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Gap-junction-like structures mediate cell-cell communication in multicellular organisms, yet mimicking these channels for macromolecular
communication in protocells remains challenging. We constructed positively charged nanoparticles mediate protocell higher- order assembly
via electrostatic attraction, inducing gap- junction- mimic nanochannels for directional inter- protocellular signaling and macromolecular
communication.
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ABSTRACT: Multicellular organisms rely on cell-cell contacts and substance exchange via transmembrane channels such as
gap-junctions to maintain their biological behavior. Despite substantial advances in protocell-environment signaling, key
challenges persist in developing synthetic channels that mimic the natural gap-junctions for macromolecular transport in
protocells. Here, we developed an electrostatic interaction-based strategy for constructing nanoparticle-mediated gap-junction
mimics in the membrane of protocells, investigating electrostatic modulation of membrane integrity and subsequent
transmembrane signaling regulation. By engineering interactions between charged nanoparticles and protocell membrane, we
modulated the contact and higher-order assembly behavior of protocells. We also achieved molecular weight-dependent and
concentration gradient-controlled directional transmembrane transport of macromolecular signals between protocells. Further
integrating molecular dynamics simulations with experimental validation, we systematically deciphered nanoparticle-membrane
interaction dynamics and established the mechanism of electrostatic regulation in transmembrane communication. In summary,
this study offers promising insights into the physical principles underlying transmembrane signaling and establishes a foundation
for constructing synthetic cellular networks with advanced macromolecular communication functionalities.

KEYWORDS: gap-junction mimics, protocells, macromolecular communication, charged nanoparticles, electrostatic interaction

biomolecules, encompassing cell-penetrating peptides,[4-7]
perforin,[8-10] and melittin,[11, 12] play pivotal roles in
mediating transmembrane drug delivery and inducing pore
formation. Consequently, elucidating the mechanisms

Introduction

In multicellular organisms characterized by sophisticated
biological systems, intimate cell-cell contact and intercellular

signaling play indispensable roles in sustaining physiological
homeostasis. The plasma membrane, while serving as an
essential barrier that preserves cellular integrity by
segregating intracellular and extracellular compartments,
intrinsically restricts direct intercellular substance exchange,
which has become a central target for breakthroughs in the
field of artificial cell communication. Notably, biological
systems have evolved an array of intercellular junction
structures and transmembrane transport mechanisms that
not only mediate cell-cell adhesion and organization, but
also establish regulated membrane channels to potentiate
intercellular exchange and signaling cascades. Among these
channels, intercellular gap-junctions formed by connexin
proteins serve a cardinal function by physically coupling
adjacent cells, thereby enabling direct intercellular
communication and facilitating the transmembrane flux of
ions and small signaling molecules.[1] Furthermore, native
nanostructures such as tunneling nanotubes and pannexins
constitute crucial pathways for intercellular
communication.[2, 3] Analogously, diverse membrane-active

governing intercellular gap-junctions and transmembrane
communication carries profound scientific implications, both
for deciphering membrane-associated pathophysiological
mechanisms and for reconstituting artificial multicellular
systems.

Giant unilamellar vesicles (GUV) provide a simplified
yet powerful protocell platform for bottom-up construction
of well-defined cellular communication systems, enabling
precise engineering of synthetic signaling networks while
avoiding native biological complexity.[13-17] Various
biomolecular architectures, including DNA nanostructures,
peptide complexes, and macromolecular assemblies, have
been engineered to create functional transmembrane
channels in protocell membranes, thereby facilitating
intercompartmental molecular transport and signal
transduction.[18-21] DNA nanostructures, with their tunable
properties, have been employed to integrate into
membranes,[22, 23] remodel synthetic cell membranes with
membrane channel formation,[24] and regulate cellular
communication behaviors in artificial and living cells.[25-29]
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Similarly, engineered peptide complexes and
macromolecular assemblies form functional nanopores that
construct artificial membrane channels,[10, 11, 30-32] while
mimicking biological ion-gating behavior to enable
responsive  signaling.[33-35] Additionally, chemically
structured nanopores utilize hydrophobic/hydrophilic
interactions to enhance ion transport,[36, 37] while
precision-engineered  artificial gap-junction channels
concurrently facilitate intercellular signal coupling and small
molecule exchange,[38] thus collectively advancing synthetic
cell communication engineering. However, current protocell
signaling efforts primarily focus on individual protocell-
environment interactions, whereas contact-dependent
communication offers superior precision and efficiency.[19,
39-41] Moreover, the fundamental properties of gap-
junction-mimic channels (e.g., surface charge, dimensions)
and their effects on phospholipid membrane characteristics
remain insufficiently explored in the context of inter-
protocellular communication. Most critically, the existing
systems remain limited to ionic/small-molecule exchange,
with macromolecular transport through synthetic gap-
junction analogs representing a major unmet challenge for
advancing the field.

Through the prior investigations of the mechanisms
underlying intercellular communication networks, we
identified electrostatic interactions as a critical factor of both
cell-cell contact/assembly and gap-junction-mediated
transmembrane signaling.[1, 22, 42-48] These electrostatic
effects also play a significant role in regulating the
performance of the aforementioned nanopores, directly

Electrostatic

interaction

@ cCharged nanoparticle

C

Electrostatic interaction-induced
contact and higher-order assembly

Protocell population A

impacting the mechanisms and efficiency of ion and
signaling molecule transport.[23, 38, 49] Although the
applications of nanoparticles in lipid-vesicle regulation have
been investigated,[50-52] their integration with synthetic
inter-protocellular communication systems has yet to be
established. Inspired by these insights, we herein developed
an electrostatics-assisted strategy to facilitate nanoparticle-
mediated protocell assembly with gap-junction-mimic
interfaces, thus enabling regulated intercellular molecular
weight-directed macromolecular communication within
adjacent protocell communities (Scheme 1). This approach
allowed systematic investigation of protocell contact
dynamics and higher-order assembly along with inter-
protocellular communication, thus providing insights into
their regulatory effects on phospholipid membrane. Such
membrane modulation and perturbation may potentially
induce the formation of membrane channels,[53-55]
ultimately facilitating the emergence of macromolecular
signaling interfaces within protocell communities.
Concurrently, molecular dynamics simulations revealed
nanoparticle-membrane interaction patterns and the
mechanistic role of electrostatic forces in membrane
regulation. Our study conclusively demonstrated that the
synergistic combination of electrostatic interactions and
nanoparticle assembly can establish gap-junction-like
signaling conduits capable of facilitating macromolecular-
scale communication, thereby establishing a programmable
platform for engineering spatially organized protocellular
networks with designed signaling capabilities.

Protocell population B

"W High molecular weight fluorescent molecule

Small molecular weight fluorescence quencher

Gap-junction-mimic channel-induced

interfacial signal communication

Scheme 1. Schematic illustration of positively charged nanoparticle-mediated higher-order assembly of protocells and the
consequent formation of gap-junction-mimic channels enabling directional inter-protocellular signal communication. a)
Electrostatically mediated interactions between charged nanoparticles and protocell populations. b) Electrostatic interaction
directed protocell contact-assembly. Electrostatic attraction between charged nanoparticles and the protocell membrane with
counterpart charge first drives surface contact and adhesion, enabling higher-order assembly of protocells. c) The positively
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charged nanoparticles induce nanochannel formation in protocell membranes, facilitating bidirectional transmembrane
communication of molecular cargo and signaling mediators at the interfacial region. Within the electrostatically enriched
zones at membrane-membrane interfaces between protocells, positively charged nanoparticles facilitate the assembly of
bioinspired junctional nanochannels, structurally and functionally analogous to biological gap-junctions, thereby enabling

inter-protocellular signal communication.

Results and Discussion
1. Electrostatically anchored positively charged
nanoparticles drive protocell adhesion and assembly.

To investigate interfacial effects mediated by electrostatic
attraction in nanoparticle-protocell interactions, we
engineered positively charged polysaccharide nanogel
particles (NGY) through  quaternary = ammonium
functionalization (Figure S1), building upon our previous
work to confer strong cationic character.[47, 56-58] Briefly,
we implemented a graft copolymerization-induced self-
assembly  (GISA) strategy by conducting graft
copolymerization of hydrophobic chains on polysaccharide
backbones to construct polysaccharide nanogel particles
(NGs) via subsequent self-assembly, while utilizing the facile
modifiability of polysaccharide structures to introduce
quaternary ammonium groups for imparting positive charge
characteristics. Notably, unlike solid nanoparticles (e.g., gold
nanoparticles), NG* exhibits amphiphilic properties during
its self-assembly. This structural similarity to phospholipids
is expected to drive unique interfacial behaviors in lipid-
based protocell systems. In parallel, giant unilamellar
vesicles (GUVs) serve as optimal protocell models that
faithfully replicate native cell membrane composition and
architecture while avoiding interference from the complex
physicochemical properties of living cells. To simultaneously
emulate both the composition and anionic characteristic of
natural cell membranes, we employed the electroformation
method[59-62] to construct a stable foundational protocell
model (GUV") using POPC (1-Palmitoyl-2-oleoyl-sn-glycero-
3-PC) and cholesterol as primary components, wherein
POPC phospholipid represents a physiologically abundant
amphiphilic lipid containing negatively charged phosphate
groups and positively charged choline moieties. In aqueous
environments, hydrophobic interactions induce choline
group burial and phosphate group exposure at the
membrane surface, thus conferring a net negative surface
charge to GUV™.[63, 64] Consequently, NG* exhibit distinct
interaction profiles with protocells compared to their
uncharged counterparts (Figure 1a).

Zeta potential characterization of the nanoparticles
(Figure 1b) revealed a significant gradient between NG* and
its neutral control nanoparticle NG", showing a pronounced
contrast with the zeta potential of the protocell model GUV®
(Figure S2). Morphological characterization (Figure I1c,
Figure S3) revealed monodisperse nanoscale spherical
structures, thus demonstrating a distinct size hierarchy with
the micrometer-scale GUV" protocells (Figure S2). This
precisely engineered scale disparity enables nanoscale
interfacial control over protocell behavioral regulation and
inter-protocellular communication. To visualize these
interactions, we equivalently labeled the NGs with Cy5.5
(exhibiting red fluorescence; Figure S3d) and GUV"

protocells with DiO (exhibiting green fluorescence; Figure
S2b), thus facilitating confocal laser scanning microscopy
(CLSM) analysis of their spatial distribution and interaction
patterns.

