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Abstract: The ability to engineer and re-program the surfaces
of cells would provide an enabling synthetic biological method
for the design of cell- and tissue-based therapies. A new cell
surface-engineering strategy is described that uses lipid-chemi-
cally self-assembled nanorings (lipid-CSANs) that can be used
for the stable and reversible modification of any cell surface
with a molecular reporter or targeting ligand. In the presence of
a non-toxic FDA-approved drug, the nanorings were quickly
disassembled and the cell–cell interactions reversed. Similar to
T-cells genetically engineered to express chimeric antigen
receptors (CARS), when activated peripheral blood mononu-
clear cells (PBMCs) were functionalized with the anti-
EpCAM-lipid-CSANs, they were shown to selectively kill
antigen-positive cancer cells. Taken together, these results
demonstrate that lipid-CSANs have the potential to be
a rapid, stable, and general method for the reversible engineer-
ing of cell surfaces and cell–cell interactions.

The ability to coordinate and control cell–cell interactions is
a prerequisite for the evolution and development of multi-
cellular life forms. Tissues and organs, such as the central
nervous system and immune system, for example, are
composed of multiple cellular types. The functioning of
these systems is highly dependent on the expression of cell
membrane ligands and receptors that direct the interaction
between cells. Clearly, the development of approaches for the
controlled display of ligands and receptors on cell surfaces
would greatly facilitate the ability to manipulate the inter-
actions of cells with other cells and tissues. Furthermore, these
methods could also be used to track the behavior of cells
in vivo by labeling cells with either optical, radiological, or
MRI-detectable probes. A number of approaches have been
devised for the re-engineering of cell surface.[1] Bertozzi and
Francis have taken advantage of the promiscuity of glycan
biosynthesis to randomly terminate cell surface glycoproteins
with azidoneuramimic acid, followed by conjugation by click

chemistry to oligonucleotides,[2] thus enabling control over
cell–cell interactions by differential conjugation to comple-
mentary oligonucleotides.[3] Chemical cross-linking methods
have also been developed that rely on the random biotiny-
lation of cell surface macromolecules, followed by tethering
to a ligand through avidin binding.[4] Although clever, the lack
of specificity of these approaches may lead to unforeseen
disruptions in either intracellular and extracellular glycopro-
tein biosynthesis or cell membrane function. Furthermore,
while covalent modifications are highly stable, depending on
the turnover of the membrane protein or oligosaccharide,
they are not reversible.

Non-covalent cell-surface modification approaches have
received far less attention. Membrane intercalating proteins
or peptides have been conjugated to a phospholipid or fatty
acids or linked recombinantly to glycosylphosphatidylinositol
(GPI).[5] Chemically reactive fatty acids have been incorpo-
rated into liposomes and when allowed to fuse to cell
membranes provide chemical conjugation sites to cellular
membranes.[6] Although reactive fatty acids have been shown
to distribute to the membranes of other cellular organelles,
the ability to control cell adhesion to surfaces, including other
cells, has been demonstrated.[6] Unfortunately, although
membrane protein function may not be directly affected,
the association half-life of proteins conjugated to fatty acids
or phospholipids is relatively short, ranging from one to two
hours.[5, 7] Non-cytotoxic polymers have been used to coat
cells, while methods have been developed for adhering
polyelectrolyte multilayer (PEM) patches to cells using
photolithography.[8] While the stability of the association of
either polymer or electrolytes to cells is impressive, the
modifications are irreversible and, particularly for photo-
lithography, the number of cells that can be modified is
limiting. By far the most advanced cell surface modification
methods are those that rely on molecular biological tech-
niques to genetically engineer cells to express receptors or
ligands. For example, T-cells of adult lymphocytic leukemia
(ALL) patients have been engineered to express an anti-
CD19 single-chain antibody fused to CD3e, referred to as
chimeric antigen receptors (CARs).[9] The engineered CARs
T-cells have demonstrated a remarkable ability to suppress B-
lymphocytic tumor growth clinically.[10] Nevertheless, the
relatively low transfection efficiency of these methods and
the unknown clinical outcome of long lived genetically
modified cells are challenges that remain to be addressed.[11]

Consequently, a non-genetic approach that would allow the
rapid, stable, and reversible modification of membranes with
one or more ligands would provide a complementary syn-
thetic biological method for the re-programming of cell
surfaces.
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Our laboratory has developed a method for the engineer-
ing and preparation of chemically self-assembled nanorings
(CSANs).[12] CSANs are prepared by taking advantage of the
power of high affinity chemically induced dimerization.[13]

Previously, we had found that when mixed with a covalently
linked dimer of the dihydrofolate reductase (DHFR) inhib-
itor methotrexate (bisMTX), DHFR forms highly robust
protein dimers with an affinity of approximately 10�11

m.[12]

