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g cells with cucurbit[7]uril-based
supramolecular polymer chemistry: from cell
surface engineering to manipulation of subcellular
organelles†

Fang Huang,ab Jiaxiong Liuab and Yiliu Liu *ab

Supramolecular polymer chemistry, which closely integrates noncovalent interactions with polymeric

structures, is a promising toolbox for living cell engineering. Here, we report our recent progress in

exploring the applications of cucurbit[7]uril (CB[7])-based supramolecular polymer chemistry for

engineering living cells. First, a modular polymer-analogous approach was established to prepare

multifunctional polymers that contain CB[7]-based supramolecular recognition motifs. The

supramolecular polymeric systems were successfully applied to cell surface engineering and subcellular

organelle manipulation. By anchoring polymers on the cell membranes, cell–cell interactions were

established by CB[7]-based host–guest recognition, which further facilitated heterogeneous cell fusion.

In addition to cell surface engineering, placing the multifunctional polymers on specific subcellular

organelles, including the mitochondria and endoplasmic reticulum, has led to enhanced physical contact

between subcellular organelles. It is highly anticipated that the CB[7]-based supramolecular polymer

chemistry will provide a new strategy for living cell engineering to advance the development of cell-

based therapeutic materials.
Introduction

Engineering living cells with synthetic materials is emerging as
a powerful strategy for biotechnology innovation.1–12 Engineered
cells with modulated or augmented cellular functions have
applications in various elds, ranging from therapeutical
agents to living so materials.13–19 For example, cell surface
engineering modulating communications between the cell and
its surrounding environment has led to unique applications
such as selective cell-based therapy,20–22 targeting drug delivery
systems,23–26 universal blood,27,28 and cell cryopreservation.29,30

In addition to molecular engineering of cell surfaces, substan-
tial progress has also been made in manipulating the subcel-
lular organelles to regulate cellular functions. Strategies for
organelle-targeted intracellular synthesis and in situ self-
assembly have been established to controllably interfere with
cellular behaviors, including cell migration, proliferation, and
apoptosis.31–35
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mation (ESI) available. See

the Royal Society of Chemistry
Synthetic polymers are one of the most popular articial
materials used in living cell engineering, mainly because of
their accessibility and structural diversity.36,37 Nevertheless,
the current demand for precision, modularity, and complexity
creates further challenges in developing advanced polymeric
systems. The emerging application of DNA technology in living
cell engineering is an example.38–42 With programmable
sequencing and precise base pairing, delicate DNA nano-
structures with high modularity can be controllably con-
structed inside the cell or on cell surfaces. With the success of
DNA systems from a polymer perspective, the integration of
specic noncovalent recognition with a structure-controlled
polymer is key. As a result, supramolecular polymer chem-
istry that integrates synthetic polymers with noncovalent
interactions may provide new methods for living cell
engineering.43–48

Cucurbituril-based host–guest recognition has been widely
used in constructing supramolecular architectures.49–52 In
particular, cucurbit[7]uril (CB[7]), which has an ultra-strong
binding affinity (Ka > 109) toward specic guests, such as ada-
mantanes or ferrocenes in aqueous solution, retains its high
delity of guest recognition within complex biological environ-
ments.53–59 Recently, Wang and coworkers demonstrated that CB
[7]-based recognition can be used to anchor drug-loading lipo-
somes on macrophages for cell-hitchhiking delivery.60 In a sepa-
rate study, they also showed that a multivalent CB[7]-graed
Chem. Sci., 2022, 13, 8885–8894 | 8885
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hyaluronic acid can induce mitochondrial aggregation and
fusion via host–guest coupling.61 These pioneering works
demonstrate that the CB[7]-based host–guest interactions hold
great promise in engineering living cells.

