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ABSTRACT: We introduce the proof of concept of a new
methodology to produce robust hollow nanovesicles stable in
water or mixtures of water and organic solvents. The bottom-up
produced nanovesicles are formed by the self-assembly of
depsipeptide chains of natural origin combined with new
aggregation-induced emission luminogens that function as constitu-
tional vesicle-forming moieties and fluorescent indicators of the
structure of the nanovesicle. The newly formed nanovesicles are
robust enough to be used to carry large molecules such as
physiological peptides without losing their structural characteristics,
acting as programmable nanocarrier systems within living cells as
Trojan horse systems, constituting a new approach to active
transport and nanoencapsulation.
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B INTRODUCTION

The creation of soft nanoparticles using bottom-up nano-
technological methods is an increasingly important demand in
our society. Semiconducting and metallic nanocrystals' are
well suited for established applications such as photonics,
catalysis, sensing, energy harvesting and conversion, or
bioimaging, and perovskite quantum dots” have been applied
to solar cells, photocatalysis, emitting devices of light and
screens, but all of them have problems such as toxicity,
environmental and sustainability problems.” Soft organic
nanoparticles are much more sustainable and suitable for
applications not solved by their metal counterparts. Soft
nanoparticle research is highly oriented toward lipid nano-
particles that mimic biological vesicles," such as the develop-
ment of lipid nanoparticle-based mRNA vaccines for nucleic
acid delivery during COVID-19 pandemics.” The poor long-
term stability of lipid nanoparticles has directed the field
toward polymeric’ or multicomponent nanoparticles.” The
most important objectives of artificial vesicles are drug/nucleic
acid delivery, reaction promoters and regulators, photo-
dynamic therapy, enzyme catalysis mimetics (metallo-nano-
zymes or photoreactive catalysts), fluorescence imaging, and
control or cancer diagnostics. Peptides are suitable due to their
intrinsic characteristics of self-assembly and biocompatibility
for some of the above uses,® but vesicle formation has been
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mainly related to amphiphilic peptides’ and pseudopeptides'®
. B i .
as functional materials.~ There is an urgent need for new
stable artificial vesicles that can meet the requirements such as
cancer therapy.'” There has been great interest in the
chemistry of peptide-based supramolecular systems to access
complex functions that arise when multiple interactions are
coordinated and integrated'’ and as enzyme mimics or
14,15 : - o
regulators. The improvement of precision medicines and
the way they can be addressed are largely mediated by
innovative drug delivery systems.' On the other hand,
. o . 17
aggregation-induced emission luminogens (AIEgens) ' have
expanded the field of aggregation-based nanomaterials'® and
are also useful for phototheranostics,"” super-resolution
imaging” or smart aggregates in clinical diagnosis.”' The
fusion of peptides and AIE—§ens has opened new avenues in
biomedicine,”* drug delivery,” and encapsulation of anticancer
drugs.”* The disadvantage of the methodology is that peptides
are easily recognized by degradation systems within cells, so
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Figure 1. New hybrids of AlEgens and depsipeptide chains: (a) fluorescent emission of CHO9 in solvents and (b) photography under UV light,
from left to right, MeOH—Et,O.

