Open Access Article. Published on 03 December 2019. Downloaded on 11/16/2025 6:34:51 AM.

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

(cc)

Chemical
Science

EDGE ARTICLE

i '.) Check for updates ‘

Cite this: Chem. Sci., 2020, 11, 757

8 All publication charges for this article
have been paid for by the Royal Society
of Chemistry

ROYAL SOCIETY
OF CHEMISTRY

View Article Online

View Journal | View Issue

Dandelion flower-like micellest

Yongchao Yao, & 1 Degiu Xu,1°¢ Yuhong Zhu,? Xin Dai,? Yunlong Yu,?
Jianbin Luo ® *? and Shiyong Zhang & *?

Dandelion flower-like micelles (DFMs) were prepared by self-assembly of polycaprolactone (PCL)

functionalized surface cross-linked micelles (SCMs). Upon reductive stimuli, the SCMs can be released
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from the DFMs by non-Brownian motion at an average speed of 19.09 um s~ Similar to the property of

dandelion flowers dispersing their seeds over a long distance, the DFMs demonstrated enhanced
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Introduction

Nature offers inspiration for developing novel functional
nanomaterials with desired properties.”™ However, due to the
domination of the properties of nanocomposites by their
chemical composition and three-dimensional arrangement, the
relatively inefficient control of the spatial structure of the
nanoscale components usually restrains the optimization of the
nano-assembly properties. Biomimetic materials usually only
mimic the shape of organisms or only part of their functions.
The living organisms capable of structural change in response
to the environmental medium are hypnotically fascinating, and
more importantly, various special functions are facilitated by
these behavioral characteristics. Central to these functions is
the unique hierarchical structures of living organisms.*® For
example, dandelion, as a representative flowering plant, has
very small plumed seeds assembled together into a larger ball
like a flower with spatially well-organized structures.® When
they are mature, the plumed seeds easily detach from the flower
head, glide by wind power, and disperse over a long distance.
This increases the possibility of dispersal of seeds to fertile
ground favorable for germination.”

Inspired by the unique structure of dandelion flowers and
their long-distance dispersal of seeds, we developed dandelion
flower-like micelles (DFMs) assembled from polycaprolactone
(PCL) functionalized surface cross-linked micelles (SCMs).
SCMs are covalently captured small-molecule micelles, which
are assembled by amphiphiles with relatively low molecule
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multicellular tumor spheroid (MTS) penetration, a useful property in the treatment of many diseases
including cancer, infection-of-biofilm diseases and ocular problems.

weight (<1000.0 Da).**® Featuring facile synthesis, multivalent
decoration, high stability or sensitivity to prescribed stimuli,
high guest loading capacity etc., SCMs are widely used as plat-
forms for molecular imprinting,**** drug delivery,*** fluores-
cent probe,” light harvesting®** and catalysis.**>° In this
contribution, SCMs were used as the hydrophilic head of
amphiphile 1 to build DFMs using a self-assembly process,
mimicking the natural structure of dandelion flowers (Scheme
1). After the addition of 20 uM of glutathione (GSH), these
nanoparticle DFMs can rapidly release SCMs due to electrostatic
stress. Furthermore, nanoparticle-tracking analysis (NTA)
revealed the occurrence of non-Brownian motion of released
SCMs from DFMs with a high directionality of 0.612 + 0.129,
which indicates that SCMs can travel over a long distance with
an average speed of 19.09 um s~ ' (in 2 min). Following evalu-
ation in solution, the multicellular tumor spheroid (MTS)
model also showed that the DFMs could disperse SCMs over
a long distance for deep tumor penetration and effective
distribution, which is particularly important for biological
applications. As an example of the practical applications, the
hydrophobic drug carmofur (HCFU) was incorporated into the

7
ISUSURNAY' —
° /]/—\\\ Cu(l) ‘

2 SCMs 1

H o

[ Crosslinker = MOYONN = SOy
H o o

i 3 acrylate-PCL-SS-N;

| SCMs: Surface Cross-linked Micelles

n
Bupjui-sso1)

DFMs: Dandelion Flower-like Micelles

Glutathione (GSH)
-—

Long-distance travel of dandelion seeds Long-distance travel of SCMs DFMs under lic stress”

Scheme 1 Synthesis and long-distance dispersal properties of
dandelion flower-like micelles (DFMs). The inset shows a sketch of
a mature dandelion releasing seeds over a long distance.
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SCM core to create an efficient drug carrier (DFMs@HCFU) for
cancer therapy at the MTS level. Benefitting from the long-
distance delivery behavior of DFMs, the DFMs@HCFU demon-
strated an excellent anti-tumor effect on MTSs. Such a long-
distance travel would greatly facilitate tissue penetration of
therapeutic reagents, which is highly useful in the treatment of
many diseases including cancer,***" infection-of-biofilm

diseases®*** and ocular problems.?*>¢

Results and discussion

Synthesis and characterization of the dandelion flower-like
micelles (DFMs)

