nature, demonstrating that a CPP com-
bined two functionalities, which are cell uptake and penetration, in one
moiety. For future therapeutic applications, is has already been shown
for ELP conjugates with the photosensitizer IRDye700DX, that activity
in 2D tissue cultures can be obtained at picomolar concentrations.
However, as concentrations up to 25 uM were well tolerated, for drug-
conjugated ELPs significant payloads can be delivered [19]. Mixing of
ELPs carrying different functionalities allows for a flexible adjustment
of the density of the delivery moiety. It will be highly interesting to
which degree the combination of CPP-conjugated ELPs with ELPs car-
rying receptor-specific targeting ligands will enable a fine-tuning of
activities mediating uptake and targeting.

4. Materials and methods

Materials - All chemicals were purchased from Sigma-Aldrich
(Zwijndrecht, The Netherlands) unless stated otherwise.

Recombinant design of ELP constructs — The gene sequences coding
for all ELP constructs were cloned into pET-24a(+) (Novagen,
Amsterdam, The Netherlands) expression vectors, transformed into
E.coli BLR(DE3) (Novagen) cells and grown on agar plates containing
30 pg/mL kanamycin overnight at 37 °C. A single colony was grown
overnight at 30 °C, 250 rpm in LB medium containing 50 ng/mL kana-
mycin and 0.5% w/v D-glucose. The overnight culture was diluted to an
ODgop of 0.1 in filter-sterilized AIM TB medium (Formedium,
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Hunstanton, UK) containing 6 g/L glycerol, 0.005% Antifoam 204 and
50 ng/mL kanamycin. Cells were grown at 300 rpm at 37 °C for 20 h.
For constructs containing R8, the culture was shifted to 30 °C after 4 h
of growth.

ELP purification - Cells were collected by centrifugation at 2000g,
4 °C for 30 min. For cytoplasmic extraction, 1 g of wet cell pellet was
resuspended in 2 mL lysis buffer (50 mM Tris-HCI pH 8.0, 25 mM NaCl,
1 mM EDTA, 0.1 mM PMSF, Complete Protease Inhibitor Cocktail (1
tablet/50 mL, 0.5 mg/mL lysozyme) and incubated for 4 h at 4 °C. Lysis
was followed by sonication on a Branson Sonifier 250 (power level 2-4,
12 cycles of 10's sonication, 10 s breaks). Cell debris was collected by
centrifugation at 15,000g, 4°C for 15min. Residual DNA was pre-
cipitated by adding 0.5% w/v polyethylenimine and removed by cen-
trifugation at 15,000g, 4°C for 15min. ELPs were precipitated by
adding a saturated solution of (NH,4)»SO,4 up to 10-25 v/v %, depending
on protein concentration. Proteins were collected (‘hot spin’) by cen-
trifugation at 15,000g at 4 °C for 15 min. The pellet was resuspended in
phosphate buffered saline and centrifuged to remove insoluble con-
taminants at 15,000g, 4 °C for 20 min (‘cold spin’). The cycles of ‘hot’
and ‘cold’ spins were repeated until sufficient purity was achieved,
usually after 2-4 cycles. ELPs were resuspended in MilliQ, desalted on a
HiPrep 26/10 column (GE Healthcare Life Sciences, Eindhoven, The
Netherlands) with an AKTA Explorer 10 (GE Healthcare Life Sciences)
at 1 mL/min MilliQ. Residual salt concentration was below 0.001 mg/
mL as determined by conductivity. The ELP solution was filter-sterilized
with 0.22 um PES syringe filters (Nalgene) and freeze-dried. Yield was
determined by weighting and varied around 20-200 mg/L culture.

Fluorophore conjugation — 3.86mg freeze-dried ELPs were re-
suspended in 50 mM NaHCOs;, pH 7.8. 100 pug AlexaFluor647-NHS ester
was dissolved in DMSO and added drop-wise to the protein solution to a
stoichiometric ratio of 1 to 1. The reaction was allowed to proceed for
4h at 21 °C, 300 rpm. Unreacted dye was removed by dialysis against
MilliQ using 10kDa MWCO Amicon Ultra-0.5 spin filter units
(Millipore, Amsterdam, The Netherlands). The volume of the dialyzed
protein samples was determined; efficiency of conjugation was de-
termined by measuring dye concentration and weighing protein sam-
ples after freeze-drying. Concentration of dye was determined at
650nm (e = 270,000cm™ M~ 1) and the molecular mass was con-
firmed by ESI TOF. Coupling efficiency ranged from 60 to 95%.

Electrospray ionization - time-of-flight mass spectrometry (ESI-
TOF) — Mass was determined by ESI-TOF on a JEOL AccuTOF (JEOL,
Freising, Germany). Freeze-dried samples were resuspended in MilliQ
to a concentration of 10 uM. Samples were acidified with 0.1% formic
acid upon injection. Deconvoluted spectra were obtained using
MagTran 1.03 b2.

