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The capability of cell-penetrating peptides (CPPs) to enable translocation of cargos across biological
barriers shows promising pharmaceutical potential for the transport of drug molecules, as well as
nanomaterials, into cells. Herein, we report on the optimization of a CPP, namely sC18, in terms of its
translocation efficiency and investigate new CPPs regarding their interaction with silica nanoparticles
(NPs). First, alanine scanning of sC18 yielded 16 cationic peptides from which two were selected for
further studies. Whereas in the first case, a higher positive net charge and enhanced amphipathicity
resulted in significantly higher internalization rates than sC18, the second one demonstrated reduced
cellular uptake efficiencies and served as a control. We then attached these CPPs to silica nanoparticles
of different sizes (50, 150 and 300 nm) via electrostatic interactions and could demonstrate that the
secondary alpha-helical structure of the peptides was preserved. Following this, cellular uptake studies
using Hela cells showed that the tested CPP—-NPs were successfully translocated into Hela cells in
a size-dependent manner. Moreover, depending on the CPP used, we realized differences in

Received 3rd N ber 2019 translocation efficiency, which were similar to what we had observed for the free peptides. All in all, we
ecelve r ovember . . . . . . . . L . .
Accepted 5th December 2019 highlight the high potential of sequential fine-tuning of CPPs and provide novel insights into their

interplay with inorganic biologically benign nanoparticles. Given the high cellular permeability of CPPs
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Introduction

Overcoming natural barriers such as cell membranes requires
highly efficient internalization mechanisms based on specific
biological and physicochemical properties and has become
increasingly relevant for targeted delivery of therapeutic
substances against a wide range of diseases. Cell-penetrating
peptides (CPPs) are short peptide sequences that can trans-
locate across cellular membranes without compromising their
integrity and function. Meanwhile, they have been shown to be
useful tools for intracellular transport of a broad variety of
cargos including drugs, nucleic acids, proteins and other
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and their ability to translocate into a wide spectrum of cell types, our studies may stimulate future
research of CPPs with inorganic nanocarrier surfaces.

peptides, thereby enhancing their bioavailability." CPPs differ
considerably in properties like size, charge and amino acid
sequence, but they often share a high content of cationic amino
acids and/or an amphipathic nature. Although the exact inter-
nalization mechanism of CPPs is still highly debated, it is
considered to take place via an energy-dependent/endocytotic
and/or energy-independent/direct pathway, depending on
several factors such as attached cargo, membrane composition,
cell type, peptide concentration and sequence.>® CPPs have
become a widely used tool for the design of multifunctional
drug-delivery systems, owing to the possibility of synthetically
fine-tuning their sequences as a way to alter their charge,
hydrophobicity and solubility.** The combination of CPPs with
nanoparticles was shown to result in increased intracellular
access of cargoes.*” In addition, peptide coatings may provide
biological and physical stability for such particles.? Loading of
CPPs onto nanoparticles has been shown to yield highly effi-
cient carriers for anticancer drugs or diagnostic agents,’ to
increase the target availability to cell surfaces, and to potentially
enhance peptide recognition.” While most studies on nano-
particle-CPP interactions focused on the use of polymeric,
micellar or lipid nanoparticles, relatively few reports are avail-
able on the use of inorganic carriers such as gold,"** quantum
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dots'®*>' or magnetic nanostructures.”® A variety of function-
alization strategies including streptavidin-biotin conjugation,*
linkages via polyethylene glycol™ or cysteine-based cross-link-
ing'*'»141¢ were successfully demonstrated to synthesize nano-
carriers. However, since covalent linkages can significantly alter
the native structure and thus the functionality of the conjugated
biomolecule,® non-covalent approaches via electrostatic inter-
actions represent a valuable, biologically relevant and simple
alternative.

