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Abstract: An attractive strategy in cancer cell therapy is to employ motile nanoparticles that can actively search for their
target. Herein, we introduce mannosylated compartmentalized cross-linked enzyme-driven nanomotors (c-CLEnM), which
exhibit specific and efficient targeting of Hep G2 cells through elevated autonomous motion. In this design, we constructed
biodegradable bowl-shaped stomatocytes encapsulating the enzymes glucose oxidase (GOx) and catalase (CAT) within
their nanocavity. A subsequent enzyme crosslinking reaction was performed to guarantee their stability. Furthermore, the
c-CLEnM were surface modified with a mannose-functional glycopolymer, enabling binding with receptors expressed on
Hep G2 cells. Interestingly, the targeting ligands on the nanomotors not only improved their specificity toward cancer cells
but also enhanced motility. Compared to the non-mannosylated nanomotors, mannosylated c-CLEnM exhibited enhanced
motion and higher targeting efficiency to cells in glucose-containing ionic environments. The unexpected acceleration in
speed resulted from the surface modification of these nanomotors with a glycopolymer layer, which increased the zeta
potential and created a shielding effect that mitigated the influence of the surrounding ions. This nanomotor design
highlights the synergistic effect of functional glycopolymer modification on cellular uptake, adding an additional level of

control to nanomotors for application in cancer therapy.
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Introduction

Autonomously powered nano- and micromotors are micro-
scopic devices that convert various sources of energy into
mechanical motion.'*] These nanomotors are classified
based on the energy input they harness, including chemical
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propulsion mediated by enzymes and inorganic catalysts,[*]
and activation by external fields such as light,[°! ultrasound,!”!
and magnetism.[®] In contrast to typical passive cargo delivery
systems, self-propelled nanomotors possess the capability to
dynamically transport payloads to specific destinations. In
this regard, enzyme-powered nanomotors have been often
applied, as they can be driven by endogenous fuel sources.
By exploiting higher fuel concentrations in target tissues, also
efficiency and specificity of delivery can also be improved.l*-']
A further level of control can be achieved by decorating
nanomotors with targeting ligands, such as antibodies!'*! or
aptamers.[®] This combined approach, however, has seen
limited exploration to date. Furthermore, the effect of surface
modification with targeting ligands on the motile features of
the nanomotors has not been studied in detail yet.

An interesting class of targeting ligands are carbo-
hydrates, such as mannose, which have proven to be
particularly useful for cellular uptake through receptor-
mediated internalization.[') This efficacy is attributed to their
strong affinity for receptors highly expressed on cancer cell
membranes, such as lectins.'”] The effective binding further-
more does not impede endocytosis, which remains relatively
unaffected by the size or composition of the glycan.[!*]
Additionally, carbohydrate-functionalized nanoparticles also
allow multivalent ligand display for strong interaction with
lectins."”! This approach enhances the specificity and effi-
ciency of cellular interactions, providing a promising avenue
for the development of targeted drug delivery systems
in cancer therapy. Recently, polysaccharide polymers have
gained attention for their ability to target cancer cells.
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Linear glycopolymers have multiple repeating units, which
can provide numerous binding sites, offering benefits such as
multivalency, customizability, reduced dosage and side effects,
and improved cellular uptake by promoting prolonged con-
tact with cell surfaces.[?*?!] Moreover, linear glycopolymers
are typically more stable and more effective than peptides and
antibodies in biological medium.['®! Because of these benefits,
they have been explored as targeting ligands in nanomedicine.
Previously, we demonstrated how bowl-shaped stomatocytes
can be created out of spherical polymersomes via an osmot-
ically induced shape change process. Loading of the newly
formed nanocavity with enzymes enabled the construction
of nanomotors due to the intrinsic shape anisotropy of the
stomatocytes.[?224]

