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Advances in studies of
nanoparticle—-biomembrane interactions

Nanoparticles (NPs) are widely applied in nanomedicine and diagnostics based on
the interactions between NPs and the basic barrier (biomembrane). Understanding
the underlying mechanism of these interactions is important for enhancing their
beneficial effects and avoiding potential nanotoxicity. Experimental, mathematical
and numerical modeling techniques are involved in this field. This article reviews the
state-of-the-art techniques in studies of NP-biomembrane interactions with a focus
on each technology’s advantages and disadvantages. The aim is to better understand
the mechanism of NP-biomembrane interactions and provide significant guidance for
various fields, such as nanomedicine and diagnosis.
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The advances in nanomaterials and nano-
technology in the past few years have resulted
in the development of various nanoparticles
(NPs) and their widespread applications in
cosmetics [1], textiles [2], building materials
(3], nanodevices (4], nanomedicine and diag-
nostics [s]. NPs enter an organism through
various approaches (e.g., the respiratory sys-
tem (6], skin absorption [7], intravenous injec-
tion and implantation (8]) and subsequently
induce a series of complicated reactions. For
beneficial applications, NPs can be rapidly
internalized by cells, which has been applied
for cancer gene therapy [9.10], bioimaging and
phototherapy [11.12]. By contrast, NPs may
change the cell membrane thickness and
integrity (13] and induce pore formation in
the membrane [14] and oxidative stress [15],
resulting in nanotoxicity. During all of these
processes, NPs need to interact with biomem-
branes (e.g., the cell membrane), which are
basic barriers for access to cells. Therefore,
understanding the underlying mechanism of
the NP-biomembrane interactions is impor-
tant for enhancing the beneficial effects of
NPs and avoiding potential nanotoxicity.
Various approaches have been developed
in order to study NP-biomembrane inter-

actions, including experimental observations
(16-18], theoretical analysis [19] and numeri-
cal simulations [20-23]. These approaches are
complementary in this field. For instance,
molecular dynamic simulations can detail
the whole dynamic process of NP-lipid
bilayer interactions at the molecular level, but
they are limited within the temporal (near-
nanosecond) and spatial (near-nanometer)
scale. Experimental studies can investigate
more complicated and larger systems (NP-
cell systems); however, they can only obtain
end-point results and cannot reach the high
resolution of molecular dynamic simulations.
Furthermore, many modeling studies still
need to be validated by experimental results.
Therefore, combining experimental studies
with mathematical and numerical modeling
studies will provide more deep insight into
the NP—biomembrane interactions.

In order to better understand the NP-bio-
membrane interactions, this article reviews
the state-of-the-art techniques involved in the
study of NP-biomembrane interactions. In
the experimental studies, NP-biomembrane
interactions can be assessed by recording the
characteristic changes of the NP-biomem-
brane system, such as the morphological,
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thermal, electromagnetic, optical and electrochemical
properties and response of cells. The property changes
during NP-biomembrane interactions and the corre-
sponding characterization techniques are reviewed in
the following sections, with a focus on their advan-
tages and disadvantages. Furthermore, the mathemati-
cal and numerical modeling studies of NP-biomem-
brane interactions are also reviewed. Finally, a future
perspective of this field is presented.

Methods based on morphology change
Generally, four mechanisms are involved in NP-bio-
membrane interactions, including adsorption onto the
membrane surface, pore formation, direct penetration
and endocytosis (Figure 1). With different NP proper-
ties, the mechanisms of NP—biomembrane interactions
are different. For instance, 20-nm diameter polystyrene
NPs can adsorb onto the lipid bilayer [24]. Cationic NPs
can induce pore formation in the biomembrane, such
as gold NPs (AuNPs) and SiO, NPs with cationic side
chains [2526] and poly(amidoamine) dendrimers [27].
Small NPs (e.g., metal clusters [28]), needle-shaped NPs
(e.g., single-carbon nanotubes [29]) and NPs bounded
with cell-penetrating peptides can directly penetrate
the membrane [30]. Various NPs can be endocytosed
by cells, such as carbon nanotubes [3132], AuNPs [33],
polymer NPs [343s] and silica NPs [3637]. The effects
of NP surface properties on NP—biomembrane interac-
tions has been reviewed in detail previously [38]. Fur-
thermore, another article on the nano—bio effect has
comprehensively reviewed NP properties, their cellular
uptake and potential toxicity [39].

Macropinocytosis
Phagocytosis

No matter which mechanism the NP—biomembrane
interactions belong to, the interactions can induce
morphological changes in the system, such as NP loca-
tion, thickness and pore formation of the membrane,
as well as membrane bending. These morphological
changes can reflect the process of NP-biomembrane
interactions [40]. Therefore, characterization of the
morphological changes is the most intuitive and effec-
tive method for studying the effects of NPs on bio-
membranes. At present, four main microscope tech-
nologies, including transmission electron microscopy
(TEM), scanning electron microscopy (SEM), atomic
force microscopy (AFM) and scanning ion conduc-
tance microscopy (SICM), have been used to observe
these morphological changes.