Following incubation with protocells, NG* and NG®
exhibited fundamentally distinct interaction patterns, as
demonstrated in Figure 1d. NG* displayed pronounced
membrane-anchoring characteristics with predominant
peripheral localization at lipid bilayer interfaces, suggesting
that strong electrostatic adsorption had taken place. In
contrast, NG" appeared inside the protocells, and was
presumably internalized through phospholipid translocation
mediated by its nanoscale high surface energy. This
phenomenon was further corroborated by the line profiles in
Figure 1le, which showed Cy5.5 fluorescence (representing
NG") and DiO fluorescence (representing phospholipids)
within the protocell membrane. Furthermore, while the
NG"—>Protocell group maintained an intact protocell
morphology, the NG*—Protocell group exhibited emerging
tight contacts and progressive interconnections leading to
assembly, as visually confirmed by the 3D reconstruction
images in Figure S4.

To further elucidate the dynamic
mechanisms underlying NG*-protocell interactions, we
established a comprehensive temporal framework to
precisely characterize their evolving binding modalities.
Time-dependent co-incubation experiments (Figure S5)
revealed a distinct hierarchical assembly pathway mediated
by electrostatic interactions. NG* initially established stable
membrane anchoring via electrostatic attraction, and
subsequently exerted effects on the external environment at
around 2 h to induce tight contact and connection between
protocells, and ultimately facilitated higher-order protocell
assembly beyond 4 h. Through fixed-position observations
at finer time intervals (Figure 1f), we observed that NG*
indeed progressively intensifies its interaction with
protocells, inducing protocell immobilization and membrane
deformation to achieve higher-level interconnections. In
stark contrast, NG"-treated protocells maintained motile
freedom and structural integrity throughout the 100-min
observation period. Furthermore, to investigate the
modulation of NG* amount on its mediated local membrane
deformation, we added a doubled concentration of NG*
resulting in the observation of more intensive and rapid
interaction-induced protocell deformability and assembly
characteristics (Figure S6). Similar to the aforementioned
observations at fine time intervals, the membrane mobility
decreased after deformation, producing a protocell
immobilization effect. This also validates the primary
influence of electrostatic interaction strength on the
interaction between NG* and protocells.

regulatory
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Figure 1. Electrostatic potential-driven enrichment and membrane anchoring of NG* on protocells, mediating the progressive
stages of protocell interaction: from initial contact to stable adhesion and eventual higher-order assembly. a) Schematic
illustration depicting the fabrication of NG* and their differential interaction profiles with protocells compared to uncharged
nanoparticles. b) Zeta potentials of NG and NG*. Data were presented as the mean * standard deviation (SD, n = 3). ¢) TEM
image and the diameter of NG* calculated from TEM images. Scale bar: 100 nm. d) Confocal microscopy images of protocells
after 2 h co-incubation with NG* and NG", revealing two distinct interaction modalities: i) membrane accumulation of NG*, and
induced inter-protocell contact, ii) transmembrane entry of NG", as indicated by the white arrows. Scale bar: 10 um. e) Line
profiles along white dashed lines in d). f) Confocal microscopy images of protocells co-incubated with NG* and NG" for 20, 40,
60, 80, and 100 min, respectively, highlighting the anchoring properties of NG* on the protocells and the enhanced membrane
interactions.
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2. Validation of NG*-mediated membrane anchoring and
gap-junction-mimic channel induction.

Subsequently, we systematically validated the membrane-
anchoring properties of NG*, with a particular focus on its
interfacial interactions with protocell phospholipid
membranes, and further explored its potential for mediating
transmembrane communication. Initial quantitative analysis
of intra-protocellular fluorescence intensity using Image]
revealed that NG" exhibited significantly higher fluorescence
intensity within protocells compared to NG* after 2 hours of
interaction (Figure 2a). However, flow cytometry
measurements with mean fluorescence intensity (MFI)
quantification (Figure 2b,c) demonstrated higher whole
fluorescence intensity of the NG* group, validating its
stronger binding affinity with protocells. The combined
interpretation of these results highlights the distinct
membrane localization characteristics of NG* compared to
NG", confirming the superior membrane accumulation of
NG*, and providing direct evidence for electrostatic
attraction-enhanced surface binding.

We next corroborated NG*s membrane-anchoring
signature with a fluorescence-quenching assay. We
conjugated NGs with the quencher molecule BHQ1 to
produce QNG" and QNG*, both of which retained their
original physicochemical properties (e.g, size and zeta
potential) following the post-modification process, to
achieve successful functionalization of nanoparticles with
fluorescence without affecting their particle size and surface
(Figure S7). These QNGs were incubated with protocells that
had been internally loaded with FITC-Dextran (FGUV") to
monitor intra-protocell fluorescence quenching (Figure 2d).
Confocal microscopy images (Figure 2e) demonstrated
pronounced fluorescence quenching in the QNG" group due
to its transmembrane translocation, whereas the QNG*
group exhibited negligible fluorescence reduction while
preserving its assembly-inducing capability. The results of
the quantitative analysis performed with Image] on the
differential FITC fluorescence intensity inside the FGUV™
protocells before and after the addition of QNG" and QNG*
also confirmed this finding (Figure S8). Additionally, in the
QNG* group, the homogeneous fluorescence distribution
across QNG*-induced protocell-assemblies indicated efficient
inter-protocell signaling homogenization and
communication. These findings were further corroborated
by flow cytometry and MFI analysis (Figure 2fg), which

quantitatively  verified NG"s exclusive = membrane
localization and functional persistence.
Having  confirmed NG*'s  membrane-anchoring

capability and protocell assembly induction, we further
investigated the pivotal role of electrostatic attraction by
engineering charge-polarized protocell models (GUV*/GUV")
incorporating  permanently cationic (DOTAP, 2,3-
Dioleoyloxy-propyl-trimethyl-ammonium-chloride) and
anionic (DOPA, 1,2-Dioleoyl-sn-glycero-3-phosphoric acid)
lipids (Figure S9). All three models (GUV,, GUV", GUVY)
displayed uniform spherical morphologies with comparable
diameters (~15 pm; GUV* slightly smaller at ~10 pm),
maintaining a consistent size disparity with the
nanoparticles. Correspondingly, we synthesized negatively
charged NG (zeta potential confirmed in Figure S3c). Co-

incubation of charge-complementary pairs (NG*/GUV" group
and NG /GUV" group) for 2 h effectively promoted protocell
contact, bridging, and assembly (Figure 2j). While multiple
interaction forces exist between nanoparticles and
phospholipid membranes,[65] our results conclusively
establish electrostatic interactions as the predominant
mechanism in the present system. This protocell
deformation is driven by electrostatic-mediated
nanoparticle adsorption and subsequent membrane stress
accumulation. Electrostatic attraction between oppositely
charged nanoparticles and lipid membranes promotes rapid
nanoparticle binding, and as more nanoparticles accumulate,
the locally induced surface charge imbalance generates
tensile stress on the lipid bilayer, disrupting the
spontaneous curvature equilibrium of the membrane.
Subsequently, the accumulated surface stress and spatial
interactions induce membrane remodeling, leading to the
observed morphological changes and nanoparticle-
membrane assembly.

To directly visualize NG*-membrane interfacial
interactions while circumventing their size disparity, we
constructed nanoscale protocells (nano-protocells) with
identical phospholipid composition for high-resolution
cryogenic transmission electron microscopy (cryo-TEM)
imaging. As evidenced in Figure 2k and Figure S10, both
cryo-TEM and TEM images revealed NG* enrichment,
anchoring, and even partial embedding at nano-protocell
membranes. Strikingly, cryo-TEM further resolved NG*
functioning as inter-protocell hinges between adjacent nano-
protocells, providing structural visualization of its
electrostatic bridging mechanism underlying macroscale
assembly.

Remarkably, our observations of NG*-nano-protocell
interactions suggested potential localized membrane
perturbations and phospholipid rearrangement that may
facilitate transmembrane exchange of typically membrane-
restricted molecules/signals. This hypothesis was validated
through dye leakage assays (Figure 2h), which revealed
significantly enhanced fluorescence intensity in NG*-treated
nano-protocells. This increase indicates that both
encapsulated fluorophores and their corresponding
quenchers escaped through NG*-perturbed regions, thereby
exceeding the Forster quenching distance.[66] These
findings not only establish the capacity of NG* to cluster
protocells, but also reveal its profound membrane-
remodeling effects, likely through formation of gap-junction-
mimic channels, to mediate transmembrane signaling
(Figure 2i).