Dynamic light scattering — Samples were diluted to a final con-
centration of 10 uM in PBS. Measurements were performed on a
Malvern Zetasizer Nano (Sysmex, Etten-Leur, The Netherlands).
Samples were incubated for 5min at 37 °C before data collection.
Reported values are averages of 3 independent measurements.

Spectroscopy — Freeze-dried samples were resuspended in PBS to a
concentration of 10 uM. Absorbance at 350 nm was measured on a
JASCO V630 spectrophotometer (JASCO, Pfungstadt. Germany) with a
cuvette path length of 1 mm. Temperature cycling was performed with
a ramp rate of 0.2 °C/min.

Cell culture — Primary human skin fibroblasts were obtained fol-
lowing informed parental consent and according to the relevant
Institutional Review Boards from skin biopsies of one healthy subject
(C5120). Fibroblasts were cultured in medium 199 (M-199) with Earle’s
Salts, L-Glutamine, 25 mM HEPES, L-Amino Acids and Phenol Red
(GIBCO, Life Technologies Invitrogen, Breda, The Netherlands) sup-
plemented with 10% (v/v) fetal calf serum (FCS) (GIBCO) in a humi-
dified atmosphere of 95% air — 5% CO, at 37 °C.

Confocal microscopy of uptake of ELP nanoparticles in a cell
monolayer — One day prior to imaging, primary human skin fibroblasts
were seeded at 40,000 cells/well on an 8-well coverglass slide (Nunc
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Lab-Tek Chamber slide #1.0 Borosilicate coverglass, Nunc, Wiesbaden,
Germany). On the day of imaging, the medium was replaced by serum-
containing medium containing 10 uM ELP nanoparticles (concentration
refers to ELP) labeled with 5% Alexa®’-peptides including various
fractions (0-25%) of R8-ELP for an incubation time of 1, 2, 4 or 24 h.
After incubation, the medium including particles was removed and the
cells were washed three times with PBS and imaged in M-199 with
Earl’s Salts, 1-Glutamine, 2.2 g/L sodium bicarbonate and without
phenolred (GIBCO), supplemented with 10% (v/v) FCS.

CellMask Green (Life Technologies Invitrogen) was used to stain the
plasma membranes. Cells were incubated with the 1x working solution
(provided solution is 1000 X) for three minutes, washed three times
with PBS and imaged within 10 min in M-199 without phenolred, to
prevent redistribution of the dye into the cytoplasm.

To stain the lysosomes, the cells were incubated with 50 nM
LysoTracker Green DND-26 (Thermo Fisher Scientific) for one hour.
After staining, the cells were washed three times with PBS and imaged
in M-199 without phenolred.

Imaging was performed with a TCS SP5 confocal microscope (Leica
Microsystems, Mannheim, Germany) equipped with an HCX PL APO
63x N.A. 1.2 water immersion objective. Cells were maintained at 37 °C
on a temperature-controlled microscope stage. The ELP nanoparticles
labeled with Alexa®’ were excited with a 633nm HeNe laser and
emission was collected between 655 and 750 nm. The green co-locali-
zation markers (CellMask Green, LysoTracker Green) were excited by
an argon laser at 488 nm and emission was collected between 500 and
550 nm. The obtained images were further processed using FIJI (http://
fiji.sc/).

Flow cytometry — Human primary skin fibroblasts were seeded in
24-well plates (Sarstedt, Numbrecht, Germany) one day (80,000 cells/
well) or two days (40,000 cells/well) prior to measurement. Cells were
incubated with the indicated concentration of ELP nanoparticles for two
hours. After incubation, the cells were washed with PBS and cells were
detached by trypsinisation for 5min, spun down and resuspended in
100 pL. M-199 without phenolred. The fluorescent signal of the nano-
particles was measured using a FACSCalibur flow cytometer (BD
BioSciences, Erembodegem, Belgium) and subsequently data was ana-
lyzed  with  Flowing  Software (http://www.uskonaskel.fi/
flowingsoftware/). The cells were gated on the live population by for-
ward and sideward scatter and 10,000 cells were counted to determine
cellular nanoparticle uptake by measure of mean cellular fluorescence.

Inhibition of endocytic pathways — To study the contribution of
endocytic pathways responsible for uptake of ELP nanoparticles, pri-
mary human skin fibroblasts were incubated with either 50 uM 5-(N-
ethyl-N-isopropyl)amiloride hydrochloride, 50 pM monodansyl-cada-
verine, and 100 uM genistein to inhibit macropinocytosis, clathrin-
mediated endocytosis and caveolae-mediated endocytosis, respectively,
followed by two hours incubation with the ELP nanoparticles (10 uM).
Cell-associated fluorescence was measured by flow cytometry as de-
scribed above.