TEM- & SEM-based techniques

With the advantages of high spatial resolutions (several
nanometers for SEM and fractions of nanometers for
TEM), TEM and SEM are commonly used to observe
morphological changes of NP-biomembrane systems.
Based on the location of NPs and the cell shape, the
NPs adsorbed onto the cell surface, passing through
the membrane and trapped in endosomes can be
observed via SEM and TEM (Figure 2). By SEM test-
ing, small MCM-41-type mesoporous silica NPs and
iron oxides are observed to adsorb onto the surface of
red blood cells (RBC:s) (Figure 2A) [40] and human lym-
phoblasts [41], respectively. SEM images show that 1D
nanomaterials, such as multiwalled carbon nanotubes
and gold nanowires, enter cells in a vertical approach
(Figure 2B) [20]. As for the 2D nanometerials, TEM
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Figure 1. Schematic of the nanoparticle-biomembrane interaction mechanism. Four mechanisms, including
adsorption onto the membrane surface, pore formation, direct penetration and endocytosis, are involved in

nanoparticle-biomembrane interactions.
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images indicate that 2D few-layer graphene micro-
sheets show edge or corner penetration [42]. PEG-mod-
ified magnetic NPs [43] and iron oxide NPs [41] trapped
in lysosomes and endosomes separately after endocy-
tosis are observed by SEM. In addition to the afore-
mentioned static processes, a semidynamic process of
the cellular uptake of SBA-15-type mesoporous silica
NPs is observed by TEM, which shows that SBA-15-
type mesoporous silica NPs are gradually engulfed by
RBCs (Figure 2C) [40]. TEM and SEM are well suited
to observing morphological changes of NP—cell inter-
actions. Although researchers have obtained images
of different cellular uptake processes, the images were
from parallel experiments at different NP-biomem-
brane interaction stages [40]. Given the fixation step
before imaging and the vacuum environment required
during imaging for most TEM and SEM instruments,
researchers can only obtain static information from
samples. Thus, a real-time monitoring technique with
high resolution is needed in order to improve experi-
mental studies in this field.

AFM-based techniques

AFM can map local physical properties of samples by
sweeping a probe across the sample surface to dynami-
cally record the morphologies and properties of biologi-
cal samples based on the interaction between the probe
tip and the sample surface. Several NP-biomembrane
interactions, including pore formation, adsorption
onto a membrane and envelopment by a membrane,
can be observed by AFM [44-47]. For instance, pore for-
mation on the supported lipid bilayer (SLB) induced
by small-sized silica NPs (1.2-22 nm) (Figure 3) [48]
and amine-terminated dendrimers (G7) are observed
by AFM [49;50]. Through comparing the topographi-
cal data with corresponding phase contrast of AFM
images, the peptide (MSI-78) is found to selectively
absorb onto the La (liquid—crystalline fluid phase)
regions of the lipid bilayer [s1]. For silica NPs with
larger sizes of approximately 22 nm, the AFM images
show that NPs with a smooth surface can be com-
pletely enveloped by a lipid bilayer, whereas NPs with
a bumpy surface can only be partially enveloped [s2].
AFM is particularly suitable for observing biological
samples due to two advantages: one is its application in
aqueous solutions under physiological conditions and
the other is its ability to obtain surface morphologi-
cal details with a resolution of fractions of a nanome-
ter [53]. However, AFM has disadvantages of a limited
scanning area (maximum ~150 x 150 um) and a slow
scanning rate. Furthermore, the possible damage to
biomembrane surfaces during scanning with a hard
tip limits its application in imaging soft and mobile
cells. Therefore, it is commonly used to observe the
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Figure 2. Scanning electron microscopy and
transmission electron microscopy images of
nanoparticle-cell interactions. (A) Scanning electron
microscopy images showing that small MCM-41-type
mesoporous silica nanoparticles adsorb onto the
surface of red blood cells. From left to right: images
increase in magnification with features highlighted
with white squares or arrows [40]. (B) Scanning electron
microscopy images showing that multiwalled carbon
nanotubes enter into murine liver cells via a vertical
approach (scale bar: 300 nm). Left: multiwalled
carbon nanotubes undergoing high-angle tip entry;
middle: arrow shows carbon shell; right: arrows show
membrane invaginations at the point of entry [20].
(C) Transmission electron microscopy images showing
the cellular uptake process of SBA-15-type mesoporous
silica nanoparticles interacting with red blood cells.
The images at the bottom are magnifications of the
corresponding upper images [40].

