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Abstract
Nanoparticles (NPs), due to their size-dependent physical and chemical properties, have shown
remarkable potential for a wide range of applications over the past decades. Particularly, the
biological compatibilities and functions of NPs have been extensively studied for expanding their
potential in areas of biomedical application such as bioimaging, biosensing, and drug delivery. In
doing so, surface functionalization of NPs by introducing synthetic ligands and/or natural
biomolecules has become a critical component in regards to the overall performance of the NP
system for its intended use. Among known examples of surface functionalization, the construction
of an artificial cell membrane structure, based on phospholipids, has proven effective in enhancing
biocompatibility and has become a viable alternative to more traditional modifications, such as
direct polymer conjugation. Furthermore, certain bioactive molecules can be immobilized onto the
surface of phospholipid platforms to generate displays more reminiscent of cellular surface
components. Thus, NPs with membrane-mimetic displays have found use in a range of
bioimaging, biosensing, and drug delivery applications. This review herein describes recent
advances in the preparations and characterization of integrated functional NPs covered by artificial
cell membrane structures and their use in various biomedical applications.
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1. Introduction
Nanoparticles, existing in the rapidly evolving field of nanotechnology, have shown
tremendous potential for a variety of biomedical applications due to their size-dependent
physical and chemical properties. The nanoparticles of major biomedical importance are
magnetic nanoparticles, quantum dots, metal nanoparticles, silica nanoparticles, and
polymeric nanoparticles, as summarized in Table 1, with their intrinsic properties
contributing to their use in specific applications. It is noticeable that nanoparticles alone
cannot be used directly because most of them pose certain harmful effects to the surrounding
biological environment. To address this problem, surface functionalization of nanoparticles
has been extensively explored and has proven to play a critical role in nanoparticle
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development for practical applications. Particularly, surface functionalization has been
extensively explored for biological and biomedical applications, such as biomolecular
probing, biological imaging, and drug delivery applications [1-6]. In general, surface
functionalization with synthetic ligands and natural biomolecules to impart specific
biofunctions and enhance biocompatibility of nanoparticles has become a very essential
component in regards to the intended biological application [7]. Careful and selective
surface treatment can meld the nanoparticles of choice, depending on whether the
nanoparticles are to be used for analysis, sensing, imaging, therapeutics or diagnostics, into a
successfully applied system. For these nanoparticle systems, a variety of different ligands
may be attached to nanoparticles depending on what effect is to be achieved allowing for
either a single function or the development of multimodal capabilities [8, 9]. For example,
ligands containing bulky hydrophobic molecules may be attached to nanomaterial surfaces
to prevent agglomeration of the nanoparticle core, while surfaces for use in aqueous
environments can be coated with water-soluble polymers such as poly (ethylene glycol)
(PEG) to enhance solubility and biocompatibility. Ligands may also be attached to act as
“tags” for molecular recognition properties that can be exploited in drug targeting and bio-
imaging applications [10]. In addition, ligands may also be attached to nanoparticles surface
to define the properties of the nanoparticles themselves.

Common strategies of nanoparticle surface functionalization involve noncovalent
physisorption, bioaffinity or covalent conjugation with desired ligands. Cell surface
membranes have become a great model for nanoparticle surface functionalization due to its
intrinsic anti-adhesion properties and specific biological activity across the membrane
surface. Therefore, the construction of an artificial cell membrane structure, based on
phospholipids, has proven effective in preventing the non-specific biological reactions at
nanoparticle surfaces [11, 12]. Furthermore, certain bioactive molecules can be immobilized
on the surface of the phospholipid platform to generate biologically active nanoparticles
more representative of the natural display of these molecules on cell membrane surfaces
(Figure 1) [13]. This review describes recent advances in membrane mimetic surface
functionalization of nanoparticles for biomedical applications (Table 2). The review is
organized with the contents of functionalization method, characterization and application of
membrane mimetic surface functionalized nanoparticles, in the order of magnetic
nanoparticles, quantum dots, gold nanoparticles, silica nanoparticles and polymeric
nanoparticles. The final section includes a summary and the concluding remarks.

2. Membrane mimetic surface functionalization of magnetic nanoparticles
Magnetic nanoparticles of iron oxides, that exhibit magnetic moments in the vicinity of an
external magnetic field, have attracted increasing interest and have been widely explored in
the life sciences [14]. In view of the fact that the magnetic nanoparticles obey the
Coulomb’s law, they can be guided to a specific target site by means of an external magnetic
field. This unique property of magnetic nanoparticles makes them applicable in the
transportation and delivery of molecular markers, various drugs and can also facilitate in
biological purifications [14, 15]. Fe3O4 nanoparticles are the most promising type of
magnetic nanoparticles and have already been approved by FDA (i.e. Feridex I.V.®) for
usage in liver imaging [16]. The chemical and physical properties of the iron oxide
nanoparticles play an important role in their usage. By controlling and adjusting the particle
core size, particle shape, bio-distribution and magnetic properties, one can meet specific
parameters necessary for a variety of applications [17]. Therefore, suitable techniques must
be chosen for the synthesis of magnetic iron oxide nanoparticles. There are many synthetic
techniques available for the production of magnetic iron oxide nanoparticles. The most
commonly utilized techniques are (i) co-precipitation of iron salts [18, 19], (ii) thermal-
decomposition of iron precursors [20-24] and (iii) micro-emulsion formation [25, 26].
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Although there have been many significant developments in the synthesis of magnetic
nanoparticles, maintaining the stability of these particles for a long time without
agglomeration or precipitation is an important issue. Surfactants or polymers are often
employed to passivate the surface of the nanoparticles during or after the synthesis to avoid
agglomeration. In addition, for applications in biomedicine, it is necessary to functionalize
nanoparticles with appropriate biocompatible coatings because iron oxide nanoparticles on
their own, can pose certain harmful effects to the surrounding biological environment. This
is due to the large surface to volume ratios and hydrophobic interactions between the
unmodified bare iron oxide nanoparticles that leads to aggregation of magnetic nanoparticles
forming larger agglomerates, opsonization, and, if not rapidly cleared by the reticulo-
endothelial system (RES), inflammation and potentially cellular damage [27]. Therefore, it
is necessary to surface coat the iron oxide nanoparticles with organic or inorganic
monolayers in order to reduce their toxicity and to further stabilize the nanoparticles by
preventing aggregation. The monolayer coating acts as a barrier between the inner iron
oxide core and the surrounding environments. They also govern factors like solubility,
reactivity, interactions with targeting biomolecules, and also determine the biological
function of the nanoparticles. The introduction of different functional groups/linkers onto
the surface of the nanoparticles can enable the conjugation of different biomolecules such as
antibodies, carbohydrates, peptides, enzymes, etc., making them applicable for many
biomedical applications [28] such as magnetic resonance imaging (MRI) [29, 30, 31], drug
delivery [5, 32], hyperthermia [33, 34], in vivo monitoring of tumor cell growth, and cell
labeling [35], as depicted in Figure 2.