In this study, we aimed to construct stomatocyte
nanomotors with targeting capacity. For this purpose,
biodegradable poly(ethylene glycol)-b-poly(D,L-lactide)
(PEG-PDLLA) stomatocytes were loaded with two enzymes,
a well-known cascade developed in nanomotor-driven
applications,[>»] GOx and CAT, which were subsequently
crosslinked to form compartmentalized cross-linked
enzymatic nanomotors (c-CLEnM), which enables a cascade
reaction to drive autonomous motion in the presence of the
fuel glucose. Additionally, the surface of the particles was
modified with a mannose-containing glycopolymer for specific
targeting of cancer cells. We then investigated the targeting
ability of these mannosylated nanomotors to receptors that
are expressed on Hep G2 cells, possibly like the mannose
receptor (MR).?**?1 The nanomotors showed effective
accumulation on the Hep G2 cell membrane and elevated
cellular uptake compared to galactosylated nanomotors, non-
decorated nanomotors, and passive particles. Remarkably,
not only was the targeting efficiency improved, but also
the motility of the particles was enhanced significantly in
cell culture environments. This unexpected acceleration
in motility was a result of the surface modification of the
nanomotors with the glycopolymer, which increased the
zeta potential of particles, potentially generating a shielding
effect that mitigates the influence of surrounding ions
(Scheme 1).[*] This modification likely improved the ionic
tolerance of the nanomotors, ultimately boosting their
performance. Glycopolymer modification, therefore, led to a
synergistic effect by improving both motility in a physiological
environment and enabling targeting capability toward cancer
cells. This study underscores the importance of understanding
the effect of surface modification of nanomotors, as it could
expand their potential applications in nanomedicine, offering
a promising strategy to address the ion tolerance challenge in
biological environments.

Results and Discussion

Construction of Compartmentalized Cross-Linked Enzymatic
Nanomotor (c-CLEnM)

Biodegradable block copolymers, namely PEG4s-PDLLAs,
PEG,,-PDLLAys, and N3-PEGg;-PDLLA 5, were synthesized
through ring-opening polymerization (ROP), as detailed in
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previously published work.[?! The resulting block copoly-
mers were analyzed via 'H-nuclear magnetic resonance
spectroscopy (NMR) and gel permeation chromatography
(GPC) using DMF as eluent and PS standards. 'H NMR
measurements proved the formation of the targeted polymers
(Figures S1-S3). GPC revealed molar mass dispersities (D)
ranging between 1.08 and 1.20 (Figure S4). The formation of
the compartmentalized cross-linked enzymatic nanomotor (c-
CLEnM) occurred in four steps, as illustrated in Figure 1la.
Initially, spherical polymersomes were self-assembled from
block copolymers of PEG4s-PDLLAys, PEG-PDLLAys and
N;-PEGg;-PDLLA 10:7:3 w/w/w through the traditional sol-
vent switch methodology. Subsequently, the organic solvent
was gradually removed via dialysis, inducing an osmotically
driven shape transformation into stomatocytes. The forma-
tion of stomatocytes relied on the negative spontaneous
curvature of the polymer membrane, which was attained
via the blending of the block copolymers with different
PEG lengths.[?>?] The distinct dual-compartmental structure
of these azido stomatocytes was confirmed with scanning
electron microscopy (SEM) (Figure 1b) and cryogenic
transmission electron microscopy (cryo-TEM) (Figure 1c).

Following this, GOx and CAT were loaded into the
lumen of stomatocytes during the shape change from poly-
mersomes to stomatocytes. Subsequently, nonencapsulated
enzymes were removed through spin filtration, followed by
the concentration and dispersion of stomatocytes in MilliQ.
The enzyme ratio within the cavities was set at 3:1 w/w
between GOx (6 mg mL~') and CAT (2 mg mL™"), a selection
based on prior work in our group.’’l Next, the enzymes
were crosslinked by the crosslinking agent genipin.[3-3] This
method offers the advantages of maintaining the concentra-
tion of loaded enzymes and improving enzyme stability within
the stomatocyte cavity.[''??] To gain deeper insight into the
spatial distribution of enzymes within the stomatocytes, cryo-
TEM was employed, revealing enzyme aggregation within the
stomatocytes’ cavity (Figures 1d and S5).[2] Subsequently,
the total enzyme loading efficiency was determined using the
bicinchoninic acid protein assay (BCA) (Figures le and S6),
which amounted to 23.7%, with a total enzyme concentration
of 3.8 mg mL~!, with empty stomatocytes serving as a control
group. These findings confirmed the successful formation of
c-CLEnM.

