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Design of pH-responsive monolayer-protected gold nanoparticles (AuNPs) that are mixed charged
with the ability to switch its net surface charge based on the stimuli of environmental pH is a
promising technique in nanomedicine. However, understandings of the pH-responsive mixed
charged AuNPs behaviors in terms of their stability and cellular interaction are still limited. In
this work, we study the aggregation of pH-responsive AuNPs and their interaction with model
lipid bilayers by adopting the Martini coarse-grained (CG) molecular dynamics simulations. The
surface of these AuNPs is decorated by the both positively and negatively charged ligands. The
AuNP is positively charged at low pH values due to protonation of negatively charged ligands.
Its net charge is lowered at higher pH by increasing the ratio of deprotonated negative charge
ligands. We find that the AuNPs are severe aggregated at moderate pH value, where each AuNP
has overall neutral charge, and they are stable and dispersed at both low and high pH values.
Further free energy analysis reveals that the energy barrier before the location of hydrophobic
driving force potential well plays the key role that determines the stability of monolayer-protected
AuNPs at different pH values. This energy barrier is dramatically decreased at moderate pH value,
leading to the severe aggregation of AuNPs. By investigating the interaction between AuNPs and
model lipid bilayers, we find that all the AuNPs adhere onto the lipid bilayer, independent of the
pH value. Moreover, the lipids originally in the bilayer are extracted by these AuNPs through a
process of protrusion and upward climbing. The extraction of lipids can cause dehydration and
disruption of bilayers, when multiple AuNPs adhered. Free energy analysis reveals that the pene-
tration of AuNPs will induce dramatic free energy increment because of deformation of ligands with
hydrophilic functional end groups. We have systematically studied the stability of pH-responsive
AuNPs and their interactions with lipid bilayers in simulation, which might pave the way for the
design of pH-responsive monolayer protected AuNPs for biomedical applications.

1 Introduction
Monolayer-protected gold nanoparticles (AuNPs) have wide ap-
plications in nanomedicine as drug delivery vehicles1,2 and nan-
othermal3–5 and diagnostic6,7 agents. Particularly, AuNPs fea-
tured with the unique electronic, optical and biocompatible prop-
erties stand themselves out among various NP candidates8,9. Fur-
thermore, the gold NP surface can be easily passivated by Au-S co-
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valent bonds that facilitate the decoration of sulfur-containing or-
ganic molecules on AuNPs core to form the monolayer-protected
surface with tunable hydrophobicity and electronic charge10. In
the setting of nanomedicine, it is desirable for the NPs to cir-
culate along with the blood flow through the vascular network,
passively accumulate in tumor sites through the enhanced per-
meation and retention (EPR) effect, and adhere onto or uptaken
by tumor cells11. One of the key challenges in nanomedicine
is the low delivery efficiency of NPs to solid tumors12. For in-
stance, only 0.7% of injected NPs on average are successfully
delivered to tumor sites in mouse models13. Therefore, the de-
sign of NP surface properties, which determine NPs’ interactions
with biological environments, is crucial to improve the efficacy of
nanomedicine14–18.

Design of NPs that are responsive to the pH of the local bio-
logical environment in the human body is a promising strategy to

Journal Name, [year], [vol.],1–15 | 1

Page 1 of 16 Nanoscale



OH

O
O

O

⊖

deprotonated

protonated

N
⊕

OH
O

Gold core

Sulfur
TMA MUA

(A) (B)

(C) (D)

pH=2.0 pH=3.0 pH=4.0

pH=4.5 pH=5.0 pH=5.3

pH=6.0 pH=7.0 pH=8.0

Fig. 1 Computational model. (A) Components of the monolayer protected AuNPs. The yellow beads represent the Au core. The tan beads represent
the sulfur atoms that cover the Au core. Two different ligands are tethered on Au surfaces; the N,N,N-trimethyl(11-mercaptoundecyl)ammonium ion
(TMA) is composed of an alkane chain (colored in white) and a terminal functionalized with a positive, protonated amino group (-NH+

3 ) (colored in red).
The other is the 11-mercaptoundecanoic acid (MUA) ligand, which consists of an alkane chain and its neutral carboxyl terminal (-COOH). (B) The
carboxyl group in MUA can be deprotonated at high pH and becomes negative (colored in blue). (C) The curves of deprotonated ratio of MUA and the
AuNP’s net charge against the pH value. The dash line in the figure denotes the location of pKa value of MUA. (D) Relaxed configuration of AuNPs at
a series of different pH values.

enhance NP delivery efficiency15,19–21. The human body shows
quite a range of pH values in the micro-environment at the tis-
sue level. For instance, the pH of normal healthy tissue is pH
≈ 7.422. The micro-environment around a tumor, however, has
a much lower pH, around 6.523. A pH-responsive NP could
smartly respond to the proton concentration at different pH val-
ues so that it can achieve an extension of circulation time and
enhanced internalization by tumor cells20. In the designs of pH-
responsive NPs, utilizing the mixed charged monolayer-protected
AuNP to switch its net surface charge based on the stimuli of en-
vironmental pH is one of those promising techniques15,20,24. For
instance, Pillai et.al25 designed a AuNP tethered with two differ-
ent ligands: N,N,N-trimethyl (11-mercaptoundecyl) ammonium
ion (TMA) and 11-mercaptoundecanoic acid (MUA). The TMA is
always positively charged, while the pKa of MUA is 5.08. There-
fore, the MUA can be neutral or negatively charged depending on
its protonation or deprotonation at low or high pH values. The
monolayer-protected AuNPs in their experiments are negatively
charged at high pH value and positively charged at low pH, which
facilitate their stability and promote cellular uptake efficiency.