their shelf life is very limited in living systems. In contrast, nanovesicles, we can switch from passive to active nanocarriers
depsipeptides are nonribosomal peptide derivatives in which programmed in time, providing a solution to an important
some amide groups have been replaced by ester groups,™ issue in nanomedicine and nanotechnology. In this way, we
which gives more flexibility to the depsipeptide structures and have previously shown that cyclic depsipeptides, that are K-
greater resistance to proteolysis by enzymes, but their self- selective membrane ionophores, have implications for glucose-
assembly has been much less studied, so they constitute a rich stimulated insulin secretion in f-cells and can be used as
source of new structural possibilities in the construction of biomarkers in INSI1E cells’” and preimplantation factor, PIF, a
nanomaterials. They are known to form nanofibers and f-sheet naturally occurring peptide was useful for improving glucose-
gels®”” or hydrogels,”® but there are no previous studies on stimulated insulin secretion.’® We have also developed new
vesicle or nanoaggregate formation. Therefore, the combina- naphthalimides with electron-donating and electron-with-
tion of depsipeptides and AlEgens could provide a solution to drawing groups in the structure, and amino-protective
the drawbacks posed by previous methodologies. Naphthali- substituents in which variation of the substituents allowed
mides are known as AIEgens29 and can form nanosheets® or the control of AIE characteristics, so the AIEgen fluorescence
metallogels®' and are useful in super resolution,”” making them emission mechanism could be activated with optimal perform-
suitable structures, in combination with depsipeptides, for the ance through structural modification.””*" We have recently
creation of vesicles based on supramolecular self-assembly and discovered that some enzymes in insect saliva are useful for the
molecular recognition between structural components. These degradation of polyethylene,*"* demonstrating that nano-
systems would be a great remedy to solving important current encapsulation of catalysts has great potential. We realized that
problems associated with the cellular transport of drugs or those achievements could be of interest for targeting
relevant physiological peptides, as well as nonwater soluble nanostructures to specific cells or tissues.”~** Using structural
coordination compounds in photodynamic therapy*® or metal designs from our previous experience, we developed novel
complexes for biomedical applications,” in addition to the organic nanostructures composed of aggregation-induced
nanoencapsulation of biocatalysts”® or photocatalysts® in emission dyes linked to self-assembled depsipeptides, which
aqueous media. Taking this empty niche of research, we together promoted supramolecular self-assembly into fluores-
have carefully honed the creation of empty robust soft cent nanovesicles. These nanovesicles were verified to be
nanovesicles capable of accomplish all the required character- effective cellular biomarkers and nanocarriers. AFM and
istics for active cell transport and nanoencapsulation with easy FESEM showed soft and hollow nanovesicles, obtained solely
preparation and great versatility. This constitutes a radically by self-assembly of the depsipeptide-AlEgen hybrid structures.
new approach to the construction of cellular nanocarriers in We used these nanostructures to transport active peptides to
which, by controlling the structural components of the cellular compartments acting simultaneously as biomarkers and
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Figure 2. Nanoparticle imaging of a bifunctionalized NMI-bis-pseudopeptide CHO8: (a) by low resolution AFM, high resolution AFM and DLS,
(b) “Drilling a hole” by AFM typing on the nanovesicles of NMI-bis-pseudopeptide CHO8; in addition, the vesicle at the center/lower part of the
image was actually completely deformed, (c) by high resolution TEM of selected nanovesicles, (d) FESEM study of the N-Boc-deprotected de-Boc-
CHO08 (CHO08-D) showing fractures on the surface of the hollow nanovesicles, DLS.

nanocarriers. As instance, PIF was successfully delivered via
nanovesicles into cells of the human lung cancer cell line A549,
were it could act as a very powerful nanocarrier of general
application or as a time-scheduled active cytotoxic nanostruc-
ture for subsequent cell apoptosis. This fills an important gap
in the development of new pharmaceuticals or nanocontainers
for biocompatible processes. The results of the study are

presented here.

B EXPERIMENTAL SECTION

Materials and methods are described in full in the Supporting
Information Section, pp. S4—S7, followed by the synthesis and
complete characterization of all compounds used for the study,
pp. S8—S213.

B RESULTS AND DISCUSSION

Preparation of Materials. We have previously synthesized
some fluorogenic probes for various types of analytes, by using
Suzuki and Sonogashira reactions.>”*?*9#6=52 Between them,
naphthalimides (NMIs) with protected amino groups’”
showed an increase in fluorescence in mixtures of organic
solvents with water, an aggregation-induced emission effect
(AlEgen) that disappeared when the structures contained
unprotected amino groups. Taking advantage of the self-
association of natural depsipeptide chains by hydrogen bonds®”
and the self-assembly capacity of AlEgens,””*’
short sequence of the natural depsipeptide (eight units) and
the AIEgen naphthalimides to obtain new AlEgen-depsipep-
tide hybrids that were found to be highly fluorescent and
solvatochromic (Figure 1) while maintaining the AIE-gen

we combined a

characteristics intact.
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Figure 3. Images of CHO9 nanoparticles, hollow vesicles observed by FESEM, CH09 (THF—water 70% water), images of CH11 nanoparticles,
toroids, vesicles, observed by FESEM of CH11 (THF—water, 70% water, left; 80% water, center). Images of CH12 nanoparticles and distribution

in DLS (THF—water, 80% water, left and center; 90% water, right).