2.1. Methods for membrane mimetic surface functionalization of magnetic nanoparticles
Lipids such as phospholipids, glycolipids, and cholesterol are naturally occurring
amphiphillic molecules that constitute the major structural elements of biological
membranes. Many phospholipid-based membrane mimetic systems, such as liposomes, have
been widely developed for biomedical applications. A liposome encapsulation technique, in
which iron oxide nanoparticles, quantum dots, silica and polystyrene nanoparticles are
encapsulated into liposomes, have been investigated for a variety of different applications
[36]. On the other hand, lipid membrane as a micellular shell has been employed to
nanoparticle surface functionalization for various biomedical applications. In general,
hydrophobic-ligand stabilized metal cored nanoparticles such as iron oxide, quantum dots,
and gold, can be entrapped in a micellular shell of lipids-poly(ethylene glycol) (PEG)
derivatives. The bulky hydrophillic PEG molecule acts as a steric barrier and prevents the
adsorption of the plasma proteins and uptake by the macrophages, thus facilitating longer
circulation times of nanoparticles with enhanced overall biocompability and biodistribution
times of nanoparticles [27, 37-41]. In addition, incorporation of lipid-PEG provides the
nanoparticle system drug encapsulation capacity, making it applicable for therapeutic/
imaging purposes. Depending on the type of application, lipid-PEG derivatives are
frequently mixed with different ratios of other lipids such as DOPC, DOPS, DOTAP,
DOPE, DPPC or DPPE to form a membrane mimetic system. In some cases, the PEG end
chain can be modified with certain targeting moieties such as antibodies, drug molecules,
and other biological entities, dependent on the desired application [20, 34, 42, 43].

So far, two major methods have been developed for membrane-mimetic surface
functionalization of magnetic nanoparticles. First, a thin film hydration and sonication
process was reported by Bao and co-workers [29], in which amphiphillic lipids self-
assemble on the hydrophobic ligand-coated iron oxide nanoparticles surface in aqueous
conditions. In general, a mixture of lipids is added to the hydrophobic iron oxide
nanoparticles in chloroform or other organic solvent to allow even mixing. Later, the organic
solvent is completely removed by either rotary evaporation or evaporation under an inert gas
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to afford a thin film of lipids and nanoparticles. This thin film mixture is then hydrated with
distilled water and subjected to sonication at 600 C for 20 min to ensure the removal of any
residual organic solvent, if present. After sonication the lipid-coated iron oxide nanoparticles
are collected by either centrifugation or by means of magnetic field attraction. Finally, the
obtained pellet via centrifugation or the attracted lipid coated nanoparticles are re-suspended
in distilled water and are further filtered through a 0.22 μm filter and stored at 4 0C in argon
gas [29, 42, 44]. The main advantages of this technique is the easiness of lab production
under mild conditions, use of biocompatible amphiphilic lipids, and the probability to obtain
high encapsulation and loading capacity for lipophilic drugs.

Recently, Bao and co-workers developed a solvent exchange method to obtain a very stable
DSPE-PEG coated magnetic nanoparticle [45]. Briefly, iron oxide nanoparticles (in toluene)
were mixed with DSPE-PEG in chloroform (1:1 ratio). To the solution, DMSO was
gradually added. Later, the toluene and chloroform were completely vaporized under
vacuum and therein DMSO was substituted by water using an ultra-filtration centrifugal
device with a polyethersulfone membrane. This technique is advantageous when compared
with the traditional thin film hydration and sonication technique as it does not require
extensive sonication and heating steps and also helps in preventing aggregation of the
nanoparticles.

2.2. Characterization techniques for membrane mimetic functionalized magnetic
nanoparticles

The surface characteristics of magnetic iron oxide nanoparticles determine the function of
the nanoparticles for various biomedical applications. There are a number of analytical
techniques used to characterize the iron oxide nanoparticles [46]. These include any
combination of X-ray diffraction (XRD) [2, 20], small-angle X-ray scattering (SAXS) [20],
transmission electron microscopy (TEM), atomic force microscopy (AFM) [2], giving
details regarding basic rheology, size, shape, and surface composition characteristics of the
synthesized metal cores. Other methods include light scattering techniques such as
quasielastic or dynamic light scattering (QELS or DLS) measurements assuring colloidal
stability [29, 42, 45]. Of the aforementioned techniques, DLS, TEM, have become valuable
tools translating into analysis of lipid functionalized iron oxide nanoparticles in regards to
size distributions, surface composition, and surface thickness of the nanoparticle of surface
modifications. DLS technique can provide information about the particle size and the size
distribution at a much lower cost and with less time when compared to TEM. In this
technique the distribution of the diffusion coefficients are calculated and are converted to
measurements of the hydrodynamic or the total diameter of the particles. Though this
technique is simple and fast, it has certain disadvantages like inaccurate data from
contamination due to dust particles or presence of aggregates in the sample solution. TEM,
on the other hand, can be used to determine the total particle size, shape, inner metal core,
the surface coating agent/monolayer and also for obtaining detailed information on the size
distribution of the magnetic nanoparticles [29, 30, 45-49]. Particularly, high resolution TEM
can provide information on the atomic arrangements of the magnetic iron oxide
nanoparticles and also allows for enhanced characterization between the inner metal core
and the monolayer surrounding it. From the diffraction patterns of the nanoparticles, the
lattice and the surface atomic arrangements of the crystalline structures can also be
determined. Briefly, a small portion of the sample is mounted on a coated copper grid and
allowed to air dry before imaging. Though, TEM is a highly advanced technique, it has
several disadvantages such as change in particle characteristics during the drying process,
operator bias, and improper contrasting of the sample. When this technique is used to
determine the surface characteristics of lipid coated iron oxide nanoparticles, additional
staining of the sample is needed needs for better contrast of the lipid monolayer surrounding
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the inner metal core. The combined use of two stains such as a negative staining agent
(phosphotungstic acid) and a positive staining agent (osmium tetroxide) provides for a better
and more complete morphological and compositional characterization of the lipid coated
iron oxide nanoparticles [29, 50].

2.3. Applications of membrane mimetic functionalized magnetic nanoparticles
Magnetic resonance is one of the leading diagnostic imaging modality as it can give detailed
information about soft tissues with high spatial resolution. Recently, lipid-functionalized
nanoparticles have been investigated for contrast-enhanced MRI and molecular imaging
[50]. For example, enhanced colloidal stability and high r2 relaxivity was observed for
water-dispersible ferromagnetic iron oxide nanocubes (WFIONs) when coated with lipid
membrane [29]. MR imaging comparison studies performed between the commercially
available T2 MRI contrast agents such as Feridex I.V.® and the synthesized PEG-
phospholipid coated WFIONs showed that the WFIONs provided a superior T2 contrast
effect, thereby, allowing much scope for the magnetic nanoparticles to play crucial roles in
the early diagnosis and detection of tumor metastasis [29]. Similarly Tong et al. developed
phospholipid coated superparamagnetic nanoparticles with a high T2 relaxivity of 385 s−1

mM−1 conjugated with antibodies against mouse VEGF receptor-1 that was used for the in
vivo tumor detection (Figure 4) [45]. Furthermore, Hultman et al. demonstrated a
application of immunotargeted superparamagnetic iron oxide nanoparticles (ITSIONs), with
in vivo magnetic resonance diagnostic and potential drug delivery capability for kidney
disease [47]. In this study, RT1 anti-MHC Class II antibodies were conjugated to lipid-
coated ITSIONs, which targets the renal medulla of the rat, a section of the kidney in which
MHC Class II is specifically expressed. Enhanced binding of the RT1 ITSIONS to the renal
medulla was confirmed and indicated potential for disease detection or drug delivery.

