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Abstract: Synthetic nanomotors are appealing delivery vehi-
cles for the dynamic transport of functional cargo. Their
translation toward biological applications is limited owing to
the use of non-degradable components. Furthermore, size has
been an impediment owing to the importance of achieving
nanoscale (ca. 100 nm) dimensions, as opposed to microscale
examples that are prevalent. Herein, we present a hybrid
nanomotor that can be activated by near-infrared (NIR)-
irradiation for the triggered delivery of internal cargo and
facilitated transport of external agents to the cell. Utilizing
biodegradable  poly(ethylene  glycol)-b-poly(D,L-lactide)
(PEG-PDLLA) block copolymers, with the two blocks
connected via a pH sensitive imine bond, we generate nano-
scopic polymersomes that are then modified with a hemispher-
ical gold nanocoat. This Janus morphology allows such hybrid
polymersomes to undergoing photothermal motility in re-
sponse to thermal gradients generated by plasmonic absorb-
ance of NIR irradiation, with velocities ranging up to 6.2+
1.10 ums™. These polymersome nanomotors (PNMs) are
capable of traversing cellular membranes allowing intracellu-
lar delivery of molecular and macromolecular cargo.

Introduction

Autonomously propelled micro- and nano-motors are
devices that can convert various sources of energy into
mechanical motion.!'! As energy transducer, these miniatur-
ized machines are powered through local chemical reactions
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and/or exogenous stimuli, such as electric/magnetic/ultra-
sound field and light.”) The development of motile vehicles,
with inorganic or enzyme-driven motors, has received much
recent attention.”! Such systems focus on fuel-driven and
chemotactic behavior. Although chemically driven motility is
a highly beneficial property, the ability to power motile
systems using an external stimulus is often more advanta-
geous when biomedical applications are envisaged, such as in
the case of targeted theranostics. Elegant research has been
published in which micro/nanomotors powered by physical
stimuli have been demonstrated to perform complex tasks
ranging from environmental remediation to therapeutic
applications—although often biodegradability of the motor
systems was not taken into account in the design.”! Further-
more, one important parameter that limits the use of synthetic
motors in biomedicine-related applications is size. Although
examples of micron-sized motors are numerous, one of the
core challenges in this area is to miniaturize such technologies
to the nanoscale. For example, intracellular delivery using
micron-sized particles presents a challenge to areas of
research such as cell-based therapies, diagnostics/analysis,
and regenerative medicine.”’

The rationale behind using synthetic motor systems as
cellular delivery vehicles lies in the fact that motors can not
only be guided to the right tissue type, but can also exert
a force on the cell membrane to effectively transport the
desired cargo to the intracellular domain. The cell membrane,
as a robust biological barrier, is designed to deny passage to
the vast proportion of extrinsic matter—especially macro-
molecular species, which undermines the efficient delivery of
synthetic biofunctional materials.!’ Tremendous efforts have
been made to resolving this issue, largely involving either
nanocarrier-mediated or membrane-disruption approaches.!
Carrier-mediated strategies are mainly focused on encapsu-
lation of molecular cargoes, followed by intracellular delivery
via an endocytotic pathway.® An apparent downside of this
approach is the slow kinetics of uptake that could increase the
risk of drug leakage during transportation. Efficient (and fast)
delivery of macromolecular cargoes across the plasma
membrane therefore remains a challenge.”! In this regard,
the membrane disruption approach was presented as an
effective pathway to address this issue; however, examples of
nanoparticles that can undertake such a process are extremely
limited—creating ample opportunity for exploration of non-
Brownian motor-mediated active transport.