Previously prepared water-soluble SCMs (see Schemes 1 and S1
and ESIf for details), with a diameter of ~9 nm, were used as
nano-seeds to construct DFMs.*® As shown in Scheme 1,
a hydrophobic biodegradable PCL chain was grafted onto SCMs
using click chemistry with a reduction-responsive disulfide
spacer. The new surfactant was further assembled into larger
DFMs with well-controlled spatial structures. Briefly, we
synthesized azide-poly(e-caprolactone) with a disulfide spacer
between PCL and azide (PCL-SS-N;) using 2-[(2-azidoethyl)
disulfanyl]ethanol (compound 5; see Scheme S2 in the ESI}) as
an initiator of ring-opening polymerization (ROP). Terminal
esterification of PCL-SS-N; with acryloyl chloride resulted in o-
azide-w-acrylate-poly(e-caprolactone) with a disulfide spacer
between PCL and azide (acrylate-PCL-SS-Nj; see Scheme S2 in
the ESI; Fig. S1,7 M, = 9.3 kDa, M,/M,, = 1.59). Acrylate-PCL-
SS-N; was grafted onto the surface of the SCMs by alkyl-azide
click chemistry catalyzed by Cu(1), which resulted in a new
amphiphilic conjugate, acrylate-PCL-SS-SCM, that hierarchi-
cally assembled into the DFMs with seed micelles (SCMs)
located at the surface, similar to dandelion flowers.*”** The
number of acrylate-PCL-SS-N; grafted onto the surface of the
SCMs is ~1/42 of that of the surfactant in the SCM, determined
by elemental analysis (Table S1t). Since an SCM contained
approximately 40-50 small molecule surfactants according to
our previous study,® the SCM on average grafted one acrylate-
PCL-SS-N; group. The core of the DFMs was cross-linked by
copolymerization between acrylate, at the end of acrylate-PCL-
SS-N3, and DVB (divinyl benzene), which was already encap-
sulated in the core of the DFMs (see the ESI{ for details)."
Photopolymerization was initiated by the photoinitiator 2,2-
dimethoxy-2-phenylacetophenone. Following 6 h of 365 nm
light irradiation, 'H NMR spectroscopy showed the disappear-
ance of most of the protons belonging to alkenyl groups, indi-
cating that copolymerization took place between acrylate
groups and DVB (Fig. S2-S3, see the ESI} for the copolymeri-
zation mechanism).

The morphology and size of the DFMs were first confirmed
by dynamic laser scattering (DLS) and transmission electron
microscopy (TEM) analysis. DLS showed a similar size distri-
bution of nanoparticles (~90 nm in diameter) before and after
UV cross-linking (Fig. 1a). However, the stability of the UV cross-
linked DFMs was highly enhanced. After the concentration of
DMFs was diluted below the critical micelle concentration
(CMC) of 1 in water or DFMs dissolved in tetrahydrofuran (1 mg
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Fig. 1 (a) Distribution of the dynamic diameters of the surface cross-

linked micelles (SCMs), and DFMs before and after cross-linking under
UV irradiation. (b) Size and particle dispersion index (PDI) of the DFMs
after cross-linking or before cross-linking as a function of the
concentration of 1 in water. The concentration-independent size
indicated the stability of covalently cross-linked DFMs. (c) Trans-
mission electron microscopy (TEM) image (left) and the corresponding
photograph (right) of the DFMs in water. (d) Distribution of the
hydrodynamic diameters of the DMFs after the addition of 20 uM
glutathione (GSH) and removal of the precipitate. (e) TEM micrograph
(left) and the corresponding photograph (right) of the DFMs after the
addition of 20 uM GSH and removal of the precipitate. (f) The emission
spectra of the naphthalene (D) and dansyl-n-butyl sulfonamide (A)
incorporated into the micellar SCMs and the DFM core (DFMs@D&A) in
water, before (red) and after (olive) addition of 20 uM GSH.

mL "), the size of the DFMs after cross-linking remained almost
unchanged, but almost no reasonable particle size was moni-
tored for the un-cross-linked ones (Fig. 1b, S6 and S77).*"** The
TEM images of the DFMs clearly demonstrated the dandelion
flower-like structures with seed SCMs located at the shell, acting
as dandelion seeds (Fig. 1c).****