With the intent to address the persistent need for efficient
delivery vehicles, the present work aims at fine-tuning CPP
sequences to increase their internalization efficiency, to attach
them to nanoparticle surfaces, and to investigate the
biophysical and biological properties of the novel constructs.
Silica particles were chosen as inorganic carriers, as they have
been employed for multipurpose applications, being prevalent
in the field of drug delivery based on their porous structure
that is tunable in size and morphology along with their high
biocompatibility."” The CPP we used is sC18, which is derived
from the C-terminal domain of the cationic antimicrobial
peptide CAP18.'* We recently identified and tested sC18 as
aversatile transporter for cytostatic drugs and imaging agents,
and additionally demonstrated its potential antimicrobial and
anticancer activity.">* However, until now, no detailed
structure-function relationship study of sC18 has been
performed.

Within this work we found out that a simple modification
of the peptide sequence, such as the exchange of one amino
acid, led to significant changes regarding cellular trans-
location. Moreover, we demonstrated that besides size-
dependent uptake of silica particles, also a peptide-
dependent internalization effect was visible for all CPP func-
tionalized particles, which was probably influenced by the
structural properties of the attached peptides. Our findings
thus contribute to a deeper understanding how fine-tuning
CPP-modified inorganic nanoparticles might lead to efficient
transport modules.

View Article Online
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Results and discussion
Structure-function relationship of the CPP sC18

Whereas the primary sequence and the resulting secondary
structure of CPPs are essential for their ability to interact with
biological membranes, the internalization efficiency depends
on many properties such as charge, guanidinium content and
amphipathicity, which interplay with each other.> To gain more
insights into this complex combination and to explore novel
and more efficient delivery systems, we performed an alanine
scan of the recently developed CPP sC18, by substituting each of
the 16 amino acids systematically with an alanine residue. All
peptides were synthesized by solid phase peptide synthesis
(SPPS) using the Fmoc/¢tBu-strategy. Subsequently, they were
labeled at the N-terminal end with 5(6)-carboxyfluorescein (CF),
cleaved from the resin, and identified by mass spectrometry
(Table 1 and Fig. S17).

The quantitative intracellular uptake in HeLa cells of the
obtained peptides was analyzed by flow cytometry and
compared to that of sC18, which was already studied exten-
sively and compared to other CPPs.'®* We observed that the
replacement of specific amino acids in the sequence of sC18
(HK17) led to significant changes in the cellular internaliza-
tion efficacy of the peptides (Fig. 1A and S27). For instance,
substitution of positively charged residues such as arginine
or lysine with alanine resulted in an expected decrease in the
positive net charge of the peptides to +7 (Table 1) and led to
decreased internalization efficiencies compared to HK17.
This is presumably related to lower electrostatic forces
between the positively charged residues and the negatively
charged components of the outer cell membrane, which are
crucial for membrane binding and translocation. Although
the overall mechanism of how CPPs enter cells is not thor-
oughly elucidated, it is consistently agreed that electrostatic
interactions between peptides and outer surface membrane
components are key for initiating the following steps in the
internalization process.>® Specifically, the most varying

Table 1 Names, sequences and analytical data of all investigated peptides. CF: 5,6-carboxyfluorescein

Code Sequence Net charge MW, [Da] MW, [Da]
HK1 CF-ALRKRLRKFRNKIKEK-NH, +8 2442.9 2442.4
HK2 CF-GARKRLRKFRNKIKEK-NH, +8 2386.8 2386.3
HK3 CF-GLAKRLRKFRNKIKEK-NH, +7 2343.8 2343.4
HK4 CF-GLRARLRKFRNKIKEK-NH, +7 2371.8 2371.5
HKS5 CF-GLRKALRKFRNKIKEK-NH, +7 2343.8 2343.4
HK6 CF-GLRKRARKFRNKIKEK-NH, +8 2386.8 2386.3
HK7 CF-GLRKRLAKFRNKIKEK-NH, +7 2343.8 2343.4
HKS8 CF-GLRKRLRAFRNKIKEK-NH, +7 2371.8 2371,5
HK9 CF-GLRKRLRKARNKIKEK-NH, +8 2352.8 2352.4
HK10 CF-GLRKRLRKFANKIKEK-NH, +7 2343.8 2343.3
HK11 CF-GLRKRLRKFRAKIKEK-NH, +8 2385.9 2385.4
HK12 CF-GLRKRLRKFRNAIKEK-NH, +7 2371.8 2371.3
HK13 CF-GLRKRLRKFRNKAKEK-NH, +8 2368.8 2368.3
HK14 CF-GLRKRLRKFRNKIAEK-NH, +7 2371.8 2371.3
HK15 CF-GLRKRLRKFRNKIKAK-NH, +9 2370.9 2370.2
HK16 CF-GLRKRLRKFRNKIKEA-NH, +7 2371.8 2371.5
HK17 CF-GLRKRLRKFRNKIKEK-NH, +8 2428.9 2428.4
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(A) Quantitative cellular uptake of all synthesized peptides obtained in the alanine-scan represented as mean values. Hela cells were

