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Computational investigation on lipid bilayer disruption induced by 
amphiphilic Janus nanoparticles: combined effect of Janus 
balance and charged lipid concentration  

Danh Nguyen,a James Wu,b Patrick Corrigan,c and Ying Li*a 

Janus nanoparticles (NPs) with charged/hydrophobic compartments have garnered attention for their potential 

antimicrobial activity. These NPs have been shown to disrupt lipid bilayers in experimental studies, yet the underlying 

mechanisms of this disruption at the particle-membrane interface remain unclear. To address this knowledge gap, the 

present study conducts a computational investigation to systematically examine the disruption of lipid bilayers induced by 

amphiphilic Janus NPs. The focus of this study is on the combined effects of the hydrophobicity of the Janus NP, referred to 

as the Janus balance, defined as the ratio of hydrophilic to hydrophobic surface coverage, and the concentration of charged 

phospholipids on the interactions between Janus NPs and lipid bilayers. Computational simulations were conducted using a 

coarse-grained molecular dynamics (MD) approach. The results of these MD simulations reveal that while the area change 

of the bilayer increases monotonically with the Janus balance, the effect of charged lipid concentration in the membrane is 

not easy to be predicted. Specifically, it was found that the concentration of negatively charged lipids is directly proportional 

to the intensity of membrane disruption. Conversely, positively charged lipids have a negligible effect on membrane defects. 

This study provides molecular insights into the significant role of Janus balance in the disruption of lipid bilayers by Janus 

NPs and supports the selectivity of Janus NPs for negatively charged lipid membranes. Furthermore, the anisotropic 

properties of Janus NPs were found to play a crucial role in their ability to disrupt the membrane via the combination of 

hydrophobic and electrostatic interactions. This finding is validated by testing the current Janus NP design on a bacterial 

membrane-mimicking model. This computational study may serve as a foundation for further studies aimed at optimizing 

the properties of Janus NPs for specific antimicrobial applications. 

Introduction 

Nanoparticles (NPs) have been the subject of numerous studies 

investigating the role of their surface properties in interactions 

with biological membranes.1 Recent research has demonstrated 

that cationic and anionic NPs can effectively disrupt the 

structure and function of biological membranes.2-5 While 

previous studies have primarily focused on NPs with a uniform 

surface composition, recent attention has been directed toward 

NPs with heterogeneous arrangements of ligands, as they have 

been shown to interact with cell membranes more effectively.6, 

7 One type of heterogeneous NP that has gained particular 

interest is the Janus NP. These NPs are useful in a wide variety 

of applications, including optics, catalysis, drug delivery, 

bioimaging, and biosensing.8-10 The unique conformation of the 

Janus NP makes it more effective in facilitating interfacial 

activity (i.e. adsorption/desorption) compared to homogenous 

particles.11 Additionally, Janus NPs can carry a greater variety of 

cancer treatments than conventional core-shell particles.8, 12 

Recent studies have also suggested that Janus NPs with 

charged/hydrophobic compartments have the potential for 

antimicrobial activity, as they have been shown to disrupt lipid 

bilayers in experiments.13 These findings indicate that Janus NPs 

may have promising applications in nanomedicine field, 

particularly in treating cancer, bacterial infection, and other 

diseases. 

The mechanisms behind the disruption of lipid membranes 

induced by Janus NPs are not fully understood. A critical area of 

research is the impact of the hydrophobicity of Janus NPs and 

lipid membrane composition on particle-membrane 

interactions. Recently, Yu and co-workers conducted a 

quantitative investigation on the role of hydrophobicity in the 

interactions between Janus NPs and zwitterionic lipid 

membranes.14 By adjusting the Janus balance, the authors 

established a quantitative relationship between the 

hydrophobicity of amphiphilic Janus NPs and their influence on 

lipid membranes. In a separate study, we investigated the effect 

of membrane lipid composition on Janus NP-membrane 

interactions.15 We found that different lipid compositions of 

phospholipids and cholesterol can lead to various co-existence 

of liquid-ordered and liquid-disordered phases in the lipid 

bilayers. As a result, Janus NPs caused different disruptive 
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behaviours towards these membranes in both experiments and 

simulations.15  

In addition to cholesterol, the presence of negatively and 

positively charged phospholipids in lipid bilayers can accurately 

represent real-life biological membranes, leading to complex 

NP-membrane phenomena. Specifically, charged phospholipids 

are essential components in the cell membranes of living 

organisms, regulating the association of proteins with the 

plasma membrane.16 Previous studies have shown that Janus 

NPs can generate defects in cationic and anionic lipid bilayers,17 

but the underlying mechanisms governing the interactions 

between Janus NPs and charged lipid membranes have yet to 

be thoroughly investigated. Some crucial areas of research 

include determining (1) if hydrophobic interactions are the 

primary driving force during the interaction between NPs and 

charged lipid bilayers and (2) if electrostatic interactions due to 

the presence of charged lipids assist or hinder membrane 

disruption. From an experimental perspective, it is widely 

accepted that hydrophobic interactions between ligands of 

Janus NPs and phospholipids in the membrane are key drivers 

of lipid extraction and membrane defect formation.13, 18 

 However, the concentration of charged lipids in the 

membrane could also impact membrane alteration. Despite 

some prior research in this area,14, 17 there is a lack of systematic 

studies on the combined effect of Janus balance and 

membranes with varying charged lipid concentrations at the 

molecular scale. To address this knowledge gap, we aim to use 

molecular dynamics (MD) simulations to systematically study 

the combined effect of these parameters on Janus NP-

membrane interactions. MD simulations are a powerful tool for 

extracting meaningful information that can be difficult to 

acquire through experimentation, such as the structural 

dynamics of biological molecules.19, 20 Additionally, MD 

simulations allow for the exploration of a broader range of 

design parameters than experimentation, which is helpful for 

the discovery of novel antibiotics.21 Furthermore, MD 

simulations can help reveal the molecular mechanisms 

underlying phenomena observed experimentally. For example, 

our previous research used MD simulations to effectively 

explain the stronger disruptive capability of Janus NPs towards 

the membrane of giant unilamellar vesicles (GUVs) compared to 

uniform particles,18 and the domain-selective disruption and 

compression of phase-separated GUVs induced by Janus NPs.15 

In this study, we employ coarse-grained MD simulations 

with the MARTINI force field22 to systematically investigate how 

Janus NPs with varying Janus balances interact with charged 

membranes of different lipid compositions. To mimic the 

anisotropic characteristics of Janus NPs, we adopt the molecular 

model of Janus NP used in our previous studies.15, 18 To vary the 

Janus balance, three different area densities of the hydrophilic 

and hydrophobic portions of the Janus NP will be used: 90/10, 

80/20, and 50/50 ratios. Additionally, uniform amphiphilic NPs 

will be built with random distributions of hydrophilic beads and 

hydrophobic ligands as a control model to validate the role of 

the particle surface anisotropy.  

To understand the pathway of the interaction between 

Janus NPs and lipid bilayers, we will perform a two-dimensional 

(2D) potential of mean force (PMF) calculation. The resulting 

free energy surface (FES) will indicate the preferred Janus NP 

orientations during interactions with lipid membranes. To 

evaluate the Janus NP-membrane interactions in different 

scenarios, we will extract and compare significant MD 

simulation results, including snapshots at varying time points 

during the interaction, projected area of lipid bilayers, lipid 

diffusivity, hydrophobic and electrostatic interaction energies, 

and the number of lipids extracted from the membranes over 

the course of simulations. Through these efforts, we aim to (1) 

establish a structure-activity relationship that explains how the 

hydrophobic/hydrophilic balance of Janus NPs can impact their 

membrane disruption activity, and (2) quantify the driving 

forces in the interactions between Janus NPs and charged 

membranes. These findings are expected to deepen our 

understanding of how lipid bilayers with various surface charges 

behave in the presence of Janus NPs, ultimately leading to 

improved nano-system design for real-life biological membrane 

applications. 