Mannosylated Nanomotor Interaction with MBL

After confirming the formation of ¢-CLEnM, a mannose-
functional glycopolymer was conjugated to their surface.
As illustrated in Figure 2a, a conjugation process was
conducted via CuAAC click chemistry, utilizing azido stom-
atocytes and alkyne mannose glycopolymer. The alkyne man-
nose glycopolymer was synthesized via reversible addition-
fragmentation chain transfer (RAFT), as detailed in previous
studies.**! Characterization of the resulting products was
conducted using 'H NMR spectroscopy and GPC (Figures
S7-S13). Prior to conjugation with stomatocytes, a model
CuAAC reaction was performed with N;—PEGg—OH and
the alkyne mannose glycopolymer. The clicked product
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Scheme 1. Schematic illustration of mannosylated compartmentalized cross-linked enzymatic nanomotors (Man-c-CLEnM). a) Poly(ethylene
glycol)-b-poly(D,L-lactide) (PEG-PDLLA) with two different PEG lengths and functionalized with an azide moiety was co-assembled into
stomatocytes, encapsulating catalase (CAT) and glucose oxidase (GOx); the enzymes were subsequently crosslinked in the stomatocyte cavity.
Mannose glycopolymer was introduced on the nanoparticle surface via Cu-catalyzed azide-alkyne click chemistry. b) The addition of D-glucose leads
to a cascade reaction that produces oxygen, leading to motility. The glycopolymer modified on the nanomotors can increase the zeta potential and
potentially generate a shielding effect that mitigates the influence of surrounding ions, thus enhancing motility. ) The mannosylated nanomotors
show effective accumulation on the Hep G2 cell membrane compared to galactosylated nanomotors and non-decorated nanomotors. Schematic

illustrations of cancer cells were created with BioRender.com.

was characterized via GPC and Fourier-transform infrared
spectroscopy (FT-IR). Upon conjugation, a discernible shift
toward higher molecular weight was evident in the GPC
analysis compared to the starting compounds (Figure S14).
Additionally, the disappearance of the azide group was
observed in the FT-IR spectra (Figure S15).

We then conjugated azido stomatocytes with alkyne
mannose glycopolymer through CuAAC (Figure 2a). To
determine the conjugation efficiency, the modified stomato-
cytes were treated with the fluorescent dye sulfo-cy5-DBCO
to determine residual azide groups still left on the stomatocyte
surface. Via this approach, an efficiency of 84.8% was deter-
mined, with empty stomatocytes serving as a control group
(Table S1; Figure S16). The morphology of the stomatocytes
was determined both before and after the click reaction
with SEM (Figure S17). Following functionalization with
the mannose glycopolymer, the surface of the mannosylated
stomatocytes appeared to be less smooth compared to the
untreated stomatocytes. Furthermore, we investigated the
presence of the mannose glycopolymer by determining the
binding affinity of the modified stomatocytes to the MBL
using SPR analysis.*’]