Although the strategy of engineering pH-respoinsive monolayer
protected AuNPs is promising, understandings of the behaviors
of pH-responsive mixed charged AuNPs in terms of their stability
and cellular interaction are still limited.25–28

Good stability or dispersity of NPs in a biological environment
is one of the primary properties of NPs for extended blood circu-
lation29,30. Moreover, the aggregation of NPs may induce toxicity
and reduce the NP delivery efficiency31. In experiments, Grzy-
bowski et.al32,33 found that oppositely charged monolayer pro-
tected AuNPs with different sizes and charge ratios express ‘ionic-
like’ stability: these opposite charge AuNPs are stable in solution
and precipitate only at a threshold point that is determined by
the condition of electroneutrality. On the other hand, it is found
that the same signed-charge AuNPs might aggregate and precip-
itate in solution despite their electrostatic repulsion34,35. In the-
ory, as pointed in Ref36, the Derjaguin-Landau-Verwey-Overbeek
(DLVO) theory, which is used to predict the aggregation behav-
ior of charged colloidal particles37,38, might not be useful, due
to the contradiction between its continuum assumption and the
small size of AuNPs (< 10 nm). Therefore, computational simula-
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tions are applied to explore the molecular details and the physical
mechanism for aggregation. For instance, Lin et.al39 found that
the aggregated cluster morphology of monolyer-protected AuNPs
is largely determined by the tethered hydrophobic ligand length
by using the Martini coarse-grained (CG) model. Lehn et.al36

adopted an implicit solvent model to study the free energy change
of two identical anionic monolayer protected AuNPs. They found
that the aggregation of these AuNPs is driven by the short-range
hydrophobic attraction. However, the effect of charged groups
on aggregation behaviors of AuNPs is not clear. Furthermore,
to the best of our knowledge, no simulation has been done to
make a one-to-one comparison between the aggregation behav-
ior of AuNPs and the corresponding free energy change between
two AuNPs. Therefore, it is difficult to correlate the phenomena
in cluster formation of AuNPs to the physical mechanisms about
energy barrier and driving force.

Cellular uptake efficiency of AuNPs is another aspect to deter-
mine the overall efficacy of NPs. Due to the fact that tumor cell
membranes are negatively charged, some experimental evidence
shows that cationic NPs are more efficient to be uptaken com-
pared to their anionic counterparts25,40–42. However, it has also
been proven in experiments that cationic AuNPs might be cyto-
toxic and disruptive by inducing hole formations in membranes
and membrane thinning43–45. In simulation, Lehn et.al46,47

found that free energy change for AuNP penetration into bilayer
is a result of competition between the hydrophobic driving force
provided by the favorable interaction between alkane chain and
lipid tail and the energy penalty induced by the end functional
group snorkeling. They also proposed that the kinetic pathway
of AuNPs insertion is initiated by the protrusion of lipids, which
form the first contact between the alkane chain and lipid tails that
facilitates the insertion of AuNPs48. Lin et.al49 also investigated
the interaction between lipid bilayers and AuNPs with different
signs and densities of surface charge. They found that the AuNPs
show either repulsive, adhesive, or penetrating behavior toward
the lipid bilayers, when their surface changed from negatively to
positively charged. Especially, a defective area was founded in
bilayer when the AuNP was highly positive. Though numerous
simulation works have been done, the molecular details of the in-
teraction between monolayer protected AuNPs and lipid bilayers
is not fully understood. For instance, it is still unclear how non-
inserted AuNPs can cause the dehydration of lipid bilayer, which
is associated with the decreasing of the area per lipid and the bi-
layer thickness44. Furthermore, few works have been published
to clarify the interaction between lipid bilayers and pH-responsive
mixed charged AuNPs.

In views of the importance of pH-responsive monolayer pro-
tected AuNPs in drug delivery, we utilize the Martini CG model
to understand their stability in solution and interaction with tu-
mor cells. Particularly, the monolayer protected AuNP contains
two different ligands (cf.Fig.1.A). The first is positively charged
TMA, and the other is MUA with pKa = 5.08. Therefore, in a
low pH environment, the MUA is neutral. While, at a high pH,
its carboxyl end group is deprotonated, resulting in a negatively
charged MUA. With a ratio of TMA:MUA=1:1.6, the AuNPs are
positively charged at low pH and negatively charged at high pH.

We firstly investigate the aggregation behavior of AuNPs at differ-
ent pH values. Then, a series of one-to-one comparisons about
free energy analysis associated with the aggregation at different
pH are performed. It is interesting to find that the AuNPs show
server aggregated state at moderate pH near the pKa value of
MUA and are dispersed at low or high pH. Furthermore, two dif-
ferent correlated states between AuNPs are found within the ag-
gregated cluster. These two different states are caused by two
different minimum values existing in the potential of mean force
(PMF) between AuNPs. Interestingly, instead of the global mini-
mum caused by the hydrophobic attraction between ligands, the
energy barrier before it determines the aggregation of AuNPs. Ad-
ditionally, we further explore the interaction between AuNPs and
the negatively charged model lipid bilayers at different pH val-
ues. Both unbiased and free energy analysis simulation are per-
formed. With all the terminals are functionalized, we find that
no AuNP can penetrate into the bilayer, which will cause a dra-
matic free energy increment due to the hydrophilic ends. Instead
of penetrating, all of the AuNPs adhere on the lipid bilayer. More-
over, the AuNPs can extract up to 10 lipids from the lipid bilayer.
This extraction of lipids follows a protrusion and climbing up pro-
cess, which might be able to explain the lipid bilayer dehydra-
tion if multiple AuNPs exist. Our simulations systematically study
the stability of pH-responsive AuNPs and their interaction with
model lipid bilayers, which might pave the way for the design of
pH-responsive monolayer protected AuNPs for biomedical appli-
cations.