To that end, this manuscript is organized as follows: Section 

Computational Model and Methods describes our MD 

simulation and computational approach; Section Results and 

Discussion includes five sub-sections: Section Effect of Janus 

balance provides the results and discussion related to how 

different Janus balances affect the stability and disruption of a 

pure phospholipid bilayer; Section Effect of negatively charged 

lipid concentration discusses the impact of anionic lipid 

concentration on the alteration of negatively charged 

membranes induced by Janus NPs; Section Effect of positively 

charged lipid concentration discusses the impact of cationic 

lipid concentration on the disruption of positively charged 

bilayers caused by Janus NPs; Section Combination effects 

summarizes the combined impact of the Janus balance and ionic 

lipid concentration on the NP-membrane interaction; and 

Section Implement on bacterial membrane-mimicking model 

discusses the potential of current Janus NP model to select for 

disrupting a negatively charged bacterial membranes. Finally, 

Section Conclusions summarizes our findings and provides 

conclusions regarding our computational investigation. 

Computational Model and Methods 

MARTINI force field descriptions 

The Coarse-grained (CG) MD simulations are implemented 

using GROMACS version 2020.23 Computational simulations of 

lipid membranes and Janus NPs using the CGMD approach are 

feasible on temporal and spatial scales that enable the capture 

of the fundamental interaction mechanisms. In this study, the 

MARTINI force field24-30 will be employed to investigate the 

interactions between Janus NPs and various lipid bilayers. This 

force field is widely utilized for studying of NP−lipid membrane 

interactions31-34 due to its ability to accurately reproduce the 

conformational, mechanical, and free energy characteristics of 

various lipids and molecular species in MD simulations.28, 29, 35 In 

MARTINI force field, atoms are represented by CG beads, with 
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each bead representing up to four heavy atoms and is 

characterized as one of four types: polar (P), nonpolar (N), 

apolar (C), or charged (Q). From Section Effect of Janus balance to 

Section Combination effects, three lipid species, DOPC (1,2-

dioleoyl-sn-glycero-3-phosphocholine), DOPA (anionic 1,2-

dioleoyl-sn-glycero-3-phosphate), and DOTAP (cationic 1,2-

dioleoyl-3-trimethylammonium-propane) are used in the planar 

lipid bilayer. The bead types used for each lipid are shown in Fig. 

1a. The MARTINI force field for DOPC is implemented with the 

modified version,15, 36 while DOPA and DOTAP are implemented 

with the standard MARTINI force field.22 Additionally, a 

biologically accurate model of a membrane is simulated in 

Section Implement on bacterial membrane-mimicking model. This 

model consists of a mixture of lipopolysaccharide (LPS) and 1-

palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC). The 

CG beads of POPC are presented in Fig. S7a using a standard 

MARTINI force field.22 The CG model and parameters of LPS (Fig. 

S7b and Table S1) are derived from CHARMM-GUI.37 

Planar membrane model 

The planar membrane models used in this study from Section 

Effect of Janus balance to Section Combination effects are 

constructed using the INSANE (INSert membraNE) script.38 This 

tool allows for adjusting the size and composition of a MARTINI 

bilayer model and is used to create nine different membranes 

(Table 1) with varying compositions of DOPC, DOPA, and 

DOTAP. These membranes are composed of 1,568 CG lipids and 

140,000 CG water and have a total system size of 23 × 23 × 36 

nm3 to accommodate a single Janus NP with a core diameter of 

10 nm. In cases where uniform NP models are utilized, larger 

membranes (35 × 35 × 36 nm3) are employed to eliminate the 

effect of boundary conditions.  

The constructed membranes are then subjected to energy 

minimization using the steepest descent method (5,000 steps), 

followed by a successive isothermal–isobaric (NPT) 

equilibration simulation. The number of particles (N), constant 

pressure (P), and temperature (T) are all kept constant during 

the NPT simulation, which is performed for 30 ns with a 

timestep of 30 fs. This is followed by a 1.0 s production 

simulation with a timestep of 30 fs. Reaction-field electrostatics 

are used with a Coulomb cut-off of 1.1 nm and dielectric 

constants of 15 or 0 within or beyond this cut-off distance, 

respectively. Lennard-Jones (LJ) interactions are cut off at 1.1 

nm, shifting the potential energy to zero. Constant temperature 

is maintained at 310 K via separate coupling of the solvent 

(water) and lipid components to v-rescaling thermostat 

(relaxation time = 1.0 ps). Pressure is semi-isotropically coupled 

at 1.0 bar. The Berendsen scheme is used for the NPT 

equilibration with relaxation time and compressibility of 12.0 ps 

and 3 × 10−4 bar−1, respectively. After equilibration, the 

Parrinello−Rahman barostat is used for the long production run. 

In Section Implement on bacterial membrane-mimicking 

model, a bacterial-mimicking membrane model is constructed 

using CHARMM-GUI website.37 The LPS/POPC membrane is 

initially generated using the MARTINI membrane builder tool 

within CHARMM-GUI, with a specific ratio of input lipids. The 

ratios of LPS to POPC used in the simulation are 5:95 (5% LPS) 

and 20:80 (20% LPS). The total number of CG lipids and waters 

in the LPS/POPC membranes are 1,170 and 140,000, 

respectively. The membrane is equilibrated by performing 

energy minimization (steepest descent, 5,000 steps) followed 

by subsequent NPT simulations with increasing time steps from 

2.0 fs to 30 fs. A production simulation is then conducted for 1.0 

s with a timestep of 30 fs. The NPT and production runs 

parameters are similar to those used in the DOPC/DOPA 

(DOTAP) planar membrane modelling described above. 

 

Table 1 List of planar lipid membranes used in this study.* 

No. DOPC [%] DOPA (−) [%] DOTAP (+) [%] Properties 

1 100 0 0 Hydrophobic 

2 0 100 0 (−) Hydrophilic 

3 0 0 100 (+) Hydrophilic 

4 95 5 0 (−) Charged hydrophobic 

5 90 10 0 (−) Charged hydrophobic 

6 80 20 0 (−) Charged hydrophobic 

7 95 0 5 (+) Charged hydrophobic 

8 90 0 10 (+) Charged hydrophobic 

9 80 0 20 (+) Charged hydrophobic 

 

*Membrane dimension is 23 × 23 × 36 nm3 when using anisotropic Janus NP models (JP 50/50, JP 80/20 and JP 90/10) or 35 × 35 

× 36 nm3 when using uniform particle models (JP WM) to mitigate the finite effects of planar membranes. 
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Models of Janus NP and MD simulations with planar membrane 

The Janus NP model used in our simulation is adapted from our 

previous works.15, 18 Briefly, the gold (Au) core of the Janus NP 

is constructed from a bulk face-centred cubic (FCC) lattice with 

a constant of 0.408 nm. The diameter of the Au core is chosen 

to be 10 nm, which is larger than the thickness of the lipid 

bilayer. The Au core is constructed with inert metal beads C5. 

The surface of the NP is divided into two distinct regions: a 

hydrophilic hemisphere and a hydrophobic hemisphere. The 

hydrophilic hemisphere is covered with positively charged 

hydrophilic beads (Qd) with an areal density of 2.5 nm−2, while 

the hydrophobic hemisphere is covered with sulphur beads (N0) 

with an area density of 4.7 nm−2. Each N0 bead is bonded with a 

hydrophobic alkyl chain represented by four C1 beads to mimic 

the octadecane carbon chain. The interactions between the Au 

beads in the core are treated with harmonic bond potentials 

using a force constant of 10,000 kJ mol-1 to ensure the rigidity 

of the core. The Au-Qd and Au-N0 interactions are 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 are applied to the bonds in the ligand. To reduce the 

computational cost, we kept the diameter of the NP core at 10 

nm, which is about twice the thickness of a lipid bilayer. The 

Janus balance is represented by the hydrophilicity/ 

hydrophobicity ratio, which is varied in our simulations to study 

its effect on membrane disruption. The ratio used in this study 

are 90/10 (JP 90/10), 80/20 (JP 80/20), and 50/50 (JP 50/50). 