(A & C) Reproduced with permission from [40];

(B) reproduced with permission from [20].

morphology changes of NP-SLB systems. SLBs with a
planar bilayer structure supported by a solid substrate
(e.g., mica or silicon) are stable enough to withstand
AFM scanning (Figure 4B) [44,48,52]. In addition, with
a defined composition, SLBs can isolate the effects of
individual factors (e.g., lipid, protein and cholesterol)
on the interaction processes (Table 1).

SICM-based techniques

Rather than applying a physical force to the sample as
in AFM, SICM uses a cone-shaped glass pipette with
a nanometer diameter (i.e., a nanopipette) filled with
electrolytic solution as the probe. By scanning sample
surfaces with a constant distance and monitoring the
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Figure 3. Atomic force microscopy images of
interactions between silica nanoparticles with sizes of
1.2-5 nm and lipid bilayers. (A) Schematic and (B) AFM
curves of pore formation induced by nanoparticles.

(C) Topography image of the substrate with
nanoparticles. (D) Topography and (E) phase images
of the substrate with 1-8 nm nanoparticles and lipid
deposited on it [48].

AFM: Atomic force microscopy.

ionic current between the tip opening and the sample
surface, SICM can investigate morphological changes
of samples in real time, especially soft materials, in
aqueous solution and with a high resolution, without
direct interactions of the probe tip and sample sur-
face [5455]. For example, membrane damage induced
by NPs are recorded by SICM [56-59]. Results show
that the membranes are damaged and holes form
when human alveolar epithelial type 1-like cells are
exposed to amine-modified polystyrene latex NPs [s6].
By combining SICM with the patch-clamp technique,
the morphological changes of human alveolar epithe-
lial A549 cells interacting with ZnO NPs are tracked,
where membrane damage is observed after 100 pg/
ml of ZnO NP treatment (Figure 5) [57]. In addition,
by combining SICM and confocal microscopy, the
adsorption of fluorescent Cy3-labeled single virus-
like NPs on COS-7 cell surfaces can be recorded [5s].

Although SICM has strengths in imaging soft bio-
membrane surfaces at a nanometer-scale resolution, its
complex operation process and slow scan rate limit its
wide application in this field (Table 2).

Methods based on thermal properties

The lipid structure is temperature dependent, and each
kind of lipid has a characteristic temperature at which
it undergoes a transition between the gel and liquid
phase. This phenomenon makes it possible to charac-
terize the details of interactions by characterizing the
thermal properties of the NP-biomembrane system, as
long as the NPs will also undergo enthalpy changes
with temperature changes. Differential scanning
calorimetry (DSC) is a thermoanalytical technique.
Through simultaneous heating or cooling of the sam-
ple and reference materials in order to maintain equal
temperature conditions, the DSC technique measures
the relationship of temperature and heat flow differ-
ences between the sample and the reference materials.
The NP-biomembrane interactions can be reflected
by the phase changes, which can be derived from the
calorimetric curves.

Various NPs penetrating into the lipid bilayer have
been observed by DSC through calorimetric curves [60-
62). For instance, the interaction of idebenone (IDE)-
loaded solid lipid NPs (SLNs) with multilamellar
vesicles (MLVs) is investigated using the DSC method
(Figure 6) [60]. The calorimetric curves show that for
the curves of IDE-loaded SLN, the peak at 46°C dis-
appears in the subsequent scans with elapsed time. For
the curves of MLVs, the main peak moves to a low
temperature and broadens. These results indicate that
the IDE-loaded SLNs move inside the MLVs and IDE
is released. For other phase-change NPs, such as G3/
G4 dendrimers [61] and peptides [62], details regarding
insertion into the model membrane are also observed
by DSC. The results indicate that dendrimers can
interact with both the head and tail groups of lipids.
Regarding the interactions of an amphipathic peptide
RL16 and dimyristoylphosphatidylglycerol (DMPG)
MLV, these have little effect on the main peak of the
calorimetric curves, which indicates that RL16 cannot
penetrate deeply into the lipid core [63]. As for the case
of cationic linear peptide analogs (LPAs), the results
show that LPA-C, and LPA-C, are restrained at the
interface between the lipid and water, while LPA-C
can penetrate into the lipid bilayer [62].

The DSC method has advantages in terms of
characterizing the physical and chemical changes of
samples (e.g., the insertion process, bond rupture and
binding) via a user-friendly operation. NP-biomem-
brane interactions characterized by DSC are based on
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the enthalpy changes of the system; therefore, the NPs
are limited to phase-change materials, such as lipids,
dendrimers and peptides. Because the system suffers
at elevated temperatures, this method is not suitable
for cells. DSC is generally used to characterize mixed
systems of NPs and lipid vesicles. The structure of a
lipid vesicle [64] is shown in Figure 4C. Furthermore,
the recording of calorimetric curves is generally a
time-consuming process (taking several hours).