As shown in Figure 2b,c, different concentrations of both
mannosylated stomatocytes and mannosylated c-CLEnM
between 6 and 0.25 pM were employed to determine the
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binding effectiveness through MBL. As expected, both man-
nosylated stomatocytes and mannosylated c-CLEnM showed
a significant binding at all concentrations used, whereas non-
decorated stomatocytes and c-CLEnM as a negative control
did not show any binding with MBL, which confirms the suc-
cessful modification of stomatocytes with the glycopolymer
(Figure 2d,e). It should be noted that even though strong
interaction with MBL was obtained for both mannosylated
stomatocytes, the binding did not reach saturation or the
equilibrium state within 5 min after the injection of the
stomatocytes. This behavior reveals that the binding between
mannosylated stomatocytes and MBL is slow, which can be
explained by the more compact and globular conformation
of the glycopolymer chains on the stomatocytes, which may
limit the freedom to adopt an optimal multivalency to reach
different binding pockets of the MBL. The kinetic parameters
of the mannosylated stomatocytes and mannosylated c-
CLEnM were determined, including the association rate
constant (k,), the dissociation rate constant (kq), the affinity
constant (K,), and the equilibrium dissociation constant
(Kp). The kinetic parameters were obtained from fitting the
experimental SPR curves with a 1:1 Langmuir binding model
(Figure 2f). As the dissociation rate constants (kq = 2.47 and
4.42 x 10~*s7') were low for both mannosylated stomatocytes
and mannosylated c-CLEnM, it indicates that the mannose
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Figure 1. Preparation and characterization of crosslinked enzyme-driven nanomotors (c-CLEnM). a) Schematic illustration of the supramolecular
assembly of the c-CLEnM. b) SEM image of empty stomatocytes and zoom in of stomatocytes, scale bar = 4 pm, 400 nm (insert). c) Morphological
characterization of empty stomatocytes using cryo-TEM, scale bar = 200 nm. d) Cryo-TEM image revealing the structure of the c-CLEnM, scale

bar = 200 nm. e) Quantification of GOx and CAT loading efficiency of enzyme-loaded stomatocytes and empty stomatocytes by using a bicinchoninic

acid (BCA) protein assay.

units tend to either remain bound or rebind upon release,
rather than dissociate due to the strong interaction between
the mannosylated stomatocytes and MBL. In general, both
mannosylated stomatocytes and mannosylated c-CLEnM
demonstrated a very similar binding profile and strong
interactions with MBL, which also shows the minimal and
negligible influence of the enzymes in the stomatocyte cavity
on the functionalization of the stomatocytes.

Movement Behavior of c-CLEnM, Mannosylated c-CLEnM, and
Galactosylated c-CLEnM

To investigate the motility of mannosylated c-CLEnM and
c-CLEnM, glucose was added, which served as the driv-
ing force for autonomous motion via a cascade reaction.
GOx catalyzed the conversion of glucose into hydrogen
peroxide and gluconic acid. Subsequently, CAT facilitated
the decomposition of hydrogen peroxide into water and
oxygen. To explore motility, nanoparticle-tracking analysis
(NTA) was employed, involving the tracking of trajectories
through individual particle-by-particle analysis of colloidal
particles in motion.[??!' As shown in Figure 3a,b, the mean
square displacement (MSD) and speed of ¢c-CLEnM were
directly proportional to the glucose concentration. The
average speed of c-CLEnM increased from 6.40 £ 0.38 to
15.53 & 0.75 um s~! with increasing glucose concentration,
while approximately Brownian motion was detected in the
absence of glucose, consistent with previous studies on the
motion of ¢-CLEnM.[?2%37] The propulsive movement of
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the nanomotors was determined by fitting the parabolic
curve of the MSD dependence on time with the equation
MSD = (4D)At + (V?)(A#).*%] Nanomotors without glucose
showed only linear MSD = (4D)At.*%] Additionally, a clear
shift in their apparent size, smaller compared to the same
structures in the absence of fuel, was observed (Videos S1
and S2; Figure S18); as with NTA, the determination of the
nanoparticle diameter is inversely related to the particle’s
diffusion coefficient.

Subsequently, the motile features of mannosylated c-
CLEnM, c-CLEnM, and empty stomatocytes were investi-
gated in MilliQ water with and without glucose. The glucose
concentration was maintained at 25 mM, consistent with cell
culture conditions (Videos S3 and S4). The MSD (Figure 3c)
revealed that both mannosylated c-CLEnM and c-CLEnM
exhibited a parabolic trajectory shape in 25 mM glucose
solution, indicating ballistic motion at speeds of 13.60 £ 0.46
and 11.80 £ 0.27 um s~!, respectively. After conjugation
with the mannose glycopolymer, mannosylated c-CLEnM
exhibited a slightly faster speed than c-CLEnM, while both
demonstrated similar overall motility.