2 Computational Model and Methods
The Martini CG force field50,51 is adopted in our work to in-
vestigate the aggregation and bilayer interaction process of pH-
responsive monolayer-protected AuNPs. In the Martini force field,
3 or 4 heavy atoms are treated as one CG interactive bead.
The Martini force field is particularly suitable for studying the
biomolecular systems, which has been parameterized in a sys-
tematic way, combining top-down and bottom-up strategies. The
non-bonded interactions are derived from the top-down approach
by reproducing the experimental partition free energies between
polar and apolar phases of a large number of chemical species;
while all the bonded interactions are obtained by the bottom-
up approach, derived from reference all-atom molecular simula-
tions. Therefore, the conformation, dynamics, mechanical prop-
erties and free energy profile of different lipids and molecular
species can be correctly reproduced by the Martini force field in
the CG molecular dynamics simulations50,51. The Martini force
field has been extensively used to study biomolecules such as
lipids52, proteins53, and polymers54. It has recently been widely
applied for investigating problems related to NP-NP39,55 and NP-
membrane49,56 interactions.

The model of AuNP used in our simulations is adopted from
Ref49, which could reproduce the structure and dynamic proper-
ties of Au core in experiment. The Au core of the NP is cut out of
a bulk FCC lattice with a constant of 0.408 nm56. The gold core is
a truncated-octahedron with a diameter around 2.2 nm. Two dif-
ferent ligands are tethered on each NP by binding with the sulfur
beads on the surface of Au core. One is the TMA that is composed
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of an alkane chain with its positive protonated amino terminal
group (-NH+

3 ). The other ligand is MUA consisting of an alkane
chain and a terminal carboxyl group (-COOH) (cf. Fig.1.A). There
are 104 ligands in total on the AuNP surface, with the ratio of
TMA:MUA= 1 : 1.6. The TMA ligand is always positive in all sim-
ulation cases, while MUA can be neutral or negatively charged,
due to its pKa= 5.0825. Correspondingly, the deprotonated ratio
of MUA can be calculated as57:

x = 1− 10pKa−pH

1+10pKa−pH (1)

where x is the deprotonated ratio, which corresponds to the num-
ber of deprotonated MUA ligands on the AuNPs surface in sim-
ulation. Under these parameters, the deprotonated ratio and
the net charge of AuNPs are presented in Fig.1.C. At the low
pH, no MUA is deprotonated and the AuNPs surface is positively
charged. With the increment of pH value, the number of de-
protonated negatively charged MUA increases. The AuNPs sur-
face at high pH is mixed with positive and negative functional
groups and possesses overall negative charge after the pH= 5.3.
To systematically explore the effect of pH-responsive ligands on
the monolayer protected AuNP, 9 different pH values are investi-
gated: pH = 2.0,3.0,4.0,4.5,5.0,5.3,6.0,7.0,8.0. As we can see in
Fig.1.D, at pH= 2.0, the AuNP has a highly positive charge of +40.
At pH=5.3, 62% of MUA ligands are deprotonated and the AuNP
has overall zero net charge. At the high pH of 8.0, all of the MUA
ligands are deprotonated and the AuNP has a negative charge of
-24. The diameter of the monolayer-protected AuNPs is around
5.5 nm at the relaxed state. The interactive parameters under
the framework of Martini force-field for the monolayer-protected
AuNPs are given in Table S1 of the Support Information. Particu-
larly, the hydrophobic Au core beads are represented by C5 type
bead. The sulfur beads are neutral and represented by N0 type.
The alkane chain of MUA/TMA ligands is represented by three
C1 type beads. The functional group of MUA/TMA is Qda type
for their hydrophilic properties58. Moreover, the functional group
on TMA possesses +1 charge. The functional group on MUA has
−1 charge when deprotonated and no charge when protonated.
The interactive beads within each ligand are connected using the
bond potential, and the Au core with sulfur surface is treated as
a rigid body in the simulations. All of these parameters are taken
from the previous study49. To mimic the negatively charged tu-
mor membrane, the lipid bilayer used in our simulations consists
of negatively charged 1,2-dipalmitoyl-sn-glycero-3-phospho-(1’-
rac-glycerol) (DPPG) and neutral 1,2-dihexadecanoyl-sn-glycero-
3-phosphocholine (DPPC) phospholipids. The lipid bilayer in
our simulations has total lipid count of 800, with the ratio of
DPPG:DPPC = 5 : 1. Please refer to reference51 for the details
of the interactive parameters of lipid and water bead.

To construct the free energy profiles that determine the aggre-
gation and penetration of AuNPs, the umbrella sampling method
is used59. Specifically, when calculating the free energy change
between two AuNPs, a harmonic potential U = 1

2 k(ζ −ζ0)
2 is ap-

plied on the center-of-mass (COM) of two AuNPs to push them to-
wards each other. The force constant is k = 5 kcal/mol. ζ denotes
the distance between COMs of these two NPs. A series of win-

dows were performed at different values of ζ0. The width of each
window is taken as 0.1 nm to ensure the overlap of NPs positions
at two constitutive windows49. The weighted histogram anal-
ysis method (WHAM) is adopted to calculate the corresponding
free energy change60. A similar procedure is utilized to estimated
the free energy change during penetration of AuNPs through lipid
membrane. During the penetration, ζ represents the distance be-
tween the COM distances of NP and the lipid bilayer in the di-
rection perpendicular to the bilayer plane. In both cases, each
window lasts for 30 ns in order to allow relaxation and acquire
enough configurations. As we can see in Fig.S2 in Support Infor-
mation, the potential of mean force (PMF) is already converged
at 24 ns . The temperature in all of the simulations is controlled
at 310 K. The pressure of the systems during aggregation is main-
tained at 1 bar in all directions; During the interaction between
AuNP and lipid bilayer, the pressure within the plane of the bi-
layer is coupled controlled at 1 bar. The pressure along the out-
of-plane direction is independently controlled at 1 bar. In such a
way, the membrane tension in the simulation is guaranteed to be
zero. Periodic boundary conditions are used in all of our simu-
lations. The time step of all simulations is set as 30 fs. All sim-
ulations are performed using the Large-scale Atomic/Molecular
Massively Parallel Simulator (LAMMPS) software61. The snap-
shots during the simulation process are rendered by the Visual
Molecular Dynamics (VMD) software62.