Methods based on electromagnetic
properties

Nuclear magnetic resonance (NMR), x-ray reflectivity
(XR) and neutron reflectivity (NR) are carried out in
order to characterize structural changes during NP-
biomembrane interactions based on the changes of the
electromagnetic properties of the system.
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If the number of protons or neutrons in a nucleus is
odd, the nucleus has an intrinsic nonzero spin. These
nuclei can absorb and re-emit electromagnetic radia-
tion with specific resonance frequencies when in an
external magnetic field. This signal can be character-
ized by NMR and reflect molecular structure details.
Therefore, NMR has been applied to capturing the
dynamics and structural details of NP-biomembrane
systems through characterization of the system’s iso-
topes, such as C, PN, P, *H and protons [65]. For
instance, *'P- and 2H-NMR are used to characterize the
interactions between fullerenol and the lipid head and
tail groups, respectively [66]. The *'P-NMR results show
the effects of fullerenol on the motion and average ori-
entation of the head groups, while the ZH-NMR results
show that fullerenol brings minimum perturbation to
the tail groups. These results indicate that fullerenol

Alpha-helix
Glycoprotein

Figure 4. Various model lipid bilayers used in experimental studies. (A) Cell membrane; (B) supported lipid
bilayer; (C) tethered lipid bilayer; (D) lipid vesicles; and (E) black lipid bilayer.
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AFM: Atomic force microscopy.

remains at the water—bilayer interface. In addition to
the aforementioned 1D NMR spectra, the molecular
structures are more detailed in 2D NMR spectra, such
as nuclear Overhauser effect spectroscopy. The proton
signal in the '"H-'H nuclear Overhauser effect NMR
spectra indicates that a dendrimer inserted into a lipid
bilayer interacts with the lipid acyl chains [67]. It should
be noted that the inserted dendrimer (G5) can induce
more restriction to the lipid tails than G7 (¢8]. NMR
techniques are able to provide detailed information of
NP-model biomembrane interactions at the molecular
level, but the system must use isotopes, such as “C,
BN, PP, 2H and protons. Furthermore, the disturbance
of the solvents should also be considered. If the solvents
are abundant in protons, the NP-biomembrane system
or the solvents need to be perdeuterated.

XR and NR technologies are tools used to inves-
tigate thin films and interfaces at a submicron scale.
Reflectivity depends on the surface complexity when
a beam of light (x-ray or neutron) is shot at the inter-
face. The surface morphology details can be obtained
by recording the reflectivity curves. XR is used to
monitor morphological changes during the interac-
tions between the supported dipalmitoylphosphati-
dylcholine (DPPC) lipid bilayer and the transcrip-
tion-activating facto-derived peptides (TDPs) [69].
The XR reflectivity curves indicate that the TDPs
adsorb onto the outer membrane surface with increas-
ing time, and then transfer to the inner side of the
lipid bilayer. However, because of the insensitivity
of XR to in-plane structures, the pore formation of
the membrane cannot be observed. Taking account
of the high penetrating and typical nonperturbing
properties of neutrons, NR is used to characterize the
creation of defects in the TDP—membrane transloca-
tion [69]. Furthermore, NR measurements observe that
cubosome particles and the lipid bilayer have strong
interactions and exchange lipids at the interface [70.71].
By combining this with ellipsometry, the results show
that increasing the solution can induce the release of

the adsorbed NPs [71].

Methods based on optical properties

Various light microscopies and spectroscopy tech-
nologies have been used to characterize NP-biomem-
brane interactions based on the optical properties of
the system. In many cases, the most powerful forms
of light microscopy are based on fluorescence [72]. In
this section, we summarize the technologies based on
fluorescence, such as confocal laser scanning micros-
copy (CLSM), and some spectroscopy technologies,
including ultraviolet and visible spectroscopy, surface-
enhanced Raman spectroscopy and Fourier transform

infrared spectroscopy (FTIR).
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Figure 5. Continuous scanning ion conductance microscopy images of A549 cell monolayers exposure to ZnO nanoparticles.
Acute damage to cells induced by the nanoparticles is observed within 1.5 h [57].

nZnO: Zinc oxide nanoparticle..

Technologies based on fluorescence

Some classes of NPs, such as quantum dots (QDs)
and rare earth NDs, are intrinsically fluorescent mate-
rials, whereas other NPs can be generally derivative
with fluorescent markers such as fluorescein-5-iso-
thiocyanate (FITC). In addition, the biomembane
can be stained by various fluorescent dyes includ-
ing lipophilic carbocyanine dyes. By recording the
fluorescence of these NPs and biomembranes in the
NP-biomembrane system, the system’s behavior can
be revealed.

