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Cell mediated delivery of synthetic nano- and microparticle based drug carriers is a very promising strategy to
enhance control over the distribution of drugs and improve targeting. This article will present an overview of
work, which has been done to explore cell surfacemodification strategies for the cellular hitchhiking of synthetic
nano- andmicroparticles. The first part of this articlewill present and discuss the different types of cells that have
been explored for cell mediated drug delivery. The second part of this review will discuss the various chemical
strategies that have been elaborated for the conjugation or immobilization of nano- and microparticles on the
surface of these cells.
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1. Introduction

Small molecule drugs are lacking tissue and organ specificity, suffer
from rapid body clearance and are often associated with numerous side
effects, especially chemotherapeutic agents, which are usually highly
toxic [1]. The use of polymer conjugates or lipid or polymer nanoparti-
cles to encapsulate, transport and release an active substance has
allowed to enhance tissue and organ specificity, either in a passive
fashion taking advantage of the so-called enhanced permeation and
retention (EPR) effect or by exploring active targeting strategies by in-
corporating ligands that target receptors that are overexpressed at the
cancer cell surface [1–3].While the EPR effect and active targeting strat-
egies allow to modulate the biodistribution to some extent, still only a
fraction of all nanocarriers reaches the tumor while the vast majority
of drug loaded nanocarriers are cleared by the reticuloendothelial sys-
tem (RES). Additionally, the clinical translation of the EPR effect from
animal models to humans has proven to be challenging [4]. Moreover,
whereas the EPR effect may be relatively efficient in some cancer
models due to the leaky nature of blood vessels in angiogenic tumors,
there is a range of indications to which it does not apply. In several in-
stances, for example, the active substances need to be transported
across tight endothelial cell barriers. Finally, targeting circulating or
disseminated tumor cells after primary tumor resection is extremely
challenging and is unmet with current nanocarrier approaches.

A strategy that potentially allows to overcome many of the chal-
lenges listed above and to control biodistribution in a highly specific
m-anton.klok@epfl.ch
manner involves the use of cells tomediate the transport of drug loaded
nanocarriers [5–7]. Cells have unique properties e.g. to circulate in the
blood stream for extended periods of time, to target (cancer) cells or
to pass challenging biological barriers. Attaching polymer-drug conju-
gates or drug-loaded nanocarriers to the cell surface or incorporating
them in the cell could provide unique possibilities to enhance the cell
or tissue specificity or circulation time of those nanomedicines. While
this article will focus exclusively on the decoration of cell surfaces
with synthetic nano- and microparticles, cells are also explored as
Trojan horses [5]. There are a number of limitations associated with
the internalization of drug-loaded particles and polymer conjugates in
cell carriers. A first one is the risk of premature degradation of the nano-
particle and its payload inside the cell carrier. A second is the need for
the cell carrier to release its cargo at the target site, which adds an addi-
tional step to the whole process. Finally, internalization of a cargo is
essentially limited to cells with an efficient phagocytic system such as
monocytes or macrophages whereas surface functionalization is in
principle possible with the entire repertoire of circulating cells, opening
doors to long circulating delivery approaches based on red blood cell
functionalization or highly specific targeting strategies based onmodifi-
cation of cells from the adaptive immune system such as B and T
lymphocytes [8,9] or based on the pathotropism of stem cells [10].

The aim of this article is to provide an overview of the state-of-the
art in the use of surface-modified cells to mediate the delivery of syn-
thetic nano- andmicroparticles. The first part of this article will present
and discuss the different types of cells that have been explored for cell
mediated drug delivery. The second part of this review will discuss the
various chemical strategies that have been elaborated for the conjuga-
tion or immobilization of nano- and microparticles on the surface of
these cells.
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2. Cells used for cell-mediated drug delivery

This section will give an overview of the different types of cells that
have been used as vehicles for the cell surface attachment and transport
of synthetic nano- and microparticles.

2.1. Red blood cells

Red blood cells (RBCs) are biconcave disk-shaped cells lacking or-
ganelles and a nucleus, measuring approx. 7 μm in diameter. They con-
stitute N99% of the blood and are long-circulating, up to approx.
120 days in humans [11]. They are specialized in oxygen transport,
which ismediated by hemoglobin, encapsulated in large amounts inside
RBCs. RBCs are highly deformable and flexible to allow them to reach
capillary venules. RBCs do not normally extravasate from the circulation
into tissues exceptwithin the spleen and liverwhere senescent RBCs are
removed from the circulation by thephagocytic system [11]. The plasma
membrane of a RBC is slightly negatively charged and comprised of
N300 different membrane proteins [12], which offer many opportuni-
ties for cell surface modification. RBCs intrinsically play an important
role in altering the biodistribution and pharmacokinetics of many
drugs, increasing their circulation times [11]. The ability to prolong the
circulation time of drugs, together with a high biocompatibility, espe-
cially in the case of autologous transfer, are very attractive features in
the context of drug delivery. RBCs have been intensively investigated
as carriers for the vascular delivery of a variety of surface bound mole-
cules and more recently for the transport of nanoparticulate carriers
as will be discussed in the next section [11,13].

2.2. Leukocytes

Leukocytes form the innate and adaptive immune system and re-
spond, for example, against infection, inflammation and tumor growth
[14]. Both the innate and adaptive immune system play a crucial role
in detecting and killing cancer cells. The unique features of leukocytes,
such as their ability to travel to a specific site of disease as well as to
transmigrate across endothelial barriers [15] and penetrate into hypoxic
tumor regions [16] provide unique opportunities for delivery to areas
that are otherwise difficult or impossible to reachby traditional drugde-
livery approaches. Particularly interesting cells for cell-mediated deliv-
ery are monocytes, which are long lived white blood cells deriving
from the bone marrow and which can differentiate into tissue-resident
macrophages or dendritic cells (DC) [17], as well as B cells, T cells, espe-
cially of the CD4+ (helper) and CD8+ (cytotoxic) subtypes and natural
killer (NK) cells. The T lymphocytes used in adoptive cell therapy
could potentially concomitantly serve as drug carrier. The decorated
adoptively transferred lymphocytes are then not only a carrier but
also directly exert a therapeutic activity.

The primary mission of monocytes is to replenish the pool of tissue-
resident immune cells [18]. Furthermore, they are also involved in the
innate immune response against bacterial, fungal, parasitic and viral in-
fection [19]. In humans, 3 classes of monocytes coexist in the peripheral
blood circulation,which are characterized by their relative expression of
CD14 and CD16 surface markers. The largest subpopulation, consisting
of approx. 80 to 90% of all monocytes, is the CD14+CD16− subset,
which shows the highest phagocytic activity and also produces IL-10.
In contrast, the others subpopulations are expressing CD16 and express
CD14 at high or low level. These are divided in two classes (i) the
CD14+CD16+ subset, which is entirely responsible for the production
of TNF-α and IL-1 and which also has a phagocytic activity and (ii) the
CD14dimCD16+ subset, whose actual function is not well understood.
Monocytes of this last subset express low level of the CD14 markers.
They are poorly phagocytic and do not express cytokines such as TNF-
α and IL-1 [20].

Tissue differentiated macrophages are present in a broad spectrum
of pathological conditions including cancers and several inflammatory
diseases [18]. Monocytes andmacrophages along with DCs, neutrophils
andmast cells are ‘professional’ phagocytic cells, which express special-
izedmembrane receptors and are able to detect apoptotic/necrotic cells,
opsonized pathogens or cell debris [18]. The phagocytic competence of
macrophages and monocytes represents a major challenge in attaching
and immobilizing a cargo on their surface for delivery purposes [21].
The few successful examples of stable and long-lasting surface
functionalization required the use of very large synthetic particles,
which have a disk-like shape, thus avoiding internalization (see Doshi
et al. [22]). These examples will be discussed in more detail in the fol-
lowing section.