incubated for 30 min with 20 uM peptide solutions. For comparison, the significance between the internalization efficacy of the most outstanding
red labeled peptides was determined by students t-test (*p < 0.05; ***p < 0.0005). (B) Flow cytometry fluorescence intensity distributions of

Hela cells treated with HK3, HK15 and HK17.

uptake rates were obtained by replacing arginine at position
three of sC18 by alanine (HK3), which resulted in the lowest
cellular uptake. In contrast, substitution of glutamic acid at
position 15 with alanine (HK15) led to an increase in charge
(+9) and resulted in a 3.7-fold higher internalization of this
derivative compared to the native sC18 (Fig. 1B). As already
mentioned, amphipathicity of CPPs plays a crucial role in
membrane translocation. In fact, it has been speculated that
charge distribution alongside the amphipathic helix is one of
the major important factors for lipid-peptide interaction.'® A
detailed inspection of the formation of amphipathic helices
of all peptides generated by using helical wheel projections
showed (Fig. S371) significant differences in charge distribu-
tion, which presumably explains the basic differences in
translocation efficiency. In general, all peptides demonstrate
an amphipathic character containing hydrophobic and
hydrophilic residues, although the overall structure is
dominated by a more hydrophilic face. For instance, by
replacing the negatively charged glutamic acid, which is
located within the cationic face of the helix, the only negative
charge is removed (HK15) (Fig. S31). The resulting enhanced
amphiphilic structure of the helix probably explains the
strong internalization efficiencies, leading to more intense
membrane interactions. These results agree with former
studies on membrane-active peptides** and underpin the
strong influence of the type and position of each single amino
acid on the activity of CPP sequences.

In the following steps, the focus was kept on the analysis of
peptides HK3 and HK15, to compare their behavior with the
native peptide HK17 and to understand the influence of the CPP
and its functionality in complex delivery systems. As CPPs are
known to be able to transport large cargoes such as nano-
particles, this potential was verified for our optimized CPP. For
this purpose, these three peptides were attached to silica
particles as the model system to investigate whether the struc-
ture-function relationship of the CPPs is preserved when coated
onto the surface of inorganic nanocarriers.

This journal is © The Royal Society of Chemistry 2020

Interaction of peptides and silica nanoparticles

Silica (SiO,) nanoparticles were prepared in three different sizes
(average diameter, ca. 50, 150, 300 nm) following the well-
known Stober process® and subsequently surface-modified
with CF-labeled CPPs using a method based on physisorption.
The homogeneous size distribution of silica nanoparticles in
individual samples was confirmed via scanning electron
microscope (SEM) images (Fig. 2A-C) and dynamic light scat-
tering (DLS) measurements (Fig. S4t).

Previous studies have shown that although site-selective
binding and quantitative surface coverage might be more
controlled and reproducible in terms of covalent attachment of
biomolecules to carrier nanoparticles, the native biomolecular
structure and function is usually retained when simple elec-
trostatic approaches are employed.”® Moreover, covalent
conjugation may change the chemical structure of biomolecules
and might thus also alter their functionality. Considering the
strong negative charge of the silica particles around —30 mV
(Table 2) generated by the presence of deprotonated hydroxyl
functionalities on the particle surface, the strongly positively
charged peptide was expected to quickly attach to the inorganic
vector. Especially, amino acids that contain free amino groups
such as lysine and arginine are thought to contribute signifi-
cantly through Coulomb interactions to form stable peptide-
particle conjugates.”” Indeed, the use of dye-labeled peptides
allows for the visualization of a clear color change of the
particles from white to orange after the attachment (Fig. S51)
which could also be detected as a peak with maximum intensity
at around 500 nm using UV-vis spectroscopy (Fig. S4,1 Table 2).
This peak was even visible after stirring the functionalized
particles in a cell culture medium supplemented with 10% FBS.
Owing to the presence of strongly negatively charged proteins in
serum, surface adsorption of these biomolecules onto CPP-
coated NPs may have occurred, and the exchange of CPPs
with other proteins to a small extent might have happened.
However, the results depicted in Fig. S47 demonstrated clearly