The membrane disruption approach takes advantage of
physical processes by which the cell membrane is locally
disrupted in order to rapidly introduce cargoes.”! External
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Figure 1. Preparation and characterization of photo-activated, photothermally driven polymersome nanomotors (PNMs). A) Design strategy of
PNMs. B) SEM image of PNMs (scale bar=1 pm/insert scale=100 nm). C) Mean square displacement (MSD) curves of motile PNMs at
different laser power. D) Velocities of PNMs under different incident laser power. Inset image is the schematic overview of the transformation of
PNMs from Brownian to non-Brownian active transporters upon NIR irradiation. E) The trajectory pathways of PNMs as a function of the incident

laser power (scale bar=>50 um).

stimuli that can be used to induce such an effect include
temperature,”’] magnetic fields,'” electric field,' ultra-
sound," or light."¥ Gold-based nanomaterials that display
a photothermal effect when exposed to NIR light have
received increasing attention.'¥! As demonstrated by pioneer-
ing research, NIR lasers are capable of deep tissue penetra-
tion.'” As such, they can remotely activate photothermal
agents for therapeutic applications.® and provide a driving
force for active cargo transport!'’’ by photomechanically
disrupting the cell membrane.'! Compared to passive drug
carriers, nanomotors with autonomous propulsion could
enhance tissue binding and penetration, leading to prolonged
retention of cargo in targeted sites."”)

To make the application of synthetic motors in biomed-
icine more feasible we report the development of nanosized
and biodegradable nanomotors based on Au-coated polymer-
somes, which display NIR-activated intracellular transporta-
tion via membrane disruption. Such photothermally driven
polymersome nanomotors (PNMs) can be used for the
controlled delivery of biofunctional cargoes (Figure 1A).
Polymeric vesicles (polymersomes) comprising amphiphilic
block copolymers are versatile compartments that have been
employed as nanocarriers for a wide range of cargoes.””!
Hydrophilic and hydrophobic cargoes can be both seques-
tered by polymersomes within distinct locations (i.e. aqueous
core and non-aqueous membrane). Furthermore, the chem-
ical nature of polymersomes can be tailored to control, for
example, its degradability characteristics.

Angew. Chem. Int. Ed. 2020, 59, 16918 -16925  © 2020 The Authors. Published

Results and Discussion

The preparation of PNMs was initiated by the self-
assembly of biodegradable poly(ethylene glycol)-b-poly(D,L-
lactide) (PEG-PDLLA) block copolymers containing a pH-
cleavable linker (pH-sensitive benzoic-imine bond) to facil-
itate effective breakdown within the cell at acidic pH
(pH 6.5).211 Photothermal features were introduced in the
form of a hemispherical coating of gold, which undergoes
plasmonic heating upon NIR laser irradiation. The resulting
nanomotors were subsequently tested for their NIR-mediated
motility, and ability to facilitate disruption of biological
membranes via the photothermal effect—enabling the self-
assembled constructs to pass through the cell membrane.
Using this approach, we demonstrate the ability to deliver
a ubiquitous anticancer drug, doxorubicin (Dox), as model
drug, and fluorescein-labelled bovine serum albumin (FITC-
BSA) as macromolecular cargo into the cells. Furthermore,
we utilized such PNMs as functional carriers to activate
enzymatic catalysis within living cells. This was achieved by
the PNMs-mediated cellular delivery of profluorescent sub-
strate (fluorescein di-B-pD-galactopyranoside, FDG) alongside
an appropriate enzyme (B-galactosidase, [3-gal).