Additionally, a model of a uniform amphiphilic NP (JP WM) is 

established as a control model, with well-mixed hydrophilic 

beads and hydrophobic ligands (hydrophobicity of 50%), to 

compare its membrane disruptive effect with that of the 

anisotropic Janus NP model (JP 50/50). 

The dynamics of a single Janus NP is subjected to a series 

of MD simulation steps. The simulation begins by positioning 

the NP 9.5 nm above the middle plane of the bilayer, as 

determined by the centre-of-mass (COM) distance. A steepest 

descent minimization procedure, consisting of 10,000 steps, is 

then applied to resolve any steric clashes. The system is 

subsequently equilibrated for 20 ns using an NPT ensemble. The 

production run is then performed for a total of 200 ns. In the 

case of multiple Janus NPs, as depicted in Fig. S1, four particles 

are placed near one another above the membrane to accelerate 

the cooperative effect of multiple NPs 15. The simulation setup 

for these models follows the same procedure as the single Janus 

NP simulations for minimization and equilibration. However, 

the production run is extended to 1.0 s to ensure sufficient 

simulation time for the cooperation of Janus NPs. The timestep 

for all Janus NP-membrane interaction simulations is set at 20 

fs. Reaction-field electrostatics are used with a Coulomb cut-off 

of 1.4 nm and dielectric constants of 15 or 0 within or beyond 

this cut-off distance, respectively. The LJ force field is cut off at 

1.4 nm, where the potential energy is shifted to zero. Constant 

temperature is maintained at 310 K via separate coupling of the 

solvent (water), lipids in the membrane and the Janus NP to v-

rescaling thermostats with a relaxation time of 1.0 ps. In both 

equilibration and production stages, pressure is semi-

isotropically coupled at 1.0 bar and controlled by the Berendsen 

barostat with a relaxation time of 12.0 ps and compressibility of 

3 × 10−4 bar−1. 

2D potential mean force (PMF) calculation 

To calculate the 2D PMF of the adsorption of Janus NP on lipid 

bilayers, we employ a metadynamics method as previously 

described in the literature.39-41 Free energy simulation methods 

play a crucial role in understanding the thermodynamic 

properties of various biologically important systems and 

phenomena. These methods are utilized to estimate hydration 

free energies of ions and small molecules, protein-ligand 

binding affinities, and protein stability.42 In the metadynamics 

simulation, an external history-dependent potential, which is 

called a bias potential, is added to the selected collective 

variables (CVs), which alters the system's dynamic behaviour. A 

collective variable (CV) is a predefined descriptor of the 

molecular system being studied, and it must be a differentiable 

function of the atomic coordinates. Furthermore, the value of 

CV should reflect the state of the simulated system, including 

metastable states.43 The FES can be constructed in the space 

spanned by those CVs. The bias potential Vbias(S, t) at time t can 

be written as:42 

𝑉𝑏𝑖𝑎𝑠(𝑆, 𝑡) = ∫ 𝜔𝑒𝑥𝑝 (− ∑
(𝑆𝑖 − 𝑆𝑖(𝑡′))2

2𝜎𝑖
2

𝑑

𝑖=1

) 𝑑𝑡′

𝑡

0

 (1) 

 

where  is the Gaussian height, which is controlled by the 

deposition stride, Si is one of the predefined CVs, and σi is the 

Gaussian width for ith CV. By incorporating a Gaussian 

distribution-bias potential, this method encourages the system 

to move away from local minima and towards nearby saddle 

points on the FES. As a result, the FES becomes more flattened 

at the end of the simulation. This allows us to estimate the free 

energy surface as a negative imprint of the total bias potential 

added to the system:42 

𝐹(𝑆) =  −𝑉𝑏𝑖𝑎𝑠(𝑆, 𝑡 → ) (2) 

For the metadynamics run on Janus NPs interacting with 

lipid bilayer, the centre-of-mass (COM) angle and COM distance 

are two CVs used to quantify the position and orientation of a 

Janus NP within a lipid bilayer. The COM angle is defined as the 

angle between the vector connecting the COM of the Janus NP 

and the hydrophobic portion of the NP, and the vector 

connecting the COM of the Janus NP and the centre of the lipid 

bilayer. The COM distance, on the other hand, is defined as the 

distance between the COM of the Janus NP and the centre of 

the lipid bilayer. These CVs are illustrated in Fig. 3a. To have a 

better visualization, Fig. S3 provides an illustration of the space 

spanned by the CVs during the metadynamics simulation of 
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JP50/50 interacting with the pure DOPC membrane. The 

changes in the CVs over the course of the simulation, as shown 

in Fig. S3, indicate which configurations of the Janus NP-

membrane were sampled at a given time when the bias 

potential was applied according to Equation (1). Subsequently, 

the FES of the interaction was computed using Equation (2). The 

FES provides insights into the thermodynamic behaviour of the 

nanoparticle-membrane interaction. A lower value of the free 

energy indicates a more stable and energetically favourable 

adsorption process. It can aid in understanding the adsorption 

mechanisms. 
The metadynamics simulations are performed using 

GROMACS v. 2020.6 (modified version) with the addition of 

Plumed version 2.7.44 The basic theory about the metadynamics 

and all the parameter settings can be found on the Plumed web 

page.45 The simulations are performed at a temperature of 310 

K and Gaussian functions are deposited every 500 simulation 

steps (equivalent to a time interval of 10 ps) as a common 

setting in the Plumed. The height of the Gaussian functions is 

set to be 1.2kBT kJ mol-1 and the bias factor, which controls the 

rate of decrease in the Gaussian height, is set to be 10. The 

width of the Gaussian functions is defined by the sigma values, 

which are set to be 0.05 nm for the distance variable and 0.3 

(radian) for the angle variable. The range of the COM distance 

and angle variables are set to 0−30 nm and 0o−180o, 

respectively.  

MD result analysis 

The analysis of membrane defects induced by Janus NPs is 

performed by monitoring the reduction in membrane area.15 

This calculation is depicted in Fig. S4. The dimensions of the lipid 

bilayer are extracted throughout the simulation using the gmx 

energy tool. The number of lipids extracted by Janus NPs is 

evaluated using the gmx mindist tool with a cut-off distance of 

0.6 nm from Janus NP beads. The energy of molecular 

interactions between the Janus NPs and the lipids in the 

membrane including the LJ and Coulombic interactions, which 

represent the hydrophobic and electrostatic interactions, 

respectively, is extracted from MD results using the gmx energy 

tool. Additionally, the diffusivity of lipids in the membrane, 

which represents the fluidity of the lipid bilayer, is calculated 

using the gmx msd tool. Lipid bilayer’s thickness was 

determined by measuring the distance between the lipid head 

group (PO4) in the upper and lower layers. The membrane was 

discretized into small 2  2 nm² bins. Within each bin, we 

identified lipid head groups in the upper and lower leaflets and 

computed the maximum distance between the leaflets. Lipid 

density was determined using the gmx densmap tool with the 

same 2 × 2 nm² binning scheme. Snapshots during the 

simulation are rendered using the Visual Molecular Dynamics 

(VMD) software.46  

Results and Discussion 

Effect of Janus balance 

As illustrated in Fig. 1, our MD simulation results demonstrate 

that the Janus balance of Janus NPs has a significant impact on 

their ability to disrupt lipid bilayers. Specifically, as the Janus 

balance increases, the NPs tend to interrupt lipid bilayers more. 

The JP 50/50 (50% hydrophobicity) can cause wrinkling of the 

membrane, similar to what was observed in previous studies.15, 

18 In contrast, the JP 80/20 (20% hydrophobicity) slightly 

interrupts the membrane, while the JP 90/10 (10% 

hydrophobicity) fully embeds its hydrophobic portion into the 

lipid bilayer without causing defects. These computational 

results are consistent with previous experimental findings, 

where the Janus balance of 10% hydrophobicity was 

determined to be the lower threshold that would not generate 

membrane defects.14 Our MD simulation results in conjunction 

with previous experimental findings, confirm that the Janus 

balance significantly impacts on the ability of Janus NPs to 

disrupt lipid bilayers.  

