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SUMMARY

Janus nanoparticles (NPs) with anisotropic surface functionalities enable unique
biomedical applications, but their interaction with the biomembranes cannot be
predicted by models derived from nanoparticles with uniform surface chemistry.
Here, we combine experiments with molecular dynamics (MD) simulations to
investigate the interaction of amphiphilic Janus NPs, which are cationic and hy-
drophobic on opposite sides, with lipid vesicles exhibiting phase-separated mi-
crodomains. We demonstrate that Janus NPs preferentially bind to and extract
lipids from liquid-disordered domains over a broad range of vesicle compositions.
This domain-selective membrane disruption and the inter-particle attractions
concurrently generate a compression force on the vesicle, causing the remaining
liquid-ordered domains to bulge and the entire vesicle towrinkle. TheNP-induced
membrane compression and deformation are critically driven by the surface
anisotropy of the Janus NPs. The findings highlight the feasibility of using the
surface anisotropy of NPs to tailor their interactions with different biological
membranes.

INTRODUCTION

Janus nanoparticles (NPs), particles that have two distinct surface makeups or compartments, enable

biomedical applications inaccessible to uniform nanoparticles.1–5 For example, the two-faced architecture

spatially separates functions that would otherwise interfere when mixed, such as cell targeting and molec-

ular sensing, so that incompatible capacities can be combined into a single unit of structure.6,7 To realize

these promising applications, Janus particles must successfully cross the cell membrane to function inside

cells. Yet little is known about how the surface anisotropy of these particles influences their interaction with

the cell membrane, which is the first barrier to their cellular entry. For NPs with a uniform composition or

surface chemistry, extensive studies have revealed how their physiochemical properties, such as size,

shape, and surface charge, affect the integrity and function of biological membranes,8–16 but these findings

are insufficient to predict the biological impact of Janus NPs with anisotropic surface coatings. Computer

simulations have suggested that interactions between Janus NPs and bio-membranes lead to unique phe-

nomena, such as membrane insertion17–19 and pore formation.20,21 But the simplifications used in simula-

tion models limit their usefulness as guides to complex experimentally relevant systems. Therefore, new

experimental knowledge of Janus particle-membrane interactions is critically needed to harness the prom-

ising potential of Janus particles in biomedical applications.

In recent years, our group has systematically evaluated how the anisotropic surface chemistry of Janus NPs

affects their interactions with lipid membranes.22–25 We first reported that amphiphilic Janus NPs that are

hydrophobic and cationic on opposite hemispheres induce pores in planar lipid bilayers composed of zwit-

terionic lipids. Janus NPs extract lipids onto their hydrophobic hemispheres, which increases membrane

tension that eventually leads to membrane rupture.23 We further showed that when multiple amphiphilic

Janus NPs simultaneously interact with a single giant unilamellar vesicles (GUVs), they collectively exert

a compression force on the vesicle’s membrane, leading to ‘‘wrinkling’’ membrane deformation and

even vesicle rupture.25 Those findings imply an interestingmodel that Janus NPs of sizes significantly larger

than the thickness of a lipid bilayer, disrupt lipid membranes by compression instead of by translocation.

The Janus NP-inducedmembrane compression was attributed to an interplay between particle-membrane

interaction and inter-particle attraction driven by particle hydrophobicity. Interestingly, some recent
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studies suggest that NPs with uniform surface coatings, with sufficiently strong inter-particle attraction,

may also induce a compression effect on the outer membrane of bacteria.26,27 This model of NP-induced

membrane compression opened doors to many exciting scientific questions. One particularly important

one is: how does such compression effect influence lipid membranes with phase-separated microdomains,

which is an indispensable feature of the plasma membrane of living cells?

Here, we address this question by combining quantitative imaging experiments with coarse-grained

molecular dynamics (MD) simulations. Our experimental platform is GUVs composed of 1,2-dioleoyl-sn-

glycero-3-phosphocholine (DOPC), 1,2-dipalmityl-sn-glycero-3-phosphocholine (DPPC), and cholesterol

(Chol). These lipids have different liquid-to-gel transition temperatures. Over a broad range of lipid

composition and temperature, themixture of DOPC, DPPC, and cholesterol phase separate into coexisting

liquid phases that appear as micron-sized membrane domains. The liquid-disordered (Ld) microdomains

are rich in the unsaturated DOPC lipid, whereas the liquid-ordered (Lo) microdomains are rich in the satu-

rated DPPC lipid.28 We investigated, over a broad range of lipid membrane compositions, how amphiphilic

cationic/hydrophobic Janus NPs interact with the different membrane domains. We found that Janus NPs

preferably bind to and extract lipids from the DOPC-rich Ld domains on GUVs. This causes not only the

disappearance of Ld domains but also the bulging of Lo domains that remain in the GUVmembrane. Using

coarse-grained MD simulations, we revealed the time-dependent evolvement of the composition of lipids

extracted by Janus NPs and the compression of the GUV membranes at various compositions.

RESULTS AND DISCUSSION

Janus nanoparticles preferentially bind to liquid-disordered domains

GUVs used in this study consisted of DOPC, DPPC, and cholesterol (Chol). They were formed in 100 mM

sucrose solution under alternating electrical field.29 This mixture of lipids is known to phase separate

into DOPC-enriched Ld and DPPC-enriched Lo membrane domains at room temperature over a broad

range of lipid compositions.30 To visualize the different membrane domains using fluorescence micro-

scopy, we added in the lipid mixture RhB-DOPE (0.2 mol%) and BODIPY-Chol (0.2 mol%), which selectively

partition into the Ld and Lo phases, respectively (Figure S1).31,32 We added 40 pM Janus NPs (100 nm in

diameter) to GUVs of four different lipid compositions, 1:3:1 (DOPC:DPPC:Chol), 1:1:1, 2:2:1, and 1:2:2,

and after 30 min examined the membrane morphology using confocal fluorescence microscopy

(Figures 1A–1E). These different lipid ratios cover a broad range of the Lo-Ld phase coexistence region

of the DOPC-DPPC-Chol phase diagram30 and are therefore suitable for testing the generality of our ob-

servations. We made two observations. First, for all four lipid compositions, Janus NPs preferentially ad-

sorbed on the Ld membrane domains and induced deformation of those membrane domains. Second,

the Janus NPs, which appeared as dark dots in brightfield and fluorescence images due to their partial

metal coatings, formed aggregates near the Ld domains (marked by RhB-DOPE fluorescence). The Janus

NP aggregates colocalized with puncta of strong RhB-DOPE fluorescence. This was later confirmed to be

Janus NPs wrapped with lipids from the Ld domains.