B and T lymphocytes are part of the adaptive immune system and
immunological memory. B lymphocytes originate from the bone mar-
row and are the central player of the humoral immunity [23]. Upon an-
tigen exposure, mature naïve B cells, which trafficked to secondary
lymphoid organs, differentiate via a series of fast evolutionary selection
steps to antibody-secreting B cells also called plasma cells [24]. These
plasma cells can subsequently reenter the blood circulation via the
lymphatic system to reach distant sites of infection/inflammation. T
lymphocytes derive from the thymus and are classified in two impor-
tant subsets, which mediate the adaptive cellular response through (i)
activation of other immune cells (CD4+ Helper T cells) or (ii) via killing
target/infected cells (CD8+ Cytotoxic T cells) [25]. Lymphocyte traffick-
ing depends on their activation status. While blood-borne naïve T cells,
similarly to naïve B cells, possess surface markers that enable them to
home to secondary lymphoid organs, antigen-experienced lymphocytes
migrate towards sites of inflammation [26]. This duality in homing
properties, i.e. secondary lymphoid organs vs inflamed tissues is very
attractive for cell-mediated drug delivery, especially in the context of
cancer therapy, in which these distinct trafficking patterns allow
targeting either the primary tumor or disseminated tumor cells in the
lymph nodes. T lymphocytes are activated by DCs in the lymph nodes
via interaction with the MHC class II complexes. The migration and
accumulation of lymphocytes into diseased tissues is general to all
subsets of circulating leukocytes [27]. It is triggered by an adhesion
cascade, consisting of a series of interactions between endothelial
recruiting molecules called selectins and activation of lymphocyte
chemoattractant receptors. This activation induces the expression of
integrins on the lymphocytes, whichmediate firm binding to intercellu-
lar and vascular endothelial adhesion molecules. Finally, lymphocytes
diapedese through the endothelial barrier to reach their target area [25].

CD8+ T cells elicit their cytotoxic effect essentially by secreting
perforin together with a variety of granzymes or via activation of the
tumor-necrosis factor receptor Fas of target cells and to a lesser extent
via production of cytokines such as tumor-necrosis factor (TNF) and
interferon-γ (IFN-γ) that have cytotoxic action when secreted nearby
target cells [28]. CD4+ T cells mediate the immune response via the
release of cytokines of two different classes, T helper 1 (Th1) type and
T helper 2 (Th2) type, which activate different cells of the innate and
adaptive immune system [29].

Natural killer (NK) cells represent about 10–20% of all peripheral
bloodmononuclear cells [30]. HumanNK cells are subdivided into 5 cat-
egories depending on the relative expression of the surface markers
CD56 (an adhesion molecule) and CD16 (a low affinity Fc receptor)
[31]. NK cells are not only localized in peripheral blood but are also pres-
ent in lymphnodes, spleen and bonemarrowwhere they exert different
functions based on their phenotype [30]. NK cells aremainly involved in
innate immunity [32] but also influence and shape adaptive immune re-
sponses [31]. Their role in immunoregulation is also important and pre-
dominantly mediated through secretion of cytokines of the Th1 type
[32]. NK cells are activated by a variety of stimuli, in particular by con-
tact with DCs, MHC-I-negative cells, IgG of the immune complexes or
via direct activation by tumor-associated markers present on tumor
cells or pathogen-derived products as well as a myriad of interleukins
and type I interferons [30]. NK cells represent the first line of defense
against tumor and infected cells, recognizing stressed cells with low
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MHC class I expression and elicit a cytotoxic and necrotic effect via lib-
eration of perforin and granzymes [30]. Additionally, NK cells are
eliciting an apoptotic effect on targeted cells, induced by exposition of
surface ligand of the TNF family such as the Fas Ligand, TNF-α and the
tumor necrosis factor-related apoptosis-inducing ligand (TRAIL), the
latter having gained some clinical interest as a drug andwhose effective
delivery will be discussed in greater detail later on in this review.

2.3. Stem cells

Stem cells, in particular adult stem cells such as hematopoietic stem
cells and mesenchymal stem cells, which can be directly obtained from
patients, cultured and expanded in vitro and used in subsequent autol-
ogous transplant, have attracted considerable interest in recent years
[33]. Adult stem cells, as opposed to embryonic stem cells, which origi-
nate from the inner cell mass of a blastocyst, are tissue specific cells,
which can in principle only differentiate to a limited set of specialized
cells [34]. Although not as pluripotent and as self-renewing as embryon-
ic stem cells, adult stem cells have the important advantage that they
are much less likely to give rise to tumors after transplantation [33].
Moreover, many accounts also suggest that most adult stem cells from
a tissue specific lineage are able to be converted to tissues types of an-
other lineage through mechanism such as transdifferentiation or dedif-
ferentiation [35,36].

While the main focus in stem cell therapy has been on cell replace-
ment or tissue regeneration, the pathotropic nature of stem cells, and
more specifically their ability to migrate towards tumor tissues, also
makes them ideal delivery vectors in cancer therapy [33]. Stem cells
are used as carriers to efficiently deliver genetically encoded apoptotic
proteins [37], immunomodulators [38], oncolytic viruses [39] or nano-
particle encapsulated chemotherapeutic agents (as will be discussed
in detail below) [40], with high precision and enhanced tracking of
tumor metastases.

Principally, two different stem cell lineages have been utilized for
their tumor-tropic properties, mesenchymal stem cells (MSCs), which
are primarily derived from bone marrow and neural stem cells (NSCs)
deriving from specific neurogenic regions of the brain. MSCs can spread
into many tissues after being systemically injected and, similar to im-
mune cells, can extravasate from the blood vessels due to the expression
of adhesion molecules on their surface [41]. MSCs have been used as a
delivery vector in various types of cancers, such as melanoma [42] but
have also been shown to be effective in targeting glioma [43] or dissem-
inatedmetastases [44]. AlthoughMSCs are readily isolated clinically and
as such represent an important source of adult stem cells, they have also
been associated with promoting primary and metastatic tumor growth
and development via an immunosuppressive mechanism, which may
restrict their use in specific clinical settings [45–47]. NSCs arewell-char-
acterized non-tumorigenic and minimally immunogenic adult stem
cells, showing extensive tropism to a multitude of tumors types. NSCs
have been used as delivery vectors in particular for gene therapy [48].
One major drawback linked to clinical harnessing of NSCs lies in the ac-
cessibility of its source for autologous transfer, which is the brain, and
the complications associated with an invasive procedure to withdraw
these cells. However, some reports have shown that autologous neural
stem-like cells could potentially be accessible from bone marrow,
which represents a very attractive opportunity for future clinical uses
[49,50].

The use of stem cells is, of course, not limited to tumor targeting.
Stem cells show tropism to a variety of other lesions aswell as to neuro-
degenerative areas and as such represent a unique delivery vector with
a very broad scope for therapy [10,48].

3. Chemical modification of cell surfaces

This section will provide an overview of the various strategies that
have been used to decorate cell surfaces with synthetic nano- and
microparticles and discuss the properties and uses of the resulting sur-
face modified cells. Table 1 provides an overview of the different cell
surface modification strategies that have been used so far. Cell surface
modification strategies can be subdivided in two main classes, viz.
non-covalent and covalent. The remainder of this section will first dis-
cuss non-covalent cell surfacemodification approaches and the proper-
ties of the resulting cells and then present covalent cell surface
modification strategies. Whereas covalent approaches are usually con-
sidered as more stable, their principal disadvantage lies in the fact that
the site of modification is not controlled. Non-covalent approaches
that use ligand-receptor interactions can be highly specific, yet pose
the risk of triggering undesired cellular responses. These two examples
already illustrate that selecting the appropriate cell surfacemodification
strategy is a challenging task that depends on many factors including
but not restricted to the cell type, cell surface biochemistry, the need
for a robust particle conjugation or for release strategies, to name a
few. In either way, a common feature of any cell surface modification
strategy is that it should not affect the viability and function of the cell.

3.1. Non-covalent cell surface modification

Non-covalent attachment of synthetic polymer nano- ormicroparti-
cles to cell surfaces can be achieved using both non-specific (e.g. hydro-
phobic, electrostatic) interactions as well as specific ligand-receptor
interactions. The remainder of this section will present several exam-
ples that highlight the use of these different approaches.