To further investigate the effect of NP configuration on 

membrane perturbation, a control model using a uniform 

amphiphilic NP (JP WM) was also performed and compared to 

JP 50/50. The bottom snapshot in Fig. 1b shows that the JP WM 

quickly inserts into the membrane within 30 ns, but then 

remains between the two lipid leaflets with its surface entirely 

covered by lipids. As a result, the JP WM becomes completely 

embedded inside the bilayer without inducing membrane 

wrinkling. This differs from the JP 50/50, where the membrane 

integrity is compromised. These results confirm the critical role 

of Janus NP configuration where the anisotropic Janus NPs 

cause significantly more defects to the GUVs when compared to 

the uniform amphiphilic NPs.18 We also perform MD 

simulations in the case of multiple Janus NPs with different 

Janus balances interacting with a pure DOPC membrane. Our 

findings indicate that the results of the multiple Janus NP 

simulations exhibit a similar trend to those of single Janus NP 

models. Specifically, we observed that multiple Janus NPs with 

a Janus balance of 50/50 significantly disrupt the membrane 

due to the inter-particle effect. This disruptive effect is reduced 

as the Janus balance decreases (Fig. S1). Furthermore, we found 

that there is no defect and no cooperation between the NPs 

induced in the membrane for the Janus balance of 90/10. 

Additionally, we confirmed the impact of an anisotropic 

configuration when simulating multiple uniform particles. 

Despite particle cooperative effects, the integrity of the 

membrane is maintained as two leaflets entirely wrap the 

uniform particles. These results suggest that the model of a 

single Janus NP can be employed to represent Janus NP-

membrane interactions for the sake of computational 

efficiency. 
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Fig. 1 Janus NP and phospholipid CG models. (a) CG representations of Janus NP and lipids used in the MD simulations. Colouring 

scheme: Janus NP model includes Au core (grey), sulphur (white), cationic ligand (yellow), and hydrophobic ligand (orange) beads; 

DOPC molecule contains headgroup (green) and tails (cyan) beads; DOPA molecule contains negatively charged headgroup (purple) 

and tails (red) beads; DOTAP molecule contains positively charged headgroup and tails beads (brown). The same colouring scheme 

is used for all MD simulations in this study. (b) Representative snapshots (side view) showing the insertion of Janus NP with 

different hydrophobicity including JP 50/50, 80/20, 90/10 and well mixed (WM) (core diameter DNP = 10 nm) into a pure DOPC lipid 

bilayer. The total simulation time for each simulation is 200 ns. The membrane dimension is 23 × 23 × 36 nm3. In the case of JP 

WM, the membrane dimension is 35 × 35 × 36 nm3 to avoid the finite size effect. Solvent molecules are included in the simulation 

but are not shown here for clarity.  

MD simulations were utilized to investigate the main 

driving forces and mechanisms behind membrane defects 

induced by Janus NPs during NP-membrane interactions. The 

advantage of using MD simulations is the ability to access 

biological events at a molecular scale, which is challenging to 

experimentalists. By extracting the results from MD simulations 

for different Janus balances, we aimed to understand how the 

configuration of the Janus NPs affects the membrane alteration. 

First, by measuring the area change of the lipid bilayers while 

encountering the particles, we found that modifying the 

configuration of the Janus NP can disrupt the membrane 

differently. The calculation of membrane area change is 

presented in Fig. S4. Our results demonstrate that while JP 

50/50 and JP 80/20 significantly influence the membrane 

alteration, JP 90/10 does not interrupt the lipid bilayer. This is 

evidenced by the fact that the membrane area remains almost 

unchanged in the presence of JP 90/10, as shown in Fig. 2a. Our 

findings indicate that the hydrophobic portion of JP 90/10 is 

completely inserted into the membrane, as seen in the 

snapshots in Fig. 1b. This is likely due to the low coverage of 

hydrophobic ligands on the particle surface, which constitutes 

only 10% of the particle surface. Therefore, the insertion of the 
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JP 90/10's hydrophobic part does not cause any apparent 

changes in the membrane. In contrast, JP 50/50 significantly 

reduces the area of the lipid bilayer through the wrinkling effect 

(Fig. 1b). On the other hand, JP 80/20 expands the area of the 

membrane up to 10% even though it can slightly bend the 

membrane. This result implies that even though the JP 80/20's 

hydrophobic face can completely insert into the lipid bilayer, 

the Janus balance is not strong enough to extract lipids from the 

membrane. Hence, this cannot cause the membrane to 

contract, as observed in the case of JP 50/50. Also shown in Fig. 

2a, we compared the area reduction induced by uniform 

amphiphilic nanoparticles (JP WM) to other types of JPs. Our 

results indicate that, similar to JP50/50, JP WM can effectively 

reduce the area of the membrane by fully embedding into it and 

inducing contraction. However, unlike JP50/50, which results in 

membrane wrinkling, JP WM preserves the structural integrity 

of the membrane. This is demonstrated by the snapshots in Fig. 

1b and Fig. S1.  

Since the area reduction calculation is insufficient to 

conclude if JP 50/50 is better in terms of membrane 

reorganization to the random NPs, we calculated other metrics 

to characterize the NP-membrane interactions. First, we 

conducted an analysis of the pure DOPC membrane's thickness 

landscape both before and after interaction with 

single/multiple JP 50/50 and JP WM nanoparticles (NPs). Fig. 

S2b illustrates that JP 50/50 NPs induced alterations in 

membrane thickness and generated defects. These defects are 

represented by white regions in the thickness landscape 

because of absence of lipid head groups in either the upper or 

lower lipid layer within specific bins. This defect formation was 

not observed in the case of JP WM-membrane interaction, 

despite JP WM's ability to modify membrane structure by 

changing bilayer thickness. This can be rationalized by 

examining the top-view snapshots in Fig. S2a, where JP WM is 

embedded within the membrane, preserving membrane 

integrity. In contrast, JP 50/50 interacted with the membrane at 

a tilted angle, inducing a significant local imbalance in bilayer 

thickness and perturbing membrane organization. The 

introduction of four JP 50/50 NPs is shown to induce much 

stronger thickness alteration compared to four random NPs and 

generate more defects compared to individual JP 50/50 NP with 

defect area percentages of 7.81% and 3.51%, respectively. 

Furthermore, we calculated the lipid density distribution across 

the membrane as shown in Fig. S2c. We confirm that JP 50/50 

NPs exert a more pronounced disruption on local lipid density 

at interaction sites compared to the uniform NPs, corroborating 

the thickness findings. Based on this analysis, we assert that JP 

50/50 NPs exhibit a more potent disruptive influence on the 

lipid membrane compared to uniform NPs. This assertion is also 

supported by experimental data from prior work wherein JP NPs 

outperformed uniform NPs in generating defects on vesicle 

membranes at same particle concentrations.18 

We then utilize several important metrics, including mean 

square displacement (MSD) of lipids and total energy of LJ 

interactions between lipids and particles. First, we calculate the 

MSD of lipids in the membrane during interactions with 

different Janus NP models to determine the impact of particle 

insertion on the fluidity (lipid diffusion) of the bilayer. 

Interestingly, despite variations in disruptive effects, the MSD 

values of lipids when encountering particles with different 

hydrophobicity are found to be similar to each other and 

comparable to those of a non-interrupted lipid bilayer (Fig. 2b). 

This suggests that the effect of a single Janus NP on lipid 

diffusivity is negligible in this case. Next, we calculate the total 

LJ interaction energy between lipids and particles for all 

simulations. The results reveal that the JP 50/50 generates 

approximately two times higher interaction energy than the JP 

80/20 and approximately five times greater than the JP 90/10 

(Fig. 2c). Our study suggests a linear relationship between the 

hydrophobicity of Janus NPs and their ability to interact with 

lipids in the membrane. The dominant LJ interactions induced 

by the JP 50/50, among other Janus balances, may explain the 

strong extraction of lipids and severe distortion of the lipid 

bilayers observed with this NP. This hypothesis is supported by 

our simulation results, as shown in Fig. 2d, which demonstrate 

that the JP 50/50 can extract double the number of 

phospholipids compared to the JP 80/20 and approximately 

four times more than the JP 90/10. Our molecular analysis 

supports the conclusion that anisotropic Janus NPs with higher 

hydrophobicity can induce stronger lipid extractions and 

generate more defects in the lipid bilayers linearly. 
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Fig. 2 Effects of Janus balance on (a) membrane area reduction, (b) lipid fluidity (means square displacement), (c) LJ interaction 

energy between Janus NP and lipid membrane, (d) number of extracted lipids induced by Janus NP. 