To quantify the first observation of preferential binding of Janus NPs to Ld membrane domains, we

measured particle binding kinetics to the Lo and Ld membrane domains. We prepared phase-separated

planar lipid bilayers on glass coverslips by rupturing phase-separated GUVs with the 2:2:1 lipid composi-

tion ratio.33 The exact composition of the Ld and Lo domains can vary slightly at different overall membrane

compositions, but this does not affect the preferential binding of Janus NPs to the Ld domains, which was

observed for all four lipid compositions examined (Figures 1A–1E). Therefore, the Janus NP-membrane

binding result from the 2:2:1 membrane composition is expected to be representative of that of the other

three compositions. As in GUV membranes, the Ld and Lo membrane domains were labeled with RhB-

DOPE and BODIPY-Chol, respectively (Figure 1F). We then fluorescently labeled the Janus NPs with a small

amount of Cy5 dyes (particle characterization in Figure S2). Using total internal reflectance fluorescence

(TIRF) microscopy, which illuminates only about 100–200 nm depth above the glass substrate, we imaged

only Janus NPs adsorbed on the membranes instead of those freely diffusive in the solution. After counting

the surface density of Janus NPs adsorbed on the Lo and Ld domains, separately, as a function of time

(Figure 1G), we calculated the Janus NP-membrane binding rate constant (ka) by assuming a second-order

particle-membrane binding process (Figure 1H).23,34 We found that Janus NPs bind to the Ld membrane

phase with a ka = 66,000 G 6,000 M�1 s�1, larger than the ka for their binding to the Lo phase

(ka = 52,000 G 6,000 M�1 s�1). The activation energies for Janus NP binding to the Ld and Lo phases

were 40.8 G 0.2 kJ/mol and 41.4 G 0.3 kJ/mol, respectively (see detail of calculation in Experimental
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section). These results quantitatively confirm that Janus NPs preferentially bind to the Ld membrane do-

mains. However, the difference in ka is surprisingly smaller than expected based on our observation that

the Janus NPs almost exclusively adsorbed on the Ld domains of GUVs (Figures 1A–1E). This might be

because free-standing vesicle membranes and glass-supported planar membranes, which were used for

binding kinetics measurements, have different bending rigidities and undulation, which are known to affect

the adsorption of particles.35,36 In addition, the frictional coupling between lipids and the underlying glass

substrate can lead to reduced membrane fluidity and hinders the Ld-Lo phase separation in mem-

branes.37,38 Because the Lo domains are intrinsically more stiff and less fluidic than the Ld domains, the

glass substrate likely impacts the Ld domains more and therefore reduces the differences in the lipid

Figure 1. Janus NPs preferentially bind to Ld domains

(A) Epi-fluorescence images of a 1:3:1 (DOPC: DPPC:Chol) GUV after interacting with 40 pM Janus NPs for 30 min. Liquid-disordered (Ld) domains (marked

by RhB-DOPE) are shown in red, and liquid ordered (Lo) domains (marked by BODIPY-Chol) are shown in green. Brightfield image shows Janus NPs on the

GUV.

(B–E) Z-projection confocal fluorescence images of GUVs of 1:3:1 (B), 1:1:1 (C), 2:2:1 (D), and 1:2:2 (E) compositions after 30-min interaction with 40 pM Janus

NPs.

(F) Epi-fluorescence images showing a phase-separated planar lipid bilayer (2:2:1 composition) made fromGUV rupture. Lo and Ld domains are presented in

green and red, respectively.

(G) Plots showing surface densities of Janus NPs (number of NPs per 100 mm2) adsorbed on Ld and Lo domains as a function of time. Data are represented as

mean G SEM from three independent samples.

(H) Binding rate constant (ka) and activation energy (Ea) calculated from plots in (G). Scale bars: 10 mm. See also Figures S1 and S2.

ll
OPEN ACCESS

iScience 25, 105525, December 22, 2022 3

iScience
Article



packing structure between the Ld and Lo domains. As a result, the selective binding of Janus NPs to the Ld

domains becomes less prominent on the glass-supported bilayers compared to that on the free standing

giant vesicle membrane.

We next sought to understand the observation of Janus NP aggregates that colocalized with puncta of

strong RhB-DOPE fluorescence (marker for Ld domains) (Figures 1A–1E). To test whether those puncta

are curved membrane domains or lipids wrapping around Janus NPs, we increased the temperature of

the GUV solutions to as high as 45�C. The idea is that if those puncta are membrane domains, they would

disappear at the temperature higher than the phase mixing temperature. The mixing temperature of the

1:2:2 GUVs is reportedly �35–37�C.30 Indeed, we observed that the Ld and Lo domains of the 1:2:2

GUVs, without Janus NP interactions, became completely mixed when the temperature was raised to

40�C (Figure S3, N = 70 out of 70 GUVs). In contrast, the membrane puncta that were formed after interac-

tion with Janus NPs remained unchanged at temperatures as high as 45�C (Figure S4, N = 10 out of 10

GUVs). This indicates that the membrane puncta of strong RhB-DOPE fluorescence are lipids that formed

complexes with Janus NPs.

To gain more insights into how Janus NPs interact with the Ld domains, we performed real-time imaging of

1:2:2 GUVs interacting with 40 pM Janus NPs using fluorescence confocal microscopy. The Janus NPs ap-

peared as dark spots in the time-lapse fluorescence images because their gold caps blocked light. A repre-

sentative GUV is shown in Figure 2A and Video S1, which were acquired about 12–13 min after Janus NPs

were added to GUVs. At first, the Ld domains in the GUVmembrane were well dispersed. Janus NPs bound

to different Ld domains without forming any large aggregations. Gradually, the Ld domains together with

the bound Janus NPs moved toward one another on the GUV membrane and also generally toward the

bottom of the GUV, until the Janus NPs formed large chain-like aggregations. It is possible that the Ld do-

mains were brought into proximity by the coalescence of Janus NPs and they moved to the bottom of the

GUV due to the weight of Janus NP aggregates that were bound. During this process, many Ld domains

began to shrink while the bound Janus NPs became more fluorescent (Figure 2B). This indicates that lipids

Figure 2. Janus NPs preferentially disrupt Ld domains in GUVs

(A) Time-lapse epi-fluorescence images showing interactions of Janus NPs with the Ld domains (shown in red) on a GUV of

1:2:2 composition.

(B) Zoomed-in time-lapse images from the area outlined in (A). White arrows indicate a Ld domain that shrank during

interaction with Janus NPs.

(C) Fluorescence z-projections and brightfield image of a representative 1:2:2 GUV in the presence of 40 pM Janus NPs.

Scale bars: 10 mm in (A) and (C); 5 mm in (B). See also Figures S3–S6; Videos S1 and S2.
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were extracted, mostly from the Ld domains, and transferred onto Janus NPs. For some GUVs, Ld domains

disappeared completely, leaving only Lo domains and the lipid-Janus NP complexes (Figure 2C and Video

S2). This Janus NP-induced reorganization and shrinking of Ld membrane domains was observed in about

40% of all 1:2:2 GUVs (more examples in Figure S5) and in GUVs of other membrane compositions to a

lesser extent (Figure S6). We postulate that this is because the 1:2:2 composition, among all compositions

studied here, had the lowest fraction of DOPC and thus the smallest surface area of Ld domains. In this

case, the Janus NPs have a sufficient surface area to extract most, or all, lipids from the Ld domains, result-

ing in the shrinking and disappearance of many Ld domains. This speculation was later confirmed by our

coarse-grained MD simulations.