Biodegradable poly(ethylene glycol)-b-poly(D,L-lactide)
(PEG-PDLLA) was utilized as the principal building block
for PNMs, owing to its ease of self-assembly and established
biodegradability/compatibility (Scheme S1 in the Supporting
Information). A pH-sensitive benzoic-imine bond was intro-
duced as a linker between the two blocks to create polymeric
chains of which the PEG chain would be easily cleaved at
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acidic pH, facilitating hydrolysis of the lactide block. Copo-
lymer synthesis was performed similar to our previous work
on PEG-PDLLA polymersomes—and the final block copo-
lymer structure was confirmed using gel permeation chroma-
tography (GPC) and proton nuclear magnetic resonance (‘H-
NMR) (Table S1 and Figure S1).*! Using the solvent-switch
methodology, self-assembly of the PEG,,-PDLLA,5 copoly-
mer into polymersomes was accomplished.’” Spherical
polymersomes with uniform size were observed using scan-
ning electron microscopy (Figure S2). The pH-sensitive
behavior of the polymersomes was monitored by dynamic
light scattering (DLS) and scanning electron microscopy
(SEM; Figure S3). The results showed that the size of the
polymersomes was slightly bigger at pH 6.5 due to the
hydrolysis of the polymersomes, and consequent formation
of aggregates—this was confirmed by SEM images (Fig-
ure S3B). Cumulative Dox release from polymersomes at
different pH values (6.5 and 7.4) was measured (Figure S4).
Faster release was observed at pH 6.5, when compared to the
release at pH 7.4. This can be attributed to the existence of
a pH-cleavable linker that facilitates hydrolysis of polymer-
somes at acidic pH. The assembled polymersomes were
further functionalized using a gold (Au) coating through
a process of sputter coating. A significant color change of the
polymersome solution was directly observed after the process
(Figure S2C). The successful introduction of a hemispherical
gold surface coating was evident from analysis using SEM
(Figure 1B and Figure S2D/E) and energy-dispersive X-ray
spectroscopy elemental mapping analysis (Figure S5). By
depositing a hemispherical gold coating, a Janus inorganic/
organic hybrid construct that is capable of functioning as
a photoactivatable nanomotor (PNM) was thus created. Our
group has demonstrated the applicability of hybrid nano-
motors for biomedical research.’” Indeed, the combination of
organic and inorganic components, with their diverse func-
tional attributes, in a single system is a route towards the
development of hybrid materials with improved properties.

To investigate the autonomous motion of our nanomotors,
PNMs were activated using a two photon-confocal laser
scanning microscope (TP-CLSM) as a NIR laser source, and
their movement behavior was recorded. Upon irradiation
with NIR light, hybrid PNMs underwent autonomous motion,
in a direction opposite to the source of light. The hypothe-
sized mechanism of propulsion, which was previously shown
to drive motility of Janus motors,* is photo-induced ther-
mophoresis.”” The Au-hemisphere undergoes plasmonic
absorbance, resulting in an increase of the particle temper-
ature and subsequent generation of a temperature gradient,
which results in positive thermodiffusion (particles move
from hot to cold regions).”"!

Due to their high temperature, particles acquire sufficient
kinetic energy to drive their propulsion.””’ Plotting the
trajectories of PNMs and extracting the relative velocities as
a function of laser power provided clear evidence for the
successful photo-activation of motility (Figure 1 C-E). There
was no apparent lag time in the NIR-activation of PNMs;
particle motion switched from Brownian to directional
concurrently upon laser irradiation (Figure S6). This was also
confirmed by the (linear) shape of the extracted trajectories
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(Figure 1E and Figure S7) and the analysis of their mean
square displacement (MSD) curves (motion analysis is
described in the Supporting Information), which displayed
a shift from linear to non-linear (parabolic) fitting (Fig-
ure 1C). The PNMs displayed velocities ranging from 1.9 +
0.25 ums~' to 6.2+ 1.10 ums~', controlled by the laser power.
In order to further demonstrate the NIR propelled motion of
PNMs, nanoparticle tracking analysis (NTA) was used to
track and observe their motion (Video S1 to Video S5). As
negative controls, gold shells and polymersomes without
a gold coat were investigated for their motion under NIR
irradiation. The corresponding MSD and motion pathway are
shown in Figure S8. From these results it is clear that only the
Janus particle morphology leads to efficient enhanced dif-
fusion.

