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Abstract

A novel type of supramolecular aggregate, named a “nanosponge” was synthesized through the interaction of novel supramolecular
building blocks with trigonal geometry. The cholesterol-(K/D)nDEVDGC)3-trimaleimide unit consists of a trigonal maleimide linker to
which homopeptides (either K or D) of variable lengths (n = 5, 10, 15, 20) and a consensus sequence for executioner caspases (DEVDGC)
are added via Michael addition. Upon mixing in aqueous buffer cholesterol-(K)nDEVDGC)3-trimaleimides and a 1:1 mixture of cholesterol-
(K/D)nDEVDGC)3-trimaleimides form stable nanosponges, whereas cholesterol-(D)nDEVDGC)3-trimaleimide is unable to form
supramolecular aggregates with itself. The structure of the novel nanosponges was investigated through explicit solvent and then coarse-
grained molecular dynamics (MD) simulations. The nanosponges are between 80 nm and several micrometers in diameters and virtually non-
toxic to monocyte/macrophage-like cells.
© 2017 Elsevier Inc. All rights reserved.
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Classic liposomes and peptide vesicles

Targeted delivery of therapeutics to the tumor site is of vital
importance in cancer treatment. This approach is able not only to
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maximize the treatment efficacy of therapeutics at the cancer
site(s), but also to minimize the side effects caused by the
therapeutics in conventional cancer treatment.1,2 One method to
achieve targeting delivery is to use a delivery modality designed
to carry the therapeutics to the desired site, and then release them
in the tumor.3–6 Liposomes are a well-recognized example of
drug delivery devices. Composed of a simple lipid bilayer,
liposomes are non-cytotoxic, biocompatible, biodegradable, and
capable of integrating or encapsulating large payloads of both
hydrophilic and hydrophobic drugs.7 Drugs incorporated into
these nanocarriers can be accumulated in tumor tissue through
the enhanced permeability and retention (EPR) effect.8–10

Numerous liposome based drugs have been approved by the
FDA, and many more are at different stages of clinical trials.11

Despite their successes, liposomes have limitations. It is
noteworthy that the preparation of liposome based drug requires
ges for cell-based cancer therapy. Nanomedicine: NBM 2017;13:2555-2564,
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multistep procedures (i.e., hydration,12,13 sonication,14,15

extrusion,16,17 using a size selective column,18 etc.) in order to
obtain narrow particle size distribution and separation from
unloaded drugs. These tedious processes are associated with a
high risk of damaging the entrapped drugs. Furthermore, the
EPR effect is only slightly selective, thus achieving rarely more
than 5 percent delivery of a nanotherapeutic drug to the tumor
site(s).8–10 Finally, liposomes are prone to systemic leaking of
drugs, especially at longer circulation times.19

Self-assembling peptides are an attractive alternative to
liposomes. For example, short amphiphilic sequences,
acetyl-AAVVLLLW-(E)n=2/7-COOH, form nanosized vesicles
spontaneously in aqueous media at neutral pH. Hydrophilic
molecules can be incorporated inside the vesicles.20 Longer
block copolypeptides poly(L-lysine)-b-poly(L-leucine), KxLy

(x = 20 to 80, y = 10 to 30), form stable vesicles and micelles
in aqueous solution with size ranging from 1 to 10 μm in
diameter. These assemblies showed high degrees of membrane
fluidity; as a result, they can be resized with precise control from
ten to hundreds nanometers in diameter using liposome-based
extrusion techniques.21 The Tomich group reported two
branched peptides with different lengths, mimicking diacyl
glycerols, form water-filled vesicles, which can entrap water
soluble dyes.22–25

The EPR effect works well in mice, but not in humans

During the last decade, it has become more and more evident
that both, classic liposomes and peptide vesicles are facing the
problem of ineffective drug delivery in humans. It is an emerging
paradigm that the Enhanced Permeation and Retention Effect
(EPR) works well in mouse models of cancer, but not in the
clinic.10,26,27 Drug transport as a payload of either stem cells28 or
defensive cells,27 which migrate to tumors following their
cytokine/chemokine secretion, is a new concept that has been
proven effective in animal models. Currently, clinical translation
of cell-based treatment methods for cancer and other diseases is
rapidly progressing.29 Therefore, we have developed “peptide
nanosponges” for efficient targeting of defensive cells in
peripheral blood, as well as cultured stem cells.