Furthermore, to mimic autonomous targeted motion
within a cellular environment, the motility of mannosylated
c-CLEnM, c-CLEnM, and empty stomatocytes was further
evaluated in a cell culture environment by using a live
cell imaging solution with and without 25 mM glucose.
As shown in Figure 3d; Videos S5 and S6, the manno-
sylated c-CLEnM and c-CLEnM retained ballistic motion
in the presence of 25 mM glucose. Notably, the speed of
¢-CLEnM decreased significantly to 5.83 + 0.38 um s~!

© 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 2. Characterization of mannosylated stomatocytes. a) Schematic illustration of conjugating mannose glycopolymer to the surface of
mannosylated stomatocytes. b) Surface plasmon resonance (SPR) analysis illustrating the binding of mannosylated stomatocytes
(Man-stomatocytes) with mannose-binding lectin (MBL). c) SPR analysis demonstrating the binding of mannosylated c-CLEnM (Man-c-CLEnM) with
MBL. d) SPR analysis of the binding of empty stomatocytes with MBL. e) SPR analysis of the binding of c-:CLEnM with MBL. f) Kinetic values (ka, kg,
Rmax, Ka, Kp) obtained from fitting experimental SPR curves with a 1:1 Langmuir binding model.

(Figure 3e). Intriguingly, mannosylated c-CLEnM main-
tained a speed of 13.47 4+ 0.34 um s~!, comparable to
its performance in glucose-containing MilliQ water and
representing a remarkable > 2-fold enhancement relative
to c-CLEnM. These results highlight the marked effect
of glycopolymer modification on enhancing motility in the
ionic cell culture environment (Figure 3d,e). In addition,
mannosylated ¢c-CLEnM and c-CLEnM in the absence of
glucose, as well as empty stomatocytes at both 25 and 0
mM glucose, exhibited typical Brownian motion, with linear
MSD fittings (Figure 3c,d). The addition of glucose to empty
stomatocytes confirmed that glucose did not affect either
Brownian motion or the extracted trajectories, consistent
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with previous studies.l?>*°! To further validate this interesting
observation of the universality of glycopolymer-mediated
motility enhancement in the cell culture environment, an
azido nanomotor was modified with alkyne galactose poly-
mer. The alkyne galactose glycopolymer was also synthesized
via the RAFT method, and characterization of the monomer
and polymer was conducted using 'H NMR spectroscopy and
GPC (Figures S19-S22). Besides, the sizes of galactosylated
c-CLEnM, mannosylated c-CLEnM, ¢-CLEnM, and empty
stomatocytes were similar in MilliQ water. After glycopoly-
mer modification, the nanomotor size distribution became
more uniform, resulting in improved monodispersity (Figure
S23). Their sizes also did not change significantly in ionic

© 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 3. Motion behavior of galactosylated c-CLEnM, mannosylated c-CLEnM, c-CLEnM, and empty stomatocytes. a) MSD curves of c:CLEnM as a
function of a range of glucose concentrations (0, 5, 10, 30, 50 mM). b) Average speed of c-CLEnM 6.40 & 0.38 (5 mM), 8.04 & 0.80 (10 mM),

12.23 £ 0.50 (30 mM), 15.53 £ 0.75 (50 mM). c) MSDs of galactosylated c-CLEnM, mannosylated c-CLEnM, c-CLEnM, and empty stomatocytes in
the presence of glucose (4, 25 mM) and absence of glucose (—) in MilliQ water. d) MSDs of galactosylated c-CLEnM, mannosylated c-CLEnM,
c-CLEnM, and empty stomatocytes in the presence (+, 25 mM) and absence of glucose (—) in live cell imaging solution. e) Average speed of
galactosylated c-CLEnM, mannosylated c-CLEnM, and c-CLEnM in the presence of glucose (+, 25 mM) in MilliQ water and live cell imaging solution.
f) Zeta potential of galactosylated c-CLEnM, mannosylated c-CLEnM, c-CLEnM, and empty stomatocytes in the presence (+, 25 mM) and absence of
glucose (—), in live cell imaging solution. **p < 0.01; NA, not significant, calculated by t-test.

buffer compared to MilliQ water (Figure S24), indicating
their good stability under physiological conditions. The motile
features of galactosylated c-CLEnM were analyzed under
identical conditions (Videos S7 and S8). Regardless of
medium, whether glucose-containing MilliQ water or ionic
buffer, galactosylated c-CLEnM exhibited sustained ballistic
motion with speeds of 13.70 & 0.38 and 13.66 % 0.38 um s~ 1,
respectively. These results confirm that nanomotors modified
with glycopolymers display significantly enhanced motility
compared to c-CLEnM, underscoring the positive influence of
glycopolymer modification on motor performance in an ionic
environment.