The feasibility to incorporate fluorescent labels in the nanoparticle system allows for optical
imaging as well allowing for biomodal imaging. Huang et al. have developed a novel
cationic lipid-coated superparamagnetic iron oxide nanoparticle with trace amount DOPE-
Rhodamine as the probe for in vivo imaging [42]. In this study, low cytotoxicity, long-term
imaging signals and efficient cellular uptake into HeLa, PC-3 and Neuro-2a cells were
observed. Furthermore, the tumor growth status could be monitored using optical and MR
images when the nanoparticle-loaded CT-26 tumor cells were injected into Balb/c mice. The
results suggested these newly formulated non-toxic lipid-coated magnetic nanoparticles as a
versatile image probe for cell tracking. Zhao et al. conjugated an apoptotic targeting moiety
like C2 domain of Synaptotagmin I onto the surface of magnetic nanoparticles for the
detection of apoptotic cells through magnetic resonance imaging. [51]. In a similar approach
van Tilborg et al. developed Annexin V functionalized micellular iron oxide nanoparticles
for the detection of apoptotic cells as well [52]. They found that these types of lipidated
magnetic nanoparticles could serve as potential contrast agents for the detection of many
apoptotic cells in many neurotic processes such as ischemic reperfusion injury,
artherosclerosis, and tumors. These studies clearly demonstrated the significance that the
phospholipid coated magnetic nanoparticles could be used for the in vivo imaging of
pathological sites. Therefore, designed lipid coated magnetic nanoparticles with tunable
surface properties such as size, magnetism, and targeting ligands will be very useful not only
for MRI signal enhancement but also for early diagnosis of many diseases.

Another promising application of magnetic iron oxide nanoparticles is the site–specific
delivery of both hydrophobic and hydrophilic drugs and genes [53]. Many anti-cancer drugs
have been shown to exhibit nonspecific cytotoxicities that limit their therapeutic potential.
Therefore, surface modified iron oxide nanoparticles have been investigated as drug carriers
for efficient drug delivering to the pathological site and limiting the negative systemic
toxicity effects. Most likely, a pharmaceutical drug of interest can be encapsulated by or
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entrapped in the iron oxide nanoparticles that could be driven to the target organ by means
of an external magnetic field where they can be released. Prasad and co-workers reported the
magnetophoretically guided drug delivery of light-activated photodynamic therapy using a
lipid micelle-magnetic hybrid [5]. Specifically, the nanocarrier consisted of polymeric
micelles of PE-PEG co-loaded with the photosensitizing drug 2-[1-hexyloxyethyl]-2-devinyl
pyropheophorbide-a (HPPH), and magnetic Fe3O4 nanoparticles. The loading efficiency of
HPPH was unaffected upon co-loading of the magnetic nanoparticles, and its phototoxicity
was retained. The nanocarrier showed excellent stability and activity and efficient cellular
uptake confirmed via confocal laser scanning microscopy. Furthermore, the magnetic
response of the nanocarriers was demonstrated by their magnetically directed delivery to
tumor cells in vitro. These multifunctional nanocarriers opened many new doors in the
development of much more effective drug delivery systems.

Mulder and co-workers synthesized lipid-coated, fluorescent iron oxide nanoparticles to
deliver DNA and to produce a contrast reagent for magnetic resonance imaging (MRI),
fluorescence imaging, and transmission electron microscopy (TEM) [48]. In this study,
magnetic nanoparticles coated with DSPE-PEG, from 0% to 5%, 10%, or 25%
concentrations, were prepared with the aim of reducing opsonization but maintaining DNA
binding. They investigated the effect of the nanoparticle coating on DNA binding, cell
uptake, cell transfection, and opsonization in vitro. Furthermore, they exploited MRI,
fluorescence imaging, and TEM to monitor the distribution of the different formulations in
the liver of mice. MRI and fluorescence imaging showed that each formulation was heavily
taken up in the liver at 24 h, the 10% PEG formulation was taken up by the therapeutically
relevant hepatocytes more extensively than either the 0% PEG or the 5% PEG, indicating its
potential for delivery of therapeutics to the liver (Figure 5). This platform may be applied to
the delivery of therapeutics such as proteins, small molecules, DNA, siRNAs, and
microRNAs.

3. Membrane mimetic surface functionlization of quantum dots (QDs)
With the advent of modern day solid-state electronics, a variety of materials were
investigated for their use in semi-conductors, particularly atoms from groups II–IV or III–V
elements in the periodic table [54]. In 1983, AT&T Bell Laboratories began to study the 3-D
evolution of these elements, and combinations thereof, from the molecular to the bulk as
semiconductor clusters recognizing that single electrons created by HOMO-LUMO
promotion move rapidly in response to an electric field [55, 56]. In the absence of defects,
the excited states of these semiconductor clusters, such as CdSe, decay radiatively exhibiting
near unity fluorescence quantum yield and offer partial protection from quenching [56].
However, the synthetic optimization of such clusters and control of surface formation
remains very empirical with little understanding of what influences size, shape and growth
limiting the ability for these materials to be produced at a manufacturing level with any
consistency [57]. This limitation has kept semiconductor clusters, or quantum dots (QDs),
from being regularly implemented in most devices. However, the recognition of their small
size, brightness, high photostability, and size-tunable spectral properties of semiconductor
quantum dots have spawned interest for their use as potential chromophores in a variety of
applications within the fields of biology and medicine, [56, 58].

Of the many semiconductors studied (including InP, GaAs, and Si), Cd-based QDs (CdSe,
CdTe, CdS, CdSe-ZnS, CdSe-Si) are the most regularly synthesized, the smallest averaging
~ 20 nm in diameter, and implemented in research studies [55, 60]. However, the traditional
high-temperature organometallic synthesis creates QDs with surfaces passivated by
trioctylphosphine oxide (TOPO) and trioctylphosphine selenide (TOPSe) groups which,
apart from the inner particle itself, can be toxic to most cells [60-64]. As a result, prior to use
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in any biological system, QDs must be modified with stable hydrophilic surfaces in an
attempt to reduce toxicity and enhance biocompatibility. QDs thus have been modified with
carboxylic acid groups and even encapsulated into polymer nanoparticles to increase
biocompatibility and water solubility [65-67]. Another approach that has been taken to
enhance the biocompatibility of QDs is their encapsulation within lipid micelles [3, 68-79].
Further bimolecular modifications of the lipidated QDs facilitate targeted imaging of various
tissues [80-83].

3.1. Methods for membrane mimetic surface functionalization of QDs
Lipidation of QDs in the formation of micelles is solely governed by supramolecular forces.
The van der Waals interactions between alkyl chains of the TOPO and TOPSe assisted by
the hydrophobic-hydrophilic interactions induced by polar solvent causes these chains to
interdigitate forming a lipid coating, or micelle. Two methods have been established to
induce such phenomena (Figure 7) [3, 69]. In the method established by De and associates,
QDs in chloroform are added to an aqueous solution containing lipid surfactants and mixed
vigorously to form an oil-in-water emulsion with heating, removing the chloroform and
forcing transfer to the aqueous phase [69, 70]. On the other hand, Dubertret’s method, and
its variations, mixes the QDs and lipids in an organic solvent system that is slowly
evaporated to give a thin film followed by rigorous heating and agitation in the presence of
aqueous solution [3]. This thin-film hydration method is one of the most regularly used
methods for the lipidation of quantum dots [71-74]. Of the lipids used to coat QDs the most
frequently used are phospholipids such as DOPE, DOTAP, DSPE, DPPC, and DPPE-PEG
and DSPE-PEG, which are often mixed in different ratios dependent upon the intended
application. Particularly, lipid PEG derivatives help in stabilizing nanoparticles because the
PEG chains form a hydrophilic coating at the QD surface. In addition, it protects the QD
from interactions with plasma proteins and rapid clearance by the liver. In general,
incorporation of a large quantity of PEG lipids in a lipid mixture leads to the formation of
micelles, which are required for obtaining a monolayer lipid coating around the QD. In
addition, the PEG end chain can be modified to contain certain biomolecules for targeting
applications. Whatever the lipid formulation, three basic requirements must be met to
produce a usable lipidated QD reagent: (1) The lipidated QDs have to be monodisperse, (2)
they must be stable, and (3) there should be little to no decrease in the quantum yield.