3.1.1. Non-specific interactions
Mitragotri and coworkers, in a series of studies, have extensively ex-

plored adsorption of model polystyrene nanoparticles onto RBCs as a
means to avoid clearance by the reticuloendothelial system (RES). It
was found that circulation times can be dramatically altered, by several
orders of magnitude, if the nanoparticles are adsorbed onto RBCs. The
adsorption of the polystyrene nanoparticles was proposed to involve a
combination of van derWaals, electrostatic, hydrogen bonding and hy-
drophobic forces [51]. This hypothesis was supported by the observa-
tion that nanoparticle adsorption was inhibited in the presence of
serum or albumin [52]. When nanoparticles and RBCs were mixed at a
ratio of 100:1, approximately 25 nanoparticles were adsorbed to each
cell. This was found to be the maximum loading capacity, since higher
nanoparticles loadings tend to cause cell aggregation. The RBCmorphol-
ogy and integrity is not adversely affected by the nanoparticle adhesion
also under osmotic,mechanical, oxidative or complement stress that are
typically encountered in the systemic circulation [53]. The conjugation
is stable in vitro for many hours [51] and circulation times of RBC-
bound nanoparticles are increased approximately 100-fold in vivo as
compared to free nanoparticles [52]. Circulation times are maximal for
nanoparticles in the middle-size range (200–500 nm) and are depen-
dent of nanoparticle surface chemistry [52]. The prolonged circulation
times are due to a decrease in uptake and clearance by the spleen and
liver. Interestingly, this lowered clearance was accompanied by accu-
mulation in the lung. This effect was even more pronounced when (i)
surface bound nanoparticles were coated with anti-ICAM-antibody
and (ii) when nanorods were used instead of spherical nanoparticles
(Fig. 1) [54]. The combination of both i.e. adsorption of nanorods onto
RBCs with subsequent anti-ICAM coating of the exposed surface of
nanorods, led to the best performance in terms of immune system
avoidance and lung targeting for a RBC-hitchhiked nanomaterial [54,
55]. Nanoparticles are eventually detached from RBC surface over
time, essentially due to shear stress, cell-cell and cell-vessel wall inter-
actions that become increasingly challenging in capillaries [52].

A second example of the application of non-specific, non-covalent
interactions to modify cell surfaces with synthetic nano- andmicropar-
ticles involves the use of cell adherent polyelectrolytes. This approach
has been explored by Guan et al. to decorate a variety of cells, including
human leukemic cells, mouse embryonic stem cells and human



Table 1
Overview of different strategies that have been used for the conjugation or immobilization of synthetic nano- or microparticles to cell surfaces.

Method Mechanism Cell type Type of cargo (payload) Application Ref.

Non-covalent Nonspecific adsorption (van der
Waals, electrostatic, hydrogen
bonds, hydrophobic interactions)

Murine and human red blood cells
(RBCs)

Polystyrene based nano- and
microparticles (range between
~100 nm and 1000 nm)

Long circulating delivery vehicles [51–53]

Nonspecific adsorption Mouse red blood cells (RBCs) (Anti-ICAM-1 coated) polystyrene
based nanoparticles and nanorods

Nanoparticle delivery to the lungs [54,55]

Cell adhesive polyelectrolyte Human chronic myeloid leukemia
derived K562 cell, mouse
embryonic stem cells (mESCs)
and human mesenchymal stem
cells (hMSCs)

Disk-shaped microdevices Drug delivery [56–59]

Hyaluronic acidmediated adhesion Human T lymphocytes and mouse
B lymphocytes

Superparamagnetic nanoparticle
loaded polyelectrolyte multilayer
(PEM) patches

Spatial migration of cells towards
a magnetic field

[60]

Chitosan/hyaluronic acid
mediated adhesion

Mouse B lymphocytes PEM patches/polymeric
backpacks

Cell aggregation induced by freely
suspended backpacks

[61]

Chitosan/hyaluronic acid
mediated adhesion

Mouse B lymphocytes PEM patches/polymeric
backpacks

Mechanistic studies of B cell
immobilization by PEM patches

[64]

Chitosan/hyaluronic acid
mediated adhesion

Mouse macrophages PEM patches/polymeric
backpacks

Cell-based drug delivery [22]

Chitosan/hyaluronic acid
mediated adhesion

Mouse B lymphocytes Polymeric microtubes Selective orientation of
microtubes on cell surface

[65]

Antibody targeted (normal
mouse IgG)

Mouse monocytes PEM patches/polymeric
backpacks (DOX loaded
liposomes)

Targeted drug delivery [62,63]

Antibody targeted (mouse IgG) Mouse monocytes Polymeric backpacks In vivo targeted delivery [67]
Antibody targeted (anti CD73,
CD90)

Human mesenchymal stem cells
(hMSCs)

Silica nanorattles
(Dox loaded)

Tumor-targeted drug delivery [68]

Biotin-avidin Human embryonic kidney
(HEK293) and murine T
lymphoma EL4 cells

PLA-PEGa microparticles (average
diameter of 1.4 μm)

[74]

Biotin-NeutrAvidin Human neural stem cells (NSCs) PEG-PDPAEMAb nanoparticles Brain tumor targeting [40,75]
Biotin-NeutrAvidin Human mesenchymal stem cells

(hMSCs)
40 nm diameter polystyrene
based nanoparticles

Tumor-tropic delivery [73]

E-selectin-mediated, anti-CD57
antibody and anti-NK1.1
antibody-mediated

Human leukocytes, murine
natural killer cells

Liposomes Circulating tumor cells tracking
and killing

[76–79]

Biomimetic polymer or dendrimer –
agglutinin or lectin

Chinese hamster ovary (CHO),
Jurkat T cells

Carbon nanotubes (CNTs) Model system for non-toxic CNTs
binding

[80,81]

Biomimetic dendrimer -
agglutinin

Chinese hamster ovary Boron nitride nanotubes (BNNTs) Biosensing and bioimaging [82]

Covalent Coupling to amine groups (via
NHS ester, isocyanate or cyanuric
chloride end-functionalized
polymers)

Langerhans islets and red blood
cells

Synthetic branched or linear
polymers

Graft and cytoprotection [86–89]

Maleimide-thiol Mouse CD8+ T lymphocyte and
hematopoietic stem cells (HSCs)

Lipid nanoparticles
(imunomodulator)

Adoptive cell therapy [92,93]

Maleimide-thiol Mouse CD4+ and CD8+ T cells Lipid nanoparticles
(chemotherapeutic agent SN-38)

Disseminated tumor targeted
chemotherapy

[94]

Disulfide Mouse CD8+ T cells Lipid based nanoparticles Reversible attachment of
nanoparticles

[96]

Schiff base Mouse macrophages Quantum dots and stealth
dendrimer nanoparticles

Hypoxia-targeted drug delivery [97]

SPAAC Mouse macrophages PAMAM dendrimers [98]

a Poly(lactic acid)-poly(ethylene glycol).
b Poly(ethylene glycol)-poly((diisopropyl amino) ethyl methacrylate).
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mesenchymal stem cells,with a range ofmicrocontact-printed biomate-
rials [56,57]. Fig. 2 schematically outlines the process developed by the
Guan lab to prepare cell adhesive microparticles. Microcontact printed
particles are disk-likemultilayered particles ranging in the size of sever-
al micrometers (7 μm particles are typically used for cell surface modi-
fication), which can be prepared from a large variety of cationic and
anionic polymers such as poly(allylamine hydrochloride) (PAH),
poly(diallyl dimethyl ammonium chloride) (PDAC), poly(ethylene
imine) (PEI), poly(L-Lysine) (PLL), chitosan, poly(acrylic acid) (PAA),
poly(sodium 4-styrene sulfonate) (PSS) as well as biodegradable and
biocompatible polymers such as PLGA or poly(lactic acid) (PLA) and
poly(ε-caprolactone) (PCL), which are particularly interesting for drug
delivery purposes. The microparticles are fabricated by soaking a
poly(dimethyl siloxane) (PDMS) stampwith amicropillar surface struc-
ture into a polymer solution. Additional layers are subsequently
adsorbed on the stamp via a layer-by-layer (LbL) assembly process. Fi-
nally, the multilayer film on the stamp is transferred via microcontact
printing onto a substrate coated with a polymer sacrificial layer which
will be subsequently used to release of the microparticles [56]. The
sacrificial layer, which is composed of poly(vinyl alcohol) (PVA) or
poly(N-isopropylacrylamide) (PNIPAM) is deposited onto the glass sub-
strate via spin-coating. The PVA sacrificial layers are primarily used for
the preparation of a suspension of the microdevices. In this case, the re-
lease of the microdevices is simply triggered by dissolution of the PVA
film in an aqueousmedium. PNIPAM is used as a thermoresponsive sac-
rificial layer when cells are first bound to the printed materials directly
on the array and subsequently the cell-microdevice complexes are re-
leased from the substrate upon decreasing the temperature below the
lower critical solution temperature (LCST) of PNIPAM as illustrated in
Fig. 2 [57]. This second approach yields well-defined cell-microdevice