Rapid release of surface cross-linked micelles (SCMs) from
DFMs

To mimic the release of seeds from dandelion flowers by wind,
we introduced redox-sensitive disulfides between SCMs and
PCL chains, which were cleaved in a reductive environment,
releasing the SCMs from the DFMs.*~** To verify this hypoth-
esis, we incubated the DFMs (1 mg mL™") in the presence of 20
UM GSH to study the structural changes of DFMs and the
release of SCMs under the stimuli. As expected, the Tyndall
phenomenon rapidly became very weak, accompanied by
a small amount of precipitation after the addition of 20 uM GSH
(Fig. 1e, the inserted photo; Video S1t). DLS and TEM revealed
the existence of nanostructures with sizes of ~9 nm, similar to
the SCMs (Fig. 1d and e). After dialysis, the nanostructures were
subjected to elemental analysis,>*> which showed a similar
chemical composition of N, C, and H as the SCMs (Table S17).
Furthermore, "H NMR spectroscopy of a small amount of the
precipitate showed similar peaks to the acrylate-PCL-N;
(Fig. S871).%® Therefore, the release of SCMs from the DFMs upon
a specific stimulus can be regarded as the release of seeds from
dandelion flowers by wind.

This journal is © The Royal Society of Chemistry 2020
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Further, fluorescence resonance energy transfer (FRET) was
used to demonstrate the structural changes of the DFMs and
the release of SCMs in real time. Previous reports have estab-
lished that the distance of the donor-acceptor (D-A) can be
easily distinguished by FRET, in which the transfer efficiency (E)
was calculated using the formula E = R,%/(R,° + r°), where R, is
the Forster distance and r is the separation distance between
the donor and acceptor.>**® Herein, the naphthalene-dansyl D-
A pair was chosen in this study. Briefly, naphthalene (D) and
dansyl-n-butyl sulfonamide (A) were incorporated into the
micellar SCMs and the DFM core, respectively (SCMs@D and
DFMs@D&A, see Fig. S9 and S10 and the ESI} for details). FRET
was clearly observed in the DFMs@D&A, with almost no donor
emission at 345 nm and extremely strong acceptor emission at
490 nm (Fig. 1f, red). Importantly, the FRET phenomenon
showed no change over a period of at least five months, sug-
gesting long-term stability of the DFMs; however, FRET almost
disappeared after the addition of 20 uM GSH, as shown by
a decrease in acceptor emission and an increase in donor
emission (Fig. 1f, olive). The disappearance in FRET suggests an
increase in the D-A distance, consistent with the SCM-releasing
behavior of DFMs.” Immediately following the addition of GSH
to the mixture, the acceptor emission at 490 nm dropped
quickly. The release rate of the SCMs@D was so fast that the
change in acceptor emission was complete (Fig. 1f, olive and
magenta). Breaking of disulfide bonds in polymeric micelles
often requires a few hours and millimolar concentrations of
GSH for completion;*®*® thus, why were the SCMs released from
the DFMs so rapidly? Electrostatic repulsion among the SCMs
disfavors micellization; the DFM is described as under “elec-
trostatic stress” after assembly (Table S2t). We have reason to
believe that once the hydrophobic force favoring micellization
is removed, the nanoparticle DFMs would rapidly release the
SCMs due to electrostatic stress, which is reminiscent of that
achieved by wind power. According to a previous study, the
cleavage of the disulfide bonds in a specially designed micelle
takes about 10 minutes.® It is also possible that the electrostatic
stress among the SCMs may be the reason for rapid cleavage of
disulfide bonds. For a chemical reaction, any stress in the
starting reactants, whether conformational, steric, or, in this
study, electrostatic, should increase the energy of the ground
state, lowering the activation energy of the system."

Long-distance travel of seed SCMs from DFMs

After the rapid release of SCMs was proven, we demonstrated
that the dispersal of the released SCMs from DFMs over a long
distance was similar to a dandelion flower dispersing its seeds.
NTA with a charge-coupled device camera was used to record in
real time the movement of the DFMs (see the ESIT for details).**
Indeed, after the addition of 20 uM GSH to 1 mL of DFMs, the
trajectories of the released SCMs from the DFMs showed
directional movement and travel for a long distance compared
to that of the SCMs that move under Brownian motion in
solution in 2 minutes (Fig. 2a, S13 and S147). The directionality
of the movement of our DFM system was calculated by
comparing Euclidean and accumulated distances.®* The larger