 

After that, we investigate the mechanism of NP−membrane 

interactions in terms of thermodynamics. Specifically, we focus 

on the impact of Janus balance on the FES of Janus NP-

membrane interactions. Given the anisotropic nature of Janus 

NP, it is necessary to consider two CVs, as opposed to the 

traditional umbrella sampling approach of considering only the 

distance between two atoms or groups. Specifically, we focus 

on the distance and angle between the COM points of the Janus 

NP and the lipid bilayer (Fig. 3a). The COM distance provides 

insight into the thermodynamic favourability of the insertion of 

the Janus NP into the membrane. The COM angle specifies the 

preferred tilted angle of the Janus NP relative to the membrane 

upon encounter. Subsequently, the 2D metadynamics 

simulations are performed on various Janus balances using 

Plumed version 2.7.44 As depicted in Fig. 3, increasing 

hydrophobic coverage leads to more thermodynamically 

favourable interactions between the particle and the lipid 

bilayer. 
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Fig. 3 FES of interaction between Janus NPs with different Janus balances and pure DOPC lipid bilayers. (a) Two reaction variables 

used for 2D PMF calculations include COM distance and COM angle (COM is centre-of-mass). The COM angle is defined as the 

angle between the vector connecting the COM of the Janus NP and the hydrophobic portion of the NP, and the vector connecting 

the COM of the Janus NP and the centre of the lipid bilayer. The COM distance is defined as the distance between the COM of the 

Janus NP and the centre of the lipid bilayer. Cross-sectional snapshots and FES of interaction between pure DOPC membrane with 

(b) JP 90/10, (c) JP 80/20, (d) JP 50/50 and (e) JP WM. Janus NP core’s diameter is 10 nm. The membrane dimension in (a), (b), (c), 

(d) is 23 × 23 × 36 nm3. The membrane dimension in (e) is 35 × 35 × 36 nm3 to avoid the finite size effect. Solvent molecules are 

included in the simulation but are not shown here for clarity. 

 

 

This is evident in the FES plots, where a reddish colour 

represents the lower energy regions, while green indicates high 

energy-barrier areas for the NP-membrane interaction. Our 

analysis reveals that the energetically favourable region in the 

FES plot of JP 90/10 is relatively narrow (Fig. 3b). Additionally, 

the high energy-barrier area is larger than other Janus balances. 

As the hydrophobicity of the Janus NP increases, the low free 

energy area, represented by the reddish colour, is observed to 

expand, indicating that the NP is more favourable for 

interaction with the membrane. Furthermore, the favourable 

binding area in the case of 50% hydrophobicity is significantly 

large in both the COM distance and angle coordinates 

compared to the case of lower hydrophobic coverages. We 

found that while it is challenging to insert JP 90/10 and JP 80/20 

deeper into the membrane (Fig. 3b and 3c), the JP 50/50 can 

penetrate the membrane and surpass a COM distance of 6 nm 

(Fig. 3d). Additionally, we observed that Janus NPs with 

different Janus balances tend to adopt a preferred angle of 

approximately 40o−60o relative to the planar membrane, as 

reported in our previous studies.15, 18 Importantly, this is the 

first 2D PMF calculation to demonstrate that the tilted 

configuration of the Janus NP is the most favourable state when 

encountering lipid bilayers. This is also associated with the 

wrinkling effects that Janus NPs can induce on lipid 

membranes.18 To further verify the metadynamics simulation, 

we conducted additional tests on JP WM and observed some 
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intriguing behaviour. Due to the uniformity of JP WM, we 

randomly selected a point on its surface instead of the COM of 

the ligand part to represent the angle used in the 

metadynamics. As seen in Fig. 3e, the angle range that favours 

JP WM-membrane interaction is significantly broader and more 

global compared to other JPs. This result can be attributed to 

the isotropic configuration of JP WM, which ensures that 

hydrophobic interaction is uniformly distributed across the 

membrane. Thus, there is no preferred angle for interaction 

between the uniform particle and the membrane. In conclusion, 

our 2D thermodynamic calculations confirm that: 1) Janus NPs 

interact with lipid bilayers with a preference for a tilted angle, 

and 2) Janus NP with a Janus balance of 50/50 possess a 

favourable FES when encountering lipid bilayers, leading to a 

more significant perturbation effect on the membrane as 

shown in Figs. 1 and 2.  

Effect of negatively charged lipid concentration 

In biological membranes, various phospholipid types with 

different charge states are present, providing functions such as 

the uptake of specific proteins.16, 47-49 For example, bacterial cell 

membranes contain a significant amount of anionic lipids, which 

enhances the selectivity of cationic antibacterial agents.50 

Therefore, it is essential to study the interaction of Janus NPs 

with different charged phospholipid bilayer systems for further 

biomedical applications. In this study, we focus on the influence 

of anionic lipids in the membrane by using a fixed Janus balance 

(JP 50/50) for all simulations. The molar concentration of the 

anionic phospholipid, DOPA, in DOPC lipid bilayers varies from 

0 to 20%. MD simulations were performed on different anionic 

lipid bilayers, and the snapshots of NP-membrane interactions 

were collected for 200 ns (Fig. 4a). The results of our simulation 

indicate that increasing the negative charge of lipids in the 

membrane leads to greater disruption of the membrane surface 

by Janus NPs. Through the analysis of projected area reduction 

over the duration of the simulation, we observed a monotonic 

relationship between the concentration of DOPA and the 

alteration of the membrane (Fig. 4b). Specifically, a higher 

number of negative lipids in the bilayer leads to a more 

pronounced compression of the membrane induced by the 

Janus NPs. When we compared the trend of JP50/50 with JP 

WM, we found that the area reduction induced by JP WM does 

not significantly change as the anion lipid concentration 

increases. This suggests that the uniform NP does not strongly 

prefer the anion lipid membrane. On the other hand, the 

anisotropic JP is more effective in disrupting membranes with 

higher negative charges. This is clearly demonstrated in Fig. 4b, 

where JP 50/50 causes double the area contraction induced by 

JP WM at a DOPA concentration of 20%. As depicted in Fig. S5, 

increasing DOPA concentration enhances electrostatic 

interactions between JP 50/50 and lipids. This effect is less 

prominent for JP WM, which contributes to JP 50/50's superior 

disruptive potential on anionic membranes in comparison to JP 

WM. We suggest that the extended alkyl chain covering the 

entire surface of JP WM can obstruct the interaction between 

its positively charged single beads and anionic lipids in the 

membrane. In contrast, JP 50/50's distinct hydrophobic and 

hydrophilic segments can facilitate unimpeded electrostatic 

attraction to lipid bilayers. This anisotropic configuration of JP 

50/50 enhances interactions with the membrane in terms of 

hydrophobic and electrostatic aspects. This result strongly 

supports the ability of anisotropic NPs to disrupt anionic 

membranes, compared to uniform NPs.  

Additionally, we evaluated the membrane fluidity by 

determining the MSD of the lipids in the membrane. We found 

that the presence of DOPA can nonlinearly reduce lipid 

diffusivity when interacting with the Janus NP (Fig. 4c). To 

further understand the underlying mechanisms of the observed 

distorting behaviour, we also calculated the LJ and Coulomb 

interactions between the Janus NP and the phospholipids in the 

membrane throughout the simulation. Interestingly, we found 

that the LJ interactions are consistent across different 

concentrations of anionic lipids, as observed in Fig. 4d. 