Fig. 1. (A) Schematic overview of the preparation of spherical or rod-shaped nanoparticle decorated RBCs. Scanning electron micrographs of nanoparticle formulations: (B) 200 nm
spheres attached to red blood cells and (C) rods stretched from 200 nm spheres attached to red blood cells.
Reprinted from Biomaterials, 68, A.C. Anselmo, S. Kumar, V. Gupta, A.M. Pearce, A. Ragusa, V. Muzykantov, S. Mitragotri, Exploiting shape, cellular-hitchhiking and antibodies to target
nanoparticles to lung endothelium: synergy between physical, chemical and biological approaches, 1–8, Copyright (2015), with permission from Elsevier [54].
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complexes in which each cell is bearing a single microdisk. Cell binding
ismediated through electrostatic interactionswith a cell-adhesive poly-
electrolyte such as PAH, PLL or PEI. This fabrication process can in
Fig. 2. (A) Functionalization of live cells with microcontact printed biomaterials using
spin-coated PNIPAM as the sacrificial layer. (B) Fluorescence micrograph of K562 cells
(green) immobilized on an array of circular microparticles of polyelectrolyte multilayer
(red) before being released, (C) immediately after being released and (D) cell-
microparticle complexes after being cultured for 24 h.
Reprinted from Acta Biomater., 11, Z. Wang, J. Xia, Y. Yan, A.-C. Tsai, Y. Li, T. Ma, J. Guan,
Facile functionalization and assembly of live cells with microcontact-printed polymeric
biomaterials, 80–87, Copyright (2015), with permission from Elsevier [57].
principle also be used for the preparation of ligand functionalized
microdevices for receptor-mediated cell-attachment [58]. Interestingly,
asymmetric PLGA/(3-aminopropyl)triethoxysilane/glutaraldehyde/
PAH microdevices, with covalent bonding between the (3-
aminopropyl)triethoxysilane-coated PLGA region and PAH systems,
prepared via LbL assembly and microcontact printing showed no cell
aggregation upon functionalization of cells with amicrodevices suspen-
sion [58]. Single cell bearing multiple microdevices were also detected,
especially at high microdevice-to-cell ratio. No evidence of internaliza-
tion of the microdevices was observed. Viability and proliferation of
these cells were not affected over a period of seven days [58]. This tech-
nique was also used to modify cells with 2-naphtalenethiol coated gold
nanoparticles packed microdisks. These microdisks could be used as
non-invasive in vivo tracking system for therapeutic cells [59].
3.1.2. Ligand–receptor mediated cell surface conjugation
As an alternative to the non-specific interactions discussed above,

another approach that has been successfully and extensively explored
to non-covalently conjugate synthetic nano- and microparticles to cell
surfaces involves the use of specific ligand-receptor interactions. This
approach has been pioneered by Rubner and coworkers who have
used CD44-hyaluronic acid and Fc receptor-Fc interactions to conjugate
polyelectrolyte multilayer (PEM) patches to cells [60]. Cell surface con-
jugation of PEMpatches is a three step process inwhichfirst a patterned
array of cell-adhesive functionalized heterostructured patches is pre-
pared via a photolithographic lift-off process combinedwith amultilay-
er assembly of ultrathin polymer films (LbL assembly). Cells are then
sedimented onto the patterned array and binding is promoted by incu-
bation at 37 °C. Finally, the cell-patch complexes are released from the
substrate by a pH and/or temperature or an enzyme-mediated trigger-
ing mechanism (Fig. 3). This approach ensures the production of well-
defined cell-patch complexes bearing a single patch per cell whereas
the use of freely suspended backpacks prepared by this method tends
to lead to cell aggregation during cell functionalization [61]. Using pre-
released backpacks, however, is attractive from a clinical perspective
as they could be used to modify cells ex vivo before reinjection or as a
direct injectable formulation. Cell-patch complexes could nevertheless



Fig. 3. (A) Schematic overviewof the fabrication and cell surface attachment of polymer patches. Scanning electronmicrograph of (B) PEMbackpack and (C) amacrophagemodifiedwith a
HA/CHI coated backpack.
Adaptedwith permission fromNano Lett., 8, A.J. Swiston, C. Cheng, S.H. Um, D.J. Irvine, R.E. Cohen,M.F. Rubner, Surface functionalization of living cellswithmultilayer patches, 4446–4453,
Copyright (2008) American Chemical Society [60]. Adaptedwith permission fromAdv.Mater., 23, N. Doshi, A.J. Swiston, J.B. Gilbert,M.L. Alcaraz, R.E. Cohen,M.F. Rubner, S.Mitragotri, Cell-
based drug delivery devices using phagocytosis-resistant backpacks, H105-H109, Copyright (2011) JohnWiley and Sons [22].
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be prepared in suspension if the ratio of cells-to-backpacks as well as
the size of the backpacks are carefully adjusted. Large aggregates
could partially be avoided by moderate agitation [61] and/or are re-
moved using a cell strainer [62].