3 Results and Discussion

3.1 pH-dependent stability of AuNPs

AuNPs show severe aggregation at moderate pH. The stability
of the pH-responsive AuNPs is firstly investigated in our simula-
tion. To study the aggregative or dispersed state of AuNPs in dif-
ferent pH environments, 27 AuNPs are initially evenly distributed
in a simulation box of (30× 30× 30) nm3 at each pH value. Pos-
itively charged sodium or negatively charged chloride beads are
added in each case to neutralize the simulation system. Each of
the 27 AuNPs has been relaxed in a smaller simulation box of
(10× 10× 10) nm3 for 100 ns before the aggregation simulation.
Snapshots demonstrating the progression of AuNP state at pH val-
ues of pH = 2.0,5.3,8.0 are given in FigS.1 in the Support Infor-
mation. As given in FigS.1, under the thermal fluctuation, each
AuNP performs a random walk and has the chance to encounter
and contact with each other. During this process, the AuNPs might
be attractive or repulsive to each other, depending on their surface
charge at different pH environments. The simulation of 27 AuNPs
at each pH value lasts for 400 ns, beyond which the aggregative
or dispersed state of NPs does not change. The relaxed structures
of AuNPs are given in Fig.2 at each pH value. As we can see from
the figure, the equilibrated state of the 27 AuNPs is critically af-
fected by the pH value of environment. At pH= 2.0, due to the
highly positive charged AuNP surfaces, these AuNPs are barely
observed to contact or correlated with each other. Most of them
are well dispersed in the simulation box. Similar well-dispersed
states are observed at pH= 3.0,4.0. All of these indicate that the
AuNPs have good stability at low pH, despite the hydrophobic
alkane chain. At the pH value of 4.5, around 20 percent of MUA
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pH=5.0 pH=5.3pH=4.5

Fig. 2 Equilibrated state of 27 AuNPs at different pH environments. The water and ionic beads are not shown for clarity.

ligands are deprotonated, which is associated a dramatic decrease
of positive net charge compared to pH= 2.0 (cf.Fig.1.C). Several
AuNPs are observed connecting with each other to form a cluster
at the state of equilibrium. This phenomenon is more pronounced
at pH= 5.0, where most of the AuNPs are correlated within their
own clusters. These clusters do not increase their sizes with the
simulation time, being dispersed in the simulation box instead
of the individual AuNP. Furthermore, almost all of the AuNPs are
correlated within one large cluster at the pH= 5.3. This large clus-
ter suggests severe aggregation of AuNPs at pH= 5.3. It is also in-
teresting to note that each AuNP has zero net charge at pH= 5.3.
As the increment of pH value, more MUA groups on the AuNPs are
deprotonated, and each AuNP expresses overall negative charge
in the system. At the pH values of 7.0 and 8.0, a similar state

to the one at pH=5.0 is observed: the small AuNPs clusters are
dispersed in the simulation box. Note that these well dispersed
small clusters are different from the large cluster at pH= 5.3.
These small clusters are stable in the simulation box and will not
increase their size (cf. Fig.S3 in ESI†), which indicates that these
AuNPs at high pH values can maintain their stability in solution.
All of these simulation results indicate that the stability of AuNPs
has the trend to recover with the increase of pH value.

To quantitatively characterize the aggregation behaviors of
AuNPs, we calculate the radial distribution function (RDF) of the
AuNPs and the corresponding second virial coefficient B2 at differ-
ent pH values. When calculating the RDF, only the COM of each
AuNPs is considered to avoid the unreasonable peak caused by the
FCC arrangement of Au beads. The RDF curve of each system is
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Fig. 3 Aggregation information about AuNPs at different pH values. (A) Radial distribution function (RDF) of AuNPs at different pH values. (B) The
functions of the first and second peak values in RDF against the pH value. The first peak value for each pH value is the local maximum in the RDF
curve at the distance around 3 nm. The second peak value for each pH value is the local maximum in the RDF curve at the distance around 5 nm. (C)
The function of the B2 value of the AuNPs against pH value. (D) The function of maximum cluster size against the pH value.

calculated by averaging 20 samples at their equilibrated states. As
given in Fig.3, corresponding to the equilibrated state of AuNPs as
shown in Fig.2, the RDF value of AuNPs is critically dependent on
the pH environment. When pH <= 4.0, these is no evident peak
value in the RDF curves, which reflects the well-dispersed state
of AuNPs. However, for the AuNPs at pH >= 4.5, there are two
pronounced peak values in RDF curves. The first peak appears at
a distance around 3 nm, and the second peak is located at a dis-
tance around 5 nm. These two peak positions should be related to
attractive interactions between ligands, which will be discussed in
the free energy analysis. Furthermore, the value of the first peak
is much larger than the second peak value. These two peak val-
ues in the RDF curves suggest that in the AuNP clusters observed
in Fig.2, there are two different states corresponding to the COM
distances of 3 nm and 5 nm. As we mentioned above, the di-
ameter of the Au core is around 2.2 nm, and the diameter of a
monolayer protected AuNP is around 5.5 nm. This indicates that

at the location of the first peak value, the AuNPs need to deform
their ligands to interact and contact with each other.