3.2. Characterization techniques for membrane mimetic functionalized QDs
In comparison to the lipid-modified surfaces of these metal-cored nanoparticle systems, the
core is readily analyzed using analytical tools commonly used to measure bulk properties of
materials [46]. These analytical methods include any combination of XRD, TEM, AFM,
UV-Vis spectroscopy and X-ray photoelectron spectroscopy (XPS) and auger electron
spectroscopy (AES) giving details regarding basic surface composition characteristics and
the synthesized metal cores [77, 78]. Of the aforementioned techniques, TEM, XPS and
AES have become valuable tools translating into analysis of lipid functionalized quantum
dots in regards size distributions of the nanoparticle, surface modification composition, and
surface thickness of the nanoparticle modifications [46, 73, 74]. Other analysis methods
include thermogravimetric analysis (TGA), to determine weight compositions, light
scattering techniques such as QELS or DLS measurements assuring colloidal stability, and
fluorescence microscopy and spectroscopy [71-73]. Due to the superior optical properties of
QDs as fluorescence emitters compared to that of conventional organic dyes used in
fluorescence-based applications, fluorescence analyses of QDs have become a standard
evolving into fluorescence correlation spectroscopy (FCS) [71]. FCS allows for the
measurement and identification of QDs of varying size and surface functionalization as well
as concentration and kinetic reaction rates by measuring the fluctuations in fluorescence
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intensity [79]. This analytical method can not only be employed in the characterization of
lipidated-QDs but can be used to study the interactions of such particles with biosystems.

3.3. Applications of membrane mimetic functionalized QDs
As previously mentioned, QDs, with the ability to perform multimodal sensing without
concern for photobleaching, have become an alternative to traditional chromophores used
for bioapplications. However, due to issues of toxicity in incidences of QD core leakage, the
real world application in medicine of lipidated QDs has primarily lied within development
of fluorescent probes for in vitro biolabeling and biosensing [75]. The earliest investigation
of lipidated QDs as fluorescent imaging agents was performed by Fan and associates in
2005 demonstrating the passive targeting, uptake and fluorescent imaging of cultured rat
hippocampal neurons in vitro ( Figure 8) [70]. These results, and similar results produced by
Gopalakrishnan on a different cell line, soon paved the way for investigators to attempt
using functionalized lipids for directed targeting and imaging of various tissue types [80,
81]. Shortly, Mulder and his associates demonstrated the direct targeting of functionalized
lipidated QDs fluorescently staining cultured human umbilical vein endothelial cells
(HUVEC), exhibiting that lipidated QDs functionalized with αvβ3-specific RGD peptides
allowed for significantly more intense fluorescence imaging of the cells versus
unfunctionalized lipidated QDs [82]. In a recent report by Lin et al. [83], lipid-coated QDs
in combination with harmonic generation microscopy (HGM) make it possible to detect
tumors with molecular imaging. LQDs served as surrogate markers to detect and track the
tumor cells in vivo with manifest brightness and high resolution under HGM. Without
photo-damage and photobleaching to the imaged tissues, HGM with LQDs proved to be
excellent for cellular imaging when compared to confocal scanning microscopy.
Furthermore, the excitation wavelength enabled HGM with LQDs to observe tumor tissues
both deeply and noninvasively. Overall, many studies to date have demonstrated the abilities
of various functionalized lipidated QDs as excellent molecular probes not just for
fluorescent imaging of particular cell types but for cellular tracking studies of specific
molecule.

4. Membrane mimetic surface functionalization of gold nanoparticles
(GNPs)

Gold nanoparticles (GNPs) have been extensively studied for many applications due to their
unique electrical, chemical, and optical properties. Of specific interest is the manipulation of
their optical properties and the ability to fine-tune the localized surface plasmon resonance
which arises from the surface plasmon oscillation of free electrons in gold [84]. These
oscillations can be measured and quantified and used to identify binding events across the
surfaces of planar gold and gold nanoparticles. The surface of gold nanoparticles can
therefore be tailored by ligand functionalization to selectively bind specific biomarkers.
Another aspect that is advantageous of this nanoparticle system, once functionalized, is the
fact that GNPs exhibit low toxicity to most cells upon uptake making them more amenable
to in vitro and in vivo use and are excellent contrast agents for electron microscopy [85].
Thus, over the past few decades, gold nanoparticles have emerged as promising platform for
many biomedical applications such as biological imaging, drug and gene delivery, and also
for photothermal therapy [86-88].

The simplest and the most commonly utilized method for the synthesis of monodispersed
gold nanoparticles is the aqueous reduction of HAuCl4 by sodium citrate at boiling point
[89, 90]. Another approach for the synthesis of gold nanoparticles is the use of NaBH4 as the
reducing agent in the presence of organomercaptans to obtain GNPs that are coated with
thiol since in its reduced form, gold has a strong affinity to bind sulfur [91]. This approach
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has remained quite attractive, allowing for the synthesis and attachment of thiol-based
derivatives that allow for subsequent modifications across the GNP’s surface. Thus, a
myriad number of molecular entities have been introduced onto the surfaces of GNPs, such
as biocompatible block copolymers and biomolecules, in the synthesis of sterically
stabilized GNPs in aqueous solutions. The most commonly use biocompatible polymer
employed on the surface of GNPs, and many other nanoparticle systems, is PEG. However,
in recent years, to more naturally mimic the presentation of targeting moieties at the cellular
level researchers are beginning to turn towards lipidation of GNP surfaces as a more
biomimetic approach. In making these nanoparticles more membrane-mimetic, the GNPs
receive the advantage of being more biocompatible and less likely to induce an
inflammatory response and also potentially opsonization followed by rapid clearance [92].

4.1. Methods for membrane mimetic surface functionalization and characterization of
GNPs

Scott Reed’s lab in 2008 were able to perform the transfer of lipids onto the surface of GNPs
via partial ligand exchange through a thin film method as depicted in Figure 9 [93]. Later,
they would apply the same method in the formation of lipid-GNP mimics of lipoprotein
particles to study the interactions of C-reactive protein with PC membranes via shift in the
localized surface plasmon resonance using UV-vis spectroscopy [94]. A slight variant of this
method was put into practice by Chad Mirkin’s group. In their communication, using a
DPPE-derivate, 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-[3-(2-
pyridyldithio)propionate] which bears a disulfide bridged head group, and DPPC, the
formation of a lipid bilayer across the GNP surface in the presence of the apolipoprotein A-I
was achieved via a two-phase transfer [95]. The resulting hybrid system, with a structure
similar to HDL, was then tested to see if it could bind NBD-cholesterol to determine if it has
potential as a therapeutic agent (Figure 10). As the NBD-cholesterol moved from the more
polar aqueous environment, an increase in fluorescence was observed confirming the notion
that the HDL-GNPs can absorb free cholesterol onto their surface.