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 (a) Nanoparticle-tracking analysis (NTA) trajectories and the
video frame of the DFMs after the addition of 20 uM GSH (1 mg mL™3).
The colors represent the trajectories of the different SCMs released
from the DFMs. (b) Directionality of DFMs and SCMs, and the released
SCMs from DFMs. (c) Average mean-square displacements of the
released SCMs from the DFMs and the SCMs moving under Brownian
motion from the tracking coordinates of 19 particles. (d) Size distri-
bution of the released SCMs from DFMs and SCMs that move under
Brownian motion as measured by NTA analysis.

the value of directionality of the particle, the more it tends to
move in a straight line. The directionality of the released SCMs
from the DFMs was 0.612 4 0.129 (1.0 mg mL~', 20 particle
tracking), which was much higher than that of the SCMs that
move under Brownian motion (Fig. 2b). Although the direc-
tionality is not a direct parameter for judging chemotaxis, it can
be used to characterize the straightness of movement. The
mean-square displacement (MSD) versus time was also plotted
to give more insight into the movement mechanism of the
DFMs (Fig. 2c). The average MSD of the 20 nanoparticles indi-
cated directional motion of the SCMs released from the DFMs
(Fig. 2¢, S15 and S161). The average speed (v) of the SCMs
released from the DFMs was 19.09 um s~ ' according to the
equation > = 4DAt + (VAY)® (D, is the particle diffusion coeffi-
cient, Fig. S171).* Moreover, the ‘apparent’ size of the SCMs
released from the DFMs was smaller than that of the same
structures moving under Brownian motion (Fig. 2d). The
‘apparent’ size and diffusion of the nanoparticle are inversely
proportional according to the Stokes-Einstein equation (D, =
TKg/37wnd, where Kg is the Boltzmann constant, T is the
temperature, n is the viscosity and d is the hydrodynamic
diameter). Thus, this suggested that the movement speed of the
SCMs released from the DFMs is considerably fast. Such high-
speed directional movement indicates the occurrence of non-
Brownian motion, which demonstrates that the released SCMs
from the DFMs can travel over a long distance similar to
a dandelion flower dispersing its seeds. It is reasonable to
expect that once the hydrophobic force constraint is removed
under a given stimulus, the satellite micelle SCMs would be
launched due to electrostatic repulsion and get a great initial
speed for a long travel distance. This design is much different

Chem. Sci,, 2020, 11, 757-762 | 759
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from the traditional assemblies, where the relatively inefficient
control of the spatial structure of the nanoscale components
restricts the optimization of the nano-assembly properties.

Following evaluation in solution, MTSs derived from human
lung carcinoma (A549) cells were employed as a 3D tumor
model to evaluate the long-distance travel ability of the released
SCMs from the DFMs.***¢ Briefly, the hydrophobic dye Nile Red
(NR) was incorporated into the SCM core (SCMs@NR) of the
DFMs, enabling easy monitoring of the distribution of SCMs in
real-time (DFMs@NR, see the ESIf for details). As a control,
dandelion flower-like micelles lacking the stimulus-response
activity (nDFMs) were prepared by a similar synthesis procedure
using acrylate-PCL-Nj; (see Scheme S3 and Fig. S1 in the ESL;f
M, = 8.9 kDa, M,/M, = 1.73) as the hydrophobic segment
instead of acrylate-PCL-SS-Nj;. As shown in Fig. S5 and S6,7 the
size distribution, morphology, and critical micelle concentra-
tion (CMC) of the nDFMs were essentially the same as those of
the DFMs. Subsequently, nDFM labeled NR (nDFMs@NR) was
prepared using a similar synthesis procedure to that of the
DFMs@NR (Table S2, see the ESIT for details). Then the MTSs
were incubated with DFMs@NR, nDFMs@NR, or SCMs@NR
(20 png mL ™", NR) for 3 h, followed by incubation in the presence
of 20 uM GSH for 24 h (see the ESIT for details),*** after which
they were washed in phosphate buffer saline buffer and detec-
ted by light sheet fluorescence microscopy (LSFM).*” As
compared in Fig. 3, with the nDFMs@NR, each equatorial
section of A549 MTS showed low fluorescence signals, revealing
limited penetration. In contrast, high fluorescence signals were
detected in the MTS equatorial sections following incubation
with DFMs@NR, indicating enhanced tumor penetration.
Interestingly, the penetration capability of DFMs@NR at 20 pM
GSH was stronger than that of SCMs@NR, presumably as
a result of the rapid release and long travel distance of the
released SCMs induced by electrostatic stress.> Moreover, the
differences in the permeability of different nanoparticles are
clearly shown by the traces showing the fluorescence intensity
recorded along the regions of interest (ROIs) in the randomly
traced diameter of each section (Fig. 3). Furthermore, quanti-
tative cellular uptake analysis indicated robust penetration of
the DFMs@NR at 20 pM GSH, verifying that almost all tumor
cells (94.3%) in the MTSs took in NR, which was 2.8- and 1.2-
fold higher than that with the nDFMs@NR (33.8%) and
SCMs@NR (81.9%), respectively (Fig. 4).