Building upon these findings, we engineered protocells
that were externally loaded with FITC-Dextran (WFGUV™) of
varying molecular weights (Figure S11), where differential
permeability patterns following NG* treatment provided
indirect characterization of membrane-embedded
nanochannels. As demonstrated in Figure 21, FITC-Dextran
with molecular weights below 10 kDa readily permeated
into protocell interiors through NG*-induced gap-junction-
mimic channels. This permeability was significantly
enhanced in pre-assembled protocell clusters, indicating a
positive  correlation between NG*-mediated surface
enrichment, assembly induction, and nanochannel formation.
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In contrast, 10 kDa FITC-Dextran exhibited no detectable 4-10 kDa. These molecular weight size-selective transport
intracellular signal, even within interconnected protocell properties enable directional transmembrane
networks,  thus  establishing that NG*-generated communication while maintaining protocell integrity.
nanochannels maintain a strict size exclusion limit between
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Figure 2. Verifying the membrane anchoring property of NG* and the electrostatic-driven protocell assembly, and
demonstrating the NG*-induced nanochannel formation for bidirectional transmembrane communication. a) Statistical
analysis of mean fluorescence intensity of Cy5.5 within protocells following 2 h interaction between NGs and GUV". Data were
presented as violin plots displaying kernel density distributions, showing median (central dot) and interquartile range (inner
whiskers), n = 50. b) Flow cytometry data and c) quantified analysis of MFI for GUV" that had been incubated with NG" and NG*,
respectively. d) Schematic illustration of fluorescence quenching process induced by transmembrane translocation of the
Quencher NG" into FITC-dextran-loaded protocell (FGUV"), while Quencher NG* does not cause fluorescence quenching inside
the protocell due to its membrane anchoring property. e) Confocal microscopy images acquired after 2 h co-incubation of
Quencher NGs with FGUV® composed of FITC-Dextran, demonstrated significant differences in fluorescence reduction. Scale
bar: 10 um. f) Flow cytometry data and g) quantified analysis of MFI for FGUV" that had been incubated with Quencher NGs.
Data were presented as the mean # standard deviation (SD, n = 3). h) Dye leakage from nano-protocells incubated with NG" or
NG* for 30 min. i) Schematic illustration demonstrating that NG* facilitates protocell contact-assembly through electrostatic
interactions and induces the formation of gap-junction-mimic channels on membranes to mediate directional signal
communication. j) Confocal microscopy images of charge-complementary protocell-nanoparticle pairs (i.e., NG* = GUV" group,
NG — GUV* group) after 2 h of co-incubation. Scale bar: 10 pm. k) Cryo-TEM images of nano-protocells co-incubated with NG*.
Scale bar: 100 nm. 1) Confocal microscopy images acquired after 2 h co-incubation of NG* with WFGUV" composed of FITC-
Dextran with varying molecular weights, thus revealing the molecular size threshold for nanochannel-induced transmembrane
signal transduction. Scale bar: 10 um.
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3. Integrated micro-macro analyses elucidate NG*-

induced membrane modulation and protocell
communication mechanisms.
Based on the identified nanochannel potential,

understanding the fundamental interactions between NG*
and protocell membranes, particularly their structural and
biophysical transformations, becomes crucial for advancing
NG*-mediated protocell regulation and transmembrane
communication. We therefore conducted a multiscale
investigation of NG*-induced phospholipid membrane
alterations through electrostatic interactions. Initially,
angular dependent fluorescence anisotropy analysis
revealed that NG* caused membrane perturbations, lipid
disordering, and molecular reorientation. Specifically, in
native membrane structures, the ordered arrangement of
phospholipids produces photoselection effects where
fluorophores with transition moments aligned parallel to the
excitation polarization are preferentially excited.[67-69]
Consequently, the relative orientation of fluorescent
molecules to the excitation polarization plane generates
measurable variations in emission intensity with
observation angle (Figure S12). Similar effects were
observed for uniformly distributed NG® on membrane
surfaces (Figure 3a, Figure S13). In contrast, the NG*
exhibited significantly stronger and more complex
interactions with the negatively charged membrane,
involving intricate entanglement and interweaving with
phospholipid molecules, thus leading to non-uniform surface
distribution, disordered orientation, and localized
microscopic aggregation. This structural disruption
randomized fluorophore excitation, resulting in angle-
independent fluorescence intensity and complete absence of
polarization effects (Figure 3b, Figure S13). The angular
fluorescence dependence thus provides compelling evidence
for the strong interaction between NG* and the phospholipid
membrane.

On the other hand, the changes in protocell membrane
fluidity directly reflect the interaction strength between NGs
and the phospholipid membrane, and the effect of NG* on
membrane fluidity further supports its role in inducing
nanochannel formation. Fluorescence recovery after
photobleaching (FRAP) analysis of Cy5.5-labeled NGs and
DiO-labeled membranes revealed that compared to the
baseline fluidity of control GUV® membranes (Figure S9), the
addition of NG" caused no significant change in fluidity
(Figure 3c, Figure S14a), as observed for both membrane-
associated DiO and nanoparticle-bound Cy5.5 fluorescence.
While for the NG* group, both Cy5.5 and DiO exhibited
markedly reduced fluorescence recovery rates and extents
(Figure 3d, Figure S14b), indicating a coupled decrease in
mobility between NG* and the phospholipid membrane.
These results demonstrate the synchronized behavior of NG*
and membrane phospholipids, confirming their strong
interaction. Complementary fluorescence polarization
anisotropy measurements that were performed using the
membrane-embedded DPH (1,6-diphenyl-1,3,5-hexatriene)
probe[70-72] provided further validation. Since increased
anisotropy reflects restricted motion of the phospholipid
acyl chains within the membrane, the elevated DPH

polarization values (Figure 3h,i) directly demonstrate lower
membrane fluidity, thus confirming NG*-induced membrane
rigidification, and corroborating the robust interaction
between NG* and the phospholipid membrane.

Further investigation into the membrane tension of
protocells revealed the existence of more profound
intermolecular interactions induced by NG* on phospholipid
membranes. The membrane tension can be quantitatively
assessed by inserting a Flipper-TR membrane tension probe
into the phospholipid bilayer of the protocell membrane and
measuring its fluorescence lifetime.[73-75] Fluorescence
lifetime imaging of protocell membranes (Figure 3e) and
quantitative analysis of the fitted values (Figure 3f) clearly
demonstrated that NG* treatment significantly reduced
membrane tension compared to both untreated controls and
NG"-treated groups. This finding may contradict
conventional expectations, as the incorporation of NG*
unexpectedly reduced membrane tension. However, our
theoretical framework provides a rational explanation and
establishes the foundational principles for subsequent gap-
junction-mimic nanochannel formation. Upon contact with
the phospholipid membrane, NG* engages in strong
electrostatic interactions with phospholipid molecules, thus
inducing molecular disordering and entanglement with NG*.
This leads to the formation of localized high-density
phospholipid packing around NG*, thereby creating short-
range phospholipid aggregates. From a macroscopic
perspective, given a constant total phospholipid content,
such short-range aggregation necessarily results in long-
range loosening of the membrane structure. Consequently,
the regions adjacent to NG*'s position exhibit more relaxed
phospholipid arrangements, collectively contributing to an
overall reduction in membrane tension (Figure 3g).
Correspondingly, as can be contrastively observed from the
fluorescence lifetime imaging of the original protocells
(Figure S15), the NG* treated vesicles interconnected and
extended to occupy the entire field of view, with the
expansion of total surface area corroborating the long-range
loosening of the phospholipid membrane, leading to a
reduction in overall membrane tension. The similar decrease
in membrane tension observed when NG* interacted with
strongly negatively charged GUV™ protocells (Figure S16)
further corroborated the critical role of electrostatic
interactions in this process. As a result, this structural
characteristic of short-range aggregation and long-range
loosening, combined with natural and appropriate molecular
rearrangements, creates favorable conditions for the
potential formation of nanoscale channels.

Finally, from a macroscopic perspective, we examined
the mechanical properties of protocells before and after NGs
addition (Figure S17), and quantitatively analyzed their
Young's modulus (Figure 3j) to validate changes in
macroscopic  mechanical parameters. The results
demonstrated that NG* significantly increased the protocell
modulus, which is intrinsically associated with electrostatic
interactions between NG* and the negatively charged
membrane. This NG*-induced solidification-like effect
corroborates our previous confocal microscopy observations,
further confirming the strong NG*-protocell interaction
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while illustrating NG*'s capability to modulate overall interface. Taken together, these findings elucidate the
protocell properties. The influence on the mechanical fundamental mechanisms by which NG* facilitates protocell
properties of protocells also exhibits significant connections contact, assembly, and transmembrane nanochannel
with intercellular biochemical signal transduction, as formation, while revealing its critical impact on
previously explored in our earlier study,[76] and may relate phospholipid membrane organization.

to nanochannel formation at the protocell membrane
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Figure 3. Systematic micro- and macro-scale analysis reveals the pronounced impacts of NG* on protocell phospholipid
membranes, and elucidates their mechanistic role in facilitating transmembrane signal communication in protocell systems. a)
Angular dependence of fluorescence of the NGs functionalized with Cy5.5 on protocell membranes. Polarization effect
exhibited as a strong angular dependence of the intensity of NG" functionalized with Cy5.5 along the protocell membrane, as
emphasized with the line profiles along the respective solid or dashed lines indicated on the confocal microscopy image. Scale
bar: 5pm. b) No polarization effect was observed on the protocell membrane after co-incubation with NG* functionalized with
Cy5.5. The intensity line profiles were generated in the vertical and horizontal directions. Scale bars: 5 um. c) FRAP data for
nanoparticle fluorescence Cy5.5 and membrane fluorescence DiO in the NG"—Protocell group, with fluorescence recovery
rates of 53+6% and 51+#4%. d) FRAP data for nanoparticle fluorescence Cy5.5 and membrane fluorescence DiO in the
NG*—Protocell group, with fluorescence recovery rates of 36+3% and 37+4%. Data are presented as the mean * standard
deviation (SD, n = 10). e) Fluorescence lifetime (t) imaging of Flipper-TR probe in protocell after interaction with NG" and NG*.
Scale bar: 20 pum. f) Statistical graphs showing individual data points indicating fluorescence lifetime t of 30 selected regions-
of-interest (ROIs) across three replicates. A double exponential fit was applied to the fluorescence decay. g) Schematic
illustration highlighting the comparative effects of NG* incorporation on POPC phospholipid membrane structural
reorganization and ordered phase modulation. h) Raw polarized fluorescence emission scans of the DPH probe in the
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protocells of the NG* or NG" groups. i) Calculated fluorescence polarization value of the DPH probe in protocell before and after
interaction with NGs. Data are presented as the mean * standard deviation (SD, n = 6). j) The Young’s modulus of untreated
protocells and protocells treated with NGs was calculated by fitting the AFM mechanical force data with the Hertzian model.

Data are presented as the mean * standard deviation (SD, n = 6).