For instance, the compound CHO8 showed an increase in
fluorescence as the amount of water in the solvent increased.
Low-resolution AFM showed the formation of toroidal and
spherical nanoparticles that in FESEM appeared as empty
vesicles and well-formed spherical nanoparticles (Figure 2a),
which was also confirmed by high-resolution AFM and by DLS
measurements (Figure 2a). To solve the question of the hollow
cavity of nanoparticles we decided to “drill a hole” in the
nanovesicles by changing the typing mode in AFM, from which
we could arrive to punctured vesicles from the intact ones
(Figure 2b). Similar nanovesicles were also detected by high
resolution TEM of CHO8 by staining with uranyl acetate
(Figure 2c). An additional FESEM study of an N-Boc-
deprotected compound, de-Boc-CHO08 (CHS8-D) provided
much clearer images of intact samples showing fractures on
the surface of the hollow nanovesicles (Figure 2d) confirmed
by DLS. In this way a clear difference could be found between
an open nanovesicle and a “deflated” nanovesicle (Figure 2d).

Compound CHO9 also showed an increase in fluorescence
as the amount of water in the solvent increased. Low-
resolution AFM showed the formation of spherical nano-
particles (Figure 3). The result was confirmed by FESEM
(Figure 3). Of the single-branch depsipeptide-AlEgens,
compound CHI11 also showed an increase in fluorescence as
the amount of water in the solvent increased. Low-resolution
AFM showed toroidal and spherical nanoparticles (Figure 3).
FESEM images of CHI11l, 70% water, confirmed the
morphology of toroids and vesicles (Figure 3). The samples

deposited from 80% water showed by FESEM a homogeneous
distribution of nanovesicles (Figure 3). Compound CH12 also
showed an increase in fluorescence in relation to the amount of
water in the solvent. Low-resolution AFM showed formation of
spherical, fluorescent nanoparticles in fluorescence microscopy
(Figure 3). FESEM of CH12 samples, deposited from THF—
water, 80% and 90% water, confirmed the morphology of the
vesicles, showing in both cases a homogeneous distribution of
nanovesicles, also confirmed by DLS (Figure 3).

Cell Transport. To develop the possibilities of the
described nanovesicles as potential drug carriers, we first
tested a model compound, N-Boc-deprotected-CH11 (CH11-
D), first we checked the integrity of AlEgen characteristics in
DMSO/water by AFM (see Supporting Information, p. 96)
and then we studied colocalization in A549 cells (Figure 4). By
confocal laser scanning microscopy (CLSM) we found that the
nanovesicles showed positive colocalization with endoplasmic
reticulum (ER) (Figure 4) stained with ER Tracer Blue (AAT
Bioquest). The study by stimulated emission depletion
(STED) super-resolution microscopy showed that the size of
the nanovesicles matched that found by AFM and FESEM, so
the nanovesicles were integrated into living cells (Figure 4).
Next, we studied the transport of active peptides to cellular
compartments by using nanovesicles to transport an active
peptide, preimplantation factor (PIF), modified for bioconju-
gation (Figure 4). We checked the integrity of AlEgen in
DMSO/water (99.5%) of CH28 and CH48 by AFM and
FESEM, and studied colocalization in A549 cells (Figure 4).
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Figure 4. Confocal laser scanning microscopy (CLSM) and STED super-resolution microscopy of CH11D, CH48, and CH28. Inset: Structures of
new AlEgen-depsipeptide-PIF hybrids for cellular delivery.
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Table 1. IC,, Values (uM) after 24 or 72 h of Treatment, Mean + SD from 3 or More Independent Experiments®