Herein, we report our recent progress in exploring the
applications of CB[7]-based supramolecular polymer chemistry
in living cell engineering (Scheme 1). First, considering that the
current CB[7]-decorated polymers are mostly limited to simple
polyethene glycols (PEGs) or naturally derived polymers, we
established a polymer-analogous synthetic approach to modu-
larly expand the CB[7]-based supramolecular polymer system.
As a result, different polymers with desired functional motifs,
including CB[7] or its counterpart guest groups, organelle-
targeting ligands, as well as uorescence probes, were simply
synthesized. These polymers were further applied to different
applications of living cell engineering. On one hand, polymers
with cell membrane anchoring moieties can effectively modify
the surfaces of cancer cells and dendritic cells. Cell–cell inter-
actions between dendritic cells and cancer cells were estab-
lished by the CB[7]-based noncovalent recognition, which
further led to heterogeneous cell fusion. On the other hand,
specically targeting subcellular organelles, including the
endoplasmic reticulum (ER) and mitochondria (MITO), was
achieved by introducing corresponding targeting ligands onto
the polymers. Enhanced contact between the ER and MITO was
successfully realized by the host–guest recognition between the
polymers.
Scheme 1 Engineering living cells with cucurbit[7]uril-based supramole

8886 | Chem. Sci., 2022, 13, 8885–8894
Results and discussion
Polymer design and modular synthesis

In our design, the desired polymers were decorated with CB[7]
or its counterpart guest group. Adamantane was chosen as the
guest group because of its high binding affinity to CB[7]. In
addition to the supramolecular recognition pair, targeting
ligands were introduced to the polymers for anchoring the
polymers at specic cellular locations. For cell surface
anchoring, polymeric side chains that contain double hydro-
phobic alkyl chains (DSPE) were introduced. The hydrophobic
alkyl chains can insert into the lipid bilayer of the cell
membrane, xing the polymers to the cell surfaces.62 For
organelle anchoring, two widely used targeting ligands, a p-
toluenesulfonyl (Tosyl) group and a triphenylphosphonium
(TPP) group, were chosen for specic ER and MITO locating,
respectively.63,64 In addition, naphthalimide-based uorophore
(NTI) with green emission and cyanine 5 (Cy5) with red emis-
sion were introduced as uorescence probes to track the loca-
tion of the polymers using confocal laser scanning microscopy
(CLSM). The structures of the designed polymers are shown in
Fig. 1.

A polymer-analogous approach was used to synthesize the
designed polymer modularly.65,66 First, precursor polymers
containing active ester moieties were synthesized via ring-
opening metathesis polymerization (ROMP). Precursor poly-
mers with a degree of polymerization of 30 (NB30-PF5) and 50
(NB50-PF5) were obtained with a standard ROMP protocol using
cular polymer chemistry.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 The design of the multi-functional polymers toward living cell engineering.
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a norbornene monomer with a pentauorophenyl ester group
(Fig. S4 and S5†).67 Because of the high reactivity of the penta-
uorophenyl ester groups toward amines, the desired multi-
functional polymers were prepared by directly reacting the
precursor polymers with varied functional molecules with
amino groups. One more step with a copper-catalyzed azide–
alkyne cyclo-addition reaction (CuAAC) was required to obtain
the CB[7]-containing polymers. As shown in Fig. 2, reacting the
precursor polymer NB50-PF5 with the amino-containing mole-
cules 1–4 produces the azide-containing polymer NB50-DSPE-
N3. NB50-DSPE-CB[7] was readily obtained with the CuAAC
reaction between the azide groups with the alkynyl functional-
ized CB[7].68 The polymers were dialyzed and then characterized
by 1H NMR and gel permeation chromatography (GPC). The
detailed synthetic procedure and characterization information
are in the ESI (Fig. S14–S17 and Table S1†). Specically, NB50-
DSPE-CB[7] and NB50-DSPE-Ada, which contain double alkyl
chains for cell membrane insertion, were prepared for cell
surface engineering. NB30-ERT-CB[7] and NB30-TPP-Ada, as well
© 2022 The Author(s). Published by the Royal Society of Chemistry
as their uorophore-free analogue polymers, NB30-ERT-CB[7]-2
and NB30-TPP-Ada-2, were used for the manipulation of
subcellular organelles (Fig. 1 and Table 1).