Peptide nanosponges

Peptide nanosponges that are reported here, are capable of
effectively delivering their payload to defensive cells and stem cells.
Especially autologous cells have the potential of truly personalized
medicine when treating solid tumors and metastases.30

Here, we report the synthesis of a series of (K)nDEVDGC, and
(D)nDEVDGC peptide sequences, where n equals to 5, 10, 15, 20
respectively. We have capped the N-terminal of the peptides with
cholesterol, and further linked the peptides to a trimaleimide scaffold
via Michael-addition.31 We have obtained one positively and one
negatively charged adduct [(cholesterol-(K)nDEVDGC)3-
trimaleimide and (cholesterol(D)nDEVDGC)3-trimaleimide].
Uponmixing of the adduct pairs (n equals to 15 or 20) equimolarly
under physiological conditions, nanosponges of very low
polydispersity form instantaneously, which were characterized
with dynamic light scattering (DLS), transmission electron
microscopy (TEM), and atomic force microscopy (AFM).
Our computer modeling has indicated that the structure of the
nanosponges is indeed “sponge-like”: numerous hydrophilic and
hydrophobic nanodomains exist in direct proximity. We attribute
the novel (bio)physical properties of the nanosponges to their
formerly unknown structure (Figure 1).

Our studies demonstrated that hydrophobic molecules, for
example the cyanine 3.0 dye PKH26, can be incorporated inside
these nanosponges. In the presence of cancer related proteases
(e.g. caspase-3, 6 or 732), these nanovesicles can be– principally –
digested, leading to the possibility of triggered release of the
payload. We found that the nanosponges are essentially non-toxic,
and that these cells internalize them with high efficiency.

Based on these proof-of-concept experiments, our novel
peptide-based nanosponges are very well suited for applications
in specific drug delivery to solid tumors and metastases by means
of cell-based therapy.
Methods

Trimaleinimide scaffold synthesis

A flexible trimaleinimide scaffold was synthesized bymeans of
a two-step reaction. In the first step, reacting tris(2-aminoethyl)
aminewith 3 equivalents ofmaleic anhydride in acetic acid at room
temperature produces the trimaleimic acid adduct.33 In the second
step, the trimaleimic acid adduct and sodium acetate were heated in
acetic anhydride for 30min at 100 °C to give the desired product.34

The crude product was recrystallized from saturated ethyl acetate,
and fully characterized by 1H, 13C NMR, and single crystal x-ray
analysis (see SI section).

Peptide synthesis

Oligopeptides were synthesized by means of solid phase
peptide synthesis on 2-chlorotrityl resin.35,36 Three equivalents of
Fmoc (N-(9-fluorenyl)methoxycarbonyl) protected amino acid and
HBTU were dissolved in a DIEA/DMF solution, and added to the
2-chlorotrityl resin preloaded with 0.20 mmol of amino acid per g.
The solution was drained from the resin after 30 min of reaction.
This process was repeated one more time. Then, the Fmoc group of
the newly introduced amino acid was removed by using 20% (v/v)
piperidine in DMF. Following this procedure, stepwise addition of
Fmoc-protected amino acids resulted in the desired peptides. The
N-terminal of the peptides was capped with cholesterol while still
being on the resin by reacting with CDI activated cholesterol in
DMF solution.35,36 The final product was cleaved off the resin in
TFA/water/TIPS (95:2.5:2.5, v/v/v) cocktail for 3 h at room
temperature.36 White solid product formed when adding the
cocktail into cold anhydrous diethyl ether. The product was
collected by centrifugation (3000 rpm, 10 min), washed with cold
diethyl ether for three times, and dissolved in water prior to
lyophilization. The products were purified by using a GE peptide
column (mobile phase: aqueous 0.05 M TEA/acetic acid buffer,
pH = 7.0), and dried in high vacuum.

Cholesterol-peptide-trimaleimide adduct formation

3.5 equivalents of cholesterol-peptide and 1 equivalent of
trimaleimide were dissolved in deoxygenated PBS buffer (pH =



Figure 1. Tri-maleimide based peptide structures: components for the spontaneous formation of nanosponges. (A) Lysine-based materials, n = 5, 10, 15, 20. (B)
Aspartic acid-based materials, n = 5, 10, 15, 20.
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7.4), and stirred under argon atmosphere for 24 h.37 After removing
the solvent by lyophilization, the crude product was purified by
dialysis (molecular weight cutoff 3500) against distilled water. The
final product inside the membrane bag was lyophilized and further
dried under high vacuum.