Nanoscale Adv., 2020, 2, 453-462 | 455
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Fig. 2 SEM images and the corresponding size distribution profiles and photographs of aqueous dispersions of silica nanoparticles prepared
using the Stober process with ammonium hydroxide concentrations of (A) 0.22 M, (B) 0.43 M and (C) 0.86 M.

that the fluorescence of the CPPs on the particle surface is still
detectable after thoroughly stirring the conjugates in serum for
two hours. We therefore assume that adsorbed CPPs are not
easily exchanged by serum proteins and that they are stable
even in their presence. Moreover, a strong change in surface
charge from negative to positive values (Table 2) supported the
successful biomolecular attachment to silica carriers. Quanti-
tative evaluations of attached peptides performed using
a Bradford assay demonstrated an increased peptide concen-
tration per mass of nanoparticles with decreasing particle size
which correlates well with the increase in the surface-area-to-
volume ratio (Table 2) in smaller particles.

SEM and transmission electron microscopy (TEM) studies
revealed that the thin CPP layer on the surface of silica particles
is almost invisible and does not influence the mean size of the
particles (Fig. S5 and S67).

Cytotoxicity studies and cellular uptake of CPP-functionalized
SiO, particles

Since high tolerance in a biological environment is an essential
prerequisite for delivery vehicles, we first performed cell
viability assays including the free peptides and the corre-
sponding CPP-functionalized particles (Fig. 3A-D). Notably, all

Table 2 Zeta-potential measurements before and after CPP attachment to silica particles, their maximum absorption values, and concentration
of attached CPPs on the particle surface as determined by Bradford assay. Absorption maxima for CPP-functionalized particles of 300 nm
diameter could not be determined due to the strong scattering of the particles and the low concentration of attached CPPs

{-Potential

{-Potential

Lambda max Concentration

Sample before CPP attachment [mV] after CPP attachment [mV] [nm] of the CPP [uM]
50-HK3 —28.3 £ 0.6 5.0 £ 0.1 498 25.28
50-HK15 —28.3 £ 0.6 12.0 £ 0.8 498 27.95
50-HK17 —28.3 £ 0.6 9.1 £0.1 498 28.33
150-HK3 —29.3 £ 0.6 4.4 +£0.8 501 19.33
150-HK15 —29.3 £ 0.6 22.0 £ 04 500 17.78
150-HK17 —29.3 £ 0.6 10.9 £ 0.6 501 22.82
300-HK3 —29.9+0.2 6.0 £ 0.3 — 12.68
300-HK15 —29.9 £ 0.2 9.8 £1.3 — 13.13
300-HK17 —29.9+0.2 7.3 £1.0 — 10.77
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free peptides.

tested CPP-coated silica particles exhibited no cellular toxicity at
concentrations between 6.25 and 100 pug mL™' (particle
concentrations).

Next, we determined if the functionality of CPPs is
preserved when attached to silica nanoparticles. Notably, all
CPP-particle constructs were efficiently taken up upon incu-
bation with HeLa cells for only 30 min, an incubation time
that is frequently used when working with CPPs (and in
particular with sC18)."* Furthermore, the results revealed
a size-dependent internalization behavior, as 50 nm particles
were preferentially taken up followed by 150 nm and 300 nm
particles (Fig. 4A and S71). This is in accordance with previous
studies, in which it was shown that various particle types,
including dye functionalized mesoporous silica particles, were
most efficiently internalized at mean particle sizes of 50 nm
283% However, in addition to the observed size-dependent
uptake, a peptide-dependent uptake was also evident.
Indeed, similar to the free peptides, HK3-modified particles
were internalized to a lower extent compared to HK17, while