As illustrated in Fig. 3, cellular backpacks are 3-layer
heterostructured assemblies that are composed of (i) a releasable re-
gion that deconstructs and releases the patches from the substrates
(in microcontact printed patches, the release region is replaced by a
spin-coated sacrificial layer) (ii) a payload region that encapsulates a
cargo and (iii) a cell-adhesive region to anchor the patch to the cell
membrane (Fig. 3). The release region of the patch is designed to dis-
solve upon exposure to a stimulus such as pH, temperature, enzymatic
or a combination of those. The stimulus needs to be noncytotoxic if
the attachment of cells is performed prior to the release of cell-patch
complexes. One example of a release region that has been used are hy-
drogen-bonded, poly(methacrylic acid)-poly(N-isopropylacrylamide)
(PMAA-PNIPAM)multilayers, which are both pH and thermally respon-
sive. The release only occurs at a pH higher than approx. 6.2 and below
the LCST of PNIPAAm (approx. 32 °C). Sacrificial thin film systems based
on bovine submaxillary mucin (BSM) and the lectin jacalin (JAC) were
also used for post-cell attachment release. These films are stable over
a wide range of pH (pH 3–9) and ionic strengths, allowing LbL assembly
of additional films in a variety of conditions. The (BSM/JAC)film disinte-
grates at physiological pH in presence of melibiose [63] and a mucinase
enzyme [62]. When patches are first to be released and used as a sus-
pension to modify cells, the release region is designed as simple pH re-
sponsive region and is made of a poly(methacrylic acid) (PMAA) and
poly(vinylpyrolidone) (PVPON) hydrogen-bonded multilayer system,
which dissolves at a pH value of approx. 6.4. The second region of the
heterostructured patch is the payload region, which can encapsulate
drugs, proteins, nanoparticles or even liposomes. This region is usually
composed of structural multilayers and a cargo containing region. The
structural rigidity is required to withstand sonication during patch fab-
rication. For example, anionic superparamagnetic nanoparticles can be
alternately deposited with a poly(allylamine hydrochloride) (PAH) to
create magnetically responsive patches conferring magnetic properties
to the patched cells [60]. The advantage of this ‘magnetic region’ is
two-fold, as it facilitates purification of the complexes and adds addi-
tional structural rigidity. Proteins, such as bovine serum albumin
(BSA) can be entrapped in the payload region with poly(lactic-co-
glycolic acid) (PLGA) using an airbrush spraying method to form a bio-
degradable film, which is usually deposited in between rigid PEM films
such as the one above or alternatively poly(diallyl dimethyl ammonium
chloride) (PDAC) and poly(styrene sulfonate) (PSS) or (PAH/PSS) based
films [22]. Direct loading of small molecules such as doxorubicin (DOX)
into PEM films can be challenging as they may rapidly elute from the
polymer films. This can be overcome by loading DOX into liposomes,
which are then subsequently incorporated in the payload region. Main-
taining liposomal integrity is not trivial during adsorption at a solid-
fluid interface and may result in vesicle disruption or fusion into a
lipid bilayer. It was possible to incorporate intact DOX loaded liposomes
in a sandwich-like structurewith (PDAC/PSS). These constructs showed
up to a nine-fold increase in DOX loading within the payload region as
compared to the free DOX [62]. The third region of the patch is the
cell-adhesive region and is composed of a biocompatible and biode-
gradable hyaluronic acid/chitosan multilayer (HA/CHI). The binding af-
finity of the HA/CHI layer can be tuned by and depends on the
deposition conditions as well as on the nature of the last deposited
layer (HA or CHI) [64]. HA binds specifically to CD44 cell-surface recep-
tors and the positively charged CHI chains contribute to the overall
binding through electrostatic interactions with the negatively charged
cell membrane [64]. By controlling the presentation of the cell adhesive
HA/CHI domains, polymer microtubes could be attached to B-cells ei-
ther in an end-on or side-on fashion [65]. In addition to the HA-CD44
binding motif, Rubner et al. have also used mouse IgG antibodies to
bind to the Fc receptors of immune cells to decorate cell surfaces with
backpacks. The antibodies are introduced onto a final PEM film through
biotinylation [62]. Patch attachment is normally non-toxic and does not
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impair key cellular functions. Proliferation inhibition was, however, ob-
served when monocytes were functionalized with patches containing
DOX loaded liposomes, likely due to the close proximity of DOX release
from the carrying cells [62]. Remarkably, functionalized T cells retain
their ability to migrate on intercellular adhesion molecule-1 (ICAM-1),
a common inflammatory marker, coated substrates. The patch only
blocked a fraction of all CD44 receptors and was found at the trailing
endof the polarized lymphocytes duringmigrationwhen CD44 are clus-
tering at theuropod [66].Micron-scale patches are alsoparticularly suit-
able for delivery with monocytes and macrophages. Most approaches
for monocyte/macrophage-mediated drug delivery use ex vivo nano-
particle internalization followed by re-injection to the systemic circula-
tion or target site [5]. This approach is potentially deleterious for the
payload, which can be degraded along the endosomal pathway before
its release. Disk-like PEM patches efficiently avoid phagocytic internali-
zation while remaining on the monocyte or macrophage surface. Back-
pack attachment does not adversely alter normal phagocytosis, nor
reduces the mobility of these patched cells, making them particularly
suitable for cell-mediated drug delivery [22]. Monocytes modified
with backpacks that were attached via mouse IgG-Fc interaction also
retained key cellular functions [67]. Differentiation of backpack modi-
fied monocytes to macrophages was unaltered. Patched monocytes
were also able to transmigrate through a confluent HUVEC monolayer
and approx. 60% of monocyte-hitchhiked backpacks were transported
through the endothelial monolayer after 48 h whereas their free coun-
terpartswere not transported at all. In vivo, monocyte-hitchhiked back-
packs showed a 9-fold higher accumulation in a skin inflammation
model and a 2-fold higher accumulation in a lung inflammation model
as compared to the free backpacks in those two models. This selective
accumulation of monocytes into inflamed tissues is mediated by ICAM
and VCAM which are overexpressed on inflamed endothelial barriers
[67].

In addition to CD44-hyaluronic acid and Fc receptor-Fc interaction, a
third example of a specific non-covalent interaction that has been used
for cell surface modification with synthetic nano- and microparticles is
that between the CD73 and CD90 membrane proteins of mesenchymal
stem cells (MSCs) and the respective monoclonal antibodies. Using this
strategy, Li et al. conjugated anti-CD73/CD90 monoclonal antibody
coated silica nanorattles to mesenchymal stem cells for tumor-tropic
delivery of doxorubicin (DOX) (Fig. 4) [68]. Silica nanorattles are bio-
compatible, mesoporous and hollow structures with very high drug
loading capacity and sustained drug release properties. Exposing MSCs
Fig. 4. MSC mediated tumor tropic delivery of cell-surface anchored doxorubicin-loaded
silica nanorattles.
Reprintedwith permission from Acs Nano, 5, L. Li, Y. Guan, H. Liu,N. Hao, T. Liu, X.Meng,
C. Fu, Y. Li, Q. Qu, Y. Zhang, S. Ji, L. Chen, D. Chen, F. Tang, Silica nanorattle-doxorubicin-
anchoredmesenchymal stemcells for tumor-tropic therapy, 7462–7470. Copyright (2011)
American Chemical Society [68].
to antibody coated silica nanorattles was found to lead both to cell sur-
face conjugation as well as internalization of the nanoparticles. DOX
loaded silica nanorattles had negligible adverse effects onMSC viability.
Modified cells showed slightly decreased migratory capacities in che-
motaxis assay as compared to unmodified cells. In mice, MSC mediated
delivery of DOX loaded silica nanorattles was found to result in in-
creased accumulation and broader distribution in tumor tissues and
consequently resulted in enhanced tumor cell apoptosis compare to
free DOX or silica nanorattles encapsulated DOX.

Another example of specific, non-covalent interactions that has been
extensively used for cell surface conjugation is that between biotin and
(strept)avidin. The biotin-(strept)avidin interaction is among the stron-
gest interactions known [69,70] and biotinylation has been widely used
in biotechnology for decades e.g. in immunological assays and as an af-
finity system for biomolecule purification [71]. While concerns about
the potential immunogenicity of the biotin-(strept)avidin link have
been cited [72], which may require the use of alternative cell-surface
conjugation approaches in further translational work, this interaction
has been successfully used in several reports [40]. Attachment of syn-
thetic materials to cell surfaces via biotin-avidin mediated conjugation
requires pre-treating the cells to introduce a biotin group on their sur-
face. This can be performed for instance by covalent attachment of a bi-
otin moiety through amide bond formation with lysine residues of
membrane proteins [73] or via prior modification of cell surface mono-
saccharides such as sialic acidwith amild oxidizing agent to generate al-
dehyde groups followed by functionalization with a hydrazide-biotin
crosslinker [74]. The biotinylated cells can then be directly treated
with avidin, streptavidin or NeutrAvidin-modified particles [73,75] or
further functionalized with free avidin and subsequently with biotin-
modified particles [40].

Cheng et al. conjugated NeutrAvidin coated nanoparticles to
humanmesenchymal stem cells (hMSCs) that presented biotinmoieties
on the plasma membrane [73]. The cells were first reacted with
sulfosuccinimidyl-6-(biotinamido)hexanoate and then 40 nmdiameter
NeutrAvidin-modified polystyrene nanoparticles were anchored to the
cell membrane. Although some nanoparticles were internalized, a sub-
stantial amount remained on the outer membrane and existed as large
clusters, sitting on the main body of hMSCs. The clustering of nanopar-
ticles was attributed (at least in part) to membrane reorganization and
it was further hypothesized that the formation of clusters reduced
nanoparticle internalization. These modified stem cells are ideal candi-
dates for tumor-tropic cell-mediated delivery of nanoparticles. Nano-
particles decorated hMSCs were tested for their ability to sense and
respond to tumor spheroid growth in vitro, which remained unaltered
by the surface conjugation of nanoparticles. A similar strategy was
used by Mooney et al. who decorated biotinylated NSCs with ~800 nm
diameter polystyrene nanoparticles [75]. The aim of this study was to
investigate whether tumor-tropic neural stem cells could help to im-
prove the distribution and retention of nanoparticles in a brain tumor
model. The modification had a negligible effect on the viability and tro-
pism in vitro and the nanoparticles remained on the surface of the cells
for at least 1 h after coupling, a time frame sufficient for NSCs to reach
tumor foci in vivo after injection. The nanoparticle conjugated NSCs
were injected adjacent to the intracerebral glioma, into the contralateral
hemisphere or intravenously and in all cases showed improved intra-
cranial nanoparticle targeting and retention as compared to their free
counterparts. Surface conjugation to NSCs dramatically reduced nano-
particle clearance over a period of 4 days and anchored nanoparticles
are retained at day 1 level, whereas 93% of free nanoparticles were
cleared over the same period. The intravenous administration is of
great clinical interest as it represents a much less invasive procedure
for the patient than intratumoral injection, and this example represents
thefirst successful example of N200 nmparticles penetrating the blood-
tumor barrier after systemic administration.