Nanosponge formation and DLS characterization

Separate solutions of (cholesterol-(K)nDEVDGC)3-trimaleimide
and (cholesterol-(D)nDEVDGC)3-trimaleimide in deoxygenated
PBS buffer were prepared and filtered through 200 μm filters. The
prepared stock solutions were 0.050 mM and 0.50 mM. All other
stock solutions were prepared by diluting the original solutions with
deoxygenated PBS buffer. The two solutions were quickly mixed
and vortexed for 30 s. The hydrodynamic diameters and
polydispersity indexes (PDI) of the formed nanosponges were
measured by dynamic light scattering (DLS, ZetaPALS, Brookha-
ven Instruments Corp., Holtsville, NY).38 All measurements were
carried out at 298 K, using 658 nm laser wavelength, and 90°
detection angle. Data were collected from an average of three
measurements over 60 s. DLS was also used to estimate the critical
micellar concentration (cmc) of the nanosponges.

AFM characterization

Samples for atomic force microscopy (AFM) were prepared
by adding one drop the nanosponge stock solution (0.050 M of
each component in PBS) onto a freshly peeled MICA sheet,
followed by removing of the solvent by using a gentle nitrogen
stream (2 min). AFM images were taken by the Bruker Innova
AFM image system (Bruker, Camarillo, CA) utilizing
TESPA-HAR probes in tapping mode. The spring constant of
the tip was 50 N/m and the frequency was 350 kHz. The set
point, P gain and I gain were set at 1.2, 0.6 and 0.5, respectively.
The images were gathered with 256 × 256 pixel resolution at a
scan rate of 1 Hz. The images were then analyzed by the
Nanoscope software (Bruker).

TEM characterization

Samples for transmission electron microscopy (TEM) were
prepared by dropping 10 μL of 0.005% type DK20 solution in
PBS directly on a glow discharged TEM grid. Uranyl acetate was
used as a positive staining agent. In all cases electron microscopy
was performed at an accelerating voltage of 200 kV. Nanos-
ponge morphology on HOPG was examined by bright-field and
dark-field transmission electron microscopy (TEM) using a FEI
Technai G2 transmission electron microscope at an electron
acceleration voltage of 200 kV. Dark-field TEM did not reveal a
characteristic diffraction pattern. High resolution images were
captured using a standardized, normative electron dose and a
constant defocus value from the carbon-coated surfaces. All
TEM measurements were performed at the Microscopy and
Analytical Imaging Laboratory of the University of Kansas.39

Molecular dynamics simulations

Classical molecular dynamics were performed using the gromacs
software.40 Simulations using the all atom (AA) Gromos force field
(FF)wereperformed in theNpTensemble at 300Kand1bar using the
v-rescale and Berendsen temperature and pressure algorithms,41,42

respectively. Electrostatic interactions were evaluated using the
particle mesh Ewald approach,43 while van der Waals interactions
were truncated at 1.5 nm. The timestep was 2 fs and all solute bonds
were constrained using Lincs,44 while all solvent bonds (and angles)
were constrained using Settle.45 The coarse-grained (CG) simulations
were also performed in theNpTensemble at 310K and 1 bar using the
v-rescale and Parrinello-Rahman temperature and pressure
algorithms,41,46 respectively, as suggested by the MARTINI FF
developers (http://www.cgmartini.nl/). Electrostatic and van der
Waals interactions were evaluated using shifted potentials with a
relative permittivity of 15.47 The timestep was 25 fs and all solute
bonds were constrained using Lincs. The CG simulations were
checked to ensure that there was no freezing of water beads by
calculating the diffusion constants of water periodically during the
simulations. A variety of system sizes were simulated with the largest
involving 108 (cholesterol-(K)20DEVDGC)3-trimaleimide and 108
(cholesterol-(D)20DEVDGC)3-trimaleimide molecules, 2376 sodium
ions, and 776,763water beads in a 45 nm cube box for 4μs. Details of
the FFs are provided in the Supporting Information.

