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ABSTRACT: Mesoporous silica nanoparticles (MSNs) are
multifunctional nanocarriers with potential biomedical appli-
cations. However, MSNs are frequently trapped in endosomes
upon cellular uptake through endocytosis, requiring endo-
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1. INTRODUCTION

Nanoparticles are impressive carriers for delivering bioactive
small molecules and biomacromolecules (peptides, proteins,
RNAs, DNAs, etc.) across the cell membrane.'? Although
nanoparticles can enter cells,"*~> they are frequently trapped in
intracellular vesicles such as endosomes and lysosomes,®”
hampering the development for biomedical applications. One
strategy to facilitate endosomal escape is surface conjugation
with either cationic polymer polyethylenimine® or cell-
penetrating peptides;” however, enhanced nonendocytotic
uptake would be even more desirable to circumvent the
endosome/lysosome altogether.””

Mesoporous silica nanoparticles (MSNs) have emerged as a
widely used nanocarrier for biological applications®'® and
potential drug delivery systems.""'> For the various MSN sizes,
small size MSNs (S0 to 100 nm in diameter) have the highest
cellular uptake efficiency,">'* which has been attributed to
clathrin-mediated endocytosis."> However, the development of
medium size MSNs (~ 300 nm in diameter) has been limited
because of the lack of efficient cellular uptake.'®> The limited
delivery of medium size MSNs to the cytoplasm has been
mentioned in a few studies with undetermined uptake
mechanism.'®

The cell-penetrating peptide derived from human immuno-
deficiency virus transactivator of transcription protein (Tat) has
been conjugated to nanoparticles to enhance cellular uptake
mostly through endocytosis,”'” with low cytotoxicity and
enhanced endosomal escape (after endocytosis).” Also, Tat-
derived peptides have been conjugated to different cargoes to
enable cellular uptake via macropinocytosis,'® which is a form
of endocytosis. Tat-derived peptides alone can translocate
across the cell membrane through nonendocytotic energy-
independent pathways,19 which has been mostly attributed to
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direct transduction.”’”>® This nonendocytotic uptake of Tat-
derived peptides is mediated by the dense packing of cationic
guanidinium groups,>® which form multiplex interactions with
lipid head groups and cytoskeleton to form topologically active
saddle-splay membrane curvature for pore formation and
membrane permeabilization.”® One determining factor for
generating saddle-splay membrane curvature is the spacing
between guanidinium groups and the rigidity of the
presentation.”® As such, altering the spacing between the
guanidinium groups should affect uptake efficiency. Indeed,
shortening the Arg side chain length by one methylene for all
six Arg residues in Tat-derived peptides enhanced the cellular
uptake.'® Also, temperature dependence studies suggested
nonendocytotic uptake for these peptides bearing noncanonical
Arg analogs.'” Retaining this uptake behavior upon conjugating
these peptides onto comparatively large nanoparticles would be
highly desirable. However, the drastic difference in overall
characteristics between peptide alone and peptide-conjugated
nanoparticles may result in difference in uptake behavior.
Nevertheless, Tat-derived peptides containing noncanonical
Arg analogs were conjugated onto 300 nm MSNs to affect the
uptake efficiency and expand the uptake routes (to beyond
endocytosis).

2. RESULTS AND DISCUSSION

Tat-derived peptides with noncanonical Arg analogs were
conjugated onto medium size (300 nm) MSNs (Chart 1). All
six Arg residues in the Tat-derived peptide (ArgTat) were
simultaneously replaced with the Arg analogs Agh (one
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Chart 1. Sequences of Natural Tat and Tat-Derived Peptides

Natural Tat(48-57)
-Gly-Arg-Lys-Lys-Arg-Arg-GIn-Arg-Arg-Arg-

XaaTat peptides

AghTat: Ac-Cys-Gly-Agh-Lys-Lys-Agh-Agh-GIn-Agh-Agh-Agh-NH,
ArgTat: Ac-Cys-Gly-Arg-Lys-Lys-Arg-Arg-GIn-Arg-Arg-Arg-NH,
AgbTat: Ac-Cys-Gly-Agb-Lys-Lys-Agb-Agb-GIn-Agb-Agb-Agb-NH,

+
HaN

HN
Jn
HaN

o)

NH,

O Nn =4, Agh, (S)-2-amino-6-guanidinohexanoic acid
3, Arg, L-arginine
2, Agb, (S)-2-amino-4-guanidinobutyric acid

methylene longer than Arg) or Agb (one methylene shorter
than Arg) (Chart 1). Peptides containing these noncanonical
Arg analogs showed higher resistance against proteolysis
compared to the corresponding Arg-containing peptides.””
This higher protease resistance should enhance the availability
of the peptides in the endosome and lysosome to mediate
endosomal escape. Shortening the Arg side chain length should
shorten the distance between neighboring guanidinium groups
and facilitate the formation of saddle-splay membrane curvature
for pore formation and membrane permeabilization.”> A
cysteine residue was added at the N-terminus to enable
conjugation onto the MSNs (Chart 1).