Nanoparticle decorated neural stem cells have also been explored to
improve the efficacy of docetaxel loaded nanoparticles in a triple



Fig. 5. (A) Preparation of pH responsive, biotin functionalized and docetaxel loaded poly(ethylene glycol)-b-poly((diisopropyl amino) ethylmethacrylate) block copolymer nanoparticles.
(B) Schematic illustration of the conjugation of biotinylated nanoparticles onto a NSC surface, which presents hydrazone linked biotin moieties, via an avidin linker. (C) Flow cytometric
analysis of control NSCs (blue) and biotinylated NSCs after incubation with both fluorescein-conjugated avidin (green) and nile-red, biotinylated, pH responsive nanoparticles (red). (D)
Confocal z-stackmicrograph of a NSC-nanoparticle conjugate (NSC are shown in green and nanoparticles in red). (E) Scanning electronmicroscopymicrograph of a nanoparticlemodified
NSC.
Reprinted from J. Controlled Release, 191, R. Mooney, Y.M. Weng, E. Garcia, S. Bhojane, L. Smith-Powell, S.U. Kim, A.J. Annala, K.S. Aboody, J.M. Berlin, Conjugation of pH-responsive
nanoparticles to neural stem cells improves intratumoral therapy, 82–89, Copyright (2014), with permission from Elsevier [40].
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negative breast cancer mouse model (Fig. 5) [40]. In this study, biotin
moieties were introduced on the cell surface via hydrazone formation
after oxidation of cell surface sialic acid residues and biotinylated poly(-
ethylene glycol)-b-poly((diisopropyl amino) ethyl methacrylate) (PEG-
b-PDPAEMA) based nanoparticles were then conjugated to the NSCs
using an avidin linker. This sophisticated delivery system exerts a dual
pH responsive behavior. Upon reaching the mildly acidic tumor envi-
ronment, docetaxel is either directly released from the particles by dis-
assembly of the PDPAEMA nanoparticle core or alternatively the entire
particle is cleaved off from theNSC surface via hydrolysis of thepH labile
hydrazone linkage. The polymer particles could then be taken up by
tumor cells where the drug is released intracellularly with the decrease
in pH along the endosomal pathway. Docetaxel loaded nanoparticles
did not adversely affect NSC viability over 12 h and under physiological
pH conditions, duringwhich only a small fraction of the drug is released.
Tumor tropism, however, was slightly affected because of the potent
microtubule stabilizing effect of docetaxel, which is directly related to
cell mobility. The efficacy of NSC coupled docetaxel loaded nanoparti-
cles administered via intratumoral injection was eventually evaluated
by monitoring tumor microvasculature, tumor cells proliferation and
apoptosis over a period of 7 days. The conjugation of nanoparticles to
NSCs decreased tumor vessel density and altered cell proliferation
whereas freely administered nanoparticles were ineffective at this low
drug dosage.

Carbohydrate ligands that are present on the cell surface also pro-
vide opportunities for the selective non-covalent conjugation of syn-
thetic nano- and microparticles. King and coworkers have taken
advantage of the ability of E-selectin to bind to these cell surface ligands
to decorate leukocytes with TRAIL functionalized liposomes [76]. E-
selectin coated liposomes bearing TRAIL attach to leukocyte surfaces
under shear by interacting with sialylated carbohydrates present on
the cellmembrane. This approach is highly effective in killing circulating
tumors cells in vitro in human blood samples under flow conditions as
well as in vivo in the peripheral circulation of mice by simple injection
of a E-selectin/TRAIL-coated liposome solution in the circulation. This
approach was also evaluated in a more advanced orthotopic xenograft
animal model for prostate cancer and sustained delivery of E-selectin/
TRAIL-coated liposomes efficiently eliminated circulating tumor cells
and prevented the formation of metastasis in distant organs [77]. The
same laboratory has also decorated NK cells with TRAIL-coated lipo-
somes [78,79]. In this case cell surface conjugationwas achieved by pre-
sentation of anti-CD57 or anti-NK1.1 antibodies on the liposome
surface, which bind to the CD57 or to the NK1.1 cell surface proteins, re-
spectively (Fig. 6). These enhanced NK cells, also named super NK cells
by the authors, were able to induce apoptosis to several metastatic can-
cer cell lines (of three different cancer types i.e. prostate, colorectal and
breast cancer) co-cultured in vitro in a lymph nodemimetic system and
were significantly more efficient than when co-cultured with unmodi-
fied NK cells or with TRAIL-functionalized liposomes only [78]. In vivo,
this strategy also proved effective in preventing lymph node metastasis
in mice bearing a subcutaneous human xenograft tumor model [79].
Super NK cells were formed within the tumor draining inguinal lymph
node after subcutaneous injection of anti-NK1.1/TRAIL-functionalized
liposomes. Tumor burden in the tumor draining inguinal lymph node
dramatically decreased after treatment with anti-NK1.1/TRAIL
liposomes whereas administration of soluble TRAIL by itself or TRAIL-
functionalized liposomes did not hinder metastasis growth.

In a series of reports, Bertozzi and coworkers have explored the
highly selective binding properties of lectins to decorate living cells
with carbon and boron nitride nanotubes. In a first report, carbon
nanotubes were coated with a biomimetic glycopolymer, prepared by
post-polymerization modification of a C18 lipid tail functionalized
poly(methyl vinyl ketone) with α-N-acetylgalactosamine residues.
The lipid tail was used to anchor the synthetic polymer to the surface
of the carbon nanotube via hydrophobic interactions and at the same
time to reduce the cytotoxicity of the carbon nanotubes. The polymer
coated carbon nanotubes were then modified by addition of Helix
pomatia agglutinin (HPA) (a hexavalent lectin) and then added to the
cell suspension (CHO cells or Jurkat cells) or alternatively the cells
were treated with HPA prior to addition of the coated nanotubes. HPA



Fig. 6. (A) Formulation and immobilization of TRAIL and anti-NK1.1 functionalized liposomes on NK cells. (B) Flow cytometry analysis: histograms from liposome fluorescence (FITC
conjugated anti-human TRAIL) from CD335+ NK cells from the inguinal lymph nodes of mice injected with buffer (filled), naked liposomes (———————), TRAIL/IgG liposomes
(▪▪▪▪▪▪▪▪▪) or TRAIL/anti-NK1.1 liposomes (red) 24 h post-injection. (C) Fluorescent confocal micrograph of NK cells isolated from the inguinal lymph nodes of mice subcutaneously
injected with TRAIL/anti-NK1.1 liposomes (at t = 24 h). (D) Numerical quantification of the percentage of NK cells bound with liposomes with different functionalizations. Bars
represent the mean and standard deviation from 10 different confocal images for each time point.
Reprinted fromBiomaterials, 77, S. Chandrasekaran,M.F. Chan, J. Li,M.R. King, Super natural killer cells that targetmetastases in the tumor draining lymphnodes, 66–76, Copyright (2016),
with permission from Elsevier [79].
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specifically recognizesα-N-acetylgalactosamine residues and is used to
mediate crosslinking between cell-surface glycoproteins and the
glycopolymer coated carbon nanotubes [80]. The use of the poly(methyl
vinyl ketone) based glycopolymers to modify the carbon nanotubes,
however, resulted in irregular surface coatings of non-uniform thick-
ness. To overcome these problems, the Bertozzi laboratory prepared bi-
functional glycodendrimers composed of a pyrene tail that can bind to
the carbon nanotube surface via π-π interactions as well as a number
of peripheral carbohydrate units that can be used tomediate cell surface
immobilization. In this way, G2-mannose modified glycodendrimers
were used to selectively bind carbon nanotubes to the surface of CHO
cells in the presence of the lectin Canavalia ensiformis agglutinin (Con
A) [81]. Boron nitride nanotubes, isosteres of carbon nanotubes, are
more chemically inert and structurally stable than their carbon counter-
part. They have similar mechanical and thermal properties. However,
their most attractive feature is that they are inherently noncytotoxic.
Boron nitride nanotubes were successfully assembled on the surface of
CHO cells using the same glycodendrimers, which were discussed
above for the cell surface immobilization of carbon nanotubes [82].
These nanotubes offer then an interesting alternative to carbon nano-
tubes in living systems and have the potential to be useful in therapy
or diagnosis.