4. Molecular dynamics simulations shed light on the
underlying mechanism of NG*-membrane interactions

Following this, to dissect deeper mechanistic understanding
of NG*-phospholipid membrane interactions and validate
potential explanations for their mediation of transmembrane
signaling, we constructed coarse-grained models of the
polymers, which were able to assemble into polysaccharide
nanogel particles (NGs) spontaneously in equilibrium
simulations (NG* and NG", see supporting information for
details of the coarse-grained model, Figure S18, Figure 4a).
We then performed molecular dynamics simulations to
investigate the mechanism underlying their interactions
with POPC:cholesterol bilayers at the molecular scale
(Figure 4). Free energy calculations using the umbrella
sampling method[77] revealed much higher bilayer affinity
for NG* compared to NG" (-8 v.s. +5 KJ/mol, Figure 4b),
demonstrating NG*'s enhanced contacting stability with the
bilayer compared to NG" and aligns well with the
experimental observations (Figure 1d,f). Equilibrium
simulations of systems containing 5 nanoparticles (either
NG* or NG") and a POPC:cholesterol bilayer confirmed the
above results, showing dramatically higher bilayer contact
probability for NG* compared to NG" (Figure 4c,d). In these
equilibrium simulations, NG" particles are separated from
each other and only contact with the bilayer occasionally,
while the NG* particles aggregate and are attached to the
membrane surface in most of the simulation time (Figure
4c,d).

Furthermore, we quantified the effects of nanoparticle-
bilayer interactions on the membrane properties in
equilibrium simulations to shed light on the structural basis
of NG* mediated material translocation across bilayers.
Specifically, we compared the order parameters of NG*-
contacted and non-contacted POPC lipids in the NG*
containing system. Our measurements revealed consistently

lower order parameter (-Scd) values across all three coarse-
grained bonds of the NG*-contacted lipids compared to the
non-contacted lipids, indicating significant disordering of
lipid tails induced by NG*-membrane interactions (Figure
4e). In addition, the NG*-containing system exhibited
globally reduced membrane lipid tail order parameters
relative to the NG"-containing system, which can be
attributed to the enhanced contact probability of NG* with
the POPC:cholesterol bilayer (Figure 4e). Moreover, NG*'s
disturbance on lipid headgroups is also significant. The 2D
density maps clearly revealed that NG* particles induce lipid
headgroup rearrangement, resulting in notable regions with
sparse headgroup distributions where NG* contacts the
lipids (Figure 4f Figure S19a). Conversely, NG" exhibits
negligible effects on lipid headgroup organization (Figure 4f,
Figure S19a). Finally, we calculated both the mean and
Gaussian curvatures of the two bilayer leaflets to
characterize the global membrane architecture resulting
from exposure to NG* and NG" nanoparticles (Figure 4g,
Figure S19b). Interactions between NG* and the lipid
bilayers led to deformation of the membrane surface, with
measurable local concavities and convexities of the bilayers
arising from direct contact and electrostatic interactions
between the nanoparticles and the membrane. In contrast,
membranes exposed to NG" showed negligible changes in
their curvature due to the absence of characteristic
interactions.

The NG*-mediated local membrane deformations,
together with the perturbation of lipid tail order parameters
and headgroup densities, indicated that multiple NG* are
able to interact with the POPC:cholesterol bilayer
extensively, thus changing the membrane properties and
potentially generating nanostructures that would be capable
of molecular communications across bilayers.
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Figure 4. Molecular dynamics simulations shed light on the mechanism underlying nanoparticle-bilayer interactions. a)
Coarse-grained models of the nanoparticles, with the polysaccharide chains of NG* and NG" shown by sphere models in red
and white. b) Free energy profiles of NG*/NG" approaching the membrane calculated by the umbrella sampling method. Left:
distance between the centers of mass of NG*/NG" and the bilayer is used as the reaction coordinate. Right: free energy profiles.
c) Representative conformations showing the interactions between NG*/NG" and the membrane in equilibrium simulations. d)
Number of contacts between NG*/NG" and the bilayer as a function of simulation time. e) Order parameters of the NG*-contact
and NG*-not contact lipids (labelled as bond n and bond n’ in the middle panel) in the NG*-bilayer complex simulations and
order parameters of lipids in the NG* and NG" simulations (right panel). The -Scd values of the three coarse-grained bonds are
compared separately. Data are shown in the form of box plots, with the center line, box limits, and whiskers representing the
median, upper and lower quartiles, and 1.5x interquartile range. f) 2-Dimensional density maps of lipid headgroups in NG* and
NG" simulations for the upper leaflet. The color scale represents the local number density, defined as the average count of
headgroup beads per grid cell. Color gradients indicate local number density from depletion (red) to enrichment (blue). g)
Mean curvatures of the membranes in NG* and NG" simulations.

5. NG*-engineered gap-junction-mimic interface enables
directional inter-protocell macromolecule
communication.

Directional contact and efficient material exchange between
cellular communities represent a ubiquitous and crucial
phenomenon in nature, serving as a fundamental driver for

the emergence of primitive complex life through collision-
induced activation. However, research in this domain
remains limited to protocells,[78, 79] primarily focusing on
small-molecule signal exchange with restricted investigation
into the underlying mechanistic principles. Our previous
exploration of NG*-mediated protocell contact, assembly,
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and transmembrane nanochannel formation suggests the
potential to harness these properties for constructing gap-
junction-mimic interfaces, which enable directional signal
transduction and molecule-selective substance transport
between protocells.

Therefore, building upon our previously demonstrated
crucial interactions between NG* and protocell membranes,
we engineered two distinct protocell populations (FGUV"
and BGUV™) loaded with fluorescent probe (10 kDa FITC-
dextran) and quencher molecules (~600 Da BHQ1),
respectively. In this system, the phospholipid membranes of
BHQ1-containing BGUV" were labeled with Dil (displayed as
blue in Figure 5a-d). Upon introducing NG" and NG* to this
binary protocell system, we observed remarkable
differential effects (Figure 5a). While NG" merely labeled
both protocell membranes without enabling interpopulation
communication, the NG*-treated group exhibited a dramatic
reduction of green fluorescence intensity in FGUV",
indicating efficient FITC-dextran quenching by BGUV"-
encapsulated BHQ1 (Figure 5b). This characteristic
quenching could also be observed through the Image]-based
quantitative statistical and comparative analysis of
intracellular FITC fluorescence intensity within the FGUV™®
protocells before and after the addition of NG" and NG*
(Figure S20). These results not only demonstrate NG*-
facilitated directional molecular exchange between protocell
communities, but also reveal unidirectional transport
characteristics, as evidenced by the absence of green
fluorescence in BGUV™.

Through systematic observation and analysis of NG*-
mediated interactions in the binary protocell communities,
we conclude that this contact-induced inter-protocell
communication establishes functional gap-junction-mimic
interfaces (Figure 5c). These specialized interfaces
simultaneously create robust mechanical linkages that firmly
anchor adjacent protocells while forming precisely regulated
nanochannels at membrane contact sites, thereby facilitating
efficient molecular exchange between the coupled protocells.
Furthermore, integration of these findings with our previous
investigations and the experimental evidence presented in
Figure 5b demonstrates that these biomimetic junctions
exhibit size-selective permeability corresponding to the

dimensions of the characterized nanochannels. This
selective transport mechanism mediates passage of
molecules with molecular weights below 10 kDa

(representing relatively large molecules in this context),
ultimately achieving directional inter-protocell
communication. Moreover, to identify the factors influencing
the directional characteristics of this inter-protocellular
communication, we also designed a binary system
comprising FGUV" protocells internally loaded with 4 kDa

FITC-Dex and Dil-labeled GUV" protocells internally loaded
with the same concentration of 4 kDa dextran, while
controlling the NG* treatment time to avoid excessive
interaction intensity that could lead to dye leakage. Under
these conditions, confocal microscopy images revealed
negligible green fluorescence within the Dil-labeled
protocells (Figure S21), indicating that in the absence of a
concentration gradient difference, inter-protocellular signal
communication does not occur even within the molecular
weight directional limit. These results validate the
directional characteristics of our gap-junction-mimic system
as being simultaneously governed by molecular weight
restriction and concentration gradient control.

Simultaneously, we validated this phenomenon by flow
cytometry. Through quantitative analysis of the binary
protocell population via the FITC fluorescence channel, we
selectively identified the target FGUV" population (Figure
5d), thereby enabling monitoring of the quenching effect on
FITC-dextran fluorescence. Flow cytometric analysis and
MFI quantification of the targeted FGUV™ subpopulation after
interaction with NG" or NG* revealed that while NG" failed to
mediate the transfer of quencher molecules from BGUV" to
FGUV™ for fluorescence quenching, NG* successfully
facilitated this communication, resulting in significantly
reduced FITC fluorescence intensity in the NG* group (Figure
5e,f). To exclude nanoparticle-specific artifacts, we designed
control experiments by separately adding NG" or NG* to
FGUV™ alone (Figure S22). The absence of significant FITC
fluorescence changes in all control groups confirmed that
neither NG" nor NG* had intrinsic fluorescence-reducing
effects. Therefore, the observed fluorescence reduction in
FGUV™ within the binary protocell population could only be
attributed to NG*-mediated communication with the
quencher molecules in BGUV". Additionally, the SSC-A (Side
Scatter-Area) and FSC-A (Forward Scatter-Area) data from
flow cytometry characterization (Figure S23) indicated that
the complexity of the protocells changed significantly before
and after the addition of NG* and NG*, particularly in the
NG*- treated group. This further corroborates the
aforementioned investigations regarding the strong
interaction and significant impact of NG* on the membrane.
In conclusion, via electrostatic interactions, NG* induces
mutual contact between protocells in the binary population
and generates gap-junction-mimic nanochannels at
membrane contact sites, thereby enabling directional
exchange of macromolecules and signals. This mechanism
facilitates complex intercellular communication and
promotes evolutionary development in artificial cellular
systems.
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Figure 5. Designed binary protocell communities encapsulating distinct signaling molecules were interconnected through

NG*-mediated gap-junction-mimic interfaces,

enabling directional

transmembrane signal communication between

differentiated protocell populations. a) Schematic illustration highlighting NG*-mediated inter-protocell contact and
subsequent transmembrane signaling communication between distinct protocell populations. b) Confocal microscopy images
of binary protocell populations interact with NGs for 1 h, demonstrating NG*-mediated signal communication between two
distinct protocell populations (FGUV" and BGUV"). Scale bars: 10 um. ¢) Schematic illustration of NG*-induced gap-junction-
mimic interfaces enabling molecule size-restricted directional signal communication between adjacent protocells. d) Flow-
cytometric quantification of the binary protocell community, with FITC fluorescence employed to selectively identify the target
FGUV™ population. e) Flow cytometry data and f) quantified analysis of MFI for the target FGUV" subpopulation within binary
protocell communities after 1 h co-incubation with NGs. Data were presented as the mean * standard deviation (SD, n = 3).