However, the electrostatic interactions between the NP and the 

membrane become more linear as the concentration of DOPA 

increases (Fig. 4e). This result is noteworthy, given that the 

Janus NP has a positive hemisphere coverage (Qd beads) on its 

core surface, which favours interactions between the Janus NP 

and anionic lipid heads in the membrane. Increased molecular 

interactions between the Janus NP and membranes containing 

higher DOPA concentrations result in a higher number of 

phospholipids extracted from the lipid bilayer, leading to more 

defects, as previously reported in experimental results.17 It is 

worth noting that we only placed the hydrophobic portion of 

the particles towards the membrane to ensure a consistent 

initial state for all MD simulations. Furthermore, when the 

positive hemisphere of the Janus NP faces the membrane, it 

significantly alters the membrane structure (Fig. S6a). These 

results, presented in Fig. 4 and S6a, demonstrate the favourable 

interaction between the Janus NP and negatively charged 

membranes, which is linearly proportional to the anionic lipid 

concentration. 
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Fig. 4 Effects of anionic lipid concentrations on membrane alteration as depicted by (a) snapshots of MD simulations with different 

DOPA concentrations at 200 ns, (b) membrane area reduction, (c) membrane fluidity, (d) LJ interaction, and (e) Coulomb 

interaction. Janus NP core’s diameter is 10 nm. The membrane dimension is 23 × 23 × 36 nm3. Solvent molecules are included in 

the simulation but are not shown here for clarity. 

 

Effect of positively charged lipid concentration 

In addition to anionic phospholipids, cationic lipids also play a 

crucial role in the function and structure of biological 

membranes. One example of this is the creation of a 

transmembrane potential or electrophysiology.16 In this 

section, we aim to investigate the effect of cationic 

phospholipids on the interactions between Janus NPs and 

membranes. To do this, we varied the molar concentration of 

DOTAP, a positively charged phospholipid, in a DOPC membrane 

(Fig. 5a). Our results showed that the membrane area reduction 

induced by the particle in DOPC/DOTAP mixed lipid bilayers is 

not monotonically affected by the amount of DOTAP. 

Interestingly, we observed that concentration of 5% or 10% 

DOTAP significantly reduces the membrane area (Fig. 5b). 

However, when the concentration of DOTAP increased to 20%, 

the membrane behaviour became similar to that of a pure DOPC 

bilayer. We then compare the area reduction induced by JP 

50/50 to that of the JP WM used as a control sample. Our 

analysis reveals a similar trend between JP 50/50 and the JP 

WM. We observe that the JP WM can contract the membrane, 

but the contraction effect is not proportional to the DOTAP 

concentration. Specifically, at the concentration of 20% DOTAP, 

the JP WM shows the worst area reduction among other DOTAP 

concentrations, which is consistent with the findings for JP 50-

50. Therefore, we conclude that the presence of cationic lipids 
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in the membrane does not significantly impact the interaction 

between anisotropic/uniform NPs and membranes. 

Furthermore, the membrane fluidity of cationic 

phospholipids decreases as the number of cationic 

phospholipids increases, similar to the effect observed with the 

presence of DOPA (Fig. 5c). Also, the presence of DOTAP does 

not significantly influence the LJ interactions between the 

particles and the lipids in the membrane (Fig. 5d). However, 

unlike the effect of DOPA, the electrostatic interaction energy 

between the Janus NPs and phospholipids does not 

monotonically increase as the amount of DOTAP increases (Fig. 

5e). The intensity of electrostatic interactions is insignificant in 

comparison to that of LJ interactions (less than 40-fold). 

Therefore, it is suggested that electrostatic interactions do not 

significantly contribute to the ability of the Janus NPs to interact 

with a positively charged membrane. This is further supported 

by the results of a MD simulation, as depicted in Fig. S6b, which 

shows that when the positive portion of the Janus NP is placed 

toward a 20% cationic lipid membrane, no interactions occur 

between them after 100 ns. These findings align with previous 

experimental work,17 which also observed that the effect of 

DOTAP on membrane defects is not significant when compared 

to the effect of DOPA.  

 

 

 
Fig. 5 Effects of positively charged lipid concentrations on the Janus NP-membrane interactions as depicted by (a) MD simulation 

snapshots at 200 ns, (b) membrane area reduction, (c) lipid fluidity, (d) LJ interaction, and (e) Coulomb interaction. Janus NP core’s 

diameter is 10 nm. The membrane dimension is 23 × 23 × 36 nm3. Solvent molecules are included in simulation but are not shown 

here for clarity. 
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(anionic or cationic) using the 2D PMF calculation. Two extreme 

cases were investigated, including membranes containing 20% 

DOPA and 20% DOTAP in DOPC to compare with the case of 

pure DOPC membrane. The results, as illustrated in Fig. 6, 

indicate that the presence of a high concentration of DOPA 

significantly enhances the interaction between the Janus NP 

and the membrane. Specifically, in the case of DOPA 20%, we 

observed a larger low-energy area of interaction between the 

nanoparticle and the membrane, as indicated by the reddish 

region in Fig. 6b. Furthermore, although the most stable state is 

quite similar among the compositions, the range of angles at 

which the Janus NP can bind to the DOPA 20% membrane is 

broader. This suggests the presence of more transition states 

and more opportunities for the Janus NP to interact with the 

membrane. Importantly, not only the hydrophobic part of the 

Janus NP, but also the positive hemisphere of the particle can 

target the membrane, leading to greater membrane distortion, 

as illustrated in the snapshot in Fig. 6b and Fig. S6a. Taken 

together, these findings indicate that the 20% DOPA 

composition is more favourable for the nanoparticle-membrane 

interaction, owing to the larger low-energy area of interaction 

and greater flexibility in binding angles.  

Furthermore, when the Janus NP inserts into the 20% DOPA 

membrane, the NP-membrane interaction is still likely to occur, 

as evidenced by a larger range of favourable interacting angles 

when the Janus NP-membrane distance decreases (Fig. 6b). In 

contrast, the FES becomes narrower as the distance decreases 

for the neutral (Fig. 6a) and positively charged (Fig. 6c) 

membranes. Also, we found that the adding cationic 

phospholipids has minimal effect on the free energy of 

interaction between the Janus NP and the membrane. When 

comparing the FES results between different membrane 

systems, it becomes apparent that the Janus NPs have a more 

substantial disruptive effect on negatively charged membranes 

in terms of thermodynamics. These findings suggest that Janus 

NPs have the potential to selectively target negatively charged 

bacterial membranes, making them a promising candidate for 

use as an antimicrobial NP. 

Combination effects 

In this section, we investigated the combined effects of Janus 

balance and charged lipid concentration on membrane 

disruption in Table 2. Four Janus balances are examined, 

including JP 90/10, JP 80/20, JP 50/50, and JP WM, respectively. 

We utilize a total of nine different membrane systems, which 

are composed of various charged lipid concentrations, including 

5%, 10%, and 20% DOPA in DOPC: 5%, 10%, and 20% DOTAP in 

DOPC, pure DOPC, pure DOPA, and pure DOTAP. All MD 

simulations were conducted for a minimum of 200 ns to reach 

a stable state for the interaction between a single Janus NP and 

a membrane, as demonstrated in Fig. 1b and previous 

research.15 

 
Fig. 6 Effect of negative and positive phospholipid contents on the free energy surface of the interactions between JP 50/50 and 

different membrane systems. (a) DOPC 100%, (b) 20% DOPA/DOPC and (c) 20% DOTAP/DOPC membranes. The COM angle is 

defined as the angle between the vector connecting the COM of the Janus NP and the hydrophobic portion of the NP, and the 

vector connecting the COM of the Janus NP and the centre of the lipid bilayer. The COM distance is defined as the distance between 

the COM of the Janus NP and the centre of the lipid bilayer. These parameters are illustrated in Fig. 3a. DOPA is represented by 

the red beads, while DOTAP is represented by the brown beads. Janus NP core’s diameter is 10 nm. The membrane dimension is 

23 × 23 × 36 nm3. Solvent molecules are included in the simulation but are not shown here for clarity. 
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As presented in Table 2, our findings suggest that a JP 80/20 

ratio represents the minimum threshold for Janus balance 

required to induce distortions and defects in lipid membranes. 