Cell death assay - Toxicity of ELP nanoparticles with different
fractions of R8-ELP (0-90%) was evaluated after 24 h using the propi-
dium iodide assay. Two days prior to measuring cell death, 40,000 cells
were seeded in 24-well plates (Sarstedt). The following day, cells were
incubated with a range of concentrations (0-100 uM) of ELP nano-
particles. After 24 h of incubation, the cell medium was collected, the
cells were washed three times with PBS, then trypsinized and spun
down. Subsequently, the cells were resuspended and incubated for
30 min at 4 °C with 100 pL Nicoletti buffer (0.1% Na3CgHs07, 50 ug/mL
propidium iodide, 0.01% Triton X-100) and no less than 10,000 cells
were measured with flow cytometry to determine cell death.

Formation of spheroids — Human glioblastoma cells (U-87) (gift
from Dr. Joost Schalkwijk, Department of Dermatology, RIMLS,
Radboudumec, Nijmegen) were cultured in Dulbecco’s Modified Eagle’s
Medium (DMEM) containing 4.5 g/L D-glucose, GlutaMAX and pyr-
uvate (GIBCO) and supplemented with 10% (v/v) FCS (GIBCO) in a
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humidified atmosphere of 95% air — 5% CO, at 37 °C. Spheroids were
formed by plating 100 pL of a 10,000 cell/mL single cell suspension of
U-87 cells onto agarose (Sigma) (0.75% (w/v) in PBS) coated 96-well
plates (Corning). Cells were allowed to aggregate for 5days without
motion, resulting in the formation of a single spheroid per well. On day
5, the spheroids were incubated with the appropriate concentration of
ELP nanoparticles for the indicated incubation times. After incubation,
the spheroids were washed three times with PBS. Subsequently, the
spheroids were fixed in paraformaldehyde (Sigma) (4% (v/v) in PBS).
After fixation, the spheroids were carefully cut in half with a sharp
razor blade and placed with the flat side (inner half) on a coverslip in a
drop of gelatin (4% (w/v in PBS). Nuclei were stained with DAPI
(ThermoFisher Scientific), and the actin filaments with Alexa*®® phal-
loidin (ThermoFisher Scientific).

Clearing was performed based on a protocol adapted from Ke et al.
[35]. A 115% w/v fructose stock solution was prepared by dissolving
fructose (Sigma) in MQ for 30 min at 80 °C under stirring. Three solu-
tions were prepared (28.75% w/v, 57.5% w/v, and 115% w/v) and
0.5% v/v 1-thioglycerol was added to all solutions. Cells were in-
cubated with 200 pL preheated (60 °C) fructose solutions in ascending
order, each for 1 h at RT. Spheroids were imaged in 115% w/v fructose
in an 8-well coverglass slide.

The HeLa T-Rex Flp-in cell line (a kind gift of Dr. Stephen Taylor,
Faculty of Life Science, Manchester, United Kingdom) stably expressing
COX8-AcGFP1 [56] was cultured in Dulbecco’s Modified Eagle’s
Medium (DMEM) containing 4.5 g/L D-glucose, GlutaMAX and pyr-
uvate (GIBCO), supplemented with 10% (v/v) fetal bovine serum
(GIBCO), 1% (v/v) penicillin/streptomycin (GIBCO), 4 ug/mL blas-
ticidin (GIBCO), 200 pg/mL hygromicin (Invitrogen) in a humidified
atmosphere of 95% air, 5% CO,, at 37 °C. To induce expression of COX8-
AcGFP1, 1 ng/mL doxycyclin was added to the medium. Spheroids were
formed by plating 200 pL of a 12,500 cell/mL single cell suspension of
HeLa-AcGFP1 onto agarose (0.75% (w/v) in PBS) coated 96-well plates
(Corning). Cells were allowed to aggregate for 4 days without motion,
resulting in the formation of a single spheroid per well. On day 4, the
spheroids were fixed and cut, or cleared as described above prior to
confocal imaging.

Confocal microscopy of spheroids — Imaging of spheroids was
performed using a TCS SP5 confocal microscope equipped with an HC
PL FLUOTAR 20x N.A. 0.5 dry objective. The ELP nanoparticles labeled
with Alexa®"” were excited with a 633 nm HeNe laser and emission was
collected between 655 and 750 nm. The COX8-AcGFP1 construct ex-
pressed in the HeLa cells was excited by an argon laser at 488 nm, and
emission was recorded between 500 and 550 nm. The samples co-
stained with DAPI (Life Technologies) (excited with a 405nm diode
laser) and Alexa*®® phalloidin (Life Technologies) were imaged with a
Zeiss LSM510 META confocal microscope (Carl Zeiss, Sliedrecht, The
Netherlands) using a 63x oil immersion objective (N.A. 1.4). Images
were analyzed with Image Pro Plus 6.1 (Media Cybernetics, Rockville,
MD, USA) and FLJI.

Statistical Analysis — The number of independent experiments is
marked by n, each experiment was performed in duplicate. Average
values are represented as mean * SD. Values were tested for sig-
nificance using the two-way analysis of variance (ANOVA) at 95%
confidence level (p < 0.05), followed by Tukey’s multiple comparisons
test (Graph Pad Prism software, version 6), unless stated otherwise.
Significant differences are indicated by ‘P < 0.05, P < 0.01,
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P < 0.001, 7P < 0.0001.
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