Cell surface engineering toward heterogeneous cell fusion

Dendritic cells (DCs) are the most potent and crucial antigen-
presenting cells in the body that can directly capture and
process antigens of cancer cells, then present these cancer-
specic antigens to immune cells to elicit an immune
response against the cancer epitopes.69 DC fusion vaccines have
shown great potential for clinical efficacy. Fusing DCs with
inactivated tumor cells enable DCs to obtain all of the antigen
information of tumor cells and preserve their native antigen
presentation properties.70 However, homogeneously and
heterogeneously fused cells were randomly obtained in the
process of fusion, and selectively inducing heterogeneous cell
fusion is of great concern when preparing efficient a DCs/tumor
fusion vaccine. Selective cell–cell attachment is important for
heterogeneous cell fusion.71 Recently, Teramura and coworkers
Chem. Sci., 2022, 13, 8885–8894 | 8887
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Fig. 2 Polymer-analogous reaction. The synthesis of CB[7]-containing polymer NB50-DSPE-CB[7] is used as an example.

Table 1 Composition of the multifunctional polymersa

Polymer Ligand S-Motif Dye a b c d n

NB50-DSPE-CB[7] DSPE CB[7] NTI 0.10 0.10 0.06 0.74 50
NB50-DSPE-Ada DSPE Ada Cy5 0.10 0.10 0.02 0.78 50
NB30-ERT-CB[7] Tosyl CB[7] NTI 0.10 0.10 0.06 0.74 30
NB30-ERT-CB[7]-2 Tosyl CB[7] — 0.10 0.10 — 0.80 30
NB30-TPP-Ada TPP Ada Cy5 0.10 0.10 0.02 0.78 30
NB30-TPP-Ada-2 TPP Ada — 0.10 0.10 — 0.80 30

a Ligand: targeting ligands; S-motif: supramolecular motif; Dye:
uorophore.
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modied cell membranes with two poly(ethylene glycol)-lipid
(PEG-lipid) derivatives carrying a pair of recognizable oligo-
peptides to induce cell–cell attachment, which greatly reduced
the non-specic fusion between cells and enhanced the effi-
ciency of cell fusion.72 On the basis of the high guest specicity
and strong binding affinity of CB[7]-based host–guest recogni-
tion, CB[7]-based supramolecular polymer chemistry may
provide a new method to promote heterogeneous cell fusion.

In this study, human prostate cancer cells (PC-3) and
dendritic cells (DC 2.4) were used as model cell lines, and NB50-
DSPE-CB[7] and NB50-DSPE-Ada were chosen as supramolecular
polymer systems. Prior to cell surface anchoring, the cytotoxicity
of NB50-DSPE-CB[7] and NB50-DSPE-Ada were evaluated by
a CCK-8 assay. Both of the polymers exhibited no obvious
toxicity toward PC-3 or DC 2.4 cells aer 24 h of incubation over
a range of concentrations (Fig. S22†). The anchoring ability of
the polymers on cell surfaces was then investigated. PC-3 and
DC 2.4 cells were modied with NB50-DSPE-CB[7] and NB50-
DSPE-Ada, respectively, at a concentration of 500 mg mL�1. The
polymers with the uorophores were tracked using CLSM. As
shown in Fig. 3, aer an incubation of 25 min, NB50-DSPE-CB[7]
(green) and NB50-DSPE-Ada (red) were successfully labeled on
the cell surfaces with minimal internalization. The retention of
the polymers on the cell surfaces was also investigated. As
conrmed by CLSM, NB50-DSPE-CB[7] remains on the surface of
8888 | Chem. Sci., 2022, 13, 8885–8894
the PC-3 cells even aer 24 h, albeit with less uorescence
intensity. In contrast, NB50-DSPE-Ada was gradually internal-
ized into the DC 2.4 cells in approximately 3 h (Fig. S18†), which
was likely attributed to the hydrophobic and positively charged
moieties on the polymers, such as Ada and Cy5, facilitating the
cellular internalization.73