Several others have adopted similar approaches to study the mechanism of this reassembly
processes in the development of lipid-bilayer coated GNP hybrids to be potentially used to
develop sensors and diagnostic technologies based on surface-enhanced raman scattering
spectroscopies (SERs) [96]. For instance, Tam et al. synthesized a colloidal SERS gold
nanoparticle that encapsulates Raman dye molecules adsorbed on 60 nm gold with a
nonthiol phospholipid coating. They used 1:1 ratio of DMPC and MHPC phospholipids to
coat the gold nanoparticles after adsorption of the Raman dye. After testing the sensing
capabilities of their lipid-GNP hybrid, they found that the phospholipid bilayer coating
provided enhanced biocompatibility and water solubility, thereby retaining the SERS signals
for detection and thus making it suitable for in vivo application [97].

Like many other metal-cored nanoparticle systems, the core is readily analyzed using
analytical tools commonly used to measure bulk properties of materials [46]. These
analytical methods typically include any combination of TEM, AFM, and XPS and AES
giving details regarding basic surface composition characteristics and the synthesized metal
cores [77, 78]. Of the aforementioned techniques, TEM, XPS and AES have become
valuable tools translating into analysis of lipid coating in regards size distributions of the
nanoparticle, surface modification composition and surface thickness of the nanoparticle
modifications [46, 73, 74]. Other analysis methods include TGA, to determine weight
compositions, light scattering techniques such as QELS or DLS measurements assuring
colloidal stability, and UV-visible light and surface enhanced raman (SER) spectroscopies
[71-73, 84, 87]. Due to the optical properties of GNPs, when incident light irradiates the
surface of gold nanoparticles, it excites the conduction electrons in the metal and further
induces excitation of surface plasmons leading to enormous electromagnetic enhancement of
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spectral signature, UV-vis and SER spectroscopies are most commonly employed [93-98].
This is especially the case in instances where GNPs are being developed for ultrasensitive
biological detection and imaging.

4.2. Application of membrane mimetic surface functionalized GNPs
Apart from the development of lipid-GNP hybrids for diagnostics, many suggest that the
encapsulation of hydrophobic drugs into the lipid bilayer coatings or complexation of
genetic material is feasible [86, 92-99]. However, very few have done so until recently when
Kong et al. demonstrated that cationic lipid-coated GNPs could be used to deliver small
interfering RNAs (siRNA) [98]. Using a modified emulsification/solvent evaporation
methods, as previously mentioned, GNPs were coated with a mixture of DOPE and DC-
Chol, 3β-[N-(N’,N’-dimethylaminoethane)-carbomyl]-cholesterol, which both displaying
cationic head groups at physiological pH (pH 7.4). Using this positive surface charge,
siRNAs for silencing of green fluorescence protein (GFP) were assemble on the surface and
the siRNA-lipid-GNPs were tested on a cell line overexpressing GFP protein. The results
were a success demonstrating that this delivery vehicle suppressed GFP expression down to
~48% as compared to the polyelectrolyte polyethylenimine used to transport siRNA
suppressing expression down to ~83%. Thus, the lipid-GNP hybrid system clearly
demonstrated a significant advantage. However, with limited studies available, the use of
lipid-GNP hybrids is a relatively infantile research area within the area of hybrid
nanoparticle systems. As more efforts are being put forth to understand the assembly process
to obtain consistent, reproducible lipid-GNPs hybrid systems we should see this research
area readily expand.

5. Membrane mimetic surface functionalization of silica nanoparticles
(SiNps)

Monodispersed silica nanoparticles (SiNps) have been synthesized for many years over a
wide range of sizes ranging from 20–1000 nm in diameter [100, 101]. With the ability to
synthesize anything from solid silica nanoparticles to silica nanoparticle mesoporous shells,
it is of no surprise that such a nanoparticle system has been implemented so widely in the
development of many hybrid nanoparticle systems, such as Si-coated gold, iron oxide, and
quantum dot nanoparticles, for applications ranging from microelectronics to diagnostics
and therapeutics [54, 102, 103]. However, though many studies have been performed using
SiNps, due to their inherently low toxicity, silica by itself has low biocompatibility and is
only stabilized in solution by charge repulsion which, in vivo, is disrupted by opsonins
causing aggregation and removal by the reticuloendothelial system [104]. To prevent this, a
variety of surface modifications to enhance biocompatibility have been employed often
involving the chemical attachment via the silanol group of either small molecules, such as
thiols, carboxyl, or phosphonate groups, or the attachment of large molecules, such as block
copolymers or PEG [105-107]. Both strategies employed though have limitations.
Functionalization with small molecules can still lead to opsonization and, dependent on the
moiety, may not be stable against aggregation, while attachment of large molecules leads to
low-density surface coatings which can adversely affect the application for which the
nanoparticle was designed [104]. Alternatively, the use of lipids to coat silica surfaces has
been demonstrated for over a decade in an attempt to biomimetically emulate the lipid
coating of cellular membranes and improve SiNps biocompatibility [108].

5.1 Methods for membrane mimetic surface functionalization and characterization of SiNps
Several methods for coating lipids onto silica surfaces were investigated and demonstrated
the ability that lipids could be deposited onto solid planar silica surfaces forming
continuous, defect-free, fluid-like lipid membranes without direct chemical conjugation due
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to the stabilizing charge interactions of the lipid head group and silica surface [109-112].
This researched phenomenon has been employed to develop one of two common strategies
in the lipidation of SiNps to create biocompatible membrane-like surface coatings. This
strategy encompasses the fact that if small unilamellar vesicles (SUVs) can spontaneous
form membrane bilayers on planar surfaces, the same phenomena should occur across a
particle surface [113, 114]. This in fact, was demonstrated by Mornet, when SUVs
composed of a 4:1 DOPC: DOPS were mixed with SiNps in a highly ionically charged
buffer solution spontaneously forming lipid bilayers across the particle surfaces as seen in
Figure 11 [109]. Others would soon employ similar methods to create lipid bilayer
encapsulated SiNps as well to study various phenomena and potential bioapplications
[115-125].

The second strategy employed for lipidation of SiNps is induction of lipid monolayer
formation across the nanoparticle surface via van der Waals and hydrophobic interactions.
This was demonstrated by Mulder and others, where the surface of the SiNp was
functionalized with octadecanol via a condensation reaction and then lipids were introduced
via thin-film hydration methods [104, 126]. Of the lipids used to coat SiNps, or any type of
nanoparticle for that matter, the most frequently used are phospholipids, particularly those
containing phosphoethanolamine headgroups and their PEG derivatives which help in
stabilizing micelles [118-127]. These are often mixed in different ratios and combinations of
different lipids dependent upon the intended application. In comparison to the lipid-modified
surfaces of other metal-cored nanoparticle systems, the SiNps are readily analyzed using
analytical tools commonly used to measure bulk properties of materials [46]. These
analytical methods include any combination of XRD, TEM, UV-Vis spectroscopy, Fourier
Transfer Infrared spectroscopy (FTIR), TGA, differential scanning calorimetry (DSC) and
DLS. XRD, TEM, and DLS often provide the best characterizations in the solid state in
regards to the particles size, shape, and atomic surface composition [104, 115-119,
126-128]. Other analysis methods such as TGA, DSC, FTIR and UV-Vis spectroscopy are
used to gain even further insight into the structure of the lipid coated surface contributing to
the overall understanding of the rheology of such hybrid nanoparticle systems [115-118,
128, 129].