Conclusions

In summary, we have systematically investigated the pivotal
role and mechanistic underpinnings of electrostatic
interactions in mediating nanoparticle-induced higher-order
protocell assembly and inter-protocell communication. By
exploiting gap-junction-mimic interfaces generated by NG*
on phospholipid membranes, we established a novel
paradigm for signaling in binary protocell populations. The
inherent negative charge of protocell membranes enables
engineered NG* to achieve spatiotemporal control, inducing
protocell contact, interconnection, and higher-order

assembly, which are the foundation for sophisticated
population-level communication. Furthermore, leveraging
the strong NG*-membrane interactions, we constructed
transmembrane nanochannels and inter-protocell junctional
interfaces, thereby pioneering signaling pathways between
synthetic protocell communities. Complementary molecular
dynamics simulations have not only validated our
theoretical framework, but have also provided critical
parametric insights into this communication strategy,
particularly regarding charge density and disparity effects
on membrane interactions and nanochannel dimensions.
Although this simplified system cannot fully replicate

12 /52



Nano Research | Vol. XX, No. XX

Guan et al.

biological membrane complexity, it provides fundamental
insights into the feasibility and mechanistic principles of
electrostatically mediated interactions between cationic
species and anionic membranes, with transformative
implications  for artificial cellular ~communication.
Collectively, our systematic investigation of electrostatic
interactions on phospholipid membranes extended to binary
protocell communities has provided original insights into
complex intercellular communication, while advancing
approaches for exploring primitive life communication
through bottom-up synthetic cellular engineering and
pioneering potential perspectives for understanding
dynamic communication processes among artificial cells.
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1. Experimental Section

Materials

Dextran (Dex, Mw = 40,000 Da), chitosan oligosaccharide (COS) and glacial acetic acid were purchased from TCI. Ceric
ammonium nitrate (CAN, >99%), methyl acrylate (MA) and N,N-methylene-bis-acrylamide (MBA) were purchased from Sigma-
Aldrich. The pure methyl acrylate was obtained by removing polymerization inhibitor and other impurities through vacuum
distillation. MBA was dissolved and washed with a mixed solution of ethanol and dimethylformamide, and then recrystallized
to obtain purified MBA. Glycidyltrimethylammonium chloride (GTMAC), succinic anhydride (SA) and 4-dimethylaminopyridine
(DMAP) were purchased from Sigma-Aldrich. Meanwhile, the Cy5.5 (Cyanine 5.5) NHS ester (non-sulfonated) was purchased
from GlpBio. Fluorescence quencher BHQ1-NHS (BHQ1) was purchased from MCE.

1-Palmitoyl-2-oleoyl-sn-glycero-3-PC (POPC), cholesterol, glucose, sucrose, 3,3’-dioctadecyloxacarbocyanine perchlorate
(Di0), 1,1'-dioctadecyl-3,3,3",3'-tetramethylindocarbocyanine perchlorate (Dil), and 1,6-diphenyl-1,3,5-hexatriene (DPH) were
obtained from Sigma-Aldrich. 2,3-Dioleoyloxy-propyl-trimethylammonium-chloride (DOTAP) and 1,2-dioleoyl-sn-glycero-3-
phosphoric acid (DOPA) were obtained from Avanti Polar. 1,1'-[1,4-Phenylenebis(methylene)]-bis(1-pyridinium) dibromide
(DPX) and disodium 8-amino-1,3,6-naphthalenetrisulfonate (ANTS) were purchased from TCI. FITC-Dextran with different
molecular weights (750 Da, 1 kDa, 4 kDa, and 10 kDa) were purchased from Aladdin. Meanwhile, the Flipper-TR membrane
tension probe was purchased from Spirochrome. All other reagents and solvents were purchased from Adamas unless

specified. Milli-Q purified water (18.2 M cm) was used for all the experiments.

Preparation of the charged nanoparticles

To obtain charged nanoparticles, we modified and improved upon previous research,[1-3] utilizing the graft
copolymerization-induced self-assembly (GISA) strategy to synthesize glycan nanogels with positive, negative, and neutral
charges. For neutral glycan nanoparticles (NG"), dextran (400 mg, approximately 2.5 mmol based on the molecular weight of
the glycan unit) was dissolved in 20 mL of Milli-Q water, kept under N> protection, and gently stirred for 30 min at 30 °C. The
initiator CAN (193 mg dissolved in 0.5 mL of 0.1 N nitric acid) was then added, and 5 min later, the monomer MA (225 pL) was
added dropwise into the solution. The crosslinker MBA (38 mg dissolved in 2 mL of Milli-Q water) was added dropwise into
the system 30 min after the addition of the MA. The molar ratio of glycan units to methyl acrylate was 1:1. The reaction
proceeded at 30 °C for 4 h. The crude product was subsequently purified via dialysis against Milli-Q water for 3 days to yield
the NG™.

For positively charged nanoparticles (NG*), we first synthesized quaternized chitosan oligosaccharides (qCOS). The qCOS
was synthesized via one-pot reaction between epoxy groups from glycidyltrimethylammonium chloride (GTMAC) and the
amino groups of chitosan oligosaccharide.[4, 5] Specifically, 2 g of chitosan oligosaccharide was suspended in 72 mL of Milli-Q
water, and then 500 pL of glacial acetic acid was added to the suspension. After stirring at 60 °C for 30 min, 7.38 g of GTMAC
solution were added dropwise to the mixture under continuous stirring. The molar ratio of GTMAC to amino groups on the
glycan backbone was 5:1. The reaction mixtures were stirred at 60 °C for 12 h. The crude product was dialyzed exhaustively
(using dialysis bags with a molecular weight cut off (MWCO) of 3500 or 1000 Da) against Milli-Q water for 3 days in the dark
condition, and the pure product was obtained by lyophilization. In order to prepare positively charged nanoparticles, the
overall process of preparation was roughly the same as described above. The adjustment included the glycan portion
composed of both Dex and qCOS, and the glycan units (Npex-ciu/Ngcos-ciu) molar ratio was 1:3, while the overall process and
relevant mole ratio remained unchanged.

For negatively charged nanoparticles (NG’), we first synthesized a nanogel (CNG) with Dex and COS as the glycan
components to provide amino groups that can be further modified. The synthesis process was similar to the one mentioned
earlier, with the only difference being that the glycan components were Dex and COS, and the glycan units (Npex-ciu/Ncos-Giu)

molar ratio was 1:3. Subsequently, the purified CNG obtained by dialysis was freeze-dried. Following this step, 120 mg of
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freeze-dried CNG and 180 mg of succinic anhydride were suspended in 15 mL of dimethyl sulfoxide (DMSO) at 60 °C for 30 min,

followed by the addition of 5 mg of DMAP as a catalyst. The reaction mixture was left to stir for 16 h. After the reaction, the
mixture was diluted with 30 mL Milli-Q water and dialyzed extensively (MWCO = 3500 Da) against Milli-Q water for 3 days.

To obtain Cy5.5-labeled NGs, 2 mL of NGs (10 mg/mL dispersed in water) and 0.9 mL of DMSO were mixed, causing
swelling of the nanogels. Subsequently, 0.1 mL of Cy5.5-NHS (2.5 mg/mL pre-dissolved in DMSO) was added to the mixture.
Then, 5 mL of Milli-Q water was slowly added to the mixture under an oscillation condition of 1000 rpm. The mixture was
oscillated for 2 h and went through dialysis with Milli-Q water until no fluorescence signal could be detected in the external
dialysate solution.

To obtain quencher molecule BHQ1-labeled NGs (QNGs), 2 mL of NGs (10 mg/mL dispersed in water) and 0.9 mL of DMSO
were mixed, causing swelling of the nanogels. Subsequently, 0.1 mL of BHQ1-NHS (2.5 mg/mL pre-dissolved in DMSO) was
added to the mixture. Then, 5 mL of Milli-Q water was slowly added to the mixture under an oscillation condition of 1000 rpm.

The mixture was oscillated for 2 h and went through dialysis with Milli-Q water.

Preparation of the protocell model vesicles

To mimic the native phospholipid constitution of biological membranes, we designed and synthesized natural giant
unilamellar vesicles (GUV™) as protocell model vesicles using the electroformation method, which was applied by following the
modified protocol.[6-8] Specifically, POPC, cholesterol, and DiO were dissolved separately in anhydrous chloroform to prepare
stock solutions of 10 mM, 20 mM, and 0.1 mM, respectively. Subsequently, 6.4 pL of POPC (10 mM), 1.2 pL of cholesterol (20
mM), and 1 pL of DiO (0.1 mM) were combined to achieve a molar ratio of 70:30:1 (POPC:cholesterol:DiO) and this mixture
was homogenized via thorough Vortex treatment. The mixed lipid solution was then transferred onto Indium Tin Oxide (ITO)-
coated glass slides and dried at atmospheric pressure for at least 1 h. The dried thin film was then slowly filled with 350 pL of
300 mM sucrose aqueous solution. The production of GUV" in the electroformation chamber (Nanion Vesicle Prep Pro) was
performed as follows. GUV" were produced under voltage of 2 V and frequency of 10 Hz at 37 °C for 2 h, followed by pipetting
gently and washing with an equal volume of 300 mM aqueous glucose solution. Then the solution was centrifuged (37 °C, 300 g)
for 3 min, and the pellet was washed at least three times with 1 mL of 300 mM glucose solution to remove the free substances.
The pellet was resuspended in 1 mL of 300 mM aqueous glucose solution and stored at 4 °C for further use. The concentration
of the GUVs stock solution was determined at around 2x10° number/mL.