To systematically compare the first and second peak values, we
plot them against the pH values as shown in Fig.3.B. The first
peak dramatically increases after pH=4.0 and reaches its maxi-
mum value at pH=6.0. After pH=6.0, it starts to decrease. A
similar trend is observed for the second peak; while its maximum
value occurs at pH=5.3. To more precisely quantify the AuNPs
aggregated state, we calculate the B2 based on the RDF curves
according to the definition as B2 =−0.5

∫
(g(r)−1)4πr2dr, where

g(r) is the RDF of AuNPs. The B2 value is a good indicator of
the aggregation behavior of proteins and NPs63–65. A positive
B2 value indicates good dispersion of AuNPs, while a negative B2

value suggests phase separation of AuNPs. As shown in Fig.3.C,
the B2 value of AuNPs dramatically decreases to negative values
after pH = 4.5. However, it increases after pH = 6.0 with incre-
ment of pH value. To calibrate the cluster size in Fig.2, we further
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Fig. 4 Free energy analysis on aggregation of AuNPs. (A) The profile of potential of mean force (PMF) between two AuNPs against center-of-mass
(COM) distance. (B) The change of energy barrier value to aggregate against pH values. (C) The change of energy barrier value to dissociate against
pH values. (D) Configuration of AuNPs at different COM distances.

calculate the maximum cluster size in each system. AuNPs are
considered to belong to a cluster if the COM distance between the
AuNPs and any one within the cluster is smaller than 5.5 nm. As
given in Fig.3.D, at the pH value of 5.3 and 6.0, maximum cluster
size is significantly larger than the other pH. The cutoff distance
will not affect the trend in these curves when counting the cluster
size. As we can see, B2 and maximum cluster size are consistent
with each other. All of these indicate that around pH= 5.3, the
AuNPs are severely aggregated. The AuNPs show well dispersed
state at low pH and moderate dispersed at high pH. Our simula-
tion results are consistent with those in experiments showing that
the pH-responsive AuNPs are stable at both low and high pH25.
This typical characteristic of pH-responsive AuNPs can be utilized
when designing smart NPs by choosing a suitable pKa value of
functional groups according to the local pH environments in the
blood flow and the tumor sites. It is also interesting to note that
the larger size AuNPs have a better stability than the smaller ones
at the same ligand grafting density as shown in Fig.S6 and Fig.S7
of the ESI†.

Free energy analysis reveals energy barrier before hy-
drophobic attraction. To reveal the physical mechanisms that
determine the stability of AuNPs at different pH environments,
we proceed to analyze the free energy change of two AuNPs
approaching towards each other using the umbrella sampling
method. This free energy change between the two AuNPs can
reflect the interactive potential between them that determines
the aggregation or dispersion of AuNPs in solution, as mentioned

above. During the analysis process, the two AuNPs are freely ro-
tated to adjust their orientations. The potential of mean force
(PMF) between two AuNPs are calculated against their COM dis-
tance. The PMF profile of AuNPs at the pH of 2.0, 5.3, and 8.0,
and the corresponding configurations of AuNPs at different COM
distances are given in Fig.4. PMF profiles for AuNPs at other pH
values show similar trends. As we can tell from Fig.4.A, there
are four typical regions found in the PMF profiles. At the initial
COM distance around 7 nm, the AuNPs do not feel each other
(cf.Fig.4.D). When they are approaching each other, there is a lo-
cal minimum value in the PMF curve at a distance around 5.5
nm, which suggests the existence of an attractive force between
AuNPs at this point. This attractive force should be associated
with the second peak value in the RDF curves. Similar attrac-
tion is observed between two cationic NPs66,67; this attraction
is considered to be induced by an electrostatic bridging and a
depletion-like force. For the mixed charged AuNPs, this attrac-
tion should also be caused by the electronic attraction between
the functional groups. As shown in the configurations of AuNPs
in Fig.4.D, at the distance of D= 5.5 nm for pH= 5.3 and pH= 8.0,
the end groups in deprotonated negative MUA are attracted to the
positive TMA end groups, which is reflected by the stretched lig-
and chain. When the two AuNPs are getting close to each other,
there is a local maximum value around the distance of D = 4.5
nm. At this distance, the functional groups on the AuNPs begin to
overlap with each other, a situation which might result in a large
repulsive steric and electrostatic force. After D = 4.5 nm, the PMF
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pH=5.0

pH=4.0

pH=4.5 pH=5.3
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Fig. 5 Equilibrated snapshots of AuNPs adhering to lipid bilayers at different pH values. The head groups of DPPG are colored in pink, and the head
groups of DPPC are colored in purple. The tails of lipids are colored in gray. The lipids extracted by the AuNPs are highlighted in green. The color
scheme of the monolayer protected AuNP is the same as the one in Fig.1. All of the snapshots are obtained after a simulation time of 10 µs.

between AuNPs dramatically decreases and reaches a global min-
imum at the distance of D = 3.0 nm. This global minimum is
shown by the first peak position in the RDF curves and should
be brought by the interaction between the hydrophobic chain as
shown in the configurations in Fig.4.D. When the distance further
decreases, the PMF instantly increases to a large positive value.
Correspondingly, the ligands on AuNPs are highly overlapped.

The short ranged hydrophobic interaction is considered as
a driving force for the aggregation of monolayer protected
AuNPs36. This hydrophobic driving force is also consistent with
the global minimum in the PMF profile in our simulation. How-
ever, as we can see in the PMF profile, before the global mini-
mum free energy state caused by the hydrophobic alkane chain,
the AuNPs need to overcome an energy barrier between the local
minimum at D= 5.5 nm and D= 4.5 nm. We mark this energy bar-
rier as ∆E1. In addition, we mark the energy barrier between the
local maximum at D = 4.5 nm and the global minimum at D = 3.0
nm as ∆E2. This energy difference height of ∆E2 should be related
to the dissociation ratio of AuNPs after they fall into the potential
well at D = 3.0 nm. The variations of ∆E1 and ∆E2 against pH
are plotted in Fig.4.B and Fig.4.C. As we can see in the figure,
the energy barrier ∆E1 decreases from the value of 6.5kcal/mol
at pH = 2.0 to the value around 4.5 kcal/mol at pH = 5.3. After
pH = 5.3, the ∆E1 slightly increases. On the other hand, the disso-
ciation energy barrier ∆E2 increases from the value of 42kcal/mol
at pH = 2.0 to the value around 60 kcal/mol at pH = 5.3. Then it