The APTMS-FITC-functionalized MSNs were synthesized
by co-condensation with FITC (fluorescein isothiocyanate)
coupled to the amino group of 3-aminopropyl-trimethoxysilane
(APTMS) (Scheme 1). To enable conjugation to the peptides,
we introduced an amine-to-sulthydryl cross-linker N-(a-
maleimidoacetoxy) succinimide ester (AMAS). The succini-
mide ester was coupled to the primary amine on the MSN and
the maleimide group was reacted with the thiol group on the
Cys residue of the Tat-derived peptides. The average weight
percent of APTMS functionalized onto the nanoparticles was
2.3 wt % as determined by elemental analysis. The average
weight percent of AMAS attached to MSN (containing
APTMS) was 8.8 wt % as determined by thermogravimetric
analysis; the theoretical maximum coverage would be 18.4 wt
%. The amount of peptide conjugation onto AMAS-MSNs was
3.3 X 107* mol/g based on the UV—vis absorbance of the
reaction supernatant for a related Tat-derived peptide with the

same immediate sterics surrounding the linking Cys residue as
the experimental peptides (ArgTat, AgbTat, and AghTat).
Since the overall charge of the experimental peptides is the
same, the conjugation efficiency should be similar for the
different experimental peptides. Transmission electron micros-
copy (TEM) showed an average diameter of 300 nm for the
MSNs with uniform pore structure before and after
functionalization with APTMS, coupling of AMAS, and
conjugation with the Tat-derived peptides (see Figure S2 in
the Supporting Information). The XaaTat-MSN formed stable
homogeneous suspensions, most likely due to the mutual
repulsion between the highly positively charged MSNs.

The effect of the Tat-derived peptides on the uptake of
MSNs into HeLa cells was investigated by flow cytometry. After
incubation with the nanoparticles or spheres, the HeLa cells
were washed and detached from the dish by trypsinization. The
extracellular fluorescence quencher trypan blue was then added
to the cell suspension to quench the fluorescence from the
remainin% MSNs adsorbed onto the exterior surface of the
cells.”*®* The intracellular fluorescence in live cells was then
determined by flow cytometry to assess the amount of cellular
uptake (see Figure 1A and Figures S4, SS, and S8A in the
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Figure 1. Cellular uptake into HeLa cells for 300 nm AMAS-MSN and
XaaTat-MSNs in the (A) absence and (B) presence of ATP inhibitors
sodium azide and 2-deoxy-D-glucose.

Supporting Information). Because fluorescence from the
cytoplasm and the endosome/lysosome cannot be distin-
guished, the flow cytometry data was reported in percent
cellular uptake (Figure 1A). Cells with fluorescence higher than

Scheme 1. (A) Synthesis and Surface Functionalization of MSNs, followed by (B) Conjugation with Tat-Derived Peptides
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the maximum fluorescence of live control cells were considered
to exhibit MSN uptake (see Figure SS in the Supporting
Information). The percent cellular uptake of the wild type Tat
peptide-modified MSN, ArgTat-MSN, was significantly higher
than the control nanoparticle AMAS-MSN (Figure 1A)."” The
MSNs conjugated with the two Tat-derived peptides containing
non-natural Arg analogs, AghTat-MSN and AgbTat-MSN, had
even higher percent cellular uptake compared to ArgTat-MSN
(Figure 1A). Under these conditions, the cellular uptake of
XaaTat-MSN could occur via both endocytotic and non-
endocytotic pathways.”*® To inhibit endocytosis (and thus
macropinocytosis), cells were treated with ATP inhibitors
sodium azide and 2-deoxy-p-glucose,>*' ™ and then incubated
with the various MSNs in the presence of both ATP inhibitors.
Under this ATP depleted condition, energy-dependent
endocytotic pathways were blocked,>"?* and uptake was
significantly reduced for live cells (Figure 1B and Figure S8B
in the Supporting Information). This suggests that the
enhanced uptake of the MSNs upon conjugating the Tat
peptides mostly occurred through endocytosis/macropinocy-
tosis. Importantly, 20% of the cells still showed uptake of
AgbTat-MSN even upon inhibition of endocytosis (Figure 1B),
suggesting that a portion of the AgbTat-MSNs crossed the cell
membrane through energy-independent nonendocytotic path-
ways such as direct transduction.

Distribution of XaaTat-MSNss in live HeLa cells was analyzed
qualitatively by confocal microscopy (Figure 2). The MSNs
were cocultured with FM 4—64 (red), which is an endosome
tracker.**”** The AMAS-MSNss exhibited punctate cytoplasmic
distribution patterns (Figure 2, top row, left panel). AMAS-
MSN (green for FITC) predominantly colocalized with the FM
4—64 (red) in live cells, resulting in yellow spots in the merged
images (Figure 2, top row, right panel). As such, AMAS-MSN
was mostly trapped in endosome or lysosome vesicles,
consistent with literature reports that MSN uptake occurs
through endocytosis.”"® In contrast, the merged image for
ArgTat-MSN showed both green and yellow spots (Figure 2,
second row, right panel). Importantly, there were more FITC
green spots in the merged image for ArgTat-MSN compared to
that for AMAS-MSN. This demonstrates that ArgTat enhanced
the delivery of MSNs into the cytoplasm by endosomal escape
or nonendocytotic pathways, consistent with reports on
enhanced access to the cytoplasm (opposed to trapped in the
endosome) upon conjugating Tat peptide to nanoparticles.'”*!
The merged images of AghTat-MSN and AgbTat-MSN
displayed significantly more green spots distributed in the live
cells compared to ArgTat-MSN (Figure 2), showing enhanced
access to the cytoplasm mediated by AghTat and AgbTat.