For the synthesis of GUV* and GUV~, the phospholipid POPC used in the preparation of GUV" was replaced with DOTAP
(2,3-Dioleoyloxy-propyl-trimethylammonium-chloride) and DOPA (1,2-dioleoyl-sn-glycero-3-phosphoric acid), respectively,
while keeping all other experimental procedures unchanged.

Similarly, both FGUV" encapsulating FITC-Dextran internally and WFGUV™® containing FITC-Dextran of varying molecular
weights in the external environment were synthesized using analogous methods. The key difference was the removal of the
DiO membrane fluorescent dye during the initial electroformation step. For FGUV", 4 kDa FITC-Dextran was initially dissolved
in 300 mM sucrose aqueous solution at a concentration of 62.5 ug/mL. The solution was then introduced into the
electroformation chamber to generate FGUV™. Subsequently, the vesicles were washed and resuspended in glucose solution
(300 mM) to obtain purified FGUV" with encapsulated FITC-Dextran.

For the preparation of Dil-labeled BGUV", the synthesis protocol involved substituting FITC-Dextran in the FGUV®
procedure with BHQ1, while additionally incorporating Dil as the membrane fluorescent dye in place of DiO used in previous
procedures, with all other experimental procedures unchanged.

For WFGUV™, FITC-Dex of different molecular weights was first dissolved in 300 mM glucose solution at a concentration of
62.5 pg/mL. After an electroformation reaction had been conducted in the chamber, the resulting GUV® were washed three
times with glucose solution containing the corresponding molecular weight of FITC-Dextran. Subsequently, the pellet was

resuspended in the same solution to obtain WFGUV™ with externally localized FITC-Dextran of varying molecular weights.
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Characterization of the nanoparticles and vesicles

The morphologies of NG*, NG", and NG were characterized via transmission electron microscopy (TEM) utilizing a Tecnai
G2 Spirit BioTwin Transmission Electron Microscope (FEI-Thermo Fisher Scientific, USA). The morphologies of the protocell
model vesicles (GUV®, GUV", GUV*, FGUV®, and WFGUV™) were characterized via confocal laser scanning microscopy (CLSM). In
addition, the particle sizes of the samples were statistically analyzed using Image] software. Zeta potential measurements of
the samples were performed with a Zetasizer Nano ZS90 Instrument (Malvern, UK). Additionally, the hydrodynamic diameter
and colloidal dispersibility of the various nanoparticles in Milli-Q water were measured via dynamic light scattering (DLS)
characterization at a sample concentration of 0.8 mg/mL with a Zetasizer Nano ZS90 Instrument (Malvern, UK). Fluorescence

spectra were recorded with an RF-6000 Spectrofluorophotometer (Shimadzu, Japan).

Analysis of nanoparticle-protocell interactions

The interactions between NGs and protocell model vesicles were characterized by flow cytometry and confocal laser
scanning microscopy (CLSM), followed by comprehensive data analysis.

For flow cytometry, the protocells were seeded in a 1.5 mL Eppendorf tube at a density of 2 x 10° number/tube, and
incubated with NGs at a concentration of approximately 60 pg/mL at specific temperatures (default room temperature unless
otherwise specified) for a specified time (default co-incubation time is 2 h unless otherwise specified). After incubation, the
protocells were finally analyzed with a Cytoflex Flow Cytometer (Beckman Colter, USA). Channels: FITC, APC-A700 (for Cy5.5).
The results were analyzed using Flow]o V10 software, and the mean fluorescence intensity (MFI) was recorded for
quantitative assessment.

For CLSM, the protocells were seeded in a glass-bottomed dish at a density of 5 x 10* number/dish, and incubated with
NGs at a concentration of approximately 60 pg/mL at room temperature for a specified time (default co-incubation time is 2 h
unless otherwise specified). After incubation, the protocells were finally visualized under a Leica STELLARIS 5 Confocal
Microscope (Leica, Germany). FITC and DiO were both excited with the 488 nm line of an argon laser, Dil was excited with a
561 nm laser, and Cy5.5 was excited with a 633 nm laser. Image intensity quantification was performed in the Leica software
(Leica Application Suite) using an intensity line profile. Then, from confocal microscopy images acquired across three
independent replicate experiments, the average fluorescence intensity of 50 randomly selected vesicles within the field of view

was quantified using Image] software.

Microscale investigation of NG*-protocell interactions

Microscale nano-protocells were prepared using the thin film hydration method, which is a classic liposome preparation
method.[9, 10] Briefly, POPC and cholesterol were mixed in chloroform at a molar ratio of 7:3, maintaining the same ratio as
macroscale protocells. A lipid chloroform solution (2 mL) containing 3.5 mM POPC and 1.5 mM cholesterol was added to a 10
mL round-bottom flask, and the sample was quickly spread over the entire surface of the flask. After evaporating the lipid
solution into a thin film using rotary evaporator, it was vacuum dried at 37 °C for 4 h to remove residual traces of solvent. The
lipid thin film was then resuspended in a sucrose aqueous solution and vortexed at 37 °C to form a milky and uniform
suspension. The resuspended lipid solution was sonicated in a 10 mL round-bottom flask for 1 min using an ultrasonic probe
at a frequency of 24 kHz and power of 60 W. Subsequently, the resulting vesicles were extruded 21 times serially through 1000
nm, 800 nm, and 400 nm polycarbonate porous membranes using an Avanti mini extruder (Avanti Polar Lipids) to obtain the
nano-protocells. Lastly, the final target nano-protocells were obtained by thorough dialysis (MWCO = 3500 Da) against glucose
solution for 24 h in the dark.

After interacting with NG* for 1 h, the key characteristics of NG* induced mutual interactions with nano-protocells were
characterized via TEM utilizing a Tecnai G2 Spirit BioTwin Transmission Electron Microscope (FEI-Thermo Fisher Scientific,
USA). In addition, the enhanced resolution and structural detail were characterized via Cryo-TEM utilizing a Talos F200C G2

field emission transmission electron microscope (FEI-Thermo Fisher Scientific, USA).
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Dye-encapsulated nano-protocells were prepared using the similar methodology and formulation as previously described.

In contrast to the previous procedure, the dried thin film was subsequently hydrated with 2 mL of dye solution (10 mM
NazHPO4) containing DPX (19.0 mg/mL) and ANTS (5.35 mg/mL). Subsequently, the dye-encapsulated nano-protocells were
incubated with NG" and NG*. After 30 min of incubation, dye leakage was monitored by a spectrofluorophotometer. Nano-
protocells that had not received additional treatments were used as the negative control, and those treated with 0.1% TritonX-
100 were used as the positive control. The percentage of dye release from the nano-protocells was calculated as [(Isample -

Inegative control) / (Ipositive control ~ Inegative control)] x 100%.

NGs induced membrane fluidity change

We primarily utilized two methods to measure and cross-validate protocell membrane fluidity. First, we used the FRAP
(Fluorescence Recovery After Photobleaching) mode of the confocal microscope to detect membrane fluidity. Second, we

characterized membrane fluidity by measuring fluorescence anisotropy using the DPH probe.

1) For the FRAP method, after co-incubation of NGs and protocells, fluorescence recovery after photobleaching
experiments were conducted using a Leica STELLARIS 5 confocal microscope with a 100x objective lens. For protocells,
specific regions of interest (ROIs) were bleached with a 488 nm laser for DiO or a 633 nm laser for Cy5.5, respectively, over 8
iterations of 0.863 s at 100% power. The fluorescence recovery of the bleached areas was recorded over a duration of 45 s. The
fluorescence intensity of the bleached area was background-subtracted, normalized to the fluorescence intensity of the first

postbleach image.

2) For the DPH probe method,[11-13] the protocells were first labeled with DPH probe at a final concentration of 2 pM
dispersed in a glucose aqueous solution. After incubation for 30 min at 37 °C, the protocell suspensions were centrifuged and
washed twice with glucose solution at 300 g for 3 min. The protocells were finally resuspended in glucose solution, and co-
incubated with NGs for 2 h. Subsequently, the fluorescence anisotropy was immediately measured in a FLS1000
Spectrofluorometer (Edinburgh Instruments, UK). The excitation and emission wavelengths were 360 and 430 nm,
respectively. The fluorescence polarization value (P) was calculated by equation (1):

dyy =G xlyy

= 1
Iy y+GX1Iy_y @

The grating factor, G, is given by the instrument.

NGs induced membrane tension change

The protocells were first suspended in glucose solution at a density of 2 x 10° number/tube, then centrifuged to obtain the
bottom pellet, followed by the addition of 300 uL of Flipper-TR membrane tension probe working solution prepared according
to the manufacturer's instructions, and co-incubated at 37 °C for 20 minutes. Afterward, the protocell suspensions were
centrifuged and washed twice with glucose solution at 300 g for 3 min. The protocells were then ready for observation using
fluorescence lifetime imaging microscopy (FLIM) with the MicroTime 200 Single-molecule Time-resolved Confocal Microscope
(PicoQuant, Germany). In the next step, NGs were directly added, and after the appropriate incubation time, further FLIM

observations were conducted. Finally, a double exponential fit was applied to the fluorescence decay (t).

NGs induced macroscopic stiffness variations in protocells

Atomic Force Microscopy (AFM) force measurements were conducted using a Bio-FastScan scanning probe microscope
(Bruker). AFM force measurements were conducted in liquid under ambient conditions. The protocell suspensions (including
untreated control and NGs-treated samples after 30 min co-incubation) were added dropwise and fixed onto a polylysine-
coated glass coverslip. Commerecially available AFM ball tips with a radius of 6 pm were used (spring constant of 0.01 N/m,
deflection sensitivity of 37 nm/V). The results obtained from AFM were processed by NanoScope Analysis (Bruker) software,
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and the Young’s modulus was calculated by fitting the data with the Hertzian model.