CLSM has attracted significant attention because
of its capacity to obtain high-resolution optical
images at different depths. The addition of a laser
light source, scanning system and conjugate focusing
system on the optical microscope allows CLSM to
enlarge its functions, including obtaining high-res-
olution 3D images, hierarchical scans, semiquantita-
tive analyses of fluorescence intensity and simultane-
ous characterizations of multiple fluorescent labels.
For large-sized cells and giant unilaminar vesicles
(GUVs), which are tens of micrometers in size, inter-
actions between NPs and cells or GUVs are inves-
tigated by CLSM. Through CLSM image analysis,
NP-biomembrane interactions, such as internaliza-
tion by various cells, adsorption onto the membrane
surface and the induction of membrane damage,
can be observed. For instance, CLSM images show
the cellular uptake of lipid—QDs bilayer vesicles by
human epithelial lung cells (A549) (73] and amine-
modified PEGylated QDs by alveolar epithelial cells
(74]. Through recording the FITC fluorescence by

CLSM, AuNPs transporting membrane-imperme-
able FITC-labeled protein into a variety of cell lines
can be observed [75]. In addition, 20-nm polysty-
rene NDPs with cationic surfaces adhering strongly to
the lipid bilayer of GUVs [24] are shown in CLSM
images. Through the characterization of the leakage
of fluorescent dextran, which is coated by GUVs, the
membrane damage induced by polystyrene NPs can
be observed [24]. Furthermore, semiquantified and
quantified data, including the NP fluorescence inten-
sity on the membrane surface [24], the internalization
rate of QDs [76] and the amount of nanowire pen-
etration into living cells [77], can also be obtained.
However, compared with TEM and SEM, CLSM is
limited by its reduced sensitivity and spatial resolu-
tion. In addition, the markers labeled on NPs and
biomembrane may affect the interactions.
Single-particle tracking technology is able to observe
the motion of single particles and obtain the trajecto-
ries of particles through fluorescent or optical labels.
Parameters including the diffusion coefficient and
mean square displacement can be obtained by random
trajectory analysis. In order to investigate the NP—bio-
membrane interactions, NP trajectories are traced by
tracking their fluorescence, such as with single-walled
carbon nanotubes (78], fluorescently labeled peptides
(79.80] and QDs [81]. With single-particle tracking tech-
nology, the trajectories of cellular uptake and expulsion
of single-walled carbon nanotubes (length: 130-660
nm) are obtained through intrinsic photoluminescence
(78]. The quantified data, such as the lateral mobility
of the peptide on the GUV surface, are also obtained
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Figure 6. Differential scanning calorimetric curves of idebenone-loaded solid lipid nanoparticles interacting with

multilamellar vesicles [60].

Endo: Endothermic; IDE: Idebenone; MLV: Multilamellar vesicle; SLN A: Solid lipid nanoparticle containing

isoceteth-20/glyceryl oleate.

(80]. In order to investigate the early stages of the NP
(peptide HIV1-Tat-modified NP) binding and cellular
uptake, effort has been made to combine single-parti-
cle tracking technology with CLSM [s2]. This newly
developed technology is able to capture the landing
process of NPs before cellular uptake in a 3D manner

in real time (Figure 7). This method provides a power-
ful tool for investigating the dynamics of the landing
process before cellular uptake.

Spectroscopy technologies
A specific type of molecule can absorb radiation with
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Figure 7. 3D images of the early stages of cellular uptake in real time. (A) Schematic of the method for
measuring delivery vehicles and live cells simultaneously. (B) Through combining with the single-particle
detection technology, 3D images of the nanoparticle landing on a live cell can be obtained. (C) 3D trajectory
of the nanoparticle. (D-F) The confocal images (scale bars: 10um) correspond to points 1-3 in (C), respectively.

(G) 3D reconstruction of the data [82].

a characteristic wavelength. Therefore, the structural
information of samples can be obtained by recording
the characteristics of the absorbed radiation (transmit-
tance and absorbance) from the samples. Spectroscopy
technologies provide molecular bond information sim-
ply and sensitively in NP-biomembrane interaction
studies. For instance, FTIR was used to analyze the
interaction mechanism between RBCs and hydroxy-
apatite (HAP) NDPs [83]. The adsorption of sialic acid
on the surface of HAP NDPs is observed by comparing
the FTIR spectra of HAP NPs before and after adsorp-
tion. Semiquantified information can be obtained,
such as the increased ratio of ibuprofen penetrating
into the bilayers for different ibuprofen concentrations
monitored by normalized surface-enhanced Raman
spectroscopy intensity [84] and the cellular uptake
number of AuNPs as monitored by ultraviolet and vis-
ible spectroscopy, through the extinction spectra and
calibration curves [17]. Although the spectroscopy tech-
nologies can provide detailed structural information of
these interactions, they are not able to provide insight
into the dynamic processes of the interactions and
generally need to be combined with intuitive imaging
technologies, such as TEM and SEM.