Entrapment of PKH26 within peptide nanosponges

PKH26 solution was prepared by dissolving 10 μL of the
PKH26 ethanolic dye solution (Sigma-Aldrich) to 1.0 mL of
Diluent C in a polypropylene centrifuge tube, followed by addition
of double-distilled water (pH = 6.90) to bring the total volume to
2.0 mL (final PKH26 concentration 5.0 × 10−6 M). Equal molar
amounts of cholesterol-(K)20DEVDGC)3-trimaleimide and
cholesterol-(D)20DEVDGC)3-trimaleimide (1.0 mM of each
component) were added to the above dye solution. After brief
sonication, the homogeneous solution was incubated at 37 °C for 6

http://www.cgmartini.nl/


Table 1
Effective hydrodynamic diameters, polydispersity indexes (PDI), and
standard deviations (SD) for (cholesterol-(K)nDEVDGC)3-trimaleimide +
(cholesterol-(D)nDEVDGC)3-trimaleimide nanosponges (0.050 mM of each
component in PBS).

n (D and K) = Effective diameter ± SD (nm) PDI ± SD

5 1200 ± 240 0.642 ± 0.07
10 440 ± 50 0.26 ± 0.04
15 200 ± 5.0 0.077 ± 0.01
20 180 ± 25 0.201 ± 0.03

Hydrodynamic diameters remained virtually constant for 12 h.
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h without light exposure. The free dye was removed by passing the
entire sample through a Sephadex G-50 gel filtration column using
double-distilled water as eluent. The collected fractions containing
the nanosponges were lyophilized to dryness, and re-hydrated with
PBS buffer (pH = 7.4). The DLS measurement showed that the
hydrodynamic diameters of the nanovesicles were between 110 to
130 nm.

Cell experiments and MTT assays

The cytotoxicity of the PKH26 containing nanosponges was
assessed by utilizing the MTT assay48 on RAW264.7 monocyte/
macrophage-like cells.35 Cell experiments were carried out in
RPMI 1640mediumwith 10%FBS. The percentage of viable cells
was determined after 24 and 48 h of incubation. Cells were seeded
in a T-25 flask. After 24 h of incubation at 37 °C and 5%CO2, cells
were re-plated in a 96 well plate at 20000/cm2 density and further
incubated for 24 h at 37 °C, 5% CO2, to obtain 80% confluency
before the nanosponges were added.

A concentration series of the nanosponge composed of
(cholesterol-(K)20DEVDGC)3-trimaleimide and (cholesterol-(D)20-
DEVDGC)3-trimaleimide (0.0, 0.1, 0.2, 0.5, 1.0, 2.0, 5.0, 10, 20, 40,
60, 80, 100 μmol L−1 in total, molar ratio 1:1) was prepared by
dissolving the nanosponge components in the same media that were
used for culturing the cells. Cells were incubated for 24/48 h at
37 °C. Eight replicates were prepared for each concentration. A
portion of 10 μL of MTT reagent (5 mg/ml in PBS) was added to
each well, and the plates were incubated for another 4 h at 37 °C.
Finally, 100 μL of 10% sodium dodecyl sulfate in 0.010MHCl was
added into each well and incubated for 24 h at 37 °C. Their
absorbance was recorded by using a plate reader at 550 nm and 690
nm. PBS solution was used as control for all the experiments. The
solution with of μmol L−1 of nanosponge served as control.

RAW264.7 cells were imaged by using a Zeiss, Axiovert 40
CFL microscope with darkfield, brightfield, phase contrast and
epifluorescence illumination, a camera system and Jenoptik, a
ProgRes C3 Cool camera and ProgRes Capture Pro 2.10.0.0
software.
Results

DLS characterization of the nanosponges

The effective diameters and the polydispersity index (PDI)
values of the nanosponges obtained by dynamic light scattering
measurements (DLS) are summarized in Table 1. These results
indicate that nanosponge formation depends on the number of
lysine/aspartic acid units. Larger aggregates with higher polydis-
persity are observed when n equals 5. A significant decrease in
both size and PDI (polydispersity index) was observed when
increasing n to 10 (440 nm and 0.26). A further increase ofK andD
to 15 and 20 led to virtually mono-dispersed nanosponges with
effective diameters of approx. 200 nm. It is noteworthy that the
formation of these nanosponges is spontaneous uponmixing of the
adduct solutions. Continuous monitoring byDLS for 12 h at 298 K
revealed that the nanosponges are very stable in aqueous solution
(PBS). For drug delivery purposes, we are particularly interested in
nanosponges of 100 to 200 nm in diameter. Further characteriza-
tion was carried out for n = 15 and 20. The corresponding
correlation curves and number-averaged size distributions are
shown in the SI section.