These real-time imaging data indicate that Janus NPs interact with the phase-separated membranes in

three steps: (1) Janus NPs bind preferentially to Ld domains, (2) form aggregates themselves and induce

the aggregation of attached Ld domains, and (3) extract lipids from Ld domains. The chain-like aggrega-

tion of Janus NPs is likely formed due to a delicate interplay between particle-membrane binding energy

and bending rigidity of the membrane, similar to what was reported in a previous simulation study.39

Molecular dynamics simulation of Janus nanoparticle-planar membrane interactions

We next performed coarse-grained MD simulations using a modified version of the MARTINI force filed40

to further understand the binding interaction between Janus NPs and phase-separated membranes at the

molecular scale. Due to the different length scales between experiments (micronscale) andMD simulations

(nanoscale), the size of our computational models must be optimized to balance computational accuracy

and efficiency. First, the size of the Au core was chosen to be 10 nm. This particle size is larger than the thick-

ness of the lipid bilayer, which is similar to experiments. With this simulation particle size, we can observe

the Janus NP-membrane interaction while maintaining reasonable computational cost. If the size of the Ja-

nus NP’s core were the same as in experiments (100 nm), the computational model will be exceedingly

large. Consequently, it will be too time-consuming to assess the time-dependent particle-membrane inter-

actions. On the other hand, if the core of the particle is too small, the particle might embed into the lipid

bilayers, whichmakes us difficult to perceive the disruption effects of Janus NPs. Secondly, the lipid bilayers

were chosen as a planar membrane that can be compared with experimental works because the size of

GUVs used in the experiments is much larger than the size of real Janus NPs (Janus NP’s diameter/

GUV’s diameter �1/100). Finally, the size of the planar bilayers was chosen as 30 3 30 nm2 to facilitate

the obvious formation of microdomains41 with computational efficiency and afford the size of Janus NP

without the effect of boundary conditions.

The coloring schematics of coarse-grained lipids and Janus NP are presented in Figure 3A. For phase-

separated planar membranes, a modified version from standard MARTINI40 was adapted to ensure the for-

mation of Ld and Lo domains in the bilayer model (Figure S7). Because the ratio of 2:2:1 (DOPC:DPPC:Chol)

was mainly used in the experiment as well as in measuring the binding energy to specific domains in

Figure 1H, we decided to use this ratio for the simulation of selective binding of Janus NP. First, a 2:2:1

(DOPC:DPPC:Chol) lipid bilayer was assembled in the absence of Janus NPs. After being equilibrated

for 15 ms, these lipids spontaneously organized into a Ld domain (DOPC-rich, red) and a Lo domain

(DPPC-rich, green). Specifically, the Ld domain contained 88.2% of DOPC and the Lo domain contained

64.8 and 32.9% of DPPC and Chol, respectively. The averaged order parameter of the membrane and

area per lipid plateaued after 15 ms, (Figure S8), indicating the membrane was fully equilibrated for the

next simulation step.

To investigate the binding preference of the Janus NP to the membrane domains, one Janus NP (core

diameter DNP = 10 nm) was placed above the lipid domain boundary with its hydrophobic hemisphere

pointing toward the membrane (Figure 3B at 0 ms, full-time series in Videos S3 and S4). After 0.04 ms, the

Janus NP quickly extracted lipids from the Ld domain onto its hydrophobic hemisphere and began to

disturb the bilayer. As the simulation further proceeded to 0.10 ms, the NP was fully inserted into the Ld

phase, causing domain wrinkling (Figure 3B at 0.10 ms), and its hydrophobic hemisphere was completely

covered with extracted lipids (Figure 3C). At the end of the simulation (1.00 ms), the Janus NP remained in-

serted in the Ld domain with a tilted orientation, similar to what was observed for the interaction of the Ja-

nus NP with pure DOPC membranes.25 We also simulated a single Janus NP with a DOPC-only membrane,

where the particle was inserted into themembrane in less than 0.10 ms (Video S5). In contrast, when a similar

simulation was done with a Lo membrane (6:4 DPPC:Chol), the Janus NP was never inserted into the
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membrane over the course of the simulation (Video S6). The different results further confirm the binding

preference of Janus NPs to the DOPC-rich domain.

We then sought to understand the driving forces for the selective binding of Janus NPs to the Ld domains.

Previous studies have shown that peptides of various types all preferentially partition into the Ld domains

due to the lower lipid packing density in that domain compared to the Lo domain.42,43 In our simulation, we

first confirmed the lower lipid packing density of the Ld domains in our simulated membranes (Figure 3C).

The packing density of DOPC lipids in the Ld domains changes significantly during interaction with Janus

NPs, indicating the preferential interaction of NPs with the DOPC lipids (Figure S9). We also calculated the

2D landscape of order parameters (Figure S10) for the entire phase-separated lipid membrane. The order

parameters of lipids (Scc) indicate the lipid ordering: the smaller the order parameter, the more disordered

the lipids are. We found that the average order parameter of DOPC lipids in the membrane (Scc �0.35) is

less than half of that of DPPC lipids (Scc�0.75). After interaction with Janus NPs, the average order param-

eter of DOPC also decreased more significantly (from Scc �0.35 to �0.2) than that of DPPC lipids (from Scc

�0.75 to�0.7) (Figure S11). These results altogether suggest that Janus NPs preferentially interact with the

Figure 3. Coarse-grained MD simulations of interaction of a single Janus NP with planar lipid membranes

(A) Coarse-grained representations of Janus NP and lipids in MD simulations. Coloring scheme: Janus NPmodel contains

Au core (gray), sulfur (white), cationic ligand (yellow), and hydrophobic ligand (orange) beads; DOPC molecule contains

head group (red) and tails (brown) beads; DPPC molecule contains head group (green) and tails (lime) beads; Chol

molecule contains blue beads. The same coloring scheme is used for all MD simulations in this study.

(B) Representative snapshots (side and top views) showing the insertion of a Janus NP (core diameter DNP = 10 nm) into a

phase-separated lipid bilayer (2:2:1 composition). Total simulation time is 1.00 ms. Membrane dimension is�303 30 nm2.

Solvent molecules are included in simulation, but not shown here for clarity.

(C) Heatmaps of lipid density during Janus NP insertion into the phase-separated membrane corresponding to the MD

snapshots in (B). See also Figures S7–S12; Videos S3, S4, S5, and S6.
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Ld domain because the lipids are more loosely packed compared to those in the Lo domain. The NP-

induced disruption to the Ld domain causes lower energy costs than the disruption to the Lo domains (Fig-

ure S12). Specifically, we evaluated the binding free energy of the Janus NP toward different membrane

domains by performing biased MD simulations through the umbrella sampling technique.36,44 The poten-

tial mean force (PMF) measurements for these simulations were extracted as a function of the distance be-

tween the center-of-mass (COM) of the particle and the middle plane of a lipid bilayer. The PMF results of

Janus NPs for the Ld and Lo domains revealed roughly an order of magnitude difference between Ld

(��120 kcal/mol) and Lo (��12 kcal/mol) domains (Figure S12). This result demonstrates the substantial

thermodynamic advantage of the Janus NP interaction with the Ld domain. For the Ld membrane, the sys-

tem energy was dramatically minimized when the particle was inserted into the membrane (�5.6 nm COM

distance) while for the Lomembrane, the system energy wasminimized when the particle was resting on the

membrane (�8.8 nm COMdistance). Together, our results demonstrate that Janus NPs interaction with the

Ld domain is thermodynamically favored compared to that with the Lo domain, because NP-induced

disruption to the loose packing of the lipids in the Ld domain costs less energy.