AS549 AS549 A2780 A2780cis

24h 72h 24h 24h
CH11 >100 - - z
CHO08-D >100 >100 >100 >100
CHO09-D >100 >100 > 100 >100
CH10-D >100 >100 >100 >100
CH11-D 6.1£0.5 3.6+£0.7 44+04 4.0£0.3
CH12-D 38+05 26+0.1 24+0.1 1.6+0.1
CH16-D 123+038 6.05+0.2 4.6+0.6 4.1+03
CH30 >100 43.6£2.3 > 100 >100
CH28 >100 >100 > 100 >100
CH45 >100 >100 >100 >100
CH47 84.5+9.1 485 +£2.1 13.1 £0.6 455+34
CH48 54.8 +2.9 22.7 £2.6 209 +1.2 295 +0.8
CDDP 46.3£3.9 46+0.3 8.0£0.9 298 +£2.7
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By CLSM (LEICA TCS SP8 STED 3X) we found that the
nanovesicles showed positive colocalization with the endo-
plasmic reticulum (Figure 4). The STED study showed that
the size was similar by the STED, AFM and FESEM
techniques, demonstrating that the nanovesicles were
integrated into living cells while maintaining the size of their
nanostructure (Figure 4). For CLSM 50 M, Aexc = 470 nm
and dem = 670 nm. Colocalization coeflicients were calculated
with Image]. To evaluate the spatial overlap between the two
signals, Pearson’s correlation coefficient and Manders’
colocalization coefficients (M1 and M2) were calculated. For
CH11-D, Pearson’s correlation coefficient (Rr, no threshold):
0.81, showing a strong positive correlation between the
intensity distributions of CH11D and the ER probe; Manders’
coefficients: M1 (CH11D overlapping ER probe): 0.890, M2
(ER probe overlapping CH11D): 0.616; these values indicated
that 89.0% of CH11D signal overlaps with the ER probe, and
61.6% of the ER probe signal overlaps with CH11D across the

10102

entire field of view. For CH28, the analysis yielded the
following results: Pearson’s correlation coefficient (Rr, no
threshold): 0.63, indicating a moderate positive correlation
between the intensity distributions of CH28 and the ER probe.
Manders’ coefficients: M1 (CH28 overlapping ER probe):
0.692, M2 (ER probe overlapping CH28): 0.642, these values
indicated that 69.2% of CH28 signal overlaps with the ER
probe, and 64.2% of the ER probe signal overlaps with CH28.
For CH43, the analysis yielded the following results: Pearson’s
correlation coefficient (Rr, no threshold): 0.68, indicating a
moderate positive correlation between CH48 and the ER
probe. Manders’ coefficients: M1 (CH48 overlapping ER
probe): 0.667, M2 (ER probe overlapping CH48): 0.586, this
indicated that 66.7% of the CH48 signal resided in regions
where the ER-specific probe was present and that 58.6% of the
ER probe signal overlapped with CH48.

Antiproliferative Activity. Table 1 shows the ICy, values
(uM) after 24 h or 72 h of treatment, mean + SD from at least

https://doi.org/10.1021/acsami.4c19123
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Figure S. (A) Computational atomistic model of CHO8. The aromatic naphthalimide core is shown in blue, while the depsipeptide chains are
shown in red. (B) Representative structure as extracted from a molecular dynamics trajectory of 12 stacked CHO8 monomers showing the tilt angle
measured between the central monomer and the top and bottom monomers. (C) The extended model was obtained from replicating our simulated
ones. (D) Tilt angle distribution during the MD simulation. (E) A model of the interaction of four stacked CHOS sets of molecules. (F) The CPK
model of the curvature of the four stacked CHOS8 sets of molecules from (E).

2 independent experiments, cisplatin (cis-[Pt(NH;),Cl,], cis-
diamminedichloroplatinum(II), CDDP) is included as positive
control. The study was performed by using three cell types,
lung tumor cells AS49, human ovarian carcinoma cell line
A2780 (cisplatin-sensitive) and A2780cis (cisplatin-resistant),
confirming the general behavior of the different types of
nanovesicles; thus, CH08-D, CH09-D and CHI10-D were
biocompatible, noncytotoxic either at 24 or 72 h; CHI11-D,
CHI12-D and CH16-D were cytotoxic at 24 h, IC50 2—12 uM,
CH28 (CH10-D+2PIF) and CH45 (CHO8-D + 2PIF) were
biocompatible and noncytotoxic; CH47 (CH11-D + 2PIF)
and CH48 (CHI12-D + 2PIF) in turn, showed low cytotoxicity
at 24 h, IC50 55—85 uM, and an appreciable increase of
cytotoxicity after 72 h, IC50 23—49 uM on AS549 cells, and an
enhanced cytotoxicity at 24 h, IC50 13—46 uM on A2780/
A2780cis cells. Naphthaleneimides without depsipeptide
moiety were not suitable for cell studies because of their low
solubility in the cell media, that leads to precipitation and easy
atmospheric oxidation. According to all the collected results,
the presence of the second depsipeptide significantly decreased
the cytotoxicity of the derivatives. The same trend was
observed when PIF units were added, therefore the type of
structure strongly influenced antiproliferative activity of the
compounds. This finding opened the possibility of modulating
the action of nanovesicles for transporting sensitive drugs such
as PIF, which is a physiological peptide, easily degraded in
biological environments, by using a type of noncytotoxic
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vesicle, or for acting as a Trojan horse by carrying a cytotoxic
cargo with a physiologically innocent outer envelope that, after
degradation, delivers its cargo promoting cell apoptosis. This
effect was more dramatic by using a derivative having a
scrambled PIF, CH30, which was noncytotoxic at 24 h,
proving that the physiological action of the natural PIF is
necessary to exert activity in cells.