Application of DFMs as platforms for cancer therapy

Such a long-distance travel behavior is particularly important for
biological applications. As an example of the practical applica-
tions, the DFMs were further employed as platforms for cancer
therapy at the MTS level.®® Instead of NR, the HCFU was incor-
porated into the SCM core of the DFMs and nDFMs, respectively
(DFMs@HCFU; nDFMs@HCFU, see Fig. S$19-S217). As shown in
Fig. 5a, only a few ethidium homodimer-positive cells were
observed in the external region of the MTSs in the
nDFMs@HCFU-treated group (11.36 pg mL~" HCFU) following
a 48 h incubation, which was due to the poor penetration of the
nDFMs. Nevertheless, cell death was high following treatment
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Fig. 3 Penetration of DFMs@NR, nDFMs@NR, and SCMs@NR into
A549 multicellular tumor spheroids (MTSs) after 24 h of incubation
determined by light sheet fluorescence microscopy (LSFM). For each
sample, images from the 30 um to 120 um section of the MTSs show
ared channel (Aex = 540 nm) and the corresponding intensity profile of
regions of interest (ROIs) in the randomly traced diameter of each
section. Scale bar: 100 pm.

with the DFMs@HCFU, indicating enhancement of the pene-
tration of DFMs@HCFU. Subsequently, the cell viability of the
spheroids was assessed using the MTS assay.*® As shown in
Fig. 5b, cell viability in MTSs co-cultured with DFMs@HCFU for
48 h was very low, while the nDFMs@HCFU was less cytotoxic for
MTSs under the same conditions. The MTS growth profiles for 4
days are summarized in Fig. 5¢ and d. The nDFMs@HCFU
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Fig. 4 (a) The flow cytometric profiles and (b) Nile Red (NR) mean
fluorescence intensity (MFI) and percentage of NR-positive cells in
A549 MTSs as quantitated by flow cytometry (mean &+ SD, n = 3, *p <
0.05).
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Fig. 5 (a) Images of the spheroids stained using the LIVE/DEAD® kit
from confocal laser scanning microscopy (CLSM), (scale bar: 75 um).
(b) Viability of MTSs incubated for 24 h, 36 h and 48 h with 11.36 ng
mL~! hydrophobic drug carmofur (HCFU) delivered by different
formulations (mean + SD, n = 5, *p < 0.05). (c) Photographs of A549
MTS treatment with DFMs@HCFU (up) and nDFMs@HCFU (down) on
the 1st, 2nd and 4th days (scale bar: 200 pm). (d) A549 MTS growth
profiles (4 day-time course) following a single administration of the
drug nanocarrier (mean + SD, n = 15).

slightly inhibited MTS growth, and the MTSs showed dense
structures and were spherical in shape after 4 days of treatment.
Nevertheless, MTSs incubated with DFMs@HCFU emerged with
a lot of detached cells and a seriously damaged morphology. It
should be noted that the DFMs and nDFMs showed negligible
cytotoxicity against A549 cells even at a concentration of 0.96 mg
mL~' (Fig. S22%), suggesting that the cytotoxicity of
DFMs@HCFU and nDFMs@HCFU was caused by the enclosed
HCFU rather than the DFMs and nDFMs themselves.” It should
also be emphasized that the above results not only verified that
the DFMs have promising applications, but they also revealed the
structure and function of the DFMs from another point of view.

Conclusions

In conclusion, DFMs with spatially well-organized structures
were developed. Upon reductive stimuli, the SCMs achieved
a speedy release and long-distance travel due to the electrostatic
repulsion (electrostatic stress) among the satellite SCMs, just
like the behavior of dandelion seeds powered by wind. By taking
advantage of the long-distance delivery of the DFMs,
DFMs@HCFU demonstrated an excellent anti-tumor effect on
MTSs. Compared to the saline-treated group, the tumor inhib-
itory rate of DFMs@HCFU after 4 days of treatment was calcu-
lated to be up to 84.9 £ 1.6%, which is much more efficient than
that of nDFMs@HCFU (41.4 + 4.6%). With their well-organized
spatial structure and long-distance delivery capacity, DFMs are
expected to have important applications in the treatment of
many diseases including cancer, infection-of-biofilm diseases
and ocular problems.

This journal is © The Royal Society of Chemistry 2020
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