We then investigated the collective effect of multiple Janus NPs on the phase-separated membrane by us-

ing four Janus NPs in the simulation. By doing so, we aim to simulate an extreme case of a very high local

concentration of Janus NPs in a finite-size system, which is representative of the experimental condition

where a high surface density of Janus NPs adsorbed on the GUVs membrane. We performed the MD simu-

lation for 1.00 ms with the same parameter setup as for the single Janus NP simulation. We found that, while

individual Janus NPs still inserted into the Ld domain and extracted lipids onto their hydrophobic hemi-

sphere in a similar manner as for single Janus NP, their collective interactions caused the Ld domain to

‘‘wrinkle’’ (Figure 4A; Videos S7 and S8). As a result of this deformation, the x-y projection area of the planar

membrane decreased significantly for all four compositions of membrane examined in terms of total planar

area (Figure 4B) and domain (Ld/Lo) area (Figure S13). The calculation of the x-y projection area reduction is

demonstrated in (Figure S14). Compared to single Janus NP, multiple NPs induced a significantly larger

reduction in membrane projection area (Figure 4C), suggesting a greater extent of membrane disruption.

To highlight the importance of inter-particle interactions in driving the membrane wrinkling, we performed

the simulation again with two Janus NPs and increased the inter-particle distance such that the NPs do not

experience hydrophobic attraction between one other. As shown in Figure S15, the Janus NPs behave simi-

larly to single Janus NPs. The NP placed above the Ld phase preferentially interacts with the Ld domain,

whereas the NP close to the Lo domain fails to disrupt the Lo domain. This result strongly supports that

multiple Janus NPs cooperatively deform the lipid membrane. Interestingly, the extent of membrane pro-

jection area reduction does not seem to scale proportionally with the number of Janus NPs, as the total

membrane projection area decreased �15% in the presence of four Janus NPs and �7.5% for single Janus

NP. It is plausible that when multiple Janus NPs aggregated due to the inter-particle hydrophobic

attraction, their hydrophobic hemispheres are only partially available to extract lipids from membranes.

Nevertheless, their collective interactions caused a more predominant local deformation of the membrane

(Figure 4A at 1.00 ms) than that by a single Janus NP.

Next, we asked: what is the composition of lipids extracted by Janus NPs? Are the extracted lipids of the

same composition as that of the Ld domain? To answer this question, we counted the number of lipids,

including DOPC, DPPC, and Chol molecules that were within 0.6 nmproximity from the Janus NPs to obtain

the total number of lipids that absorbed to the particles (referred to as ‘‘in-contact lipids’’ for simplicity). We

then calculated the percentages of each lipid with respect to the in-contact lipids. We performed the calcu-

lation for four different membrane compositions: 2:2:1 (DOPC:DPPC:Chol), 1:1:1, 1:3:1, and 1:2:2 (Fig-

ure S16). Each of the four compositions mimics what was used experimentally, which represents a broad

area of the two-phase coexistence region in the DOPC:DPPC:Chol phase diagram.30 Similar to the 2:2:1

bilayer, the 1:2:2 bilayer suffered from a wrinkling induced by multiple Janus NPs (Figure S17; Videos S9

and S10). For each of the four membrane compositions examined, we plotted the composition of in-con-

tact lipids at 0, 0.10, 0.30, 0.50, 0.70, 0.90, and 1.00 ms, in a ternary plot (Figure 4D). For all four membrane

compositions, the composition of in-contact lipids not only was different from the initial composition of Ld

domains (detailed compositions are in Table S1), but also changed with simulation time. If we assume that

the in-contact lipids largely represent lipids that are extracted by Janus NPs, the data indicates that more

DPPC and Chol are extracted as the Janus NP-membrane interaction progress. This suggests that, while

the Janus NPs predominantly extract DOPC from the Ld domain at the beginning of interaction, they could

extract lipids from both Ld and Lo phases at later time points (Figure S18). This is also demonstrated by the
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difference in the area reduction of the Lo domain for all four membranes at the early stage (t = 0.10 ms) and

at the end of the MD simulation (t = 1.00 ms) (Figure S13). Interestingly, we found that lipids in contact with

multiple Janus NPs have a higher content of DPPC and Chol than the lipids in contact with a single Janus NP

(Figure 4E). One possible explanation is that in Janus NPs aggregates their hydrophobic hemispheres are

oriented toward one another. This creates a hydrophobic space that is favorable for DPPC and Chol lipids

after the extraction of DOPC lipids. Additionally, we found in the simulation that the adsorption of multiple

Janus NPs can hinder lipid diffusion (Table S2), which can potentially facilitate the extraction of the DPPC

and Chol lipids from the membrane.

Our simulation results from the planar membranemodels together quantitatively confirm the experimental

observations that Janus NPs preferentially bind to Ld domains and extract lipids in a domain-selective and

time-dependent mechanism. The selective binding of Janus NPs to Ld domains, combined with lipid

extraction, plausibly causes the area shrinking, or even disappearance, of Ld domains in GUVs (Figure 2).

Janus nanoparticles compress the vesicle membrane

We have previously shown that lipid extraction by Janus NPs can cause a compression effect on single-

component vesicles.25 Do Janus NPs induce a similar compression effect on the phase-separated vesicles?

If so, how are themorphologies of Ld and Lo domains impacted by the compression effect? Experimentally,

Figure 4. Coarse-grained MD simulations of multiple Janus NPs interacting with planar lipid membranes

(A) Coarse-grained MD simulation of four Janus NPs (core diameter DNP = 10 nm) inserting into and wrinkling a phase-separated membrane composed of

2:2:1 DOPC:DPPC:Chol.

(B) Comparison of the total projected area of membranes of various lipid compositions in the presence of four Janus NPs. Data are represented as mean G

SEM from three independent samples.

(C) Comparison of the total projected area of a lipid bilayer as a function of time in the presence of a single Janus NP versus four Janus NPs. Data are

represented as mean G SEM from three independent samples.

(D) A ternary plot showing changes in the composition of lipids in contact with Janus NPs as a function of simulation time (within 1.00 ms) for membranes of

different lipid compositions. Arrows indicate changes in compositions of in-contact lipids as a function of time: 0, 0.10, 0.30, 0.50, 0.70, 0.90, and 1.00 ms

evolvement from the beginning of the simulation to the end. Data are represented as mean from three independent samples.