To gain a better understanding of the mechanism
by which glycopolymers enhanced motility, we measured
the zeta potential of glycopolymer-modified nanomotors
and empty stomatocytes with or without 25 mM glucose
(Figure 3f). In glucose-containing ionic buffer, c-CLEnM
displayed a less negative zeta potential (—27.65 + 0.15 mV)
compared to empty stomatocytes (—29.76 = 0.75 mV).
This increase may be attributed to enzyme distribution
dynamics within stomatocytes, where some enzymes likely
attach to the PEG layer on the particle surface. Upon
conjugation with glycopolymers, the zeta potential of gly-
cosylated c-CLEnM reverted to nearly its original levels.

Angew. Chem. Int. Ed. 2025, 64, 202505717 (6 of 9)

Specifically, mannosylated c-CLEnM (—31.0 £ 0.20 mV)
and galactosylated c-CLEnM (—31.8 £+ 0.93 mV) exhibited
lower zeta potentials than c-CLEnM (—27.65 £+ 0.15 mV)
in glucose-containing ionic buffer. A similar trend was
observed in the absence of glucose, with mannosylated c-
CLEnM (—30.6 + 0.85 mV) and galactosylated c-CLEnM
(—33.4 £ 0.60 mV) displaying lower potentials than c-CLEnM
(=272 £ 0.60 mV). Furthermore, no significant difference in
zeta potential was observed between empty stomatocytes in
ionic buffer with or without glucose. These results indicate
that glucose does not affect the surface charge of the
nanoparticles.

Hence, the improved self-propulsion capabilities of the
glycopolymer modified enzyme-powered nanomotors may be
attributed to the ionic self-diffusiophoretic mechanism. This
mechanism involves electric field generation through ionic
gradients, where the effect of external ions on self-propulsion
could be explained by a hindrance of the product gradients,
thus reducing motion capabilities.**] Modifying the surface of
nanomotors with glycopolymers increases the surface charge,
potentially generating a shielding effect that mitigates the
influence of surrounding ions. Consequently, this modification
improves the ionic tolerance of the nanomotors, ultimately
boosting their performance. This mechanism is analogous to

© 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH
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that observed in urease micromotors coated with mPEG.*’!
Similarly, the increase in negative zeta potential due to mPEG
coating suggests higher electrophoretic mobility, raising the
possibility that mPEG enhances the electrophoretic effect of
ionic self-diffusiophoresis, which also exhibited higher speed
in an ionic environment.**! In addition, only a slight increase
in motion was observed in a glucose-containing MilliQ water
after glycopolymer modification. This could be attributed to
the requirement for a significant ionic gradient around the
particles to achieve effective motion.

Active Cell Targeting Based on Receptor-Dependent Binding

Importantly, mannose polymer modification not only alters
the surface charge but also introduces targeting properties
toward cancer cells, facilitating precise navigation in complex
biological environments. Therefore, we examined the effect
of glycopolymer modification on cell uptake (Figure 4a). To
assess the in vitro cell uptake efficiency of our nanomotors,
Hep G2 cells were incubated with mannosylated c-CLEnM
and control groups for 2 h, followed by analysis using
fluorescence-activated cell sorting (FACS). Here, we cultured
the cells in DMEM containing 25 mM glucose. The results
(Figure 4b.,c) illustrate that cells exposed to mannosylated
c-CLEnM in the presence of glucose exhibited more than
twice the level of fluorescence compared to cells where
fuel was absent. This indicates that autonomous motion
using glucose enhances the nanomotor’s efficacy in cancer
cell uptake. Furthermore, compared to non-mannosylated
c-CLEnM at the same glucose concentration, the targeted
nanomotors displayed a significantly higher fluorescence. The
accumulation on the Hep G2 cells was contributed to the
synergistic effect of glycopolymer modification, which led to
both a higher motility and targeting ability toward the cancer
cells.*!