Additionally, when the anionic phospholipid concentration in 

the membrane exceeds 10%, Janus NP with a 10% 

hydrophobicity is also capable of causing defects in negatively 

charged bilayers. Notably, when the membrane is composed 

solely of negatively charged lipids, any Janus NPs, regardless of 

their hydrophobicity or configuration, will ultimately disrupt the 

membrane’s integrity. In contrast, uniform NPs (JP WM), with 

the exception of 100% DOPA membrane, do not affect the 

integrity of lipid bilayers and are thus less effective at causing 

defects compared to anisotropic Janus NPs. These results 

indicate that Janus NPs are superior to conventional uniform 

particles in terms of their ability to disrupt phospholipid 

membranes. 

* Combination effects of the Janus balance and ionic lipid 

concentration on membrane defects and diffusivity: We found 

that increasing DOPA concentration leads to a monotonic 

increase in membrane defects, regardless of the Janus balance 

(Fig. 7a). This suggests that the negatively charged lipids have a 

strong impact on membrane disruptions. However, the effect of 

positively charged lipids (DOTAP) on membrane defects 

remains inconclusive. At 5% or 10% DOTAP, the lipid bilayer was 

observed to be more compressed, but as the DOTAP 

concentration increased, the behaviour of the membrane 

became similar to that of a neutral membrane. Additionally, our 

findings indicate that the Janus balance has a significant impact 

on membrane deformation. The JP 50/50 is found to alter all 

membranes, regardless of the lipid composition. In contrast, the 

JP 90/10 has a negligible impact on membrane deformation. 

The JP 80/20, on the other hand, has a tendency to insert its 

hydrophobic portion into the membrane, resulting in an 

enlargement of the membrane area. In terms of the combined 

effect on membrane fluidity, the lipid diffusion-reducing effect 

of DOPA concentration is pronounced, while the effect remains 

uncertain with DOTAP (Fig. 7b). Specifically, the presence of 

anionic phospholipids reduces the diffusivity of lipids, 

regardless of the configuration of the Janus NP. However, the 

lipid diffusivity in cationic membranes is not as significantly 

reduced by the DOTAP amount, with the exception of JP 50/50. 

The impact of Janus balance on membrane fluidity is uncertain. 

Specifically, increasing the Janus balance can reduce lipid 

diffusion in the case of 10%, 20% DOPA, and 20% DOTAP 

bilayers. On the other hand, Janus balance modification can 

arbitrarily accelerate or reduce lipid diffusivity in other lipid 

membranes (Fig. 7b). Based on these observations, it can be 

concluded that Janus balance does not have a significant impact 

on lipid diffusivity in this study.  
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Table 2 Combination effect investigated in this work. Janus NP core’s diameter is 10 nm. The membrane dimension is 23 × 23 × 36 

nm3 when using anisotropic Janus NP models (JP 50/50, JP 80/20 and JP 90/10) or 35 × 35 × 36 nm3 when using uniform particle 

models (JP WM) to mitigate the finite effects of planar membranes. 

 

  

JP 50/50 JP 80/20 JP 90/10 JP WM

DOPA 100%

DOPC 100%

DOPA 20%

DOPA 10%

DOPA 5%

DOTAP 5%

DOTAP 10%

DOTAP 20%

DOTAP 100%
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Fig. 7 Combination effect of Janus balance and charged lipid concentrations on (a) membrane area reduction, and (b) membrane 

fluidity. The illustration of Janus NPs is adapted from Yu et al.14 The molar concentrations of DOPA and DOTAP vary in ascending 

order from 5% to 20%. Pure DOPC membrane (neutral membrane) is referred to as DOPC. The Janus balance varies and includes 

JP 50/50, JP 80/20, and JP 90/10 (from bottom to top). The results are obtained from an averaging of three independent MD 

simulations. 

 

* Combination effects on NP-membrane molecular 

interactions: The study of the interaction energy between Janus 

NPs and phospholipids in the membrane at the molecular scale 

can provide insight into the mechanisms underlying different 

NP-membrane interfacial behaviours. As shown in Fig. 8a, 

increasing the concentration of negatively charged lipids in the 

membrane leads to stronger LJ interactions between the NP and 

the lipids. However, the influence of DOTAP content on the LJ 

interactions is negligible. Additionally, the degree of Janus 

hydrophobicity has a significant impact on the LJ interaction. 

Higher coverage of hydrophobic ligands enhances the NP-

membrane interaction and lipid extraction, regardless of the 

charge of the membrane, leading to increased extraction of 

lipids and defects in the bilayer. Additionally, we observed that 

electrostatic interactions also play a significant role in 

generating defects in negatively charged lipid bilayers, as the 

amount of DOPA in the bilayers increases (Fig. 8b). However, 

this effect is less pronounced when varying the concentration 

of DOTAP. When analysing the interactions between the NPs 

and negatively charged lipid bilayers, it was found that both 

hydrophobic and electrostatic interactions contribute to the 

formation of defects in the bilayer. Conversely, in positively 

charged membranes, the hydrophobic interaction is dominant, 

and the electrostatic interaction plays a minimal role in forming 

defects. In conclusion, these results highlight the importance of 

hydrophobic interactions in the disruption of lipid membranes 

by Janus NPs and the efficient disruptive effect of these NPs on 

negatively charged membranes. 

 

 
Fig. 8 Combination effect of Janus balance and charged lipid concentrations on (a) LJ and (b) Coulomb interactions. The illustration 

of Janus NPs is adapted from Yu et al. 14 The molar concentrations of DOPA and DOTAP vary in ascending order from 5% to 20%. 

Pure DOPC membrane (neutral membrane) is referred to as DOPC. The Janus balance varies and includes JP 50/50, JP 80/20, and 

JP 90/10 (from bottom to top). The results are obtained from an averaging of three independent MD simulations. 
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Implement on bacterial membrane-mimicking model 

In order to investigate the applicability of our computational 

model in a biologically realistic context, we conduct MD 

simulations of Janus NPs with a 50/50 Janus balance interacting 

with a bacterial-mimicking lipid membrane. The Janus balance 

of 50/50 was chosen as it has been previously shown to exhibit 

the strongest disruptive activity among the other Janus 

balances investigated. The lipid membrane model is composed 

of LPS and POPC lipids, mimicking the gram-negative bacterial 

membrane.51 The CG beads of LPS and POPC are presented in 

Fig. S7 and Table S1. We evaluate the impact of different molar 

concentrations of LPS in a POPC membrane, specifically 5% and 

20%, on the NP-membrane interaction. Our results show that 

increasing the concentration of LPS in the POPC membrane 

does not enhance the NP-membrane interaction but reduces 

the ability of the Janus NP to disrupt the membrane.  

Specifically, at a concentration of 5% LPS in the membrane, 

the Janus NP with a COM angle of 0o, where the hydrophobic 

portion faces directly toward the bilayer, can effectively interact 

with the POPC lipids in the membrane. This results in wrinkling 

of the membrane due to hydrophobic interactions after 500 ns 

(Fig. 9a). However, when the LPS content is increased to 20%, 

the Janus NP struggles to immerse into the LPS/POPC 

membrane when placed above the membrane with the same 

COM angle of 0o (Fig. 9b). These findings suggest that the outer 

and inner core LPS may inhibit hydrophobic interactions 

between the Janus NP and lipids, thereby preventing lipid 

extraction caused by the Janus NP. This implies that LPS 

molecules may have a similar role in stiffening the membrane 

as cholesterol in lipid bilayers.52-54 This is confirmed with the 

higher order parameters of the lipid tails in the LPS/POPC 

membrane when compared to the lipids in the DOPC/DOPA 

membranes (Fig. S8). To further investigate this, we then 

reverse the initial orientation of the Janus NP so that the 

positive portion of the Janus NP faces toward the LPS/POPC 

membrane (COM angle of 180o). This change was implemented 

to facilitate electrostatic interactions between the Janus NP and 

the negatively charged lipids (LPS) present in the membrane, as 

observed in Fig. S6a for a DOPC/DOPA membrane. However, 

the simulation results show that the Janus NP only adheres 

firmly to the surface of the membrane via electrostatic 

attraction between the positive beads on the surface of the 

Janus NP and the LPS and does not cause any defects as well 

(Fig. 9b).  