Coarse-Grained model of polysaccharide nanogels

We constructed the coarse-grained models of NG* and NG" under the framework of Martini 3.[14] We first parameterized
the monomers (e.g., monosaccharides) and then constructed the topology of the polymers using Polyply.[15]

Specifically, the all-atom structures of monosaccharide units of COS (MonoCOS) and monosaccharide units of qCOS
(MonoqCOS) were mapped to coarse-grained beads (see Figure S18b), and the bonded interactions were parameterized based
on their conformations in atomistic simulation trajectories using the CHARMM36m force field. To enhance the hydrophilicity
of the saccharides and reduce their self-association, the Lennard-Jones interactions between TC4 beads of the saccharides and
water beads were increased three-fold. The parameters of glucose and the monomers of polymethyl acrylate (PMA) were
adopted from literatures,[15, 16] with the Lennard-Jones interactions between the beads constituting PMA increased two-fold
to maintain the formation of a nanoparticle in simulations.

The polymers constituting the nanogels can be divided into two parts: a polysaccharide and a PMA (Figure S18a). The
electrically natural polysaccharide chains in the NG" nanoparticle were modeled as polymers with 60 glucose units through a-
1,6 glycosidic bonds, with 6 open-ring residues each grafted with a PMA chain composed of 10 methyl acrylate monomers. The
positively charged polysaccharide chains in the NG* nanoparticle were built based on 20 monosaccharides, with alternating
arrangement of monoCOS and monoqCOS, among which two open-ring monoCOS residues were each linked to a PMA chain
with 10 monomers. These monosaccharides (monoCOS and monoqCOS) were polymerized through -1,4 glycosidic bonds,
whose parameters were taken from the cellulose force field[15] due to their identical linkage type. NG" nanoparticles in our
simulations were constituted by four polymers with electrically natural glucan chains, while the NG* nanoparticles were
composed of two electrically natural polymers (glucan chains) and six positively charged polymers. A number of polymers
were first solvated by water molecules, and equilibrium molecular dynamics simulations were then performed, during which
these polymers aggregated to form nanoparticles in a spontaneous manner.

Our coarse-grained model was validated by comparing the coarse-grained and atomistic results of the following
simulations: i) we calculated the oil-water partition free energy profiles of glucose, monoCOS and monoqCOS in biphasic
water-hexadecane systems using the umbrella sampling method[17] (Figure S18d); ii) we conducted simulations of hepta-
saccharide chains for cellulose, COS and qCOS and calculated their radius of gyration (R,) and end-to-end distances (Figure
S$18c,e). In these simulations, we employed CAHRMM36m force field[18-23] for the atomistic simulations and constructed the
all-atom polysaccharide models by CHARMM-GUL.[24] In addition, we also performed equilibrium simulations started from an
initial conformation with a number of randomly distributed polymers and confirmed whether or not they can assemble a

compact nanoparticle spontaneously (NG" or NG*), as mentioned above.

Molecular dynamics simulations of nanoparticle-membrane interactions

We conducted both non-equilibrium and equilibrium simulations to investigate the interactions between polysaccharide
nanogels and membranes. Specifically, in the non-equilibrium simulations, we used the umbrella sampling method to calculate
the free energy profile of one nanoparticle (NG" or NG*) approaching the bilayer as a function of the distance between their
centers of mass. While in the equilibrium simulations, 5 nanoparticles (either NG" or NG*) were positioned randomly around
the membrane, and 10 ps simulations were then performed to explore their interactions. In both simulations, we employed a

binary mixture of POPC and cholesterol with a molar ratio of 7:3 and a bilayer dimension of 30 nm x 30 nm.

Parameters of Molecular Dynamics Simulations
All simulations were conducted using GROMACS2023.5. The coarse-grained simulations employed the Martini 3 force
field[14] and an integration time step of 20 fs. A velocity-rescale thermostat[25] was used to maintain the system at 300 K

with a relaxion time step of 1 ps and separate coupling of the bilayer, solvent and nanoparticles, while the pressure was
7 /52



Nano Research | Vol. XX, No. XX Guan et al.
constrained at 1 bar using the Parinello-Rahman barostat[26, 27] and a semi-isotropic coupling method with a relaxion time

step of 12 ps and a compressibility of 3.4 x 10™* bar~!. A cutoff value of 1.1 nm and the potential shift Verlet algorithm were
applied to calculate the van der Waals interactions, while the same cutoff value and the reaction field method[28] were used to
tackle the electrostatic interactions. All bonds were constrained using the LINCS algorithm.[29] For all-atom simulations, we
used the CHARMM36m force field[18-23] with an integration time step of 2 fs. The temperature was constrained at 300 K
using the velocity rescale thermostat,[25] with a relaxation time step of 1 ps and separate coupling of the solvent and solute
groups, while the C-rescale barostat[30] was employed to maintain the pressure semi-isotropically at 1 bar with a
compressibility of 4.5 x 107> bar~! and a relaxation time step of 5 ps. Van der Waals interactions were treated with a force
switching cutoff scheme, which were turned off gradually from 1.0 to 1.2 nm, while the long range electrostatic interactions
were computed using the particle mesh Ewald (PME) method[31, 32] with a real space cutoff value of 1.2 nm, a Fourier grid
spacing of 0.12 nm and an interpolation order of 4. All hydrogen-containing bonds were constrained using the LINCS
algorithm.[29]

We used the umbrella sampling method[17] to calculate the free energy profile of one nanoparticle approaching the
membrane. Specifically, we employed the distance along the z-axis between the centers of mass of the nanoparticle and the
bilayer as the reaction coordinate. In particular, 34 sampling windows were used, which were spaced at intervals of 0.1 nm.
The initial conformation of each window was generated by pulling the particle along the reaction coordinate, and each window
was sampled for 50 ns with the reaction coordinate restrained at desired values using a force constant of 1000 k] mol"* nm.
The free energy profiles were reconstructed using the weighted histogram analysis method (WHAM) as implemented in
GROMACS.[33]

In addition, we also used the umbrella sampling method to calculate the oil-water partition free energy profile in a
biphasic water-hexadecane system for three monosaccharides (glucose, monoCOS, and monoqCOS) at both the coarse-grained
and all-atom levels. At both levels, we used the distance between the center of mass of the solute molecule and the center of
mass of the aqueous phase along the interface normal as the reaction coordinate, with 38 (glucose and monoCOS) or 48
(monoqCOS) sampling windows spaced every 0.1 nm. The initial conformation of each window was generated by Packmol.[34]
Each window was sampled for 10 ns with a force constant of 1000 k] mol! nm2 at the all-atom level and 7 ns with a force
constant of 1000 k] mol! nm at the coarse-grained level. The free energy profiles were also reconstructed using the weighted

histogram analysis method[33] with a boot strap error estimation.

Data Analysis

Lipid tail order parameter (-Scd) was calculated according to the following equation (2):

—Scd=—(3cos?6—1)/2 (2)
where 6 was the angle between the vector connecting two coarse-grained beads from the lipid tail and the z-axis. For the NG*-
bilayer system, the POPC lipids were categorized into two groups based on whether they contact with the nanoparticle: they
are considered to have contacts if the distance between any of the lipid beads and NG*'s beads is smaller than 0.5 nm. We then
compared the order parameters of the lipids that contact and non-contact with the nanoparticles. We also compared order
parameters of all of the lipids in the NG* containing and NG containing systems. To further quantify the nanoparticle-
membrane interaction strength, the number of contacts was determined by counting the number of nanoparticle beads located
within 0.5 nm of any lipid headgroup bead.

The 2-dimensional density of lipid headgroups was calculated for the two leaflets separately. Specifically, the bilayer plane
was discretized into a 2-dimensional grid with a grid width of 0.5 nm, and the number of headgroup beads in each grid was
counted and averaged over simulation time.

We also calculated the curvature of the two membrane leaflets in equilibrium simulations. The bilayer plane was
discretized into a 2-dimensional grid with a grid width of 1.2 nm, and a reference surface was constructed based on the PO4

beads of the lipids, from which the mean and Gaussian curvature were computed and averaged over simulation time. All of the
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above analyses were facilitated by the MDAnalysis module,[35, 36] and the last 1 ps trajectory was used in these analyses.

Statistical analysis and reproducibility

Statistical parameters, including the definitions and exact values of n (for example, number of experiments, number of
protocells, and so on), distributions and deviations are reported in the figures and corresponding figure legends. All
experiments were repeated at least three times, and all data are expressed as mean # standard deviation (SD) unless otherwise
specified. For comparison between two data sets, the statistical analysis was determined using a two-tailed Student’s ¢t-test.
For more data sets, the statistical analysis was determined using a one-way analysis of variance. In addition, the statistical
significance was set at p-values of (*) p < 0.05, (**) p < 0.01, (***) p < 0.001, and (****) p < 0.0001. Values were normally

distributed and the variance was similar between the compared groups. P < 0.05 was considered statistically significant.
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Figure S1. Schematic illustration showing the synthetic routes and surface modification process for charged nanoparticles. (a)

Synthetic pathway for the grafting of cationic functionalities onto polysaccharide scaffolds. (b) Synthetic pathway for the

grafting of anionic functionalities onto polysaccharide scaffolds. (c¢) Schematic diagram of the preparation process for

positively charged nanoparticles (NG*), neutral nanoparticles (NG"), and negatively charged nanoparticles (NG). Briefly, we

implemented a graft copolymerization-induced self-assembly (GISA) strategy by conducting graft copolymerization of

hydrophobic chains on polysaccharide backbones to construct polysaccharide nanogel particles (NGs) via subsequent self-

assembly, while utilizing the facile modifiability of polysaccharide structures to introduce charged groups for imparting

different charge characteristics.
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Figure S2. a) Zeta potentials of GUV"-based protocell model. Data was presented as the mean value (n = 3). b) Confocal

microscopy images of the protocell model GUV" prepared via the electroformation method. Scale bar: 10 pm.
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Figure S3. a) TEM images of charge gradient nanoparticles NG, NG", and NG*, scale bar: 100 nm. b) The hydrodynamic
diameter and c) zeta potentials of NGs. Data were presented as the mean # standard deviation (SD, n = 3). d) Fluorescent

intensity curve of the NGs with charge gradients, and with concentrations within the range of 60 + 10 pg/mL; Aex = 675 nm.
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Protocell-DiO NG*-Cy5.5 Merge

Figure S4. 3D reconstruction images of protocell co-incubated with NG* for 2 h. Scale bar: 10 pm.
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NG* — Protocell

Cy5.5

Figure S5. Confocal microscopy images of GUV" co-incubated with NG* for 1, 2, and 4 h, respectively, revealing progressive

interaction patterns. Scale bar: 10 pm.
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NG™* at doubled concentration — Protocell

DiO Cy5.5 Merge

Figure S6. Confocal microscopy images of GUV" co-incubated with doubled concentration of NG* for 1 h and 2 h, revealing

more intensive and rapid interaction-induced protocell deformability. Scale bar: 10 pm.
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Figure S7. a) The hydrodynamic diameters and b) zeta potentials of charge gradient nanoparticles functionalized with the

fluorescent quencher BHQ1: NG"@BHQ1 and NG*@BHQ1. Data were presented as the mean # standard deviation (SD, n = 3).