This journal is © The Royal Society of Chemistry 2020
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(A—D) Cytotoxicity assay of silica—peptide conjugates (50-300 nm with HK3, HK15 and HK17 surface modification, respectively) and the

the fluorescence intensity was highest for the strongly posi-
tively charged HK15. In addition, it was recognized that the
overall fluorescence intensities were dramatically higher than
those for the peptides alone. This is probably due to the rather
low concentration of peptides attached to the particles which
is challenging to determine and might therefore not concur
with the peptide concentration in the free peptide solutions.
Furthermore, peptides might benefit from the attachment to
the particles by way of improving their overall stability
presumably through a shielding effect of the particles (as
already observed, see Fig. S4t). Therefore, we were eager to see
if the CPP-particle constructs were visible intracellularly when
using longer incubation times, e.g. 24 h. We focused on the
50 nm particles, which exhibited the highest internalization
rates. Microscopy analysis supported cellular uptake of all
tested constructs, albeit intensities were again dependent on
the attached CPP. Moreover, we observed fluorescence inten-
sities that might be either the result of cytosolic accumulation
or endosomal entrapment. Although the latter might be

Nanoscale Adv., 2020, 2, 453-462 | 457
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(A) Quantitative uptake of CPP functionalized silica particles (50, 150 and 300 nm diameter) into Hela cells. Uptake was measured after

30 min of incubation using flow cytometry. For comparison, the significance between the internalization efficacies was determined by students
t-test (*p < 0.05; **p < 0.005; ***p < 0.0005). (B) Confocal microscopy studies after incubating Hela cells for 24 h with 50 nm CPP-coated silica
nanoparticles. Cell nuclei were stained with Hoechst stain before imaging. Scale bar corresponds to 10 um.

disadvantageous with respect to future applications, in which
endosomal release is important, we recently demonstrated
that bioactivity was maintained for other CPP-based conju-
gates that were also taken up partly by endocytosis.**** The
highest intracellular intensity levels of the fluorophore were
visible in the case of HK15 followed by HK17 and HK3, which
confirmed the previously observed trend during flow cytom-
etry measurements of the free peptides (Fig. 1A and B).
Additionally, the morphology of HeLa cells was not found to
be affected, ruling out any pronounced cytotoxic effects
(Fig. 4B).

This concurs with quantitative uptake studies of the coated
particles (Fig. 4A) and demonstrates that differences in the
peptide functionality which alter the uptake behavior could still
be observed after its attachment to inorganic carriers, also when
longer incubation times were considered.

CD spectroscopy studies

Besides surface charge, the secondary structure is known to play
a crucial role in cellular internalization of CPPs. To evaluate if
the secondary structure of peptides changed upon electrostatic
attachment to particulate carriers, circular dichroism spec-
troscopy was used. We determined the secondary structure of
the free peptides HK3, HK15 and HK17 in comparison to
peptide structures on peptide-functionalized particles.

All free peptides formed a random coil structure in phos-
phate buffer, characterized by a negative minimum around
200 nm (Fig. 5A-C).** However, upon the addition of the
secondary-structure inducing reagent trifluoroethanol (TFE),
the formation of an a-helical structure (Fig. 5D) was visible,
which is characterized by two minima at 222 nm and 207 nm
and a maximum around 190 nm. The tendency of peptides to
form an a-helix is correlated to the ellipticity (f) intensity at
222 nm and is generally expressed as the a-helical content.*

458 | Nanoscale Adv, 2020, 2, 453-462

Computational modelling studies have additionally shown that
this correlation can also be used to determine potential losses
in peptide helicity upon adsorption onto silica particles.’®
Evaluation of the peptides used in this study revealed that the
highest helicity contents were observed for the free peptide CF-
HK17, although only a slight difference is observed compared to
CF-HK3 and CF-HK15. Considering the differences in the cell
internalization efficiency for these peptides, these results imply
that the o-helical conformation itself has a lower impact on
their probability to cross cellular barriers and that charge
distribution alongside the helix is probably the more important
factor.