Fresh surface-engineered PC-3 and DC 2.4 cells were mixed
and shaken at 300 rpm for 30 min. The interaction of the two
types of cells was evaluated by CLSM and ow cytometry. A
representative CLSM image is shown in Fig. 4b, and apparent
heterogeneous cell aggregation was observed. As a control, PC-3
cells modied with NB50-DSPE-N3 and DC 2.4 cells modied
with NB50-DSPE-Ada were mixed and shaken. In the control, no
CB[7] was on the surface of the PC-3 cells, which means no
host–guest recognition existed. As shown in Fig. 4b, the cells
were individually distributed in the confocal dish with little
aggregation. The cell aggregation was mostly attributed to the
CB[7]-based host–guest recognition. The dynamic action of cell
aggregation was also carefully studied by time-dependent
scanning of the cells aer the shaking procedure (Fig. S19†).
Most of the cells were rmly bound together and not moving,
which means these cells were already attached to each other via
interfacial polymer assembly that occurred during shaking.
Interestingly, there were still a few stray cells that moved around
and gradually attached to the other type of cells. The process
appears to be purposeful rather than a random action, which is
attributed to the CB[7]-based recognition. In addition to the
CLSM imaging, a quantitative evaluation of the cell aggregation
was performed using ow cytometry. As shown in Fig. 4c, no
obvious aggregation was detected in the control sample; an
aggregation degree of only 3.52% was expressed in the Q2
quadrant of the scatter plot. In contrast, the aggregation ratio
increased signicantly to 54.9% for the cells modied with
NB50-DSPE-CB[7] and NB50-DSPE-Ada. Overall, the results
conrmed that the cell–cell interactions could be established by
applying the CB[7]-based supramolecular polymer systems,
which provides a biocompatible, specic, and efficient
approach to realize heterogeneous cell assembly.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 CLSM images of PC-3 and DC 2.4 cells modified with NB50-DSPE-CB[7] (green) and NB50-DSPE-Ada (red), respectively.
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With the successful realization of heterogeneous cell
attachments, inducing cell fusion to create hybrid cells was
investigated. The conventional PEG approach was applied to
induce cell fusion. Briey, PC-3 cells modied by NB50-DSPE-CB
Fig. 4 (a) Schematic illustration of the heterogeneous cell–cell attach
aggregation of PC-3 and DC 2.4 cells by treating with NB50-DSPE-CB[7]
cytometry.

© 2022 The Author(s). Published by the Royal Society of Chemistry
[7] were mixed with equal number of DC 2.4 cells modied by
NB50-DSPE-Ada. The mixture was shaken for 30 min to allow for
sufficient heterogeneous cell attachment. The mixture was then
treated with a 50 wt% PEG solution to induce cell fusion.72 Aer
ment. (b) CLSM images and (c) flow cytometry analysis showing the
and NB50-DSPE-Ada. (d) The ratio of cell aggregation analyzed by flow

Chem. Sci., 2022, 13, 8885–8894 | 8889
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Fig. 5 CLSMmerged images of heterogeneous cell fusion taken at 0 h and 24 h. PC-3 cells (modified with NB50-DSPE-CB[7], green) and DC 2.4
cells (modified with NB50-DSPE-Ada, red).
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discarding the PEG solution by centrifugation, the cells were
resuspended in culture medium and observed by confocal
microscopy.