When one DHFR is recombinantly fused through an encoded
linker peptide to another DHFR (yielding DHFR-DHFR or
DHFR2), we observe spontaneous and rapid self-assembly
into CSANs, whose diameter is dependent on the length and
composition of the linker peptide (13 amino acid linker =

dimer, 1 amino acid linker = octamer).[14] The rings exhibit
high stability with Tms ranging from 63–66 8C (Supporting
Information, Figure S7). Single-molecule experiments have
also confirmed that even at picomolar concentrations, nearly
70% of the nanorings remain intact (unpublished data). As
the CSANs exhibit the properties of a stable scaffold, we have
prepared CSANs recombinantly fused to single-chain anti-
bodies (scFvs) and peptides that target cell-surface recep-
tors.[14,15] The resulting monovalent, bivalent, or octavalent
targeted CSANs were found to selectively bind targeted
cellular receptors. For example, octavalent anti-CD3 CSANs
were shown to bind CD3 + lymphocytic cells with an affinity
of 0.9 nm,[14] while CSANs displaying the cyclic-RGD peptide
were shown to target avb3 on breast cancer cells and deliver
antisense DNA.[15]

Recently, we have expanded the utility of CSANs by
designing and preparing new bis(MTX) chemical dimerizers
that contain a third arm with a reactive group capable of being
conjugated to fluorophores, drugs, and oligonucleotides.[15,16]

Furthermore, we have demonstrated that CSANs can
undergo rapid disassembly, both extra- and intracellularly,
in the presence of clinically relevant doses of the non-toxic
FDA approved bacterial DHFR inhibitor, trimethoprim; thus
affording pharmacological and therefore temporal control of
their interactions with cells and tissues.[14, 16a]

Given our experience with targeted CSANs, we hypothe-
sized that 1) stable membrane intercalating lipid-CSANs
might be prepared from DHFR2 and bis-MTX conjugated
to a phospholipid; 2) 100% of the cells would be stably
modified when treated with lipid-CSANs; and 3) the lipid-
CSANs can be easily removed by exposure to trimethoprim
(Scheme 1). If successful, our approach would offer an
alternative strategy for the reversible reprogramming of cell
surfaces and consequently cell–cell interactions.

We first synthesized a phospholipid-PEG-bis(methotrex-
ate) 3 by preparing bis(MTX) containing a free thiol (2) from
the protected trifunctional bis(MTX) compound
1 (Scheme 2). Compound 2 was then conjugated to dipalmi-
toyl phosphatidyl containing a PEG linker and a terminal
maleimide in phosphate buffer, pH 7, yielding 3 (Scheme 2;
Supporting Information). To insure that the glycocalyx on the
cell surface would not hinder binding of the lipid-CSANs, we
hypothesized that the combined length of the PEG linker of
greater than 30 nm would facilitate cell surface binding of the
lipid-CSANs, while the incorporation of dipalmitoyl phos-

photidyl choline would enable rapid and stable insertion into
cell or liposomal membranes.[17]

To test our hypothesis, we first fluorescently labeled
DHFR2 proteins containing a thirteen amino acid linker (13-

Scheme 1. Cell–cell assembly and disassembly with targeted lipid-
CSANs. The representation shows the self-assembling formation of the
lipid-CSANs from a recombinant fusion protein of DHFR-DHFR
(DHFR2) and a targeting scFv or peptide, followed by spontaneous
insertion into the lipid bilayer of a cell membrane (cell A). Incubation
with the target cells (cell B) that over-express receptor (X) results in
directed cell–cell interactions. In the presence of an excess of
trimethoprim, the directed cell–cell interactions undergo rapid disas-
sembly.

Scheme 2. Synthesis of phospholipid-PEG-bis(methotrexate) (3). See
the Supporting Information for experimental details.
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DHFR2) at an inserted C-terminal cysteine with the dye,
Bodipy. Incubation of each protein with 3, as observed by
size-exclusion chromatography (SEC), resulted in the pre-
dicted formation of the corresponding bivalent lipid-CSANs
(Supporting Information, Figure S2). The T-leukemia cell
line, HPB-MLT, was then treated directly with the fluores-
cently labeled lipid CSANs. As can be seen from Figure 1A:I,
the cell membranes were rapidly and uniformly labeled.
When the concentration is lowered, the lipid CSANs were
found to associate with distinct regions of the cell membrane
that coincide with lipid raft staining (Supporting Information,
Figure S3). When labeled cells were washed hourly, no loss of
the lipid CSANs was observed over the course of three and
half hours (Supporting Information, Figure S4). Over the
course of 24, 48, and 72 h, confocal microscopy analysis
revealed little or no loss of the lipid CSANs from the cell
membrane following washing of the cells every 24 h (Sup-
porting Information, Figure S5).