slightly changes against the pH value. It is interesting to note that
all of the dissociation barriers ∆E2 are larger than 40 kcal/mol,
which is much larger than the thermal fluctuation. This indicates
that for AuNPs at all pH values, they can hardly dissociate at the
distance D = 3.0 nm, where the hydrophobic interaction plays the
role. Therefore, a dispersed or aggregated state of AuNPs is de-
termined by the value of energy barrier ∆E1. If ∆E1 is larger than
the energy obtained from thermal fluctuation, the AuNPs will be
well dispersed. Otherwise, the AuNPs will aggregate together. To
further confirm this hypothesis, we calculate the transnational ki-
netic energy distribution of a single AuNPs at T=310 K. As given
in Fig.S5, the mean transnational kinetic energy of an AuNPs is
round 0.93 kcal/mol. And the largest transnational kinetic energy
during the testing time (300 ns) is 3.67 kcal/mol with a probabil-
ity of 2×10−4. Comparing the values of transnational kinetic en-
ergy and energy barrier ∆E1, we can get that ∆E1=6.5 kcal/mol
at pH= 2.0 is large enough to prevent the AuNPs aggregate to-
gether. On other other hand, the value of ∆E1=4.5 kcal/mol is
comparable to the largest transnational kinetic energy, resulting
the aggregation of AuNPs at pH= 5.3. To the best of our knowl-
edge, this is the first time, it has been clarified using simulation
that the energy barrier before the hydrophobic attraction is cru-
cial to the stability of monolayer protected AuNPs in solution.

As indicated by the B2 and maximum cluster size, the stability
of AuNPs starts to recover at pH= 7.0 and pH= 8.0. In compar-
ison, their ∆E1 and ∆E2 are similar to the ones at pH= 5.3 and
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pH= 6.0. We hypothesize that this is caused by the angular de-
pendence of the PMF profiles due to the random distribution of
ligands on AuNP surface. Note that during the umbrella sam-
pling process, the AuNPs are free to rotate to search the minimal
energy at each COM position. The similarity in ∆E1 and ∆E2 sug-
gests that the AuNPs at pH= 7.0 and pH= 8.0 are able to associ-
ated with each other at certain relative angular position. But at
other certain relative angular positions, the ∆E1 and ∆E2 might
be different. To confirm this, we perform the umbrella sampling
process of two AuNPs at pH= 7.0 and pH= 8.0 with a fixed rel-
ative orientation. As given in Fig.S4 of the ESI†, with the fixed
relative orientation, the ∆E1 values at pH= 7.0 and pH= 8.0 in-
crease to 5.7 kcal/mol and 5.8 kcal/mol, respectively, which are
comparable to the one (6.0 kcal/mol) at pH= 3.0. The combina-
tion of PMF profiles with free rotation and fixed rotation should
be able to explain the phenomena that at high pH values, the
AuNPs form small clusters. But these small clusters are stable and
will not increase their size.

3.2 pH-independent adhesion of AuNPs on lipid bilayer

AuNPs adhere on lipid bilayer at all pH values. After clarify-
ing the aggregation behavior of AuNPs at different pH environ-
ments, we proceed to study the interaction between AuNPs and
lipid bilayers. In this part, the AuNPs at different pH values are
initially placed above the lipid bilayers with a distance of 7 nm.
The lipid bilayers in all of these cases have the same composition
of DPPG:DPPC = 5 : 1. Sodium beads are added in each case to
neutralize the simulation system. We run these simulations for
more than 10 µs. It is interesting to find that none of the AuNPs
can insert into the bilayers at all pH values, as shown in the equi-
librated state of each system in Fig.5. Instead, all of the AuNPs
show preference to adhere onto the bilayer surface, due to the at-
traction between the positive charged TMA ends and the negative
charged lipid bilayers. Furthermore, as marked in Fig.5, the lipids
in the bilayer are observed to be extracted by the adhering AuNPs.
These extracted lipids climb up onto the AuNPs surface. It is also
noteworthy that even at the high pH values (pH = 7.0,8.0) where
the AuNPs have net negative charge, they still show adhesion on
the lipid bilayer and extraction of lipid molecules after adher-
ing. Our results seem to conflict with those done by Lin et.al49

showing that the monolayer-protected AuNPs have the chance
to penetrate into the lipid bilayer, which is highly dependent on
the surface charge of AuNPs. However, different from the AuNPs
studied by Lin et.al, all the hydrophobic alkane chains here, are
modified with hydrophilic functional groups on the pH-responsive
AuNPs. The penetration process of monolayer protected AuNPs is
reported to be a balance between the hydrophobic driving force
and the energy cost to snorkeling the functional end groups46,68.
With the hydrophilic ends, snorkeling of the end groups might
require a large energy penalty. To further confirm this, we in-
vestigate all-TMA and no-MUA AuNPs interacting with lipid bi-
layer. The surface of all-TMA AuNP is only decorated with TMA
ligands. Comparing with the pH-responsive AuNPs, the MUA lig-
ands are replaced by the pure hydrohpobic alkane chains on the
no-MUA AuNP. The setting of no-MUA AuNP is similar to the one

in Ref.47. As we can in Fig.S8 of ESI†, though the all-TMA AuNP
has a larger surface charge, it adheres on the lipid bilayer over
the entire simulation time. However, the no-MUA AuNP quickly
penetrates into the lipid bilayer. Further free energy analysis for
penetration will be revealed in the following section. On the other
hand, the extraction of lipids has interesting implications. It has
been shown that the extraction of lipids by nanomaterials such as
graphene69 might be destructive to the cell membrane. This in-
formation might indicate another destructive mechanism for the
charged AuNPs other than the direct pore opening on the cell
membrane49. In addition, the lipid extraction might be able to
explain the dehydration of lipid bilayers44 even when the AuNPs
are not inserted into the bilayer. We will discuss the membrane
destruction and dehydration in the following part. We should also
emphasize that the mixed-charged AuNPs in previous experimen-
tal studies25 are much larger than the ones considered in present
simulations. In addition, serum proteins exist during the cellular
uptake process. These serum proteins decorated large size AuNPs
(> 5 nm) might be internalized by the endocytosis pathways15.
While the small size proteins free AuNPs (< 5 nm) could pene-
trate into lipid bilayer under certain conditions49.