Flow cytometry data showed that conjugating ArgTat onto
300 nm MSN increased overall uptake but not nonendocytotic
uptake (Figure 1 and Figure S8 in the Supporting Information).
However, confocal microscopy showed that ArgTat increased
the distribution of 300 nm MSN in the cytoplasm (Figure 2),
suggesting that ArgTat enhanced the efficiency of endocytotic
uptake and endosomal escape. The overall uptake for AghTat-
MSN was slightly higher than that for ArgTat-MSN (Figure
1A). Also, the nonendocytotic uptake of AghTat-MSN was only
marginally higher than that of ArgTat-MSN (Figure 1B).
However AghTat clearly enabled more MSN uptake into the
cytoplasm compared to ArgTat based on observations by
confocal microscopy (Figure 2), suggesting more efficient
endocytotic uptake and endosomal escape mediated by AghTat
compared to ArgTat. Similar to AghTat, AgbTat mediated
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Figure 2. Confocal microscopy images of 300 nm AMAS-MSN and
XaaTat-MSNss in live unfixed HeLa cells (left column), cotreated with
the endosome-specific marker FM 4—64 (center column), and stained
with the DNA-specific DAPI to obtain the merged endosomal
colocalization images (right column). The MSNs are green, FM 4—64-
labeled endosomes are red, DAPI is blue, colocalized MSNs and
endosomes are yellow.

significant MSN uptake into the cytoplasm (Figure 2). In
contrast to AghTat, AgbTat significantly enhanced membrane
translocation through nonendocytotic pathways (Figure 1B),
although access to the cytoplasm through endosomal escape
cannot be completely ruled out. Increased endosomal escape
mediated by AghTat and AgbTat compared to ArgTat could be
due to enhanced resistance to proteolytic degradation of
peptides containing the noncanonical Arg analogs’” in the
endosome/lysosome to enable endosomal escape. Increased
nonendocytotic uptake mediated by AgbTat (Figure 1B) is
consistent with the intended design of shortening the spacing
between neighboring guanidinium groups to provide a more
rigid presentation of the guanidinium groups for the formation
of saddle-splay membrane curvature and permeabilization of
the membrane.”® Furthermore, these peptide conjugated
medium sized MSNs exhibited minimal cytotoxicity up to 50
ug/mL based on WST assays (see Figure S9 in the Supporting
Information), suggesting that such nanoparticles should be
suitable for biomedical applications.

Preliminary studies on small sized MSNs (50 nm) and large
sized mesoporous silica spheres (MSSs) (1 gm) in the absence
and presence of peptide conjugation were also performed (see
Figure S10 in the Supporting Information), to further explore
the utility of the Tat-derived peptides with noncanonical Arg
analogs for enhancing uptake through nonendocytotic path-
ways. The three peptides conjugated to 50 nm MSNs exhibited
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similar relative cellular uptake under ATP-depleted conditions
(see Figure S10A in the Supporting Information). This uptake
was slightly higher than that for the control AMAS-MSN.
However, peptide conjugation onto large 1 ym MSSs did not
alter cellular uptake under ATP-depleted conditions (see Figure
S10B in the Supporting Information). This variation in uptake
behavior for the peptide-conjugated small size MSNs (50 nm),
medium size MSNs (300 nm), and large size MSSs (1 pm) is
consistent with previous reports showing size dependence in
cellular uptake efficiency and mechanism of the MSNs."'* The
difference in uptake behavior for the different sized MSNs upon
conjugating the peptides may be due to difference in surface
curvature and thus guanidinium group presentation. This would
affect the interaction with cell surface negatively charged
moieties, which is critical for cellular uptake. The size
dependence on enhanced uptake and uptake mechanism
remains to be fully investigated. Nonetheless, enhanced
nonendocytotic uptake has been achieved for medium-sized
MSNs (300 nm) by conjugating Tat-derived peptides bearing
noncanonical Arg analogs with shortened side chain length.

3. CONCLUSION

In this study, Tat-derived peptides containing noncanonical Arg
analogs were conjugated onto medium-sized MSNs (300 nm)
and the cellular uptake efficiency was enhanced with increased
access to the cytoplasm. Furthermore, endosomal trapping of
the 300 nm MSN was partially circumvented by improving the
efficiency of endosomal escape and even enhancing uptake
through nonendocytotic pathways by introducing noncanonical
Arg analogs with varying side chain lengths. Therefore, rational
surface design that alters the presentation of guanidinium
groups on nanoparticles is a viable strategy to enhance desirable
uptake properties for biomedical applications.
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