When quantitated by flow cytometry analysis by measur-
ing the mean fluoresence, an 8% loss of the lipid CSANs was
observed over the first 24 h, followed by 80% loss over the
next 24 h (48 h) and no appreciable loss over the final 24 h
(72 h) (Supporting Information, Figure S6). As the binding
thermodynamics of the lipid-CSANs to the membrane should
not vary with time, the effect of dilution due to cellular
division is likely to be the reason for the observed lower
concentration of the observed lipid-CSANs on the cell surface
over this time period, as well at the heterogeneity of lipid raft
formation.

To investigate the ability of lipid-CSANs to not only
modify the cell surface but also direct cell–cell interactions,
we chose to prepare lipid-CSANs capable of targeting the
cancer antigen epithelial cell adhesion molecules (EpCAM).

Epithelial cell adhesion mole-
cules (EpCAM) are single
transmembrane glycoproteins
that are involved in the regula-
tion of cell–cell adhesion and
are over-expressed on a number
of epithelial cancers, including
colorectal, pancreatic, liver,
ovarian, and breast cancer.[18]

Furthermore, cancer stem cells
have been shown to express
EpCAM. We therefore chose
to extend our approach by
fusing an anti-EpCAM scFv to
both 1-DHFR2 and 13-DHFR2.
These proteins were then
treated with 3, thus forming
anti-EpCAM bivalent and mul-
tivalent lipid-CSANs (anti-
EpCAM-lipid-CSANs). The
ability of HPB-MLT cells
treated with anti-EpCAM-
lipid-CSANs to bind to the
EpCAM positive breast cancer
cell line, MCF-7 was then deter-
mined. As can be seen from

Figure 1A:II–IV, after washing, untreated HPB-MLT cells
did not adhere to MCF-7 cells. However, based on cell image
analysis 50- and 70-fold more HPB-MLT cells treated with
either the bivalent and octavalent anti-EpCAM CSANs,
respectively, were found bound to MCF-7 cells after washing
(Figure 1I,III; Supporting Information, Table S1). Further
analysis revealed that the anti-EpCAM-lipid-CSANs treated
HPB-MLT cells tended to be found associated with cell
junctions, which are known to be EpCAM-rich.[19]

Previously we have shown that upon the addition of
excess trimethoprim, a non-toxic competitive inhibitor of
DHFR, CSANs can undergo rapid extracellular and intra-
cellular disassembly.[14, 16a] To determine if the HBP-MLT cells
treated with anti-EpCAM-lipid-CSANs could be released
when bound to MCF-7 cells, we incubated HPB-MLT cells
that had been functionalized with anti-EpCAM-lipid-CSANs
and bound to MCF-7 cells with a twenty fold excess of
trimethoprim for 2 h. As can be seen in Figure 1 B:II, IV, cells
bearing both the bivalent and multivalent anti-EpCAM-lipid-
CSANs were released from the MCF-7 cells, resulting in a loss
of approximately 85 % of the HPB-MLT cells over this time
period (Supporting Information, Table S1). Following our
initial success redirecting anti-EpCAM-lipid-CSAN-modified
HPB-MLT cells towards MCF-7 cells, we next applied our
method toward directing T-cells to induce target cell apop-
tosis. Activated PBMCs were first treated with anti-EpCAM-
lipid-CSANs (1 mm) for two hours, centrifuged to remove
excess anti-EpCAM CSANs, and incubated with MCF-7 cells
at various ratios of PBMCs/MCF-7 cells (E/T) for 4 h. The
amount of cell lysis was determined by the lactate dehydro-
genase (LDH) release assay and compared to non-function-
alized PBMCs and PBMCs treated with an irrelevant anti-
CD22-lipid-CSANs.[20] After 4 h, a twofold increase in cell