When CPP-functionalized nanoparticles were analyzed,
again a significant change in structure was visible after the
addition of TFE. For 50 nm sized particles (50-HK3, 50-HK15
and 50-HK17), the minima at around 200 nm shifted towards
a maximum at 190 nm, while two minima at around 207 nm and
222 nm appeared, indicative of a mainly a-helical structure.
This is in accordance with simulation studies that have been
performed on the non-covalent adsorption of CPPs (in this case,
Antennapedia homeodomain-derived CPPs) onto silica surfaces
which revealed conservation of the secondary structure of the
peptide on the particle surface.”” Nevertheless, helical contents
were significantly lower compared to the free peptides and thus
pointed towards a perturbation of the secondary structure upon
adsorption of the CPP onto the particles. This observation is in
agreement with previously reported simulation studies on
peptide silica interactions, where a loss in helicity was detected
upon adsorption onto the inorganic surface.*

While a clear change in CD spectroscopy measurements in
the presence of TFE was observable for all tested particle-CPP
compounds (Fig. S8f), the minima at around 207 nm and
222 nm became less pronounced with increasing particle size.
Similarly, a decrease in a-helical content was observed with

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9na00693a

Open Access Article. Published on 09 December 2019. Downloaded on 1/17/2026 2:05:56 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper
A 60000
L ——HK3
N ——50-HK3
400004 \ J K TrE
R . — — 50-HK3+TFE
S 20000 \\
5 A\
g v
) 0 RN = -
§ \ NS o~ 7 -
”~
\ -7
-20000 - - helical content:
HK3: 56.8
50-HK3: 28.4
-40000 r T )
200 220 240 260
C wavelength [nm]
60000
"y ——HK17
\ ——50-HK17
proven — — HK17+TFE
R \ — —50-HK17+TFE
: \
S 20000
& F o~
5 N
o
(7}
k= 04 \\
) N h 7
\ -7
-20000 + Npm == ;
- helical content:
HK17:59.5
50-HK17: 19.8
-40000 T T )
200 220 240 260

wavelength [nm]

View Article Online

Nanoscale Advances

B 60000
i —— HK15
\ ——50-HK15
400004 — — HK15+TFE
\ - = 50-HK15+TFE
F'E, \
T 20000 \
o L~
2 N
s 0- N —
T S L=
- i >
— - -
) | e
20000 = helical content:
HK15: 51.5
50-HK15: 33.5
-40000 T T T
200 220 240 60
D wavelength [nm]
HK3 HK15 HK17

w«/

225

Fig. 5 CD spectroscopic analyses of (A) CF-HK3, (B) CF-HK15, (C) CF-HK17 and the corresponding functionalized silica particles. The samples
were measured in phosphate buffer with and without TFE. (D) Helical structures of the synthesized peptides HK3, HK15 and HK17 were prepared
with the PyMOL Molecular Graphics System, Version 2.0 Schroédinger. Hydrophobic residues are marked in yellow, while residues that possess
zero hydrophobicity are marked in grey. Hydrophilic uncharged residues are labeled in pink whereas potentially negatively charged residues are
labeled in red and potentially positively charged residues are labeled in blue.

increasing particle size. In addition to the scattering interfer-
ences of CD signals caused by the large size of the particles,
previous studies have demonstrated that the carrier size can
have a distinct influence on the secondary structure of surface-
bound biomolecules. For instance, Vertegel et al. demonstrated
that lysozyme adsorption onto silica nanoparticles of three
different sizes between 4 and 100 nm led to significant changes
in the a-helical content of the protein, whereas a greater loss in
alpha helicity was observed with increasing particle size.*”
Hence, biomolecules such as CPPs employed in this study
exhibit perturbation of their secondary structure upon adsorp-
tion onto inorganic carriers of different sizes, presumably
related to the change in surface curvature, although the
formation of an alpha-helical structure can still be assumed.