CMC of the nanosponges

In analogy to the formation of micelles, a critical concentra-
tion at which spontaneous aggregation to nanosponges occurs,
was determined. This molar concentration was named cmc in
analogy to “critical micellar concentration”. In a monodisperse
nanomaterial solution, the correlation curve (C(t)) of the
measured data in a dynamic light scattering (DLS) experiment
is a smooth, single exponential decay function. The diffusion
coefficient (D) is proportional to the lifetime of the exponential
decay and can be calculated by fitting the correlation curve to an
exponential function. The hydrodynamic diameter of particles
can be obtained by using a variation of the Stokes-Einstein
equation with known D value.49 Based on basic DLS theory,
we measured the critical concentrations for the nanosponge
formation of (cholesterol-(K)20DEVDGC)3-trimaleimide (K)
and a 1:1 mixture of (cholesterol-(D)20DEVDGC)3-trimaleimide
(D) and (cholesterol-(K)20DEVDGC)3-trimaleimide (K). The con-
centrations of D, K, and DK were stepwise increased by adding
microliter aliquots from stock solutions of 0.50 M each to 1.0 mL of
PBS buffer in a cuvette. The endpoint indication of this titration curve
is the appearance of a smooth, single exponential decay correlation
curve. (Cholesterol-(D)20DEVDGC)3-trimaleimide (D) did not show
significant aggregation even after increasing its concentration to
0.30 mM. For (cholesterol-(K)20DEVDGC)3-trimaleimide a smooth,
single exponential decay curve was observed when its concentration
reached 0.080 mM. The equimolar mixture of (cholesterol)-
(D)20DEVDGC)3-trimaleimide and (cholesterol-(K)20DEVDGC)3-
trimaleimide (DK) showed most facile nanosponge formation at a
concentration as low as 0.0050mM (total concentration, 0.0025mM
(D) and 0.0025 mM (K)). In comparison, sodium dodecyl sulfate
micelles possess a cmc of approx. 8 mM at 298 K, which
corresponds to 2.31 g L−1. In comparison, only about 0.055 g L−1 of
type DK nanosponges and 0.90 g L−1 of type K nanosponges are
required to achieve spontaneous aggregation (Figure 2).

AFM characterization

Figure 3 shows the AFM images of (cholesterol-(D)15-
DEVDGC)3-trimaleimide/cholesterol-(K)15DEVDGC)3-trimaleimide
and (cholesterol-(D)20DEVDGC)3-trimaleimide/ (cholesterol-(K)20-
DEVDGC)3-trimaleimide nanosponges. Type DK15 nanosponges
formed 0.5-0.9 μm aggregated bundles. The height of the bundles is



Figure 2. Correlation curves (C(t)) of dynamic light scattering measurements of (cholesterol-(D)20DEVDGC)3-trimaleimide (D), (cholesterol-(K)20DEVDGC)3-
trimaleimide (K), andmixture (1/1molar ratio) of both nanosponge components (DK) in 1× PBS buffer. In the left column, the concentrations of K, andDK are below
the cmc (criticalmicellar concentration, here: concentration atwhich aggregation occurs). In the right column the concentrations are at their respective cmc (0.080mM
for type K and 0.0050 mM for type DK). No aggregation was observed for D in the concentration interval from 0.01 (left) to 0.30 mM (right).
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between 150 to 250 nm. At higher magnification, it can be discerned
that each bundle was formed by 3 to 5 smaller subunits. The diameter
of the subunits ranges from 150 nm to 200 nm. Type DK20
nanosponges formedwell defined individual nanosponges of 85 to 110
nm in size. Their height falls into the same range, indicating the
formation of spherical nanosponges.

TEM characterization

TEM images for type DK20 nanosponges are shown in
Figure 4. 2D projections of spherical sponges with diameters
between 85 and 100 nm are clearly discernible (Figure 4, A).
Their size distribution is displayed in Figure 4, B. However,
smaller structures that are 35 to 45 nm in size can also be found
in the TEM images. It is noteworthy that the exterior of the
nanosponges acquired strong uranyl stains. This is an indication
that cholesterol-(D)20DEVDGC)3-trimaleimide is enriched at the
exterior of the nanostructures.