Methods based on electrochemical
properties

Scanning electrochemical microscopy (SECM) is
another type of scanning probe microscopy technique
that uses a microelectrode as the tip to scan over a spec-
imen surface in an electrolyte solution (85]. In addition
to the applications performed using AFM and SICM,
SECM can obtain the chemical information of the sam-
ple of interest. Therefore, SECM was applied to inves-
tigate NP-biomembrane systems based on their elec-
trochemical property changes. For example, through
recording the oxygen reduction current of cells, the cel-
lular activity can be obtained. Therefore, SECM offers
a nondestructive characterization of chemical changes
of cells under NP attack. For example, SECM dem-
onstrates that the number of silver NPs adsorbed onto
HeLa cell surface and the morphological changes of
these cells can be observed simultaneously [86]. More-
over, by recording the consumption of dissolved O,,
the viability of living fibroblast cells under silver NP
attack can be characterized by SECM (87]. In addition,
ZnO NP attack on nasopharyngeal cancer cells can
also be characterized by SECM {ss]. This result shows
that the cell respiration rate is affected by the ZnO
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NP dose and decreases with time. SECM is well suited
for studying NP—cell interactions not only due to its
ability to scan morphological changes (as with AFM
and SICM), but also due to it being able to observe
the chemical changes (e.g., cell oxygen consumption
and respiration rate) of cells under NP attack. These
chemical changes can reflect the living status of cells.
Therefore, the SECM approach is widely used to assess
the cytotoxicity of NPs. However, SECM has a limited

resolution, which is normally in at a micro-scale level.

Methods based on the responses of cells

Various live cells are used in NP—biomembrane inter-
action experiments [89,90], such as cancer cells (e.g.,
HeLa cells [911), RBCs [92] and epithelial cells (e.g.,
human alveolar epithelial type 1-like cells; Figure 4A
(56]). Compared with NP-model lipid membrane inter-
actions, the use of live cells offers several advantages,
including that the NP—cell membrane system can be
easily observed using optical microscopes because cells
are generally several micrometers in scale [89,93]. More-
over, the direct investigation of NP-biomembrane
interactions can be realized through cell responses
[40,90], such as the changes of reactive oxygen species
(ROS), malondialdehyde (MDA), cell viability and the
hemolysis of RBCs, among other responses. However,
the plasma membrane composition and cell microen-

vironment are very complicated, making it challenging
to isolate the effects of individual factors on the NP—
biomembrane interactions.

The characterization of ROS is widely used in NP-
cell interaction studies [94]. The accumulation of ROS

1600ns

1.35 ps

(B) 0.09 ps

*sz

0.81 us 1.08 ps

(e]]
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can perturb the balance of oxidants and antioxidants
in biological systems [9596], which can steal electrons
from the cellular lipid membrane, resulting in lipid
peroxidation and cell damage [977. MDA is a stable
end product of lipid peroxidation resulting from ROS
through the degradation of polyunsaturated lipids
[98]. Abnormal level of MDA can alter the structural
integrity of the cell membrane, which acts as a marker
for cell membrane injury [99]. Increased MDA levels
are found in zebrafish embryos, podocytes and lung
fibroblasts after exposure to ZnO, CuO and AuNDPs
[100-102].

Cell viability assays, including the neutral red assay,
trypan blue assay, LIVE/DEAD® test (Life Technolo-
gies, Shanghai, China) and lactate dehydrogenase
(LDH) assay, are applied to observe the adverse effects
of NPs [103], but these methods are indirect. The expo-
sure of NPs causes damage to the membrane and cell
death [1104]. Following this, the dyes, such as neutral
red, trypan blue and an ethidium homodimer, can
permeate and mark the damaged plasma membranes
or dead cells [1.104]. In addition, NPs can damage the
membrane integrity and lead to the release of intra-
cellular components (e.g., LDH). In addition, the
concentration of released LDH is proportional to the
number of damaged or lysed cells [105-107]. However,
the cell viability assays can only test the cell growth
situation without giving detailed information on the
NP-biomembrane interactions. Therefore, the cell via-
bility assays are generally combined with morphology
observation techniques, such as TEM, SEM, plasma
mass spectroscopy and CLSM, in order to quantify the

o

Elastic energy
change

too
<& T T T
Og 0 1 2 3
Normalized membrane
tension ¢

Figure 8. Mathematical and numerical modeling of nanoparticle-biomembrane interactions. (A) Snapshots of

a cluster of ten fullerenes penetrating into the dioleoylphosphatidylcholine (DOPC) lipid bilayer [117
translocation of ellipsoids with vertical starting orientations [21].

1.(B) The
(C) Perpendicular entry modes and parallel

surface adhering modes with different membrane tensions [120].
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number of NPs in cells [55] and to determine the cel-
lular uptake [108].