5.2. Application of membrane mimetic surface functionalized SiNps
SiNps have been readily investigated in their ability to be modified for a myriad number of
potential bioapplications, however the actual number of studies performed in vitro and in
vivo to put these applications in practice are limited. Using lipid-coated, monolayer or
bilayer, silica nanoparticles, researchers have just recently began to explore the use of such
hybrid systems for biomedical applications. In 2008, SiNps, encapsulating quantum dots,
modified with alkyl chains were shown to effectively stabilize the formation of a lipid
monolayer across the surface [104]. The lipids used were modified with Gadolinium to
produce a nanoparticle exhibiting multimodality enabling the MRI in vivo and fluorescent
imaging in vitro of mouse organ tissues as depicted in Figure 12 [104]. Others have
employed lipid-coated mesoporous SiNps as delivery vehicles. Liu et al. demonstrated this
by producing lipid bilayer coated mesoporous SiNps loaded with calcein, a membrane
impermeable fluorescent probe, to study liposome fusion with Chinese hamster ovary
(CHO) cells. After incubation with the cells, they demonstrated significantly higher
fluorescence compared to the controls incubated with free calcein [119]. In their continued
work, they demonstrated the uptake and transfection of DsRed fluorescent protein encoding
DNA loaded in mesoporous SiNps [120].

Other studies with lipidated SiNps look towards the development of improved drug delivery
systems. Prestidge and associates would investigate the encapsulation of hydrophobic drugs,
such as Celebrex® and Indomethacin, into such mesoporous silica-lipid hybrid nanoparticles
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for drug delivery applications [127, 128]. Cauda went as far to use colchicine-loaded lipid
bilayer coated mesoporous SiNps to induce microtubule depolymerization [129]. Recently,
Ashley and Carnes using an engineered mesoporous silica-lipid hybrid nanoparticle system,
depicted in Figure 13, were able to delivery protein-based anticancer reagents and small
interfering RNAs in two separate investigations [124, 125]. With continuing research, such
systems are no longer limited to release of the therapeutics via passive diffusion but can be
designed with internal and external triggering mechanisms. For instance, Stroeve and
associates developed a lipid-SiNp containing superparamagnetic iron oxide nanocrystals
(SPION) and methylene blue. By applying an alternating magnetic field the SPIONs
generate local internal heating which eventually leads to disruption of the coating lipid
bilayer. Upon this disruption release of the Nps contents occurs [122]. With very intricate
external triggering mechanism, this system could have great future potential. Others have
designed internal triggering mechanisms that rely on chemical changes in the external
environment to control the release of reagents. Trewyn et al. accomplished this using a
system that employs disulfide linkages in the stabilization of a lipid bilayer across the
mesoporous SiNp entrapping the reagent. Whether internalized or not, upon exposure to a
reducing environment, these disulfide linkages are broken causing destabilization of the
lipid bilayer and release of the reagent from the mesoporous SiNp in a controlled fashion
[123]. Thus, the release can be tailored towards a specific internal cellular environment as
demonstrated using HeLa cells. Lipidated-mesoporous SiNp systems are not just limited to
one drug, or probe for that matter, but have great potential to develop a multifunctional
theranostic device that can not only recognize and treat but allow for constant monitoring of
the disease state as well [130].

6. Membrane mimetic surface functionalization of polymeric nanoparticles
Polymer-based nanoparticle systems were investigated as delivery devices when many
recognized that though traditional liposomes display outstanding properties in the
encapsulation of reagents, yet lack the ability to store high concentrations of lipophilic
reagents and the stability to be prepared and stored for long durations [131]. Polymeric
nanoparticles, or nanocapsules, regardless of the synthetic method employed, typically
consist of cross-linked polymer chains condensed in a particle/micelle type structure.
Control over types of the monomers and crosslinkers used in the polymerization process
allows for manipulation of the properties of the particles in terms of biodegradability,
swelling kinetics, and release rates [132]. Examples of polymers that have been employed in
the formulation of nanocapsules are amphiphilic block copolymers, polysaccharides, poly-
(lactic acid) and (glycolic acids), and a multitude of designed anionic and cationic polymers
for layer-by-layer assembling [131, 132].

Though polymeric nanocapsules can be readily be synthesized in a consistent manner in
regards to chemical composition and size, like any other nanoparticle system they are
subject to clearance by the reticuloendothelial system (RES) [133]. Therefore, much thought
must go into the design of surface functionalization strategies to enhance biocompatibility
and overall biodistribution times of polymeric nanoparticles. Perhaps the most conventional
method of polymeric nanocapsule biocompatibility enhancement is PEGylation, the addition
of PEG to the nanocapsule surface [134]. The addition of PEG, like any other direct
chemical modification, is subject to limitations. As previously mentioned, when
synthetically attaching large molecules to particle surfaces disparities in surface densities
across different particle surfaces occur, therefore creating an uneven distribution of targeting
moieties which may be undesired for the intended application. Another issue, even though
low molecular weight PEG is water-soluble and considered non-toxic, is the fact that PEG
itself is a synthetic polymer [134]. Thus, investigators began to look towards lipid deposition
across polymer nanoparticle surfaces as an alternative strategy for biocompatibility
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enhancement [135]. Lipids are not only advantageous for the fact that they are
biocompatible, but they can help the coated polymeric particles to display biomimetic
behaviors, such as adhesion and fusion, and to interact with a wide variety of molecules
displayed on cells [135].

6.1 Methods for membrane mimetic surface functionalization and characterization of
polymeric nanoparticles

The synthesis of lipid-coated polymeric nanocapsules varies from formulation to
formulation depending on the polymer used to create core, the reagents encapsulated, and
the lipids employed to coat the surface. However, regardless of the method, only two types
of lipid assembling exist for these systems consisting either of a lipid monolayer or lipid
bilayer. Dependent on the type of polymer core employed, the formation of lipid monolayer
typically involves melding of the lipid alkyl chains with the hydrophobic portions of the
carbon backbone of the polymer, followed by removing organic solvent and free molecules
by washing the NP solution using an ultracentrifugal filter [4, 136-143]. For example, in a
typical protocol developed by Zhang et al. [138], PLGA polymer was dissolved in
acetonitrile with concentrations ranging from 1 to 5 mg/mL. Lecithin/ DSPE-PEG (8.5/1.5,
molar ratio) with a weight ratio of 15% to the PLGA polymer was dissolved in 4 wt %
ethanol aqueous solution. The desired amounts of DSPE-PEG and lecithin solutions were
added into deionized water. Then the PLGA solution was carefully pipetted into the
resulting aqueous solution. Finally, the amount of deionized water used was adjusted so that
the final volume ratio of aqueous to organic solution was 10:1. The resulting mixture
solution was sonicated (Figure 14A). Purification was done by washing the solution in PBS
buffer (pH=7.4, 1x) 3 times using a Millipore (Amicon Ultra) centrifuge filter with a
molecular weight cutoff of 10 kDa. Most recently, Zhang and co-workers have developed
large-scale synthesis of lipid–polymer hybrid nanoparticles by using a multi-inlet vortex
reactor (MIVR) (Figure 14B) [144]. Hybrid nanoparticles synthesized using the MIVR were
comparable to lab-scale particles in both their physicochemical properties and their stability
in PBS and serum. Use of the MIVR appeared to be a viable strategy for producing hybrid
nanoparticles in clinically significant quantities.