Inspired by previous pioneering work,”! which showed
the ability of light-propelled micro/nanomotors to display
enhanced membrane penetration, PNMs were envisioned to
traverse robust biological barriers, which in turn can be
utilized to drive active transportation of functional cargoes
over the cellular membrane. To this end, delivery of molecular
cargo into cancer cells (in this case HeLa) in 2D and 3D
formats was investigated so that their performance under
controlled in vitro conditions could be tested. First, the
biocompatibility of PNMs was assessed using non-cancer
(NIH/3T3), as well as cancer cells (HeLa); their impact on
viability was minimal across all conditions studied in this work
(Figure S9). PNMs were loaded with a fluorescent chemo-
therapeutic agent (doxorubicin, Dox) to study the direct
delivery of small molecular cargo, alongside freely dispersed
propidium iodide (PI) to assess the consequence of mem-
brane disruption using TP-CLSM. HeLa cells were pre-
stained with Alexa Fluor™ 488 conjugate wheat germ
agglutinin to show the boundary of the cells. The red
fluorescent signal originating from Dox (encapsulated within
the polymersome lumen)/PI (as an external payload) was
used to localize the position of the cargoes. The same cell
sample was examined before and after irradiation with light
(Figure 2 A). Under NIR irradiation, PNMs were able to cross
the cellular boundary, and internalize into cells in a time
dependent manner. Notably, PI as fluorescent agent was used
as indicator to reflect the cell permeability during the whole
intracellular delivery process. Upon NIR irradiation, PI was
indeed able to enter the cells, without affecting significantly
the cell integrity (Figure S10 left). Also, no PI uptake was
observed when PNMs were not activated (Figure S10 right),
or NIR was used in the absence of PNMs (Figure S11). These
results provide sufficient evidence that intracellular delivery
only occurred in the presence of PNMs with NIR-irradiation.
In order to observe the destination of PNMs after entering
into the cells, the fluorescent probes LysoTracker and
Hoechst 33342 were used to stain lysosomes and cell nuclei,
respectively. As shown in Figure S12, PNMs were taken up by
cells via traditional endocytosis and localized in lysosomes in
the absence of NIR irradiation. Photothermal treatment was
then initiated using 5 min NIR laser irradiation (Figure S13).
Under these conditions, the PNMs also co-localized to a large
extent within the nucleus, demonstrating that direct translo-
cation of the particles had taken place.

Angew. Chem. Int. Ed. 2020, 59, 16918 —16925
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Figure 2. Intracellular delivery of small molecular cargoes and enhanced tissue penetration of PNMs via the assistance of NIR laser irradiation.
A) Time-lapsed CLSM images of 2D Hela cells in presence of PNMs and Pl without (left) and with (right) NIR laser irradiation. PNMs and PI
were co-added to the cell medium immediately before a standardized time-scanning imaging sequence. The cell membrane was stained with
Alexa Fluo™ 488 conjugated wheat germ agglutinin. The red signals were obtained from Dox/PI. Scale bar=20 um. B) Schematic illustration for
the construction of a 3D Hela tumor spheroid model. C) Z-scanning CLSM images of 3D Hela tumor spheroids to characterize the tumor
penetration of PNMs and polymersomes (without Au coat) after 2 h culturing and NIR irradiation. The surface of the tumor spheroids was
defined as 0 um. Scale bar=100 um. D) The mean fluorescence intensity (MFI) of 3D HelLa tumor spheroids.

Having confirmed the ability of our PNMs to deliver cargo
intracellularly, we undertook to study their ability to pene-
trate 3D tumor tissue models as a result of their motion.”’]
Previous research has demonstrated that active delivery
carriers with motile properties could significantly improve
tissue penetration, enhance delivery efficiency, and enable
effective therapy.” A light-responsive nanomotor prepared
by mesoporous-macroporous silica and Pt was demonstrated
to be able to penetrate into three dimensional (3D) spheroids
deeply for combined cancer therapy.!