Molecular dynamics simulations

In an effort to elucidate the structure of the peptide aggregates
we have performed all atom (AA) explicit solvent and
coarse-grained (CG) molecular dynamics (MD) simulations.
Technical aspects of the simulations, together with a detailed
description of the models used, are provided in the Methods and
the Supporting Information, respectively. However, before
simulating the aggregation process itself it is important to check
that the CGmodels are sufficiently accurate that reasonable results
can be obtained. CG simulations are required as the systems under
investigation involve large molecular aggregates. However, CG
models generally provide rather crude representations of electro-
static interactions and conformational flexibility. As both these
aspects are clearly present in the systems to be studied here, we
have also investigated the ability of our CG models to mimic the
more accurate AA explicit solvent analogues.

The simulation described here involves molecules for which no
force fields (FFs) are currently available. Here, we describe our
approach to provide reasonable descriptions of these systems using
all atom (AA) and coarse-grained (CG) approaches. Highly accurate
FFs for these systems would require significant development and
may also necessitate experimental data that are not available. Hence,
we have taken a more approximate, but practical, approach. We feel
that this is appropriate as we are probing the overall behavior of the
systems, and the requirement of CG models to study such large
systems already introduces significant approximation.

The results from 100 ns AA and 1 μs CGMD simulations of the
(cholesterol-(K)20DEVDGC)3-trimaleimide and (cholesterol-(D)20-
DEVDGC)3-trimaleimide peptides have been compared. Electro-
static interactions followed the usual approach for the MARTINI
models,47 while partial conformational flexibility was introduced as



Figure 3. AFM (amplitude, phase, and 3D) images of type DK15 and type DK20 nanosponges. “15” and “20” refer to the number of D and K units in the
oligopeptides that are attached to trimaleimide linkers.

Figure 4. (A) TEM image of type DK20 nanosponges on graphite with uranyl acetate as positive staining. (B): Histogram of the size distribution of the larger
nanosponges, obtained by using Image J (n: number of nanosponges counted in each group).50
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described in the Supporting Information. The results are illustrated
in Figure 5, A. The most notable behavior of the two peptide
strands was the extended structures observed for (cholesterol-(D)20-
DEVDGC)3-trimaleimide, and the collapsed structures observed for
(cholesterol-(K)20DEVDGC)3-trimaleimide strands, as indicated by
the AA simulations. The collapse of the (cholesterol-(K)20-
DEVDGC)3-trimaleimide chain appears to require cholesterol as
removal of this group eliminated any chain collapse (data not
shown). This later observation is then in agreement with
experimental data on poly-lys and poly-asp strands,51–53 where
the chains adopt extended or random coil structures. Clearly, the
presence of cholesterol modifies this behavior. However, the same is
not true for (cholesterol-(D)20DEVDGC)3-trimaleimide, which
remains extended even in the presence of the cholesterol linkage.
Most importantly, this difference in behavior is well reproduced in
the CG simulations which also give rise to an extended
(cholesterol-(D)20DEVDGC)3-trimaleimide and collapsed
(cholesterol-(K)20DEVDGC)3-trimaleimide structures. Further
examination of the (cholesterol-(K)20DEVDGC)3-trimaleimide
simulation did not reveal any secondary structure formation
upon collapse. Nevertheless, the identical behavior observed
for the AA and CG models suggests that conformational



Figure 5. (A) Final structures obtained from the AA (top) and CG (bottom) simulations of (cholesterol-(D)20DEVDGC)3-trimaleimide (left) and
(cholesterol-(K)20DEVDGC)3-trimaleimide (right). (B) Initial and final (4 μs) structures obtained from the CG simulation of (cholesterol-(K)20DEVDGC)3-
trimaleimide and (cholesterol-(D)20DEVDGC)3-trimaleimide.

Figure 6. Expanded view of the final structure obtained from the CGMD simulations. The peptide backbone is displayed as green sticks, the Asp side chains are
displayed as red balls, the Lys side chains are displayed as blue balls, while the cholesterol molecules are colored yellow. The structure resembles a
“nanosponge” with hydrophobic and hydrophilic areas, as well as solvent-filled cavities.
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flexibility and electrostatic interactions in these systems are
sufficiently well represented that one can have confidence in the
CG simulations.