Figure 1. Confocal images of lipid-CSAN-induced cell–cell association and dissociation. A) HPB-MLT (T-
leukemia, cells DAPI stained nucleus (blue)) cells treated with Bodipy (green) labeled bivalent lipid-
CSANs (I). MCF-7 (EpCAM+ , DAPI stained nucleus blue) cells incubated with untreated HPB-MLT
(CFSE stained green) (II). HPB-MLT cells pretreated with bivalent (III) or octavalent (IV) anti-EpCAM lipid
CSANs, respectively, and MCF-7 cells. B) HPB-MLT cells treated with bivalent (I and II) or octavalent (III
and IV) anti-EpCAM lipid CSANs and incubated with MCF-7 cells, followed by washing with media (I and
III) or washing followed by treatment with excess trimethoprim (II and IV). See the Supporting
Information for details and Table S1 for cell binding statistics.
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lysis was observed for E/T ratios ranging from 1:1 to 50:1
compared to untreated or irrelevant controls, with 90% cell
lysis achieved at an E/T ratio of 50:1 (Figure 2A; Supporting
Information, Figure S7). These results compare favorably
with the observed induced cell lysis of EpCAM positive tumor
cells in vitro for anti-CD3 X anti-EpCAM bispecific anti-
bodies over the same time period.[21] To determine the
dependence of the observed T-cell induced cell lysis on the
loading concentration of the anti-EpCAM-lipid-CSANs, the
amount of cell lysis was determined for variable concentra-
tions of anti-EpCAM-lipid-CSANs at a fixed E/T ratio of
10:1. As can be seen from Figure 2B, for 1.5 � 105 cells,
a concentration as low as 50 nm of the anti-EpCAM-lipid-
CSANs was able to generate maximum cell lysis.

To observe the selectivity of anti-EpCAM-lipid-CSAN-
modified PBMCs, we performed time-lapse microscopy. Our
target MCF-7 cells were co-cultured with EpCAM-negative

U87 glioblastoma cells at a one to one ratio. Upon the
addition of anti-EpCAM CSANs treated PBMCs (at a E/T
ratio of 1:2), we observed, over the course of 20 h, specific and
selective cell lysis of the MCF-7 cells, while the U87 cells
remained healthy and maintained a normal morphology
(Figure 2C). While the U87 cells continued to divide and
move along the plane of the plate, the anti-EpCAM-lipid-
CSAN-modified PBMCs were effectively redirected towards
the MCF-7 cells resulting in the initiation of apoptosis
between 5 and 15 h (Supporting Information, Movie 1). Cell
blebbing, plasma membrane disruption, and in some cases cell
rupture were observed (Figure 2C). In contrast, when MCF-7
and U87 cells were incubated with untreated activated
PBMCs, no apparent cell lysis was observed (Supporting
Information, Movie 2). Consistent with these observations,
cytotoxicity studies demonstrated that while the cytotoxicity
of the modified PBMCs to MCF-7 cells was significantly

Figure 2. Redirected cell lysis of tumor cells upon incubation with anti-EpCAM lipid-CSAN-modified T-cells. A) Red: Lysis of MCF-7 breast cancer
cells over a four-hour incubation time with activated T-cells at varying effector to target (E/T) ratios. Blue: enhanced cell lysis can be observed in
the presence of redirected octavalent antiEpCAM lipid-CSAN-treated activated T-cells. ***= P<0.0025. B) Anti-EpCAM lipid-CSAN concentration-
dependent cell lysis. Activated PBMCs were treated with varying concentrations of octavalent anti-EpCAM lipid-CSANs, and were then incubated
with MCF-7 cells at an E/T ratio of 10:1. ***=P<0.003, ** =P�0.05. C) Cell-specific lysis upon incubation with octavalent anti-EpCAM lipid-
CSAN-modified T-cells visualized over 20 h (0, 5, 15 and 20 hour time points shown) through time-lapse video microscopy. Cells were cultured at
a ratio of two MCF-7 cells to two U87 cells to one PBMC. Left column: a co-culture of MCF-7 breast cancer cells (gray, EpCAM+) and U87
glioblastoma cells (red, EpCAM-) that has been treated with activated T-cells. Right column: octavalent anti-EpCAM lipid-CSANs redirected
towards the EpCAM+ MCF-7 cells show an enhanced, cell-specific lysis of MCF-7 cells over EpCAM- U87 cells. White arrows point towards
healthy U87 cells, while the white dotted circle encompasses a group of targeted MCF-7 cells. See the Supporting Information for experimental
details.

Angewandte
Chemie

5115Angew. Chem. Int. Ed. 2014, 53, 5112 –5116 � 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


enhanced, no enhanced cytotoxicity to U87 cells was observed
(Supporting Information, Figure S6). Thus, the anti-EpCAM-
lipid-CSANs are able to not only redirect PBMCs towards the
intended target cells, but also to cause selective target antigen
directed cell lysis.

Taken together, our results demonstrate that CSANs can
be used as a molecular scaffold to stably and non-genetically
engineer cell surfaces. Furthermore, temporal pharmacolog-
ical control over the designed cell–cell interactions can be
exerted by treatment with the non-toxic FDA approved
antibiotic, trimethoprim. The application of our approach to
the design of anti-EpCAM-lipid-CSANs demonstrates that
this approach has the potential to be a complementary
method for quickly exploring the feasibility of a ligand for
adoptive T-cell therapy, as well as a general approach for the
development of a synthetic biological method for the
reversible modification of cell surfaces and the engineering
of cell–cell interactions.
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