Conclusion

The purpose of this work was to study the structure—function
relationship of the sC18 CPP family through an alanine scan
and to evaluate their interaction with inorganic silica

This journal is © The Royal Society of Chemistry 2020

nanoparticles of different sizes. Our results demonstrate that
the internalization properties of the peptides rely heavily on
each single amino acid and its position within the sequence. A
simple exchange of one amino acid with alanine resulted in
strong differences in cellular internalization -efficiencies.
Moreover, after electrostatic attachment of three distinct
peptides (HK3, HK15 and HK17) to silica nanoparticles, all
peptide-particle compounds were taken up by HeLa cells.
However, we observed that the uptake of 50 nm particles coated
with CPPs was higher, when compared to the 150 and 300 nm
particles, irrespective of their surface coverage. Our findings
indicate that the particle size plays a superior role compared to
surface functionalization with CPPs in cellular uptake rates.
Interestingly, confocal microscopy and flow cytometry studies
reflected that differences in cell-penetrating properties were
also observed when bound to silica surfaces. Although only
electrostatic interactions were used, the formation of the
secondary alpha helical structure was less pronounced in
conjugates compared to the free biomolecules indicating that
chemical surface interactions and attachment of the CPP onto
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the surface of silica nanoparticles lead to a reduction in the
flexibility of the peptide backbone. Moreover, we hypothesize
that the peptide net charge, which was highest in the case of
HK15 and its particle conjugates, was the key driving force for
cellular internalization.

Overall, these results demonstrate the complex interplay
between the carrier size as well as surface charge and secondary
structure of surface-bound peptides and allow for a deeper
understanding in tailoring these conjugates to achieve the
highest possible cellular internalization efficiencies. This is of
high value for the future design of drug delivery vehicles, for
instance, to incorporate drug molecules into the porous carrier
structures which would support efficient intracellular access of
therapeutics across biological barriers. Furthermore, targeting
of specific cells could be achieved by combining CPPs on the
surface of the particles with tumor homing peptides.

Experimental procedures
Synthesis of peptide derivatives

All the peptides used in this work were synthesized following
the standard Fmoc/tBu-strategy using a Syro I automated
multiple solid-phase peptide synthesizer (multiSynTech). The
peptides were prepared as C-terminal amides using Rink amide
resin, and all peptides were labeled N-terminally with 5(6)-car-
boxyfluorescein (CF). Labeling of the peptides was performed
on resins with fully protected side chains by using 5 eq. of the
fluorophore, Oxyma and N,N'-diisopropylcarbodiimide (DIC)
(overnight (o/n), RT). Peptides were cleaved from the resin using
trifluoroacetic acid (TFA)/triisopropylsilane/water (95 : 2.5 : 2.5,
v/v/v) within 3 h at room temperature. Analytical data were ob-
tained by RP-HPLC (Aeris peptide: 2.6 pm XB-C18; LC Column
150 x 3.0 mm (Phenomenex)) using a gradient of 10-60%
acetonitrile (ACN) in H,O with 0.1% formic acid for sample
separation, followed by electrospray-ionization mass spec-
trometry (ESI/MS, Thermo Scientific LTQ-XL) measurements.
Purification of the peptides was achieved by preparative RP-
HPLC (Nucleodur C18ec; 100-5; Macherey-Nagel) using linear
gradients of 10-60% B in A (A = 0.1% TFA in water; B = 0.1%
TFA in ACN).

Synthesis of silica nanoparticles

Silica particles were prepared using the well-known Stober
process.”® In a typical synthesis, 90.5 mL ethanol and 32.5 mL
distilled water were mixed. Then, ammonia (28-30%, Sigma-
Aldrich) was added in various concentrations between 0.22
and 0.86 M (1.125 mL (50 nm); 2.25 mL (150 nm); 4.50 mL (300
nm)) depending on the desired particle size. Following this,
7.75 mL tetraethyl orthosilicate (TEOS, Sigma-Aldrich) were
added dropwise using a dropping funnel to the solvent mixture
which was subsequently stirred for two hours. After that time,
the mixture turned milky white and the as-prepared silica
nanoparticles were collected as a white precipitate via centri-
fugation (11 000 rpm, 15 minutes). The as-obtained particles
were washed several times with ethanol to remove any residual
precursor molecules and dried under ambient conditions.
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Preparation of CPP coated silica particles

Silica particles were surface functionalized with different types
of CPPs based on a physisorption method. A stable colloidal
dispersion of silica particles was prepared by dispersing 2 mg of
particles in 1 mL of sterile water (pH was adjusted to 9) using
ultrasonication. Then, 80 pL of a 1 mM stock solution of the dye-
labeled peptides was added and the dispersion was stirred
overnight in the dark. The biofunctionalized particles were
separated from the unattached peptides using centrifugation (2
minutes, 15 000 rpm, 15 °C). Finally, the conjugates were
washed two times with sterile and filtered water and were stored
at 4 °C as 4 mg mL™' aqueous dispersions until further
processing.