(E) Comparison of percentage of lipids in contact with Janus NPs in the presence of single and four Janus NPs. Dimension of all lipid membranes is

�30 3 30 nm2. Data are represented as mean G SEM from three independent samples. See also Figures S14–S18; Tables S1 and S2; Videos S7, S8, S9,

and S10.
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we observed that for a fraction of the GUVs, especially those of the 1:2:2 (DOPC: DPPC: Chol) composition,

the shrinking and disappearance of Ld domains induced by Janus NPs eventually led to the deformation of

the entire GUV membrane that mostly had Lo domains remaining (Figure 5A and more images in

Figure S19). The Janus NPs, which were wrapped with lipids mostly from the Ld domains, formed long

chain-like aggregations that spanned across the entire GUV membrane in areas where the membrane

bulged. These observations suggest a collective compression generated by the Janus NPs. We investi-

gated this phenomenon further using MD simulations. Instead of using a planar membrane with a finite

size limit (�30 3 30 nm2), we performed MD simulation on a phase-separated vesicle model. For this

model, the vesicle diameter was chosen to be 25 nm to balance the accuracy and the efficiency of compu-

tation as mentioned earlier. As shown in Figure S20, the model of a 25 nm-diameter vesicle exhibiting mi-

crodomain phase formation was obtainable after reasonable computational time, but doing this on an even

larger scale would be too time-consuming to acquire a phase-separated vesicle. Moreover, the solvent-

freeMARTINI force field was adapted to exclude water molecules to reduce significantly the computational

cost as we only look into the interaction between Janus NPs and the vesicle.45 Since there are no prior

Figure 5. Compression of phase-separated vesicles by Janus NPs

(A) Z-projection (left) and equatorial (right) images of a 1:2:2 vesicle with bulging Lo domains in the presence of Janus NPs. Ld and Lo domains are labeled by

RhB-DOPE (shown in red) and BODIPY-Chol (shown in green), respectively. Scale bar: 10 mm.

(B) MD trajectory and cross-sectional snapshots of a 3:4:3 (DUPC:DPPC:Chol) vesicle (diameter = 25 nm) interacting with 38 Janus NPs (core diameter DNP =

5 nm). The phase-separated vesicle contains Ld domains enriched in DUPC (red beads and brown bonds) and Lo domains enriched in DPPC and Chol (green

beads, lime, and blue bonds). Scale bar: 5 nm.

(C) A plot showing the radius of gyration (Rg) of the vesicle in (B) as a function of simulation time (total simulation time 10.5 ms). See also Figures S19–S21 and

Video S11.
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reports on DOPC:DPPC:Chol microdomain separation using dry MARTINI force field, we replaced DOPC

with 1,2-dilinoleoyl-sn-glycero-3-phosphocholine (DUPC), a double unsaturated lipid which has been used

in simulations with phase-separated vesicles.46 Many studies have adopted this polyunsaturated lipid

instead of DOPC to reproduce the experimentally observed phase separation of DOPC:DPPC:Chol mem-

branes.36,41,47 Consequently, we reduced the size of Janus NP from 10 nm to 5 nm, so that we can observe in

simulation both lipid extraction by Janus NPs and NP aggregation on the vesicle surface. The lipid compo-

sition used for the vesicle model was 3:4:3 (DUPC:DPPC:Chol), because this ratio facilitates obvious domain

formation in vesicle structure with reasonable computational cost.

To obtain a well phase-separated 25 nm-diameter vesicle, a production run was performed at least 10 ms (Fig-

ure S20). After the phase-separated vesicle was fully equilibrated, we added 38 Janus NPs (core diameter

DNP = 5 nm) randomly near the vesicle (Figure 5B at 0 ms) and then performed an over-10-ms MD simulation

to allow for sufficient NP-membrane interaction. We found that Janus NPs quickly interacted with the vesicle

within 0.02 ms and favorably disrupted the Ld domains (red beads and brown bonds) after 0.50 ms (Video S11).

By calculating the vesicle radius in simulation using gmx gyrate,48 we found that the vesicle continuously

shrank during interaction with Janus NPs and stabilized after 8.00 ms (Figure 5C). The reduction in vesicle

size agrees with the experimental observation and indicates the collective compression effect of Janus NPs

on the vesicle membrane. Since our experimental data suggest that the vesicle compression is due to a com-

bination of lipid extraction and attraction between Janus NPs, we sought to test this hypothetical model in

simulation. To verify the experimental observation that Janus NPs aggregated over time, we calculated the

inter-particle radial distribution function (RDF) profile (Figure S21A). In the beginning, there was no evident

peak in the RDF curve indicating no particle aggregation. When the simulation progressed to 0.50 ms, the par-

ticle started to aggregate, leading to an emerging peak in RDF (orange curve). At t = 3.50 ms (green curve), the

amplitude of the peak reached maximum, indicating the strongest aggregation of the particles. There was a

similar trajectory of the RDF of the DOPC lipids extracted by the particles by the time of 3.50 ms (Figure S21B).

The DOPC lipids were initially away from the Janus NPs (red curve), but were in proximity with the NPs at

0.50 ms, and then formed complexes with the JanusNPs at 3.50 ms (green curve). The degree of lipid extraction

remained consistent with the highest RDF peak until the end of the simulation. Overall, our simulation results

suggest that the JanusNP-induced vesicle deformation is a result of two factors: lipid extraction and inter-par-

ticle attraction. The lipid extraction is driven by hydrophobic attraction between the Janus NPs and lipids. The

inter-particle attraction leads to the formation of the chain-like aggregation of Janus NPs on membranes, as

we observed experimentally. Therefore, a high local density of Janus NPs is necessary to generate a stronger

cooperative compression effect on the vesicle’s membrane.

Conclusion

In this study, we investigated the interaction of amphiphilic Janus NPs, which are hydrophobic on one hemi-

sphere and cationic on the other, with multi-component GUVs exhibiting phase-separated lipid microdo-

mains. We integrated advanced fluorescence microscopy experiments with coarse-grained MD simulations

to quantify Janus NP-membrane interactions, including binding kinetics of Janus NPs to different membrane

domains and membrane compression induced by Janus NPs. Our results reveal that Janus NPs induce a rich

spectrum of membrane transformations in multi-component phase-separated vesicles, many of which were

not observed in single-component vesicles in our previous studies.25 Specifically, wemade a few key findings.

(1) Janus NPs preferentially bind to the DOPC-rich Ld domains in GUV membranes and disrupt mostly the Ld

domains by extracting lipids onto their hydrophobic hemispheres. Using MD simulations, we identified not

only the exact compositions of lipids in contact with the Janus NPs, but also how the extracted lipid compo-

sitions change with time. Such dynamic evolvement of Janus NP-lipid interactions was unknown before. (2)

Janus NPs, which were partially wrapped by lipids, form chain-like aggregates on GUVmembranes, dragging

the Ld domains with them to re-organize. This is driven largely by the inter-particle hydrophobic interactions,

further confirmed by coarse-grained MD simulations. (3) Lipid extraction by multiple Janus NPs on the same

GUV leads to the shrinking and even disappearance of the Ldmembrane domains, which effectively alters the

overall membrane composition of the GUVs. The Janus NPs concurrently generate a global compression

force on the DPPC-rich Lo domains that remain in the vesicle’s membrane, causing those domains to bulge.