The aggregation of equimolar mixtures of (cholesterol-(K)20-
DEVDGC)3-trimaleimide and (cholesterol-(D)20DEVDGC)3-
trimaleimidewasperformed in twostepsusing justCGMDsimulations.
In the first step, we randomly placed four (cholesterol-(K)20-
DEVDGC)3-trimaleimides and four (cholesterol-(D)20DEVDGC)3-
trimaleimides in a relatively small simulation box (15 nm in
length), then transferred this peptide arrangement to a larger
solvated box (40 nm in length) and simulated for 1 μs. This places
the molecules in close proximity and they quickly formed a single
relatively compact aggregate. In the second step the peptide
aggregatewas resolvated in a 15 nm length box, and then replicated
in all three directions to form the final simulation box (45 nm in
length) that was then simulated for 4 μs. During this period the
smaller aggregates formed larger aggregates. This behavior is
illustrated in Figure 6. Here, the smaller aggregates formed larger
worm-like structures. Indeed, after 4 μs there were no isolated
aggregates as all peptides chains contacted at least one other
peptide chain. Clearly, the final structure obtained here does not
represent that of a typical spherical vesicle, but more of a
nanosponge. However, this is not too surprising as the peptides
used here do not possess significant amphiphilic character
compared to lipids, for example. Nevertheless, aggregation is
observed in agreement with the experimental results described
above, and other studies of poly-lys and poly-asp mixtures.54

While appearing largely amorphous the final structure
obtained in Figure 5, B does display some interesting features.
There was no strong evidence for secondary structure formation
by either the (cholesterol-(K)20DEVDGC)3-trimaleimide or
(cholesterol-(D)20DEVDGC)3-trimaleimide chains. While
water did appear to be largely excluded from the chain
contacts, there were visible cavities that appeared large enough
to contain small molecules. An enlarged view of a section of
the aggregate is display in Figure 6. Here one can see a preference
of Asp side chains, over Lys side chains, for the surface. There was
significant aggregation of cholesterol molecules to form stacked
structures. However, these do not appear to be large enough to hold
the aggregate together. Rather, electrostatic interactions appeared
to be the main stabilizing force. The Asp-Lys side chain
coordination numbers were determined to be 2.8 for the
intermolecular contacts out to a distance of 0.7 nm.

Uptake of PKH26-containing nanosponges by RAW264.7 cells

Cell loading of the PKH26 entrapped nanosponges was tested
on RAW264.7 monocyte/macrophage-like cells. This cell type



Figure 7. (A) RAW264.7 cells (control). (B) Fluorescent microscope image (taken with TRITC filter) of RAW264.7 cells after 2 h of incubation with 50 μM of
PKH26-containing type DK nanosponges. (C) Fluorescence microscopy overlay of RAW264.7 cells featuring PKH26-containing nanosponges 72 h after uptake
(image taken with TRITC filter) followed by a DAPI counterstain (image taken with UV filter).

Figure 8. Cell viability of RAW264.7 cells as a function of type DK20
nanosponge concentration and incubation time (24 h and 48 h), asmeasured by the
MTT assay.35,55–57 Nanosponges were added to the cell culture medium in their
respective concentrations (see experimental section).
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was selected, because it can be used as carrier in cell-mediated
cancer therapy.55–57 Results indicated that type DK20 nanos-
ponges can be loaded into RAW264.7 within 2 h. Under the
fluorescence microscope, intensive red fluorescence spots can be
discerned inside the cells, which are very different from labeling
cells with free PKH26, which leads to uniform labeling (see SI).
This indicates that after being taken up by these cells, the PKH26
is still entrapped inside the nanosponges. The PKH26-containing
type DK20 nanosponges in Raw264.7 cells were studied over 24
h, 48 h, and 72 h. Virtually no leaching of the dye was observed
by fluorescence microscopy within 72 h (Figure 7).