Extraction of lipids show a protrusion and climbing up pro-
cess. To reveal the details about this adhesion and lipid extrac-
tion process, we show the snapshots of this interactive process
with highly positive and negative charge AuNPs at the pH val-
ues of 2.0 and 8.0, respectively. As given in Fig.5.A for pH = 2.0,
the AuNP is initially placed above the lipid bilayer at a distance
of D ≈ 7 nm. Because of the attraction between the positively
charged TMA on AuNP and the negatively charged DPPG head
group, the AuNP quickly adheres onto the lipid bilayer. Further-
more, driven by the hydrophobic attraction between the alkane
chain in the TMA/MUA ligands and the lipid tails, the ligands on
the AuNP surface deform and the lipids in the bilayer rearrange
themselves, which result in a hydrophobic contact area between
the AuNP and the lipid bilayer (t = 0.15 µs in Fig.5.A for pH= 2.0).
As we can tell in the snapshot, the lipids near the contact re-
gion are highly disordered. These disordered lipid molecules are
supposed to promote the lipid protrusion that helps the insertion
of AuNP into the lipid bilayer48. Interestingly, as highlighted at
t = 0.16 µs, one lipid protrudes with a tail group that remains in-
teracting with the lipids in the bilayer. While, the other tail group
starts to insert into the hydrophobic part of ligands on the AuNP.
The lipid molecule protrudes and splays between the AuNPs and
lipid bilayer. Afterwards, rather than help the insertion of AuNPs
as reported in Ref48, the protruded lipid molecule quickly climbs
up on to the AuNPs surface, with its two tail groups splay and
are embedded in the hydrophobic part of the ligand, and its head
group points towards the outside of AuNP surface. After a long
period of 10 µs, there are almost 10 lipid molecules extracted
by the adhering AuNPs following the same protruding and climb-
ing up process. Moreover, though the AuNP at high pH value of
8.0 possesses highly negatively charge, a similar process is ob-
served. This might suggest that the local charge distribution of
the monolayer-protected AuNPs, rather than the net charge, is
more important to the adhesion of AuNPs on cell membranes. We
further monitor the evolution of extracted lipid number on AuNPs
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Fig. 6 (A) Adhesion process of AuNPs at pH = 2.0 and pH = 8.0 onto the lipid bilayer. The lipids marked in green are those extracted by the AuNPs.
(B) Number of AuNP-extracted lipids over simulation time at pH = 2.0 and pH = 8.0. (C) The number of AuNP-extracted lipids at different pH values.

of pH = 2.0 and pH = 8.0 as shown in Fig.6.B. It is interesting to
note that in both cases, the number of extracted lipids increases
dramatically at the early state (t < 2 µs) and then saturates at
the later state. It is also noteworthy that the extracted lipids still
have the chance to return back to the lipid bilayer, as we can tell
from the fluctuation of the extracted lipid number. We also calcu-
late the extracted lipid numbers of AuNPs at different pH values
as given in Fig.6.C. The extracted lipid number of other cases

is around 10. This saturated lipid number might be affected by
the AuNPs size and the length of ligands, which can be manipu-
lated when designing the surface functionalization of AuNP. Note
that the extraction of lipids has also been observed by Van Lehn
and Alexander-Katz70 after the insertion of AuNPs into bilayers,
which indicates that lipid extraction might be a common behav-
ior of charged monolayer protected AuNPs interacting with cell
membrane.
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Fig. 7 Free energy analysis for AuNP penetration into lipid bilayer. (A) The PMF profile of directing an AuNP to penetrate into a lipid bilayer. The three
curves represent the AuNPs at the pH values of 2.0,5.3 and 8.0. (B) The variation of energy barrier ∆E during penetration process for different pH
values. ∆E denotes the energy difference between the global minimum and maximum values in (A). (C) Configurations of AuNPs and lipid bilayer
during penetration process at different pH values.

Free energy analysis reveals large energy barriers asso-
ciated with AuNP penetration. To understand why the pH-
responsive AuNPs are adhering onto rather than penetrating into
the bilayer, we perform a series of simulations to analyze the free
energy change when inserting the AuNP into the bilayer. This
penetration process is directed by a spring potential as mentioned
in the corresponding section of the description of methods. As
shown in Fig.7.A of the PMF profile, this penetration process can
be divided into two regions. Before the COM distance of D = 4.0
nm, due to the attraction between positive charge TMA and nega-
tive DPPG head group as we can see in Fig.7.C at D = 4.0 nm, the
free energy decreases a small amount to a global minimum value.
When the AuNPs and lipid bilayer further approach each other,

the PMF values dramatically increase. Within this COM distance
region, though the hydrophobic interaction between the alkane
chain and lipid tail is preferred, due to the energy barrier induced
by the hydrophilic functional group, the ligand on the AuNPs sur-
faces can hardly translocate through the hydrophobic part of lipid
bilayer and reach the other side of the bilayer. Instead, the ligands
on the AuNPs largely deform to squeeze each other, which is com-
bined with the highly curved lipid bilayers as shown in Fig.7.C at
D = 2.0 nm. The PMF value further increases, even if the ligands
on AuNPs snorkels and the AuNP is translocated through the lipid
bilayer. As we can tell in Fig.7.C at D = 0.0 nm, the snorkeling
of ligands causes great stretching of the ligand chains, which in-
dicates that the large steric interaction might lead to this high
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Fig. 8 Interaction between multiple AuNPs and model lipid bilayer. (A) Snapshots of interaction process between multiple AuNPs and lipid bilayer.
The lipids extracted by AuNPs are highlighted in green. A pore opened in lipid bilayer is highlighted by circles. (B) Number of extracted lipids over
simulation time. (C) Evolution of the lipid bilayer area. The pH value in the system is 2.0.