Based on these findings, we conclude that the selective binding of amphiphilic Janus NPs to the Ld mem-

brane domains leads to domain-selective disruption and compression of lipid vesicles.

Preferential association of NPs with specific membrane domains is known to depend on the surface chem-

istry of NPs49 and the mechanical properties of the membrane domains.50 Previous atomistic simulations
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have shown that amphiphilic Janus NPs preferentially insert into Ldmembrane domains that have less strin-

gent packing constraints compared to Lo domains.18 In contrast, our study reveals Janus NP-membrane

interactions on a significantly larger length scale by examining the collectivemembrane compression effect

of multiple Janus NPs on micron-sized vesicle membranes. Our findings here highlight the importance of

understanding NP-induced membrane compression on cell plasma membranes, by detailing how such

compressive effects manifest on a phase-separated membrane. These fundamental understandings

pave the way toward utilizing the unique surface anisotropy of Janus NPs to tailor their interactions with

different biological membranes.

Limitations of the study

The experiments in this study were done using 100 nm NPs, but the MD simulations were performed using

10 nm NPs due to limitations of computational resources and time. In light of these complications, we

reduced the size of the simulation system including the gold core of Janus NPs and the GUV membrane.

Nevertheless, the computational models in this work are mainly used to identify interactions that drive the

NP-induced membrane disruption; they are not meant to reproduce the exact experimental conditions.
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Software and algorithms

ImageJ National Institutes of Health https://imagej.nih.gov/ij/

GROMACS 2020 GNU Library General

Public License v2.1 or later

https://zenodo.org/record/

3562495#.YzyTa3bMLIU

Standard MARTINI force field Marrink, S. J. et al.51 http://cgmartini.nl/index.php/downloads

Modified MARTINI force field Carpenter, T. S. et al.40 https://pubs.acs.org/doi/abs/

10.1021/acs.jctc.8b00496

Standard dry MARTINI force field Arnarez, C. et al.45 http://md.chem.rug.nl/index.php/

force-field-parameters/dry-martini

INSANE (INSert membraNE) Wassenaar, T. A. et al.52 http://www.cgmartini.nl/index.php/

downloads/tools/239-insane

Weighted Histogram Analysis Method Lemkul, J. A. et al.44 https://manual.gromacs.org/

documentation/5.1/onlinehelp/gmx-wham

CHARMM-GUI Jo, S. et al.53 https://www.charmm-gui.org/

Membrane ordering Castillo, N. et al.54 https://www.dsimb.inserm.fr/

�luca/downloads/

Visual Molecular Dynamics Humphrey, W. et al.55 https://www.ks.uiuc.edu/Development/

Download/download.cgi?PackageName=VMD

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Yan Yu (yy33@indiana.edu).

Materials availability

This study did not generate new unique reagents.

Data and code availability

Fluorescence microscopy images have been deposited to figshare and are publicly available as of the date

of publication. DOI is listed in the key resources table. This paper does not report original code. Any addi-

tional information required to reanalyze the data reported in this paper is available from the lead contact

upon reasonable request.

METHOD DETAILS

Janus NP fabrication and characterization

Microscope slides were first cleaned with piranha solution (75:25 v:v concentrated H2SO4:30% H2O2) and

subsequently rinsed with ultrapure water. Aminated silica NPs (100 nm in diameter) were drop cast onto

clean microscope slides to form a sub-monolayer of particles. An Edwards thermal evaporation system

(Nanoscale Characterization Facility at Indiana University) was used to sequentially deposit a thin coating

of chromium (5 nm) followed by a gold coating (25 nm) onto one hemisphere of the NPs. To make the

gold cap on Janus NPs hydrophobic, particle monolayers were immediately immersed in 2 mM

1-octadecanethiol in ethanol for at least 12 h, and then sonicated off of microscope slides before use. Janus

NPs were spun down using differential centrifugation (4 times at 100 3 g, 4 times at 500 3 g) to remove

large particle aggregates. For experiments with fluorescently labeled particles, freshly sonicated Janus

NPs were mixed with Cy5 in 2 mM HEPES (pH 7.4) for 1 h. Final concentrations during the dye conjugation

reaction were ca. 5 pM Janus NPs and 1.5 mM Cy5. After labeling, particles were washed with ethanol at

least ten times to remove free dyes. Immediately before mixing with GUVs, particles were washed with

100 mM glucose aqueous solution at least three times to remove ethanol and match the osmolarity of

the external GUV medium. Janus NPs were characterized using scanning electron microscopy (Nanoscale

Characterization Facility at Indiana University). Hydrodynamic radius and zeta potential of particles were

characterized using a Malvern Zetasizer (Nanoscale Characterization Facility at Indiana University). Particle

concentration was measured using Particle Metrix ZetaView (Nanoscale Characterization Facility at Indiana

University).

GUV electroformation and imaging

DOPC, DPPC, and cholesterol were mixed in desired molar ratios (2:2:1, 1:1:1, 1:3:1, and 1:2:2) in chlo-

roform to prepare stock solutions. In each mixture, BODIPY-Chol (0.2 mol%) and RhB-DOPE (0.2 mol%)

were included to fluorescently label Lo and Ld phases, respectively. Approximately 10 mL of lipid stock

solution (5.0 mg/mL) was spread onto an ITO-coated glass slide to make a lipid film. Residual chloro-

form was removed by drying lipids under nitrogen for 30 min. The dried lipid film was hydrated with

100 mM aqueous sucrose solution, and the lipid coated ITO slide was immediately assembled with

another ITO slide and a silicone spacer (1.7 mm thick) into an electroformation chamber. GUVs were

electroformed at 60�C for 2 h under a sinusoidal AC field (3.4 Vrms, 5 Hz) and used within 2 h after elec-

troformation. Glass coverslips for fluorescence microscopy imaging of GUVs were cleaned by sonicat-

ion in 70% ethanol. For experiments in the presence of NPs, Janus NPs (suspended in 100 mM glucose)

were mixed 2:1 (v:v) with GUVs in 100 mM sucrose for a final particle concentration of 40 pM, and the

mixture was directly added to the imaging chamber. Experiments without Janus NPs used a 2:1 (v:v)
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mixture of GUVs in 100 mM sucrose and 100 mM glucose. This sucrose-glucose mixture helps GUVs to

settle to the coverslip surface. Epi fluorescence images were acquired using a Nikon Eclipse Ti-E

inverted microscope with either a 403/0.95 NA Nikon air objective or a 1003/1.49 NA Nikon TIRF

oil-immersion objective. Confocal images were acquired using an Olympus OSR Spinning Disk

Confocal microscope (Light Microscopy Imaging Center at Indiana University) with a 1003/1.35 NA

Olympus silicone-immersion objective. All images were processed using ImageJ. For vesicle miscibility

experiments, a Bioptechs FCS2 temperature-controlled stage insert with a thermocouple to monitor

sample temperature was used. The sample temperature was increased from 30�C-45�C in intervals of

5�C. At each interval, images were acquired after temperature had equilibrated for at least 5 min. A

403/0.95 NA Nikon air objective was used in temperature-controlled experiments to prevent heat

loss from objective-sample contact.