Particle characterization

The shape and size distribution of (functionalized) silica
particles was investigated using a Nova Nano SEM 430 field-
emission scanning electron microscope (SEM) and a ZEISS
Le0912 transmission electron microscope (TEM) operated at an
accelerating voltage of 120 kV. Zeta potential measurements
and dynamic light scattering experiments were performed on
aqueous dispersions using a Zetasizer Nano ZS (Malvern
Instruments) at a wavelength of 633 nm in folded capillary zeta
cells. UV-vis spectroscopy (LAMBDA 950 PerkinElmer) was used
to determine the successful functionalization of nanoparticles
with dye-labeled CPPs. The peptide concentration on the
surface of silica particles was determined with the Roti-
Nanoquant dye following the instructions provided with the
product.

Circular dichroism (CD) spectroscopy

CD spectra of the free peptides and the functionalized nano-
particles (20 uM in 10 mM phosphate buffer, pH 7.0, or 10 mM
phosphate buffer/2,2,2-trifluoroethanol (TFE) (1:1 v/v)) were
recorded in triplicate using a Jasco Corp J-715 spec-
tropolarimeter in a range from 190-260 nm. Instrument options
were set to 100 mdeg sensitivity, 0.2 nm data pitch, 100
nm min~" scanning speed and a bandwidth of 1.0 nm. The
resulting signal was converted from ellipticity (mdeg) to molar
ellipticity [@] in deg cm® dmol ", In order to ensure that the
obtained signals of particle-peptide conjugates were only
derived from the peptide itself, reference measurements with
the particles only were performed and subtracted from the ob-
tained spectra. The helical content was calculated using the
following equation: % o-helix = (([©2,,] — 3000)/(—36 000 —
3000)) x 100.*

Cell culture studies

HeLa (human epithelial cervical cancer; ACC57) cells were
cultured as subconfluent monolayers in 10 cm Petri dishes at
37 °C in a humidified atmosphere containing 5% CO,. The cells
were maintained in RPMI 1640 medium supplemented with
10% FBS and 4 mM glutamine. When reaching a confluency of
~80-90%, the cells were split using 0.5 mg mL™" trypsin-EDTA
for cell detachment. All cell experiments were performed at least

This journal is © The Royal Society of Chemistry 2020
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twice in triplicate. To determine the influence of the peptides
and the nanoparticles on the cellular viability, 1.7 x 10* HeLa
cells were seeded in 96-well plates and the samples were
analyzed as described previously with a resazurin-based
viability assay."

Cellular uptake and internalization studies

To determine the quantitative uptake of the peptides generated
in the alanine scan, 3.0 x 10* HeLa cells were seeded in 96-well
plates. For the analysis of the functionalized nanoparticles, 1.0 x
10° Hela cells were seeded in 24-well plates and grown to sub-
confluency (~70-80%) overnight. The samples were incubated
for 30 min in the appropriate serum-free medium, washed twice
with PBS, detached with phenolred-free trypsin and resuspended
in phenolred-free medium. Cellular uptake was determined with
a Guava easyCyteTM System (Merck) using the GRN-B (525/30)
channel, counting 10 000 cells per well. The cellular auto-
fluorescence was subtracted from all measured fluorescence
intensities and experiments were performed twice in triplicate.

To gain more insights into the qualitative internalization of
the peptides, confocal laser scanning microscopy was done on
a Leica TCS SP8 confocal scanning microscope using a 63X
immersion oil objective. For this purpose, 3.0 x 10* HeLa cells
were seeded in a p-slide eight-well plate (Ibidi) and grown to
subconfluency (~70-80%). Sample incubation and further
processing were performed as already described.*
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