Many NPs, such as cationic NPs [109] and silver
NPs [110], can induce pore formation in the mem-
brane. Researchers have performed hemolysis assays in
order to verify membrane damage during interactions
between NPs and RBCs [92.111]. For instance, posi-
tively charged polyelectrolyte-coated NPs can induce
hemolysis. However, this is not the case for negatively
charged polyelectrolyte-coated NPs because of the
repulsion between the negatively charged membrane

and NPs [92]. The hemolysis assay can only verify
membrane rupture. Therefore, for other interactions,
such as direct penetration and endocytosis, its combi-
nation with other appropriate technologies is required.

Mathematic & numerical modeling

Due to the small sizes of the NPs and biomembrane
(<100 nm), the quick response timescale (near-micro-
second) of the process and the soft nature of the bio-
membrane, it is a challenge for experimental studies to
determine detailed NP-biomembrane interaction pro-

Ag/AgCl_|
Electrode

Nanoparticles—

50 mM KClI

solution

Solvent
annulus

@)

Residuals
x1072

e
% ---@---10 nm
8 —O-- NP
o --LF- size
o . ,<>_ -
§ ---4-- 5nm
b
=]
(77}
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All MUS fractions and the 10 nm MUS:OT 66:34
showed no BLM interaction
0.0 @ L @ O ]
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Figure 9. The electrical method for quantifying striped mixed monolayer-coated gold nanoparticles interacting
with a black lipid membrane. (A) Schematic of experimental system. (B) The relationship between surface

coverage and NP concentration for each size of NP [128].

BLM: Bilayer lipid membrane; MUS: 11-Mercaptoundecane sulfonate; NP: Nanoparticle; OT: Octanethiol.
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cesses in real time and with a high resolution. As com-
plementary methods, molecular dynamic simulation
and mathematic modeling can provide deep insights
into the interactions at the nanoscale. In particular,
molecular dynamic simulation provides detailed infor-
mation of the whole interaction process with a tem-
poral (near-femtosecond) and spatial (near-Angstrom)
resolution that is not yet accessible to the existing
experimental techniques. In this section, molecular
dynamic simulation and mathematic modeling meth-
ods used in this field are reviewed.

Molecular dynamic simulation, which is based on
the classical Newtonian laws of motion, can describe
the trajectories of molecules and determine the
dynamic processes of NP—biomembrane interactions.
There are two types of dynamic models: atomistic
models and coarse-grained models [112]. The simula-
tion unit adopted in each model is different. Atomistic
models employ a single atom as the simulation unit;
thus, they can determine detailed atom—atom interac-
tions. For instance, when interacting with the mem-
brane, the small molecules benzocaine [113] and C_
clusters [114] prefer to spread homogeneously near the
membrane center, and the preferred position for C_ is
approximately 67 A away from the bilayer center 115).
However, all-atom molecular dynamic simulations are
limited by their small temporal (near-nanosecond) and
spatial (near-nanometer) scale. Coarse-grained mod-
els combine a cluster of atoms, molecules or chemical
groups as a ‘bead’ offering a longer time (millisecond)
and larger length (micrometer) scale [116]. For instance,
the whole process of ten fullerenes penetrating into a
lipid bilayer can be simulated by coarse-grained molec-
ular dynamic simulation (Figure 8A) [117]. However,
when simulated by all-atom molecular dynamics, this
interaction is divided into two segments: the fullerenes
are initially inside or outside of the membran because
of the small temporal scale of all-atom molecular
dynamics [114]. Dissipative particle dynamic simulation
is another coarse-grained model that has been used to
study the translocation processes of NPs with different
shapes (e.g., spheres and ellipsoids particles; Figure 8B)
(21]. Results show that the NP shape and initial ori-
entation have significant effects on interactions. For
instance, the penetration time is shorter for NPs with
a vertical initial orientation than a horizontal initial
mode.

Despite molecular dynamic simulations, other math-
ematical models have also been developed in order to
investigate NP—biomembrane interaction mechanisms
(118-120]. For instance, a mathematical model has been
built to study the mechanism of ligand—receptor-
based endocytosis. Results show that NP size plays
an important role in the interactions and there is an

Advances in studies of nanoparticle—-biomembrane interactions

optimal size for the shortest wrapping time [119]. As
for the endocytosis of 1D nanomaterials, a modeling
study found that NPs perpendicularly penetrate the
membrane with small tension, while they interact in
parallel with membranes at large tension (Figure 8C)
(120]. Another study investigated the effect of particle
elasticity on cellular uptake. The results indicate that
the membrane fully wraps stiffer NPs more easily than
softer particles [19].

Other techniques

In addition to the techniques mentioned above, other
techniques, such as quartz crystal microbalance with
dissipation monitoring (QCM-D), inductively coupled
plasma (ICP) and electrical methods are applied to the
study of biomembrane responses under NP attack.