3.2. Covalent cell surface modification

Synthetic nano- andmicroparticles can be covalently attached to cell
surfaces either via the native functional groups that are present on the
cell surface such as amine or thiol groups or by using non-natural func-
tional groups, which can be in introduced onto the cell surface e.g. using
metabolic strategies [83] or by chemically generating reactive groups
such as aldehydes on the cell surface. Even though there is a vast
range of chemoselective and bioorthogonal reactions that have been
successfully used to modify peptides, proteins and polysaccharides
[84], not all of these are suitable for the surface modification of living
cells as the reaction conditions may impair the viability of the cells.
The remainder of this section will highlight several covalent cell surface
conjugation strategies that have been reported for the modification of
specific natural and non-natural functional groups present on the cell
surface.

3.2.1. Modification of cell surface amine groups
The concentration of amino groups on the cell surface is high and ly-

sine residues onmembrane surface proteins are usually readily accessi-
ble [85]. However, while they have been frequently used as anchors to
introduce biotin moieties (which are then subsequently used to facili-
tate (strept)avidin mediated non-covalent cell surface conjugation),
amine groups have been scarcely used for the direct covalent attach-
ment of synthetic nano- or microparticles. There are, however, a few
reports that describe the direct covalent conjugation of synthetic poly-
mers to amine groups on the cell surface. For instance, poly(ethylene
glycol) (PEG) was grafted on the surface of Langerhans islets using
either isocyanate or N-hydroxysuccinimide end-functionalized PEGs
[86,87]. Another example are red blood cells, which have beenmodified
with cyanuric chloride end-functionalized PEGs [88], succinimidyl
functionalized hyperbranched polyglycerols [89] as well as with ATRP
synthesized polymers [90].

3.2.2. Maleimide-thiol coupling
Cysteine thiol groups are attractive anchors for covalent cell surface

modification as they are relatively abundant [91] and can undergo var-
ious chemoselective reactions. Covalently anchoring nanoparticles via
Micheal type addition to cell surface cysteine residues was first
proposed by Irvine and coworkers [92]. Maleimide functionalized
liposomes,multilamellar liposomes and lipid coated PLGAnanoparticles
in the range of 100–300 nmwere efficiently conjugated to the surface of
CD8+ T lymphocytes and hematopoietic stem cells (HSCs) commonly
used in cell therapy (Fig. 7). Coupling of up to 100–120 nanoparticles
on the surface of lymphocytes did not activate them and particles



Fig. 7. (A)Maleimide-thiol cell surface conjugation of lipid nanoparticles. MPB-PE: 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-[4-(p-maleimidophenyl)butyramide]. (B) Confocal
microscopy images of CD8+ effector T cells and hematopoietic stem cells (HSCs) immediately after conjugation with fluorescent 1,1-dioctadecyl-3,3,3,3-tetramethylindodicarbocyanine
(DiD)-labeled multilamellar lipid nanoparticles (left) and after 4-d in vitro expansion (right). Scale bars, 2 μm. (C) Confocal micrographs of lipid nanoparticle-conjugated CD8+ effector T
cells. Top: T cells surface stained with FITC-cholera toxin (green) immediately after surface-conjugation of fluorescent nanoparticles (magenta) or bottom: CFSE-labeled T-cells (green)
conjugated with particles (magenta) migrating on an endothelial cell monolayer towards a chemoattractant. Scale bar 2 μm. (D) CD8+ effector T-cells conjugated with multilayer
vesicles were incubated with tumor cells for 20 min, then fixed and stained with FITC-cholera toxin to mark lipid rafts known to accumulate at the immunological synapse. Shown are
confocal images of a T-cell forming a synaptic contact with a tumor cell. Nanoparticles were fluorescently labeled with rhodamine-conjugated lipid (magenta). Scale bar: 2 μm.
Reprinted by permission fromMacmillan Publishers Ltd.: NatureMedicine, [92] copyright (2010). Reprinted from Biomaterials, 33, M.T. Stephan, S.B. Stephan, P. Bak, J.Z. Chen, D.J. Irvine,
Synapse-directed delivery of immunomodulators using T-cell-conjugated nanoparticles, Biomaterials, 5776–5787, Copyright (2012), with permission from Elsevier [93].
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were retained on the surface of the cells for several days. Proliferation
profiles were not affected after lymphocyte activation by DC and
transendothelial migration efficiencies were similar to those of unmod-
ified cells, with the exception of themore rigid lipid-coated PLGA nano-
particles, which showed a tendency to inhibit T cell migration and were
not retained as well as liposomes after migration. Adoptively trans-
ferred T cells with surface conjugated 300 nmmultilamellar liposomes
kept tumor-homing properties in a subcutaneous EL4 tumor model
and transported their nanoparticulate cargo with a 176-fold increased
accumulation into the tumor tissue as compared to their freely admin-
istered counterparts. One of the limitations of adoptive cell therapy
lies in the rapid decline of cell viability and function after transplanta-
tion. Co-administration of adjuvants such as cytokines during cell ther-
apy is usually necessary and the high systemic levels required induce
dose-limiting toxicities. A mixture of interleukins loaded into surface-
tethered multilamellar liposomes significantly improved the therapeu-
tic efficacy of the transplanted cells by continuously delivering the cyto-
kines in the direct surroundings of the particle-carrying cells at doses
that are typically inefficient if they were administered systemically
[92]. This approach markedly amplified T cell expansion and function
during adoptive transfer in mice melanoma lung and bone marrow tu-
mors models and efficiently prevented tumor growth after a 30 days T
cell treatment. Further investigation of T cells decorated with nanopar-
ticles using thiol-maleimide coupling chemistry revealed that the nano-
particles compartmentalizes at the uropod of polarized T cells after
seeding them onto a confluent endothelial cell monolayer (Fig. 7) [93].
Interestingly, nanoparticle compartmentalization was reversed when
a T cell forms an immunological synapse with an antigen presenting
cell. Surface-bound particles were repolarized to the contact zone with
the antigen presenting cell after T cell receptor activation (Fig. 7). Nano-
particle-binding proteins were identified by mass spectrometry and
predominantly consisted of the leukocyte common antigen CD45 as
well as an additional small set of other surface proteins such as LFA-1,
CD2 or CD97, which are all recruited to the immunological synapse dur-
ing antigen recognition. This could be exploited to alleviate the effect of
suppressive ligand upregulation by tumor cells occurring in the immu-
nological synapse, which effectively prevents tumor cells recognition by
the immune system. Inhibiting this tumor-induced suppression effect,
locally, directly in the contact zone between the tumor cells and T
cells was achieved by loading potent immunomodulators into the sur-
face-bound nanoparticles that are translocated in the immunological
synapse during plasma membrane proteins reorganization. Local and
accurate delivery could avoid the severe adverse side effects and auto-
immune risks associated with the systemic administration of these
drugs.