Of the lipids the commonly used for coating polymeric nanoparticles are DPTAP, DSPE,
DSPE-PEG, DPPC, DLPC, and cholesterol (Chol) [4, 131, 135-138,144]. Interestingly,
Zhang and co-workers reported a top-down biomimetic approach in particle
functionalization by coating biodegradable polymeric nanoparticles with natural erythrocyte
membranes, including both membrane lipids and associated membrane proteins for long-
circulating cargo delivery [145] (Figure 15). In this study, fluorophore-loaded nanoparticles
showed superior circulation half-life by the erythrocyte mimicking nanoparticles in mice as
compared to control particles coated with the state-of-the-art synthetic stealth materials.
Using natural cellular membranes, their associated proteins, and the corresponding
functionalities to the surface of synthetic particles represents a unique approach in
nanoparticle functionalization.

Similar to other nanoparticle systems, lipid-coated polymeric nanoparticle systems are
readily analyzed using analytical tools commonly used to measure bulk properties of
materials [46]. These analytical methods include any combination of transmission/scanning
electron microscopies (TEM/SEM) [4, 131, 135-138], UV-Vis spectroscopy [131, 135],
TGA [139], DSC [144], AFM [141], light scattering techniques such as QELS or DLS [4,
131, 135-144], and XPS [4, 134, 142] giving details regarding basic rheology and surface
composition characteristics of the particles.
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6.2 Applications of membrane mimetic surface functionalization and characterization of
polymeric nanoparticles

Various types of polymeric nanocapsules have been investigated in regards to their ability to
be lipid coated and potentially used in bioapplications, specifically reagent delivery.
Kontermann and Messerschmidt employed lipid-coated poly(styrene) nanocapsules as
delivery agents using tumor necrosis factor for targeting tumor cells in vitro [137]. However,
poly(styrene) nanocapsules are not biodegradable and can potentially cause immune
response as the hybrid particle is broken down therefore rendering its use as an in vivo
delivery device highly unlikely. Polymeric nanoparticle systems used in vivo are typically
composed of FDA-approved biodegradable polymers, such as poly(lactic acid) (PLA),
poly(glycolic acid) (PGA), and poly(ε-caprolactone) (PCL) [131]. Of these biodegradable
polymers, researchers have combined PLA and PGA creating poly(D,L-lactic-co-glycolic
acid) (PGLA) block copolymer nanocapsules. Using lipid-coated PGLA nanocapsules,
Langer and Farokhzad demonstrated the successful encapsulation and time controlled
release of Docetaxel, a widely used cancer therapeutic [136]. Feng and co-workers took this
platform and modify it further using folic acid functionalized Docetaxel loaded lipid-coated
PLGA nanocapsules exhibiting directed targeting and uptake by MCF7 cancer cells [4].
Others soon followed suite developing lipid-coated PLGA nanocarriers for the targeted
delivery of other drugs as well as fluorescent probes, therapeutic proteins and genetic
vectors [142, 143]. It is worth noting that though PLGA nanocarriers are favored in
developing delivery platforms because of FDA approval, others have examined and are
currently investigating lipid-coated polysaccharide nanoparticles offering as an alternative
class of biodegradable lipid-coated polymeric nanocarriers [140, 141].

7. Summary and future perspective
Nanoparticles due to their unique chemo-physical properties have been extensively explored
for potential biomedical applications. However, surface functionalization with biomolecules
is often times required for most applications of nanoparticles under biological conditions,
otherwise the desired function of the nanoparticles may be disrupted by varying biological
responses, which may be induced by nonspecific protein adsorption. Thus, control of
interactions between nanoparticles and the biological system is essential for effective
utilization of nanoparticles for their desired purpose. In general, nanoparticles are mainly
composed of metals, metal oxides, silicon, and polymers. Surface functionalization of
nanoparticles can impart the enhanced cellular internalization ability, impart
biocompatibility, and improve payload binding capacity necessary for effective intracellular
delivery. Furthermore, surface functionalities can be tuned to provide the selective or
specific recognition required for tissue-specific distributions for specific therapeutic and
diagnostic applications.

During the past decades, tremendous efforts to expand nanoparticle performance in vivo
have inspired many strategies in particle surface modifications. Many important
investigations have demonstrated that membrane mimetic surface functionalization of
nanoparticles would extend nanoparticle residence time in vivo, particularly to bypass
macrophage uptake and systemic clearance. Mostly, a top-down biomimetic approach in
particle functionalization by coating nanoparticles with natural cell membranes, including
both membrane lipids and associated membrane proteins for long-circulating cargo delivery
would be the future direction for the advanced application of nanoparticles. On the other
hand, further modification of membrane mimetic functionalized nanoparticles with bioactive
molecules would facilitate targeted delivery of the nanoparticles to the specific site of
disease have prove effective for biomedical applications of nanoparticles.
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So far, phospholipids such as PC and PE and their PEG derivatives have been mostly
explored for membrane mimetic surface functionaliztion of nanoparticles. Functional
membrane lipids, such as glycolipids, proteolipids and cholesterol, that have important
physiological roles, constitute a vast plethora of lipids that exist in cell membranes.
However, these lipids have not been fully investigated and represent a major limitation that
membrane-mimetic nanoparticle research faces. The foremost limitation in using mimetic
nanoparticles to investigate physiologically relevant functional lipids is accessibility. To
date, there are two methods to access these lipids. One is to isolate them from a natural
source, which represents a daunting task in regards to separation science, or to undergo the
rigor of synthetically producing these ever complex biomacromolecules. Even if these two
options are achievable, one then must investigate whether the functional lipids are amenable
to incorporation on the nanoparticle surface dependent on their chemical structure and
amphiphilic nature. Another limitation that membrane mimetic nanoparticles face, like any
other nanotechnology, is reproducibility and the cost for practical large scale applications.
Thus, future efforts on investigations of the feasibility of a membrane mimetic system based
on a wide variety of functional lipids related to their biological functions of interest, stability
and fabrication techniques are much needed. In addition, it has been known that lipid
domain structural features of cell membranes strongly affect the functions of membrane
embedded biomolecules, such as proteins and carbohydrates. Therefore, studying the
membrane effects in regards to the surrounding lipid environment on embedded
biomolecules’ functions is necessary. In the same time, nanoparticle technology may
contribute the understanding of membrane effects on embedded biomolecules’ functions.

Overall, many progresses and important knowledge for applications of nanoparticles have
been obtained so far, continued efforts are still needed for well designed, engineered, and
fabricated nanoparticles and their evaluated system, that are the collaborative work from
chemists, bioengineers, biologists and physicians. Particularly, detailed knowledge of the
complex interaction of nanoparticles with biosystems on the basis of surface functionalities
and cellular uptake mechanism of a surface functionalized nanoparticle would establish
nanoparticles as an efficient tool for diagnosis and treatment of diseases.
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Appendix
Abbreviations

AES Auger electron spectroscopy

AFM Atomic force microscopy

Chol Cholesterol

DLPC 1,2-didecanoyl-sn-glycero-3-phosphocholine

DLS Dynamic light scattering

DMPA 1,2-dimyristoyl-sn-glycero-3-phosphote monosodium salt DMPC 1,2-
dimyristoyl-sn-glycero-3-phosphotidylcholine

DOPC 1,2-dioleolyl-sn-glycero-3-phosphotidylcholine
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DOPE 1,2-dioleoyl-sn-glycero-3-phosphatidylethanolamine DOPS 1,2-dioleoyl-sn-
glycero-3-phosphatidylserine

DOTAP 1,2-dioleoyloxy-3-(trimethylammonium) propane chloride DPPC 1,2-
dipalmitoyl-sn-glycero-3-phosphatidycholine DPPE-PEG2000 1,2-dipalmitoyl-
sn-glycero-3-phosphatidylethanolamine-N-
[methoxy(poly(ethyleneglycol))-2000]