Due to the spatial complexity and heterogeneity of 3D
tumor spheroids, they represent excellent robust models for
the investigation of the capacity of our PNMs in traversing
diverse biological barriers.?"! To this end, 3D tumor spheroids
were developed by culturing of HeLa cells in a 3D platform
(Figure 2B), according to previously published protocols.®
Once the diameter of the cultured 3D HeLa spheroids
reached approximately 500 pm, hydrophilic Dox-loaded
PNMs and polymersomes (without Au coat) were introduced
to two separate tumor cultures. After 2 h, both cell cultures
were extensively washed with PBS buffer, ensuring complete
removal of the unattached polymersomes. Utilizing two
photon-confocal laser scanning microscopy, the capacity of
both PNMs and polymersomes to penetrate tumor cells was
monitored (Figure 2C). In order to analyze the entirety of
3D-HelLa spheroids, z-scanning imaging sequences (z-stacks)
were conducted to observe the fluorescence intensity at
different depths. The surface of the tumor spheroids was
defined as Oum. Upon NIR irradiation, PNMs showed
a uniform distribution and enhanced penetration. To quantify

Angew. Chem. Int. Ed. 2020, 59, 16918 -16925

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

the measured fluorescence, CLSM images were processed
and analyzed with ImageJ. The fluorescence intensity of
PNMs was determined to be approximately 18.5% at 45 pm,
14.0% at 65 um, and 8.8% at 85 pm. Polymersomes, on the
other hand, showed weaker fluorescent intensity of around
10.5% at 45 pm, 7.9 % at 65 um, and 5.2% at 85 um. PNMs,
compared with bare polymersomes, displayed enhanced
penetration upon NIR laser irradiation (Figure 2D). Further-
more, experiments to evaluate the photothermal-induced
toxicity of NIR-activated PNMs to cancer cells were con-
ducted. To this end, PNMs were incubated with 3D HelLa
spheroids for 2 h. Significant toxicity was observed upon NIR
irradiation (Figure S14). Moreover, control experiments
where 3D spheroids were either irradiated with NIR or
incubated with inactivated PNMs did not show any toxicity.

For evaluation of the PNMs-assisted intracellular delivery
of macromolecules, FITC-BSA was selected as macromolec-
ular cargo. Cells (HeLa) were divided randomly into five
groups to evaluate the effect of traversing the plasma
membrane, including PNMs with and without NIR irradi-
ation, polymersomes (without Au coat) with and without NIR
irradiation, as well as cells exposed directly to the NIR laser.
Free FITC-BSA and PNMs/ polymersomes (without Au coat)
were co-introduced to the HeLa cells before performing the
fluorescence imaging experiments by TP-CLSM. BSA is
a large protein (Mw=66kDa) and thus, its intracellular
uptake via the normal endocytosis process is rather challeng-
ing, as the cell membrane represents a stern natural barrier."!

Indeed, before NIR irradiation, the uptake of FITC-BSA
was denied by the plasma membrane within each group
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Figure 3. PNMs-mediated intracellular delivery of macromolecules (FITC-BSA) as characterized by TP-CLSM. FITC-BSA was introduced into the
cell medium immediately before the TP-CLSM measurement. A) Schematic illustration of PNM-mediated intracellular delivery of FITC-BSA upon
NIR-irradiation. B) Time-lapsed TP-CLSM images of Hela cells in presence of PNMs with (left) and without (right) NIR laser irradiation. Green
fluorescent signal comes from FITC-BSA. Scale bar=20 pm. Mean fluorescence intensity (MFI) of HeLa cells as a function of time in presence of
PNMs (C), and polymersomes (without Au coat) as well as Hela cells directly exposed to NIR laser irradiation (D).

(Figure 3). After NIR illumination and within 1 min, FITC-
BSA began to translocate intracellularly, as evident by the
monitored fluorescence from confocal microscopy measure-
ments (Presented in Video S6 to Video S10). After 5 min,
fluorescence intensities increased by ca. 55 % of the irradiated
cells in presence of PNMs (Figure 3B,C and Figure S15). In
comparison, control groups before and after NIR illumination
did not show a change in intracellular fluorescence (Fig-
ure 3D and Figure S16)—demonstrating the selective fea-
tures of using PNMs for intracellular delivery of macro-
molecules.