In order to obtain atomistic details of the nanovesicles
structure we have built a model of interacting CHOS8
monomers and we have run ps-long molecular dynamics
(MD) simulations. This technique, by exploring the dynamical
properties of a molecular system, can furnish important insight
into the structural features and self-assembly of supramolecular
systems.” Interestingly, our MD simulations show that the
aromatic naphthalimide core performs stable 7—n stacking
interactions and overall adopts a peculiar bending toward a
vesicular structure (Figure Sb,d). On average, this tilt of about
147° shows that the simulated model can account for the
curvature of the nanovesicle wall. This becomes particularly
clear if we extend our model by replicating the stacking
interactions performed by the aromatic core (Figure 5d). From
the calculations, an estimation of the thickness of the CHOS8
associated ensemble would be about 5 nm; from Figure 2,
bottom row, the calculated thickness of the nanovesicle wall is
apparently about 20 nm, therefore the nanovesicle wall appears
to be composed by an average thickness of four curved
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Figure 6. Circularly polarized luminescence spectra showing the relative circularly polarized luminescence from CHO09 (a) and CH11 (b) (10 avg.
spectra, L(ex) = 390 nm and t(acq.) = 1 ms/nm). The corresponding circular dichroism spectra of CH09 (c) and CH11 (d).

Figure 7. Images of CH61/CH61D nanoparticles, hollow vesicles observed by FESEM: CH61 (THF—water, 80% water, a,b; 90% water, c,d);
CH61D (THF—water, 70% water, e; 80% water, f; 90% water, gh).

associated entities as calculated in Figure 5S¢ and modelized in

Figure Se/f.

Another important issue in the mechanism of formation of
such nanostructures is the characteristics that rigidity confers
to the ensemble. Stacking of simple chiral groups and the core

10104

dye produces chiral nanoentities that give macroscopic
responses as a circularly polarized luminescence (CPL) and
circular dichroism (CD) signals, which are only seen when the

nanostructure formation is completed (Figure 6).
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From those studies we have mastered the control of
conditions for the formation of nanovesicles, cell permeability
and cytotoxicity. The proof of concept developed permitted
prediction of nanostructures with accuracy. For example, we
have modified the geometry of the core dye, added
depsipeptide chains, and obtained nanovesicles alike (Figure

7).

B CONCLUSION

We have described the proof of concept of a new methodology
to produce robust hollow nanovesicles stable in water or
mixtures of water and organic solvents. The bottom-up
produced nanovesicles are formed by self-assembly of
depsipeptide chains of natural origin combined with new
aggregation induced emission luminogens that function as
constitutional vesicle-forming moieties and fluorescent in-
dicators of the structure of the nanovesicle. The newly formed
nanovesicles are robust enough to be used to carry large
molecules such as physiological peptides without losing their
structural characteristics, therefore acting as programmable
nanocarrier systems within living cells as a radically new
approach to active transport and nanoencapsulation. Those
nanovesicles, localized in the endoplasmic reticulum, have
shown perfect biocompatibility when having a dye and two
depsipeptides, or high cytotoxicity, which is modulable by the
presence of physiological peptides such as PIF, which activities
much higher than cisplatin for members having only one
depsipeptide moiety, in all tested cancer cell lines. This opens
the door to its use as a Trojan horse for cancer cell fighting
research.
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