16 /52



Nano Research | Vol. XX, No. XX Guan et al.

ns

2% % % % 3k %k k

100 [ 1 1

-~ 804
=3
FE
= 60+
[TH
T )
' 40+
(&)
t e
Y &
o 1 ] 1
o N x
d 1)
QG° & &
® N
¥ ¥

Figure S8. Statistical analysis of mean fluorescence intensity of FITC within FGUV" protocells before and after addition of QNG®

and QNG*. Data were presented as violin plots displaying kernel density distributions, showing median (central dot) and

interquartile range (inner whiskers), n = 30.
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Figure S9. A series of fundamental characterizations of GUVs with different charges. Confocal microscopy images of a) GUV"
and b) GUV* constructed using the electroformation method and stained with DiO to visualize the phospholipid membrane.
Scale bars: 10 pm. c) Zeta potentials of GUV", GUV", and GUV". Data were presented as the mean * standard deviation (SD, n =
3). d) The diameters of GUV', GUV®, and GUV* calculated from their respective Confocal microscopy images. e) FRAP data for
DiO in the membranes of GUV, GUV®, and GUV*, with fluorescence recovery rates of 62 * 5%, 58 + 2%, and 58 * 3%,

respectively. Data are presented as the mean * standard deviation (SD, n = 6).
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Figure S10. a) TEM images and b) Cryo-TEM images of nano-protocells co-incubated with NG*. Scale bar: 100 nm.
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WFGUV" Bright field

Figure S11. Confocal microscopy images of the protocell model WFGUV" (externally loaded FITC-Dextran with a molecular

weight of 4 kDa) prepared via the electroformation method. Scale bar: 10 pm.

20/52



Nano Research | Vol. XX, No. XX Guan et al.

a b
v 2004

. ' 4 o Y

s = 150 | I

2 | ::

2 - [} l‘

n I

%‘ 1004 ! g

i § T = ::'

E £ x :

! = 50 ) f

| | e 7

o Yt :‘

: ol Warly, :,;A egldhasagh ~-s§'.r.'\,\-*| "_ 1
i . i 8 12 16

Position (um)

Figure S12. Angular dependence of the fluorescence of DiO on protocell membranes. a) Schematic illustration of the angular
dependence of the fluorescence. b) Polarization effect exhibited as a strong angular dependence of the intensity of DiO along
the protocell membrane, as emphasized with the line profiles along the respective solid or dashed lines indicated on the
confocal microscopy image. The intensity line profiles were generated in the vertical and horizontal directions. Scale bars: 5

pm.
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Figure S13. Angular dependence of fluorescence of the NGs functionalized with Cy5.5 on protocell membranes. a) Polarization
effect exhibited as a strong angular dependence of the intensity of NG" functionalized with Cy5.5 along the protocell membrane,
as emphasized with the line profiles along the respective solid or dashed lines indicated on the Confocal microscopy image. b)
No polarization effect was observed in the protocell membrane after co-incubation with NG* functionalized with Cy5.5. The

intensity line profiles were generated in the vertical and horizontal directions. Scale bars: 5 pm.
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Figure S14. The fluidity properties of protocell phospholipid membranes and membrane-associated NGs were quantitatively
assessed through the fluorescence recovery after photobleaching (FRAP) method. a) FRAP data for nanoparticle fluorescence
Cy5.5 and membrane fluorescence DiO in the NG"—=Protocell group, with fluorescence recovery rates of 53+6% and 51+4%,
respectively. b) FRAP data for nanoparticle fluorescence Cy5.5 and membrane fluorescence DiO in the NG*—Protocell group,

with fluorescence recovery rates of 36x3% and 37+4%, respectively. Data are presented as the mean * standard deviation (SD,
n = 10). Scale bar: 5 pm.
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Figure S15. Fluorescence lifetime (t) imaging of Flipper-TR probe in protocells before and after addition of NG" and NG*. Scale
bar: 20 pm.
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Figure S16. The fluorescence lifetimes of the phospholipid membranes in untreated GUV- and GUV" treated with NGs (NG" and
NG*) were measured using a Flipper TR membrane tension probe. Statistical graph showing individual data points indicating
fluorescence lifetime t of 30 selected regions-of-interest (ROIs) across three biological replicates. Statistical analysis was

performed via one-way analysis of variance (n = 30, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001).
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Figure S17. The mechanical force curves of untreated protocells and protocells treated with NGs (NG" and NG*) were obtained
using Atomic Force Microscopy (AFM). The results obtained via AFM characterization were processed using NanoScope

Analysis (Bruker) software, and the Young’s modulus was calculated by fitting the data with the Hertzian model.
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Figure S18. Coarse-grained model of the polymers. a) Chemical structure of the polymer constituting NG* and NG"

nanoparticles. COS, qCOS, Dex and PMA refer to chitosan oligosaccharide, quaternized chitosan oligosaccharide, dextran and

polymethyl acrylate, respectively. b) Mapping of the all-atom structures of monosaccharide units of COS (MonoCOS) and

monosaccharide units of qCOS (MonoqCOS) to the coarse-grained model. ¢) Representative conformation of the

heptasaccharide chains (COS is used as an example). d) Oil-water partition free energy profiles at the coarse-grained (orange

line) and all-atom (blue line) levels for glucose, monoCOS and monoqCOS. e) End-to-end distance (left panel) and radius of

gyration (Rg, right panel) of the three heptasaccharide chains (glucose, monoCOS and monoqCOS) in coarse-grained and all-

atom simulations.
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Figure $19. a) Two-dimensional density maps of lipid headgroups in NG* and NG" simulations for the upper and lower leaflets.
The color scale represents the local number density, which is defined as the average count of headgroup beads per grid cell.
Color gradients indicate local number density from depletion (red) to enrichment (blue). b) The mean and Gaussian curvatures

of the membranes in NG* and NG" simulations. Results of the two leaflets are both shown.
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Figure S20. Statistical analysis of mean fluorescence intensity of FITC within FGUV" protocells following 1 h interaction
between NGs and binary protocell populations. Data were presented as violin plots displaying kernel density distributions,

showing median (central dot) and interquartile range (inner whiskers), n = 30.
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Figure S21. Confocal microscopy images of binary protocell populations interact with NG* for 1 h, with FITC-labeled FGUV"
protocells internally loaded with 4 kDa FITC-Dex and Dil-labeled GUV" protocells internally loaded with the same

concentration of 4 kDa Dextran. Scale bars: 10 pm.
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Figure S22. Flow cytometry data and quantified analysis of MFI for FGUV" co-incubated with NG" and NG* for 2 h.
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Figure S23. Flow cytometry data of SSC-A and FSC-A channels for FGUV" before and after addition of NG” and NG".
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3. Supplementary table

Table S1. List of sample abbreviations.

Abbreviation Sample name Abbreviation Sample name
NGs Nanogels GUV Giant unilamellar vesicles
Dex Dextran POPC 1-Palmitoyl-2-oleoyl-sn-glycero-3-PC
cosS Chitosan oligosaccharide DOTAP Dioleoyl-3-trimethylammonium
propane
CAN Ceric ammonium nitrate DOPA 1,2-Dioleoyl-sn-glycero-3-phosphate
MA Methyl acrylate DIO 3,3 -DloFtadecyloxacarbo-
cyanineperchlorate
1,1'-Dioctadecyl-3,3,3',3'-
PMA Polymethyl acrylate Dil tetramethylindo-carbocyanine
perchlorate
MBA N.N-methylene-bis- DPH 1,6-Diphenyl-1,3,5-hexatriene
acrylamide
GTMAC Glyc1dyltr1methylammomum GUVP Conventlonal. QUV with POPC as
Chloride phospholipid component
. . . ] Negatively charged GUV
DMAP 4-Dimethyl-aminopyridine GUV incorporating the anionic lipid DOPA
Positively charged GUV
SA Succinic anhydride GUV* incorporating the cationic lipid
DOTAP
qCoS Quat.ernlzed chlltosan FGUV GUV internally loaded with FITC-
Oligosaccharides Dextran
NG* Positively charged glycan WEGUV GUV externally loaded with FITC-
nanogels Dextran
) Negatively charged glycan GUV internally loaded with quencher
NG BGUV
nanogels BHQ1
NG" Uncharged glycan nanogels PMF Potential of mean force
Cy5.5 Cyanine 5.5 MWCO Molecular Weight Cut Off
QNG Quencher NG ROI Regions of interest
FITC Fluorescein Isothiocyanate GISA Graft copolymerization-induced self-
assembly
DMSO Dimethyl sulfoxide FRAP Fluorescence recovery after
photobleaching
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