Having confirmed the ability of our PNMs to facilitate
intracellular delivery of small molecules (PI) and macro-
molecules (BSA), we further investigated whether such
system can be utilized as multifunctional transporter—able
to deliver enzyme substrate (molecular payload) and enzyme
(macromolecular cargo) simultaneously, and undertake reac-
tions within cells. To do this, profluorescent enzyme substrate
(fluorescein di(B-p-galactopyranoside), FDG) was encapsu-
lated in our PNMs (FDG-PNMs) and polymersomes (FDG-
polymersomes), respectively. The enzyme [3-galactosidase ([3-
gal) is able to convert the substrate FDG into fluorescein,
which can be assayed by fluorescence spectroscopy (Fig-
ure 4A).5Y

First experiments were conducted with free enzyme in
PBS buffer of pH 6.5 and pH 7.4, respectively to which the
FDG-loaded polymersomes or PNMs were added. The
kinetics of the reaction was monitored by a microplate reader
through detecting the fluorescent product. As shown in
Figure 4B, an increase in fluorescence was both observed at
pH 6.5 and pH 7.4, nevertheless the enzymatic rates were
much higher in the group of pH 6.5, due to the acidic pH-
induced accelerated release of FDG. The negative control
experiments all showed as expected no fluorescence develop-
ment (Figure 4C). Next it was investigated if the enzymatic
reaction could be induced intracellularly by co-delivery of
FDG-PNMs along with 3-gal to HeLa cells (Figure 4D).

16922 www.angewandte.org © 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FDG-PNMs were readily introduced into HeLa cells when
exposed to NIR illumination. Once the released FDG from
PNMs was hydrolyzed by the co-delivered f-gal, non-
fluorescent FDG was converted to fluorescein intracellularly,
lighting up the cells. Corresponding time-lapsed images were
made to track this enzymatic process by TP-CLSM, as shown
in Figure 4 E and Video S11. Both the cell membrane and cell
nucleus were pre-stained with Alexa Fluor™ 594 conjugate
wheat germ agglutinin and Hoechst 33342, respectively.
Within 12 min, a fluorescent signal was observed intracellu-
larly, which gradually increased over time. As a control, two
separate experiments were performed with cells exposed to
FDG-PNMs/B-gal in the absence of NIR irradiation (Fig-
ure S17), and cells directly exposed to the NIR laser (Fig-
ure S18). Indeed, no fluorescence was observed in both
situations, demonstrating the necessity of NIR-assistance for
intracellular delivery, and highlighting the ability of our
PNMs to transfer molecules/macromolecules to cells and
allow reactions to take place.

Conclusion

In summary, we have shown the design of a photother-
mally driven biodegradable nanomotor (PNM), which is
based on hemispherical gold-coated poly(ethylene glycol)-
benzoic-imine-poly(D,L-lactide) (PEG-PDLLA) polymer-
somes. Upon irradiation with near-infrared light, these nano-
motors undergo autonomous motion, with velocities ranging
from 1.940.25 ums ' to 6.2+ 1.10 ums~', as a function of the
laser power. Such nanomotors were able to traverse biological
membranes and effectively penetrate tumor tissues, permit-
ting active transport of molecular and macromolecular cargo
either by encapsulation or co-delivery—offering opportuni-
ties for their application in tissue penetration and cargo/drug
delivery. Furthermore, the ability of PNMs to be loaded with
functional components that can be released intracellularly

Angew. Chem. Int. Ed. 2020, 59, 16918 —16925
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before and after NIR irradiation characterized by TP-CLSM. The permeabilization of the cell membrane under NIR irradiation mediated by the
PNMs allows both the FDG-PNMs and 3-gal to be transported into Hela cells. Scale bar=20 pum.

can permit enzymatic catalysis to take place in living cells. The
work provides a novel approach to designing active nano-
materials for future application in the biomedical field.
Research to explore the utility of such PNMs in the active
transportation of assorted macromolecular cargoes, as well as
their interaction with micro-sized motors is in progress.
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