Janus NP-membrane binding energy

GUVs (2:2:1 DOPC:DPPC:Chol) were electroformed in 500 mM aqueous sucrose solution. After electrofor-

mation, vesicles were kept at room temperature for 30 min to allow Ld-Lo phase separation. GUVs were

then ruptured on piranha-etched glass coverslips by mixing Sorenson’s phosphate buffer (100 mM, pH

7.4) and GUV solution at a 2:1 (v:v) ratio.33 After 30 min, the bilayers were washed 15 times with 100 mM

aqueous glucose solution to remove unruptured GUVs. The phase-separated bilayer was imaged using

epi-fluorescence microscopy first. Cy5-labeled Janus NPs (15 pM) were then added to the bilayer and

imaged using total internal reflectance fluorescent (TIRF) microscopy on a Nikon Eclipse Ti microscope

equipped with a 100x/1.49 NA TIRF objective lens. At the end of TIRF imaging, the phase-separated bilayer

was imaged again using epi fluorescence microscopy.

To measure single particle-membrane kinetics, epi-fluorescence images before and after particle addition

were used to generate masks of membrane domains using ImageJ. Briefly, RhB-DOPE fluorescence from

epi-fluorescence was used to set a threshold to make a mask of the Ld domains. Because BODIPY-Chol

partitions into both Ld and Lo domains, the Lo mask was generated by subtracting the Ld mask from

the BODIPY-Chol mask. Each mask was applied to the NP fluorescence channel to isolate particles bound

to the Lo domains from those bound to Ld domains. Bound particles were manually counted for each time

point in the resulted domain-specific image series. The single-particle binding rate constant was calculated

using the following equation:34

dN

dt
= � kaCSCJP

where dN/dt is the rate of particle binding per unit area, ka is the second order binding rate constant, Cs is

the number of binding sites per unit area on the lipid membrane, and CJP is the bulk Janus NP concentra-

tion.Cswas estimated by calculating the number of particles which could fit into 1 mm2 assuming hexagonal

packing. To calculate the binding energy (Ea) of Janus NPs to different membrane domains, the Arrhenius

equation was employed:

EA = ½lnðQÞ � lnðkaÞ�kbT
WhereQ is a diffusion collisional constant, kb is the Boltzmann constant, and T is the absolute temperature.

Q for the system is 9.285 3 1011 M�1 s�1 for 100 nm Janus NPs assuming the JP-membrane association is

limited by the diffusion of particles.23

MARTINI force field descriptions

Coarse-grained MD simulations were implemented using GROMACS (2020 version).56 Atoms were

represented by coarse-grained (CG) beads using the MARTINI force field.51 In this force field, each bead

represents up to four heavy atoms and is characterized as one of four types: polar, nonpolar, apolar, or

charged, which correspond to the labels of P, N, C, and Q, respectively. Bead types used for each lipid

in this research are shown in Figure 3A. For phase-separated planar membranes, a modified version

from standardMARTINI40 was adapted to ensure the formations of Ld and Lo domains in the bilayer model.

Two lipid species used in the planar bilayer models were dipalmitoylphosphatidylcholine (DPPC) and

single-unsaturated dioleoylphosphatidylcholine (DOPC). For the vesicle’s membrane, a standard dry

MARTINI force field was used.45 To ensure the generation of a phase-separated vesicle model, 1,2-dilino-

leoyl-sn-glycero-3-phosphocholine (DUPC) was used instead of DOPC.
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Planar membrane model

All initial bilayer models were constructed using the INSANE (INSert membraNE) script.52 This tool pro-

vides a convenient way to adjust the size and composition of a MARTINI bilayer model. The membranes

were constructed from DOPC, DPPC and Chol. Four different lipid compositions were investigated in

this study: 2:2:1 (DOPC:DPPC:Chol), 1:3:1, 1:1:1 and 1:2:2. Each system contained about 3,700 CG lipids

of all species combined and 256,000 CG waters. The total system size was about 30 3 30 3 35 nm3 to

make sure it can handle four Janus NPs of 10 nm in core diameter. Each planar membrane system was initi-

ated with energy minimization using the steepest descent method (5000 steps), followed by a successive

isothermal–isobaric (NPT) equilibration simulation with the number of particles (N), constant pressure

(P), and temperature (T) all kept constant. The NPT simulation was performed for 30 ns (timestep = 30 fs)

and then followed by a 15 ms phase-separated production simulation (timestep = 30 fs). Reaction-field elec-

trostatics was used with a Coulomb cutoff of 1.1 nm and dielectric constants of 15 or 0 within or beyond this

cutoff distance, respectively. Lennard-Jones interactions were cut off at 1.1 nm, where the potential energy

was shifted to zero. Constant temperature was maintained at 298 K via separate coupling of the solvent

(water) and membrane (DOPC, DPPC and Chol) components to v-rescaling thermostat (relaxation

time = 1.0 ps). Pressure was semi-isotropically coupled at 1.0 bar. Berendsen scheme was used for the

NPT equilibration (relaxation time = 12.0 ps and compressibility = 3 3 10�4 bar�1). After equilibration,

Parrinello�Rahman barostat was used for the production run.

Janus NP-planar membrane simulations

The Janus NP model used in our simulation was adapted from our recent work.25 Briefly, the gold (Au) core

of the Janus NP was cut out of a bulk FCC lattice with a constant of 0.408 nm. The size of the Au core was

10 nm, which was selected based on a trade-off between computational efficiency and accuracy. The Au

core was constructed with inert metal beads C5 and two distinctly surrounding bead types on its surface.

On the hydrophilic hemisphere of the core, its surface was surrounded with hydrophilic positive charged

Qd bead with an areal density of 2.5 nm�2. On the hydrophobic part of the core, its surface was covered

with sulfur beads (No) with an area density of 4.7 nm�2. Each No bead is bonded with a hydrophobic alkyl

chain represented by four C1 beads to mimic the octadecane carbon chain. The Au-Au interactions in the

core were treated with harmonic bond potentials using a force constant of 10,000 kJ mol�1 to ensure their

rigidity. The Au-Qd and Au-N0 interactions were applied with a force constant of 6,400 kJ mol�1 with an

equilibrium bond length of 0.24 nm. A harmonic bond potential force constant of 1,250 kJ mol�1 with an

equilibrium bond length of 0.47 nm and a cosine angle potential of 180� with a force constant of 25 kJ

mol�1 were applied to the bonds in the ligand. For lipid bilayer model, DOPC consisted of headgroup

(Qa, Q0 and Na) and tails (C1 and C4) beads, DPPC with headgroup (Qa, Q0 and Na) and lime tail (C1)

beads, Chol was constituted with SP1 beads.