Based on interfacial acoustic sensing, the QCM-D
technique determines the adsorption/desorption and
binding kinetics of molecules in real time, without
labeling and in a surface-sensitive fashion [121,122]. Dur-
ing QCM-D measurements, the adsorption of NPs
can change the dissipation factor, and the mass uptake
or release at the sensor surface can change the reso-
nance frequency. For example, human insulin-loaded
polycationic polymer NPs interacting with SLBs can
be studied using QCM-D [123]. Results show that
cationic NPs collapse after adsorbing onto the nega-
tively charged membrane, whereas adsorption is not
observed on the positively charged membrane. Com-
bined with QCM-D and fluorescence microscopy, the
dendrimer that changes the membrane property has
been found. Results show that the dendrimer induces
increasing membrane stiffness after binding onto the
membrane, even at a low concentration. The increased
stiffness causes membrane instability and collapse of
the vesicles [124].

ICP mass spectrometry (ICP-MS) and ICP optical
emission spectroscopy (ICP-OES) technologies are
used in the study of NP-biomembrane interactions.
After ionizing the samples by ICP, ICP-MS separates
and quantifies ions through a mass spectrometer in
order to measure the ion concentration. The concen-
tration of the cellular uptake of AuNDPs functionalized
with peptidic biomolecules is determined by ICP-MS.
The results show that the internalized NP concentra-
tion increases for the cationic bioconjugates [125]. As
for ICP-OES, ICP is used to excite atoms and ions
to emit electromagnetic radiation with characteristic
wavelengths. Based on the intensity of this radiation,
the concentration of the elements in the sample can
be determined by ICP-OES. The mass of AuNPs and
fullerenes accumulated in the aqueous phase or lipid
phase can also be measured by ICP-OES in order
to study their distributions within water or the lipid
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bilayer [126,127]. ICP-MS and ICP-OES are good at
characterizing low concentrations of materials with
high precision and sensitivity. However, the charac-
terized materials are limited to metals and some non-
metals (e.g., carbon and phosphorus).

Recently, an electric method was used to quantify
striped mixed monolayer-coated AuNPs interacting
with a black lipid membrane (Figure 9) [128]. Alhough
this involved the monitoring of the capacitive increase
of the black lipid membrane in the process of NP
adsorption and was based on the Langmuir model,
quantified parameters of membrane adsorption, such
as surface coverage, the adsorption equilibrium con-
stant and free energy change, were obtained. This pro-
vides a method for investigating NPs adsorbed onto
black lipid membranes both qualitatively and quanti-
tatively. Alhough black lipid membranes (Figure 4E) are
well suited to investigating the electrophysiological
properties of the membrane, this model membrane
is restrained by its short lifespan (hours).

Conclusion & future perspective

The fast-growing field of nanotechnologies and nano-
materials requires a fundamental understanding of
NP-biomembrane interactions. Significant achieve-
ments in the understanding of the underlying inter-
action mechanisms have been made by characterizing
the morphological, thermal, electromagnetic, optical
and electrochemical properties of NP-biomembrane
systems, the responses of cells and the development
of mathematical and numerical modeling. Different
interactions, including adsorption, penetration, pore
formation and endocytosis pathways, have been found
for different NP-biomembrane systems.

However, the observation of interactions in real
time with a high resolution is still technically challeng-
ing because NP-biomembrane interactions occur in
microseconds on a temporal scale and nanometers on
aspatial scale. In addition, various model lipid bilayer
systems are used to study NP-biomembrane interac-
tions. These systems are still too simple to mimic the
cell membrane, which limits our comprehensive under-

standing of NP-biomembrane interactions. Therefore,

Executive summary

and numerical modeling.

e Understanding the underlying mechanisms of nanoparticle (NP)-biomembrane interactions is important for
enhancing their beneficial effects and avoiding potential nanotoxicities.

e Different NP-biomembrane interactions, including adsorption, penetration, pore formation and endocytosis
pathways, have been found for different NP-biomembrane systems.

¢ Significant achievements regarding the understanding of underlying NP-biomembrane interaction
mechanisms have been made by characterizing the morphological, thermal, electromagnetic, optical and
electrochemical properties of NP-biomembrane systems and responses of cells and developing mathematical

¢ Real-time monitoring experimental techniques with high resolution and in combination with multiscale
simulations are needed in order to improve future studies in this field.

more complex lipid bilayer membrane models repre-
senting real cell membranes are needed. In addition to
the limitations of model membranes, the current cell
experiments are limited to only particular cell lines,
which narrows the understanding of NP-biomembrane
interactions, because membrane properties from vari-
ous cell lines are significantly different. Thus, the sys-
tematic investigation of relevant cells is needed in order
to understand NP-biomembrane interactions. Finally,
the combination of experimental and simulation stud-
ies will result in a more convincing understanding of
the mechanisms of NP—biomembrane interactions.
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