energy state when the AuNPs are inserted into the lipid bilayer.
A similar PMF profile is observed by Chen et.al71, when most of
the ligand is functionalized with anonic groups. The PMF pro-
files of AuNPs at different pH values are similar. Only a slight
shift in the PMF value is observed, due to the existence of neg-
atively charged (or deprotonated) MUA. To evaluate the energy
cost of inserting the AuNPs into the bilayer, we calculate the free
energy difference between the global minimum and maximum in
the PMF profile and name it as ∆E. As we can see in Fig.7.B,
due to the increased deprotonated MUA at higher pH value, the
∆E increases with the pH value. However, it is more important
to note that the energy cost of ∆E in all cases is larger than 150
kcal/mol, which is much larger than the thermal fluctuation. This
energy cost ∆E for AuNPs with all alkane chains functionalized

with hydrophilic end groups is totally different from the ones with
negative and hydrophobic ligands in Ref46,47. When a part of the
ligand is an alkane chain without a functional group, the free en-
ergy decreases around 100 kcal/mol for the favorable hydropho-
bic interaction46,47. This indicates that it is thermodynamically
unfavorable to insert the pH-responsive AuNPs into the lipid bi-
layer when all the alkane chains are functionalized. This is further
confirmed by the comparison of PMF profiles between different
AuNPs at pH= 2.0: mixed charged AuNPs, all-TMA AuNP and
no-MUA AuNPs as given in Fig.S9 of ESI†. Disordered lipid mem-
brane region and longer alkane chain length might be desirable,
if the penetration of pH-responsive AuNPs is preferred46,71.

Interaction between multiple AuNPs and model lipid bi-
layer. To test our hypothesis about the relation between lipid
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extraction and membrane disruption/dehydration, we proceed to
investigate the interaction between multiple AuNPs and model
lipid bilayer. The pH value of system here is pH= 2.0. As given in
Fig.8.A, 9 monolayer-protected AuNPs are placed above the lipid
bilayer at t = 0. Similar to the adhesion process of single AuNP,
all the AuNPs are adhered on the lipid bilayer at t = 0.3 µs. At
the same time, many lipids are extracted by these AuNPs, which
causes the wrinkle of bilayer. At t = 1.5 µs, the AuNPs adjust their
position on the bilayer. With more lipids extracted, a small pore
opens in the bilayer. This pore dose not expand much at t = 2.1
µs and t = 3.9 µs, when the AuNPs are almost covered by the
extracted lipids. We further calculate the number of extracted
lipids and the area of lipid bilayer in Fig.8.B, and Fig.8.C respec-
tively. As we can tell, the extracted lipid number increases up
to 140. With the extraction of lipids in bilayer, the bilayer area
significantly decreases from 260 nm2 to 170 nm2. To avoid the
potential influence of small membrane size on the lipid extrac-
tion and dehydration, we further perform simulations of a larger
membrane with initial area of 1225 nm2. As given in Fig.S10
and Fig.S11 of ESI†, two different AuNP numbers, 36 and 25, are
studied, similar lipid extraction and bilayer dehydration are ob-
served. Our results confirm that the adhesion of multiple AuNPs
can significantly increase the extracted lipid number and lead to
the dehydration of lipid bilayer. Furthermore, the pore induced by
extracted lipids provides another possible mechanism about cell
membrane disruption, apart from the penetration induced pore
opening49. Note that the similar phenomena have been observed
at other pH values in our simulations (results not shown here).

4 Conclusions
In this work, we have systematically investigated the stability and
cellular interaction of pH-responsive monolayer protected AuNPs
through CG molecular dynamics simulations. The AuNPs in our
simulations are decorated with positively charged TMA ligands
and MUA ligands with pKa= 5.08. Therefore, MUA ligands are
protonated and neutral at low pH (< 5.3) and deprotonated and
negatively charged at high pH (> 5.3). All of these factors com-
bined together make the AuNPs pH-responsive. The monolayer
protected AuNPs are positively charged at low pH and posses
negative overall charge at high pH. Our simulation results sug-
gest that the pH-responsive AuNPs are severely aggregated at
a moderate pH value around 5.3, and they are stable and dis-
persed at both low and high pH. The RDF of AuNPs indicates
that there are two peak values at the RDF curves, which cor-
respond to COM distances around 5.5 nm and 3.0 nm, respec-
tively. These two peak values suggest two different correlated
states within the aggregated cluster. Furthermore, we perform
the free energy analysis of two AuNPs to understand free energy
barriers associated with AuNPs aggregation. We found that the
first peak at D = 3.0 nm is induced by the hydrophobic driving
force between alkane chain of ligands, while the second peak at
D = 5.5 nm is caused by the electrostatic bridging between two
mixed charged AuNPs. More importantly, it is found that the en-
ergy barrier between D = 5.5 nm and D = 3.0 nm is the key that
determines the stability of monolayer-protected AuNPs at differ-
ent pH values. This energy barrier is dramatically decreased at

moderate pH values, which contributes to the severe aggregation
of AuNPs. We further investigate the interaction between AuNPs
and lipid bilayers; it is interesting to find that all AuNPs adhere
onto the lipid bilayer, independent of their surface charges. More-
over, the lipids originally in the bilayer are extracted by the AuNPs
through a protrusion process. This extraction of lipids will result
in dehydration and disruption of bilayers, if multiple AuNPs ex-
ist. Further free energy analysis reveals that the penetration of
AuNPs will lead to dramatic free energy increase because of de-
formation of ligands and hydrophilic functional end groups. Our
simulations for the first time systematically study the stability of
pH-responsive AuNPs and their interaction with lipid bilayers in
simulation, which might help the design of pH-responsive mono-
layer protected AuNPs.
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