To study in more detail the synergy of the mannosylated
c-CLEnM regarding their interaction with Hep G2 cells,
their cell targeting efficiency was compared with galacto-
sylated c-CLEnM, c-CLEnM, and empty stomatocytes, all
labelled with FITC, for a duration of 2 h, both in the
presence and absence of glucose. CLSM was employed for
this investigation. As depicted in Figures 4d and S25, S26,
cells exposed to mannosylated c-CLEnM in the presence of
glucose exhibited the highest fluorescence in the same time
period, which demonstrated the highest binding efficiency to
the cell membrane when DMEM containing 25 mM glucose
was present, compared to the control groups. This observation
closely aligns with the results obtained from FACS analysis
(Figure 4b,c).?*?°1 Together with the motor function, this
leads to rapid targeting of specific cancer cells, thereby
reducing the time required for cell localization. Even though
galactosylated nanomotors displayed a similar speed during
autonomous motion compared to the mannosylated ones,
the Hep G2 cells lack the ability for a strong binding with
galactose. To demonstrate that MBLs do not interact with
galactose moieties, we conducted SPR with the galactosylated
nanomotors and MBL and did not show any binding signals
(Figure S27). Next, to further confirm the uptake mechanism
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of mannosylated nanomotors by Hep G2 cells through the
MR, we investigated receptor-mediated endocytosis, which
is clathrin-dependent.[*"] The cells were pretreated with the
clathrin inhibitor chlorpromazine (10 pg mL~!) for 30 min,
followed by incubation with mannosylated nanomotors for
2 h in DMEM containing 25 mM glucose. A significantly
reduced fluorescence signal of the nanomotors was detected
compared to the unpretreated cells, indicating successful
inhibition of uptake (Figure S28). These findings support
that mannosylated nanomotors are internalized by Hep G2
cells through MR-mediated, clathrin-dependent endocytosis.
Additionally, c-CLEnM and empty stomatocytes, whether in
the presence or absence of glucose, only showed similar and
limited fluorescence.

When the cells were incubated for 6 h with nanomotors
and empty stomatocytes, the mannosylated c-CLEnM in the
presence of glucose still led to the highest cell fluorescence,
indicating greater binding to the cell membrane, with some
nanomotors being internalized by the cancer cells (Figures
S29-S30).

Conclusion

In summary, mannosylated compartmentalized cross-
linked enzymatic nanomotors (c-CLEnM) with elevated
autonomous motion were developed for the efficient and
specific targeting of Hep G2 cancer cells. We employed
biodegradable, bowl-shaped stomatocytes to encapsulate
GOx and CAT within their nanocavity, followed by a
crosslinking reaction to ensure stable encapsulation, thus
supporting the autonomous motion of stomatocytes in the
presence of glucose. Additionally, the stomatocytes were
functionalized with mannose glycopolymer to achieve specific
binding with receptors that are expressed on Hep G2 cells.
In glucose-containing cell culture medium, mannosylated
c-CLEnM exhibited high and rapid targeting efficiency,
attributed to a synergistic effect of the glycopolymer
modification. This modification enhanced motor motility by
improving the ionic self-diffusiophoretic effect. Additionally,
the glycopolymer reduced the surface charge, potentially
generating a shielding effect that mitigated the influence
of surrounding ions. This increase in speed and active
targeting capability led to a significant accumulation of the
nanomotors on the Hep G2 cell membrane. Beyond altering
surface charge and overcoming the motion limitations
imposed by ion tolerance in physiological environments,
mannose glycopolymer modification also conferred targeting
capabilities toward cancer cells. This study underscores the
importance of understanding the effect of nanomotor surface
modification, which in this case simultaneously enhanced
both targeting efficiency and motility.

Experimental Section

The data that support the findings of this study are available in the
Supporting Information of this article.
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