DPTAP 1,2-dipalmitoyl-3-trimethylammonium propane chloride

DSPE 1,2-distearoyl-sn-glycero-3-phosphatidylethanolamine DSPE-PEG2000 1,2-
distearoyl-sn-glycero-3-phosphatidylethanolamine-N-[methoxy-
(poly(ethyleneglycol))-2000]

FCS Fluorescence correlation spectroscopy

GNPs Gold nanoparticles

ITSIONs Immunotargeted superparamagnetic iron oxide nanoparticles MHPC 1-
myristoyl-2-hydroxy-sn-glycero-3-phosphocholine

NPs Nanoparticles

PDT Photodynamic therapy

PEG Poly (ethylene) glycol

QDs Quantum dots

QELS Quasielastic light scattering

RES Reticulo-endothelial system

SPIONs Superparamagnetic iron oxide nanoparticles

TEM Transmission electron microscopy

TGA Thermogravimetric analysis

TOPO Trioctylphosphine oxide

TOPSe Trioctylphosphine selenide

WFIONs Water-dispersible ferromagnetic iron oxide nanocubes

XPS X-ray photoelectron spectroscopy

XRD X-ray diffraction
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Highlights

• Nanoparticles, due to their size-dependent physical and chemical properties,
have shown remarkable potential for a wide range of biomedical applications.

• Lipid-based membranes mimetics offer an alternative to nanoparticle
functionalization enhancing biocompatibility and specific biological
interactions.

• Nanoparticles with membrane-mimetic displays have found use in a range of
bioimaging, biosensing, and drug delivery applications.

Weingart et al. Page 24

Adv Colloid Interface Sci. Author manuscript; available in PMC 2014 September 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1.
Schematic representation of typical membrane mimetic surface functionalization of
nanoparticles. a. magnetic nanoparticle, b. Quantum dot, c. gold nanoparticle, d, silica
nanoparticle, and e. polymeric nanoparticle. Modified from Ref. [50, 82, 93, 136].
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Figure 2.
Depiction of magnetic nanoparticles and surface functionalization (a,b) prior to application
(c,d) [28].
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Figure 3.
Membrane mimetic surface functionalization of magnetic nanoparticles via thin-film
hydration (1) and (2) and Solvent exchange method (3) and (4) [45].
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Figure 4.
Red arrow shows the location of the subcutaneous tumor. (b &c) MR images of the tumor
before probe injection. (d &e) MR images collected after 1 hr following the injection of 14
nm SPIOs conjugated with antibodies against mouse VEGFR-1. The red dotted line in (b)
and (d) outline the tumor (Scale bar represents 5 mm) [45].
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Figure 5.
A) Depiction of nanoparticle synthesis and subsequent complexation with plasmid DNA.
(B) MR images of the livers of mice pre- and 24 h post-injection with plasmid carrying iron
oxide nanoparticles. (C) Cy5.5 channel fluorescence images of liver of mice [modified from
Ref 48].
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Figure 6.
Representation of the lipidation of TOPO/TOPSe capped QDs.
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Figure 7.
Representation of De’s (I) and Dubertret’s (II) methods to achie e lipidated QDs [3, 69].
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Figure 8.
Uptake of lipid-stabilized QD micelles (accumulation marked by arrows) in rat hippocampal
neurons visualized via confocal fluorescent microscopy [70].
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Figure 9.
Depiction of lipid-GNP hybrid preparation involving (i) biphasic borohydride reduction of
gold to form PC-coated nanoparticles, (ii) removal of solvent in vacuo, (iii) resuspension in
water, and (iv) addition of alkane thiols for stabilization [93].
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Figure 10.
Synthesis of HDL-GNPs and NBD-cholesterol binding isotherm [95].
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Figure 11.
Lipid bilayers spontaneously formed across SiNps by Mornet and associates [adapted from
Ref.109].
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Figure 12.
Si-QD hybrids coated with modified lipids for dual in vivo MRI and in vitro fluorescent
imaging [adapted from Ref. 104].

Weingart et al. Page 36

Adv Colloid Interface Sci. Author manuscript; available in PMC 2014 September 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 13.
Mesoporous SiNp therapeutic loading and lipidation to form lipidated-SiNp hydrids [124].
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Figure 14.
Synthesis of lipid-polymer hybrid nanoparticles. (A) single-step sonication method to
synthesize lipid-PLGA hybrid nanoparticles [136], (B) synthesis via multi-inlet vortex
reactor [139].
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Figure 15.
Schematics of the preparation process of the RBC-membrane-coated PLGA nanoparticles
[145].
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Table 1

Property of typical nanoparticles for biomedical applications*

Category Example Intrinsic properties Biomedical applications

Magnetic Fe3O4 Magnetic attraction MRI, drug delivery

Semiconductor/Quantum CdS, CdSe Fluorescence,
Luminescence

Immunoassays, bioimaging,
bio-sensing

Metal Au, Ag Electron dynamics Bio-sensing, drug delivery

Polymeric PLGA,
Polystyrene

Encapsulation
Covalent conjugation

Drug and gene delivery

*
Modified from Ref. 6.
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Table 2

Membrane-mimetic surface functionalized nanoparticles in biomedical applications

NPs Lipid Application Reference

Magnetic
Nanoparticle

PE-based Lipids:
DSPE, DOPE, DMPE, DPPE,
DSPE-PEGx

MRI Contrast Agents
Drug/Gene Delivery

29-31, 33, 42, 47, 48, 53
5, 32, 45, 48

PC-Based Lipids:
DOPC, DPPC, DSPC
DLPC

MRI Contrast Agents
Hyperthermia

53
33, 34

Cationic Lipids:
DOTAP MRI Contrast Agents 42

Quantum Dot PE-based Lipids:
DSPE, DOPE, DMPE
DSPE-PEGx

Imaging, Diagnostics
Drug/Gene Delivery

3, 70-73, 79, 81, 82
73, 79, 82

PC-Based Lipids:
DOPC, DPPC, DSPC, MHPC

Imaging, Diagnostics
Drug/Gene Delivery

3, 70-72, 74, 79
79

Cationic Lipids:
DOTAP

Imaging, Diagnostics
Drug/Gene Delivery

73, 74, 79
73, 79

Gold
nanoparticle

PE-based Lipids:
DSPE, DMPE
DSPE-PEGx

Imaging Diagnostics 92

PC-Based Lipids:
DOPC, DPPC, DSPC, MHPC

Imaging, Diagnostics
Drug/Gene Delivery

90-94
88

Silica
Nanoparticle

PE-based Lipids:
DSPE, DOPE, DMPE
DSPE-PEGx

Drug/Gene Delivery 116, 117

PC-Based Lipids:
DOPC, DPPC, DSPC, DMPC,
MHPC, POPC

Imaging, Diagnostics
Drug/Gene Delivery

107, 113, 115
112-121

Cationic Lipids:
DOTAP Drug/Gene Delivery 107, 116, 117, 121

Polymeric
Nanoparticle

PE-based Lipids:
DSPE, DOPE, DMPE
DSPE-PEGx

Drug/Gene Delivery 128-131

PC-Based Lipids:
DOPC, DPPC, DSPC, DMPC,
DLPC

Drug/Gene Delivery 127, 129, 130, 132
134-136

Cationic Lipids: DPTAP Drug/Gene Delivery 127, 132
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