Cell toxicity of the peptide nanosponges

We have performed classic MTT cell proliferation
assays35,55–57 to measure the cell viability of RAW264.7 cells
after incubation with PKH26-containing type DK20 nanos-
ponges. As Figure 8 indicates, the type DK20 nanosponges are
essentially not toxic to monocyte/macrophage-like cells, even at
100 μM concentration.
Discussion

A good targeted drug delivery system should have the
following characteristics: a) composed by biocompatible and
biodegradable materials, b) fast assembly and cargo loading, c)
minimal systemic leaking during delivery, and d) fast release upon
arrival at interested site.58 We have designed (cholesterol-(K)n
DEVDGC)3-trimaleimide and (cholesterol-(D)nDEVDGC)3-
trimaleimide units that both feature a trigonal linker, a cleavable
sequence designed for executioner caspases-3,6, and 7
(DEVDGC32) and either an oligo-lysine or oligo-aspartic acid
sequence of variable length (n = 5, 10, 15, 20). Whereas the
cysteine at the C-terminus of each oligopeptide is used to attach it
to the trigonal linker via Michael addition to maleimide,31 the
N-terminus is tethered to cholesterol, which has the function of a
hydrophobic anchor. As Coarse-Grained Molecular Dynamics
simulations indicate, a sponge-like dynamic structure is spontane-
ously assembled, due to the formation of ion pairs, intense
hydrogen bonding, and the occurrence of hydrophobic regions
and water-filled nanocavities. For nanosponges from
(cholesterol-(K)20DEVDGC)3-trimaleimide/(cholesterol-(D)20-
DEVDGC)3-trimaleimide units, AFM, TEM and DLS are in
principal agreement about the diameter of the nanosponges.
Furthermore, all three methods indicate the highly dynamic nature
of the sponge-like aggregates, which is in very good agreement
with the results obtained from Coarse-Grained Molecular
Dynamics. The calculation discussed here predicts the relative
enrichment of aspartate units at the nanosponges' surfaces.We can
observe distinctly stronger staining at the exterior by uranyl acetate
of the nanostructures observed in TEM. This is in perfect
agreement with the predictions by modeling. The main difference
between the TEM results and the principal outcome of
the Molecular Dynamics Simulations is that the structures
observed by TEM are spherical, whereas the simulated
structures are not. The most probable cause for this discrepancy
is that the TEM images were recorded on carbon-coated
surfaces, which are very hydrophobic. Consequently, the choles-
terol units are oriented towards the surface, causing a collapse of
the 3D structure into a 2D coating. This effect is even more
pronounced in high vacuum, which leads to a (partial) desiccation
of the structure. Contrary to TEM, the structures observed by
AFM resemble the results from Molecular Dynamics Simulations
much closer.

The size of the nanosponges can be adjusted from several
micrometers down to approx. 80 nm in diameter, depending on
the concentration and the chemical composition (especially
chain-length of the monopeptides (D or K)) of the supramolec-
ular building blocks. The resulting nanosponges can be
generated by simply mixing their components in aqueous buffer.
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They are stable in size for up to 72 h. Therefore, in distinct
contrast to classic liposomes, numerous applications can be
envisioned in which the nanosponge will be long-term stored in
desiccated form and mixed with aqueous buffer immediately
before clinical use.

In recent years, cytotherapy has attracted massive attention as
a targeting cancer therapy. Cytotherapy uses cancer targeting
cells as delivery vehicles to carry therapeutics into the tumor
site.18,30,35,55–57,59,60 Studies have shown that macrophages are
capable of delivering therapeutics to tumors sites.55–57 We
envision entrapping therapeutics into these nanovesicles, and
then loading them into transport cells to achieve targeted
delivery. However, the nanosponges themselves have to be
non-toxic to ensure high survival rates during transport.
Therefore, it is encouraging that virtually no toxic effects have
been found during our initial cell proliferation tests with
monocyte-macrophage-like cells.
Summary

Nanosponges form spontaneously by mixing two trimeric
peptide building blocks, (cholesterol-(K)nDEVDGC)3-trimaleimide
and (cholesterol-(D)nDEVDGC)3-trimaleimide (n = 5, 10, 15, 20)
in aqueous buffers. The resulting sponge-like supramolecular
aggregates are long-term stable and do not significantly change
their diameter within 72 h. Their structure was elucidated with the
help of Coarse-Grained Molecular Dynamics. Since the nanos-
ponges were virtually non-toxic in cell experiments with monocyte/
macrophage-like cells (RAW264.7 cells), they are promising
candidates for drug-delivery to transporting cells in cytotherapy of
solid tumors (leucocytes or stem cells). The fundamental features of
this novel and structurally unique supramolecular system have been
elucidated in this initial study. In further studies, we will investigate
the suitability and adaptability of this system for tailored applications
in targeted cancer therapy.
Appendix A. Supplementary data

Supplementary data to this article can be found online at
http://dx.doi.org/10.1016/j.nano.2017.07.004.
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