In another example, the Irvine lab used thiol-maleimide coupling
chemistry to modify T cells with liposomes coated with the chemother-
apeutic agent SN-38 to actively target disseminated tumors [94]. SN-38
is a potent chemotherapeutic agent, which has limited in vivo efficacy
due to its poor pharmacokinetics and high toxicity but could potentially
be very effective if it were deliveredwith high precision. Tumor dissem-
ination in multiple organs is characteristic of lymphomas for instance
and represents a real challenge for therapy because of the restricted
access to tumors in lymph nodes, which can serve as niche for tumor
cells survival during chemotherapy. Tumor-bearing lymph nodes
were not sensitive to chemotherapy using free SN-38 or a liposome
formulation of this drug, presumably because of the lack of a leaky
vasculature around the tumor that does not allow passive accumulation
of the drug in tumor tissues by the enhanced permeation and retention
(EPR) effect. Since targeting lymph nodes was primarily sought,
polyclonal T cells, which intrinsically express lymph node homing
receptors and migrate throughout lymphoid organs as part of their
normal function, were proposed as delivery vectors for SN-38 loaded
nanocarriers rather than tumor specific T cells. SN-38 loaded
nanocarrier-T cells accumulated in tumor-bearing lymph nodes 20 h
after transfer and SN-38 concentration in lymph nodes was 63-fold
higher than that achieved with free nanocarriers, resulting in a signifi-
cant beneficial therapeutic effect, extending survival of mice up to
12 days at relatively low therapeutic doses (7 mg/kg) (Fig. 8). Since
many receptors required for T cell trafficking to a variety of organs,
such as lungs, skin, gut and brain as well as that the stimuli required
to induce expression of these markers are known [95], the authors pro-
posed that T cells as chaperones potentially offer a means of selective
delivery to virtually any of these organs without resorting to antigen
specific T cells. Moreover, in the case in which tumor-specific T cells
could be readily obtained, the concomitant chemotherapeutic agent
delivery could in principle be combined with tumor-antigen specific T
cells [94].



Fig. 8. (A) T cell functionalization and cell-mediated delivery of SN-38 nanocapsules (NCs) into tumors. (B) Bioluminescence images of tumor burden on day 16 formice treatedwith PBS,
SN-38, SN-38 nanocapsules and SN-38 nanocapsules tethered to a T cell carrier (NC-T). (C) Overall survival. ***P b 0.001 by log-rank test.
From [94]. Reprinted with permission from AAAS.
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3.2.3. Conjugation through disulfide bond formation
In addition to covalent attachment of maleimide functionalized

liposomes or polymer nanoparticles, cell surface thiol groups also
provide the possibility to anchor nano- or microsized carriers via
disulfide bonds. Wayteck et al. e.g. used this strategy to attach
pyridyldithiopropionate functionalized liposomes to the surface of
CD8+ T cells [96]. These surface-engineered T cells were proposed to
serve two purposes: (i) to allow direct killing of tumor cells and (ii) to
enhance the delivery of drug loaded liposomes to the tumor tissue
and kill T cell refractory tumor cells. The reversible nature of the disul-
fide linkage is envisioned as a tumor-specific trigger for liposome de-
tachment in the tumor microenvironment where higher extracellular
concentration of glutathione arises from dead cells and where several
thiolytic proteins, such as thioredoxin are overexpressed. Liposome
conjugation to T lymphocytes did not interferewith cell proliferative ca-
pacity after T cell activation, nor affected their cytotoxic function. In
vitro liposome detachment was effective at glutathione concentrations
of 2 mg/mL and accounted for the release of approx. 50% of all surface
bound nanocarriers.
3.2.4. Conjugation through Schiff base formation
Yang and coworkers coupled quantum dots and PAMAM

dendrimers which were modified with amine derivatized PEG to the
surface of RAW 264.7 macrophages via Schiff base formation [97]. To
this end, first the RAW 264.7 macrophages were pretreated with sodi-
um periodate to generate aldehyde groups on the cell surface. Then,
the cells were treated with amine functionalized dendrimers or quan-
tum dots. If desired, the imine bond could subsequently be reduced
with sodium cyanoborohydride to form a stable secondary amine link-
age. The distribution of nanoparticles was assessed by confocal micros-
copy. Although partly internalized, the fate of these nanoparticles
(typically in the range of 10 nm or smaller) depends on the nature of
the covalent linkage and showed a bias for cell wall immobilization
that was more pronounced when nanoparticles were linked to the cell
surface via reductive amination.

3.2.5. Coupling through strain-promoted azide-alkyne cycloaddition
(SPAAC)

The Yang laboratory also reported the surface modification of RAW
264.7 macrophages with PAMAM dendrimers using a metal free,
bioorthogonal click reaction [98]. In this example, first azide moieties
were metabolically incorporated into the cell surface. The cell surface
azide groups were subsequently reacted with cyclooctyne functional-
ized PAMAM dendrimers in a strain-promoted azide-alkyne cycloaddi-
tion reaction. Dendrimers are interesting in this context as they can
transport a high payload of anticancer drugs. Cell surface attachment
predominantly yielded membrane bound dendrimers and significantly
reduced their uptake as compared to unfunctionalized dendrimers
which were mostly internalized. The hybridization process using this
bioorthogonal ligation has a negligible effect on macrophage viability
and their motility also remained unaffected after functionalization.

4. Conclusions and outlook

The aim of this article has been to provide an overview on the use of
surface-engineered cells to mediate the delivery of synthetic nano- and
microparticles. This is a very exciting and rapidly evolving area of re-
search with great clinical potential. The variety of cell types that has
been explored as well as the diversity of cell surface conjugation chem-
istries that are available provide a wide range of opportunities to gener-
ate nano- or microparticle decorated cells that are tailored towards a
specific indication. Important challenges related to cell surface modifi-
cation with synthetic nano- and microparticles are (i) whether cellular
function remains intact after modification and (ii) whether the nano-
or microcarrier remains attached to the cell surface in the systemic
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circulation upon exposure to shear forces, cell-cell and cell-wall interac-
tions or during endothelial diapedesis. The development of novel, re-
fined cell surface conjugation approaches could help to address these
challenges. Genetic engineering [99] or evolutionary methods such as
cell-SELEX and phage display could provide interesting solutions to se-
lectively attach a synthetic material to the cell surface with high avidity
and without compromising cellular functions. Ideally, cell-mediated
drug delivery should enhance targeting of the drug loaded synthetic
nano- or microcarrier and reduce off-target delivery. Although surface
modified cells have been successfully used to facilitate delivery of
nano- and microparticle-based carriers to the target site, a challenge
that has received only comparably little attention is the release of the
drug and/or drug loaded carrier from the cell surface upon arrival at
the target site. This release and the mechanism that triggers it depends
on themicroenvironmentwhere the drug is to be delivered and then on
the nature of the pathological condition. The targeted release of nano-
particles at the tissue-level in the context of cell-mediated delivery is
closely related to the field of stimuli-responsive nanomedicines and
the same mechanisms can be applied here for delivery to tumor micro-
environment, sites of inflammation or infection for instance [100,101].
There are in principle three main endogenous stimuli that can be used
to trigger the liberation of nano- or microparticles from a cell surface:
a lowered interstitial pH, a difference in redox status or an increased
level of extracellular enzymes such as protease, phospholipase or glyco-
sidases. For example, using a pH sensitive linkage or a pH sensitive poly-
mer or biodegradable nano- or microparticles may promote the release
of the drug-loaded carriers or of the encapsulated drug in a slightly acid-
ic environment typically encountered in tumor tissues. Furthermore,
and in particular in case drugs are used that act on intracellular targets,
the nano- or microcarrier needs to be designed such as to e.g. enhance
cellular internalization as well as trafficking and delivery of the active
compound to the appropriate organelle, taking advantage of the differ-
ent intracellular pH, redox status and enzyme concentration.Ultimately,
combining cell-mediated delivery with precision polymer nanocarriers
could allow (i) an initial delivery mediated by a cellular vehicle to the
site of disease and in a second step (ii) liberation of an effective
nanomedicine that will precisely release its drug component directly
at its site of action. An interestingfirst proof of principle study that dem-
onstrates the feasibility of this approach was reported by Mooney et al.
who decorated neural stem cells with docetaxel loaded pH responsive
particles via a pH cleavable linker [40]. The concept of cell mediated de-
livery can be taken one step further if cells are not only used to mediate
transport of nano- ormicroparticle based carriers, but also play an active
therapeutic role. A nice example of this approach is the work by
Wayteck et al. [96], which synergistically combines the direct tumor
cell killing properties of cytotoxic T-cells with their ability to enhance
delivery of drug-loaded nanoparticles to tumor tissue. The nanoparti-
cles are liberated from their cellular carriers via a redox-sensitive link-
age. This last example represents the state-of-the art technology in
term of combination of cell therapy and cell-mediated drug delivery.
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