Eventually, we examined the scenario in which both parts 

of the Janus NP simultaneously contacted the membrane 

depicted in Fig. 9b (COM angle of 90o). Notably, we found that 

this configuration enhances the combination of hydrophobic 

and electrostatic interactions between the Janus NP and the 

LPS/POPC membrane, leading to bilayer wrinkling after 500 ns. 

To further assess the effectiveness of JP 50/50 in disrupting the 

bacterial membrane, we conducted a comparison with JP WM 

in Fig. 10. We ran two simulations of these nanoparticles and 

measured the reduction in area induced by them. Our findings 

indicate that while JP 50/50 can successfully disrupt the 

membrane, extract the lipids, and contract the LPS membrane, 

the uniform NP simply remains suspended above the 

membrane without extracting any lipids or causing any 

membrane disruption. Consequently, while anisotropic NPs are 

able to reduce the membrane area by roughly 5% after 1000 ns, 

uniform NPs fails to contract the membrane and allow the 

membrane to survive. In response to the limited reduction in 

the area of the LPS/POPC membrane by a single JP 50/50, we 

tested the potential of multiple Janus NPs to represent elevated 

JP concentrations encountered in real-world scenarios (Fig. S9). 

The outcomes revealed that increasing JP concentration leads 

to a notable threefold reduction in membrane area. This effect 

arises from the collaborative influence exerted by multiple JPs, 

as also shown in our prior research.55 Based on this analysis, it 

is affirmed that JP 50/50 effectively exhibits disruptive 

properties towards the LPS/POPC membrane. 
The findings of our study confirm two important points. 

Firstly, they demonstrate the significance of the anisotropic 

configuration of Janus nanoparticles in membrane disruption. 

Secondly, they suggest that the current design of Janus 

nanoparticles has potential antibiotic activity. Previous studies 

have highlighted the ability of nanoparticles to disrupt bacterial 

cell membranes, which is one of their antibiotic activities as 

reported in the literature review.56-58 For instance, Yusong Tu et 

al. explored the possibility of using graphene nanosheets as an 

antibacterial treatment by demonstrating their ability to disrupt 

bacterial membranes through area cutoff (type A) and lipid 

extraction (type B) mechanisms, via computational simulations 

and experiments.59 By calculating the number of extracted lipid 

over the course of simulations (Fig. S10), we found that a single 

JP 50/50 has the capacity to extract a substantial proportion of 

lipids from the membrane, specifically up to 30.9% (362 lipids 

out of a total of 1170 lipids). Notably, this lipid extraction 

remains noteworthy even in cases where the reduction in area 

is not substantial. This observation claims the potential 

antibiotic properties of single Janus NP as type B mechanism. 

Further, at higher concentrations, JP 50/50 NPs exhibit 

antibiotic potential against both type A and type B due to their 

dual capability of significantly reducing membrane area by 18% 

and extracting up to 31.5% of lipids (equivalent to 716 lipids out 

of a total of 2270 lipids) within the membrane. Based on this 

evidence, it seems reasonable to consider our Janus NP design 

as a potential candidate for antibiotic applications. While 

additional experimental validation is necessary to confirm their 

efficacy, Janus NPs hold promise as a valuable addition to the 

arsenal of antibiotics in the ongoing battle against bacterial 

infections. 

In light of these results, further investigations can be 

developed to optimize the configuration of Janus NPs for 

potential antibiotic applications. One promising avenue for 

modification includes the incorporation of more effective 

ligands, such as antimicrobial peptides amphotericin,60 

polymyxin,60, 61 cyclodextrin derivatives,62 crown ether urea 

derivatives,63 small molecules that contain boronic acid and 
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urea functionalities,64 and small aromatic molecule JD1, 65 

which have been previously shown to target bacterial 

membranes selectively.

  

  

Fig. 9 Models of bacterial membrane (LPS/POPC) with 5% of LPS and 20% of LPS (bacterial membrane-mimicking models) after MD 

simulations for 500 ns. MD snapshots of interactions between JP 50/50 and (a) 5% LPS/POPC membrane with the COM angle of 

0o; (b) 20% LPS/POPC membrane with three different initial states of Janus NP (COM angles of 0o, 180o and 90o). The COM angle is 

defined as the angle between the vector connecting the COM of the Janus NP and the hydrophobic portion of the NP, and the 

vector connecting the COM of the Janus NP and the centre of the lipid bilayer. This parameter is illustrated in Fig. 3a. POPC 

molecule contains headgroup beads (green) and tails (lime). LPS molecule contains outer and inner core saccharides (red) and lipid 

A (brown). Janus NP core’s diameter is 10 nm. The membrane dimension is 23 × 23 × 36 nm3. Solvent molecules are included in 

the simulation but are not shown here for clarity.
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Fig. 10 Comparison of the disruption between JP 50/50 and JP WM 
toward the 20%LPS/POPC membrane. Snapshots of JP WM (top) and 
JP 50/50 (bottom) taken at 500 ns show that JP 50/50 can disrupt and 
extract the lipids out of the membrane, whereas JP WM shows no 
such effect. Janus NP core’s diameter is 10 nm. The membrane 
dimension is 23 × 23 × 36 nm3. Solvent molecules are included in the 
simulation but are not shown here for clarity. 

Conclusions 

In this study, we systematically investigated the disruption of 

lipid bilayers induced by amphiphilic Janus NPs using CGMD 

MARTINI simulations. Our results demonstrate the combined 

effects of Janus balance (hydrophobicity) and charged lipid 

contents on the interactions between Janus NPs and 

membranes. The behaviour of Janus NPs with different Janus 

balance was found to cause varying levels of membrane 

disruption. More importantly, JP 50/50 displayed a wrinkling 

effect that differed from the conventional uniform NP. While 

this wrinkling effect had been previously observed 

experimentally, here we utilized MD simulations to explain the 

underlying mechanism at the molecular level. Our simulation 

results help to demonstrate why Janus NPs generate more 

defects in lipid membranes than uniform NPs, as observed in 

experiments. This work highlighted the potential of utilizing 

Janus NPs to disrupt biological membranes in a superior manner 

compared to conventional NP design. In addition, our research 

demonstrated that Janus NPs have a significant impact on 

disrupting negative membranes compared to uniform NPs with 

similar hydrophobic and hydrophilic coverage. We also 

provided valuable insights into the molecular mechanisms 

behind these NP-membrane interactions by calculating 

nanoscale parameters such as the number of extracted lipids, 

lipid diffusivity, and hydrophobic and hydrophilic interaction 

energy. We conclude that hydrophobic interaction is the most 

dominant driving force in all cases, while electrostatics also play 

a significant role in disrupting negative membranes when 

interacting with anisotropic NPs. This information is crucial in 

designing nanoparticles that can effectively target different lipid 

membranes. 
By using metadynamics simulations, we demonstrated the 

preferred configuration of Janus NP when interacting with a 

lipid bilayer. This finding was then confirmed by comparing it 

with the behaviour of JP WM, revealing that uniform NP does 

not exhibit its preferred configuration when interacting with the 

membrane. These thermodynamics calculations shed light on 

the wrinkling effect induced by Janus NP. We presented various 

free energy surface calculations for different NP configurations 

and lipid compositions, which provide insights into the 

mechanism underlying NP-membrane interactions in terms of 

thermodynamics. More especially, we showcased that the 

anisotropic design of nanoparticles can help to disrupt the 

bacterial membrane. We demonstrated that JP 50/50 is able to 

extract the lipids and disrupt the bacterial membrane-

mimicking model. This finding highlights the potential of using 

JP 50/50 design as an effective antimicrobial treatment. To 

validate our results, we compared the JP 50/50 design with 

uniform NP and found that the uniform NP did not have any 

disruptive effect on the bacterial membrane. Our study, by 

utilizing MD simulations, proposed that Janus NPs could 

effectively kill bacterial cells. Overall, this research offers 

promising insights into the development of new antimicrobial 

treatments through nanoparticle design. 
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