The dynamics of single and multiple Janus NPs was subjected to a series of MD simulation steps. Initially, a

single Janus NP was positioned close to the Ld-Lo boundary with a center-of-mass (COM) distance of

9.5 nm above the middle plane of the bilayer. In the case of multiple Janus NPs, four particles were placed

above the membrane with close distances to each other to accelerate the cooperative effect of multiple

NPs. Subsequently, a steepest descent minimization with 10,000 steps was performed to resolve steric

clashes. This step was followed by a 20-ns equilibration using an NPT ensemble. The production run was

then performed for each system for 1.00 ms. The timestep of all Janus NP-membrane interaction simulations

was set at 20 fs. The reaction-field electrostatics was used with a Coulomb cutoff of 1.4 nm and dielectric

constants of 15 or 0 within or beyond this cutoff distance, respectively. For non-bonded interactions,

Lennard-Jones force field were cut off at 1.4 nm, where the potential energy was shifted to zero. Constant

temperature wasmaintained at 298 K via separate coupling of the solvent (water), membrane (DOPC, DPPC

and Chol) and Janus NP components to v-rescaling thermostats (relaxation time = 1.0 ps). In both equili-

bration and production stages, pressure was semi-isotropically coupled at 1.0 bar and controlled by Be-

rendsen barostat (relaxation times = 12.0 ps and compressibility = 33 10�4 bar�1). For each NP-membrane

model, we ran three independent simulations and then calculated the mean and standard deviation values

for statistical comparisons.

Potential mean force simulations

The potential of mean force (PMF) profile was achieved by means of the umbrella sampling technique44 to

investigate the binding energy of Janus NP to different lipid domains. We chose two membranes for the

PMF measurements: pure Ld membrane (contained only DOPC) and pure Lo membrane (contained only
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DPPC and Chol). The Ld membrane model contained 1568 CG molecules of DOPC, and the Lo membrane

model contained 940 CG molecules of DPPC and 625 CG molecules of Chol. Each lipid bilayer was equil-

ibrated for 1.00 ms to ensure the membrane equilibrium prior to being further used. The simulations

were performed by pulling the Janus NP towards the membrane in the z-direction. The reaction coordinate

(variable) was specified as the distance between the center-of-mass (COM) of the particle and the center of

the membrane. Umbrella harmonic potential was applied using a force constant of 1000 kJ mol�1 nm�2.

Windows of 0.2 nm width were used to sample the distance in the range 5–10 nm with a simulated time

of 20 ns/100 ns for the equilibration/production run for each window, respectively. After the simulations,

PMF profiles were extracted using the Weighted Histogram Analysis Method (WHAM), which was included

in GROMACS as the wham utility.44 Binding energy was determined as the difference between the highest

and lowest values in the PMF curve.

Vesicle model construction with dry MARTINI

Dry MARTINI force field was adapted to explore the interactions between Janus NPs and a lipid

vesicle. The dry MARTINI is a solvent-free force field.45 There has been no modified version of the dry

MARTINI force field to guarantee a water-exclusive multidomain formation for the DOPC:DPPC:Chol

vesicle. Strikingly, it has been shown that a phase-separated vesicle could be generated with the stan-

dard dry MARTINI force field using a composition of DPPC, Chol and a double-unsaturated phosphocho-

line, namely 1,2-dilinoleoyl-sn-glycero-3-phosphocholine (DUPC).46 Within the MARTINI force field

approach, the doubly unsaturated beads in DUPC can induce stronger repulsion towards DPPC

when compared to DOPC (single-unsaturated lipid). As a driving force, it can accelerate the phase sep-

aration in the bilayer as well. Therefore, DOPC is replaced with DUPC in this solvent-free vesicle

simulation.

A DUPC:DPPC:Chol vesicle of 25 nm in diameter was simulated following the standard procedure pre-

sented by CHARMM-GUI.53,57,58 The vesicle was initially generated using a vesicle maker tool in

CHARMM-GUI with a specific ratio of input lipids. Here, the ratio of DUPC: DPPC: Chol was selected

as 3:4:3 and the total numbers of DUPC, DPPC, and Chol in the vesicle membrane were 1658, 2210

and 1658 respectively. The vesicle was equilibrated by energy-minimization (steepest descent, 10 000

steps) followed by subsequent NPT simulations using increasing time steps from 2.0 fs to 20 fs. The

vesicle modeling used second-order stochastic dynamics (SD) integrator in GROMACS that is

efficiently used for solvent-free system.45,46 For equilibrium, temperature of the system was set at 298

K using v-rescaling thermostat (relaxation time = 1.0 ps) and pressure was set at 1.0 bar using Berendsen

isotropic pressure controller (relaxation time = 5.0 ps and compressibility = 4.5 3 10�5 bar�1). For pro-

duction run, temperature was set at 298 K (relaxation time = 0.1 ps) without pressure coupling. The

production run should be over 10 ms (time step = 30 fs) to obtain a phase-separated vesicle as shown

in Figure S20. After generating the phase-separated vesicle, the system was randomly mixed with 38 Ja-

nus NPs (core diameter DNP = 5 nm). Afterwards, the system model was implemented with an energy

minimization (steepest descent, 10 000 steps), an NPT equilibration (time step = 20 fs), and a long pro-

duction run over 10 ms (time step = 30 fs) to observe the evolution of the lipid vesicle interacting

with multiple Janus NPs. The equilibration was set at 298 K and 1.0 bar using v-rescaling thermostat

(relaxation time = 1.0 ps) and Berendsen controller (relaxation time = 5.0 ps and compressibility =

4.5 3 10�5 bar�1), respectively. The production run was set at 298 K (relaxation time = 0.1 ps) without

pressure coupling.

MD analysis

The number of lipids contacting Janus NPs, referred to as in-contact lipids, was evaluated using the gmx

mindist with a cut-off distance of 0.6 nm. The density of lipids in the bilayer was calculated using gmx

densmap. To quantify vesicle’s shrinkage, the radius of gyration of the vesicle was monitored with the

gmx gyrate module. The radial distribution function (RDF) is a histogram of the calculated distances be-

tween a selected atom/group to a reference atom/group. Here the RDF of the Janus NPs corresponding

to themselves can be used to quantify the particle aggregate, while the RDF of the DUPC molecules to-

ward the particle (reference) indicates the attraction of DUPC lipids to the particles. The RDF was calcu-

lated using gmx rdf with the bin size of 0.1 nm. The averaged order parameters of the lipid tails in the

membrane were calculated using a custom Python script (do-ordered-gmx5.py) available elsewhere.59

Specifically, the lipid order parameters were defined as SCC = 0.5 3 (3cos2q � 1), where q is the angle

between the bond formed by two coarse-grained beads and the bilayer normal. The landscape of order
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parameters over the lipid bilayer was obtained using an MD analysis tool developed by N. Castillo

et al.54 Snapshots during the simulation were rendered by the Visual Molecular Dynamics (VMD)

software.55

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical details are provided in the figure captions. Unless noted, error bars represent standard error of

the mean (SEM).
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