As shown in Fig. 5, distinct assembled cells were observed at
the very beginning if the cells were priority modied with NB50-
DSPE-CB[7] and NB50-DSPE-Ada. Mixed red and green uores-
cence were distributed both on the cell surfaces and intracel-
lularly (zoom image), indicating successful heterogeneous cell
fusion via selective cell–cell attachment. In the control sample
in which the cells were not modied beforehand by cell surface
engineering, cells were mono-dispersed in the solution. In
addition, it is mainly manifested as the fusion of homogeneous
cells because only red uorescence was observed on the surface
and inside the fused cells. Aer 24 h of incubation, for the cells
modied with polymers, the green uorescence was uniformly
labeled around the periphery of the fused cell membrane, and
overlapping red and green uorescence partially merged to
yellow inside the cytoplasm. This phenomenon was consistent
with the results of the retention of polymers on the cell surface,
where NB50-DSPE-CB[7] remained anchored to the cell surfaces
even aer 24 h. However, most of the NB50-DSPE-Ada was
internalized into cells within 3 h. In the control sample, only
internalized red uorescence was observed in fused cells. In
general, the above results demonstrated that CB[7]-based
supramolecular polymer chemistry can effectively induce
heterogeneous cell–cell attachment, which offers a feasible
approach for the preparation of DC-based fusion cells.v

Enhancing the contact between the mitochondria and
endoplasmic reticulum

The MITO and ER are subcellular organelles that are crucial to
maintaining the normal metabolic and biological functions of
eukaryotic cells. The communication between the MITO and ER
is strongly associated with the special physical contact sites
between the two organelles, namely MITO-associated
8890 | Chem. Sci., 2022, 13, 8885–8894
membranes (MAMs). Such intimate contact allows for the
transfer of lipids and ions, as well as cell signaling, between the
two subcellular organelles.74 Disruption of MAMs could directly
affect the cellular homoeostatic functions, including lipid
metabolism, calcium homoeostasis, unfolded protein response,
ER stress, and MITO bioenergetics, which have been implicated
in neurodegenerative diseases,75 liver diseases,76 and cancer.77

The MITO–ER tethering protein-based approach is currently the
only means to articially manipulate MITO–ER contacts. The
physical tethering betweenMITO–ER could be realized by CB[7]-
based host–guest recognition. In this study, we explored the
possibility of applying CB[7]-based supramolecular polymer
chemistry in enhancing the contact of the two subcellular
organelles.

To this end, NB30-ERT-CB[7] and NB30-TPP-Ada, which
contain the MITO targeting TPP ligand and ER targeting Tosyl
ligand, were used. First, the biocompatibility of polymers were
conrmed that no obvious cytotoxicity was detected in PC-3
cells aer treatment with NB30-ERT-CB[7] or NB30-TPP-Ada for
24 h (Fig. S22†). The targeting ability of the polymers was then
evaluated. Aer incubation of NB30-ERT-CB[7] (green) with PC-3
cells for 8 h, the cells were stained by commercially available ER
Tracker Red, Mito-Tracker Red CMXRos and Lyso-Tracker Red
dyes. Pearson's colocalization coefficient (PCC) was used to
quantify the degree of colocalization. As shown in Fig. 6, the
uorescence of NB30-ERT-CB[7] was well matched with that of
ER Tracker Red with a PCC of 0.73. In contrast, non-overlapping
uorescence was observed between NB30-ERT-CB[7] and Mito-
Tracker Red, which displays a negative correlation PCC of
�0.29. The uorescence of NB30-ERT-CB[7] was partially over-
lapped with that of Lyso-Tracker Red and displayed a rather low
PCC of 0.45 (Fig. S20†). Based on these results, NB30-ERT-CB[7]
exhibited good ER-targeting capability, although some of the
polymers were trapped in lysosomes. Similarly, the MITO tar-
geting ability of the Cy5 labeled NB30-TPP-Ada (red) in PC-3 cells
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Colocalization images of NB30-ERT-CB[7] and NB30-TPP-Ada with MITO and ER. Pearson's colocalization coefficient (PCC) was used to
quantify the degree of colocalization.
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was demonstrated by co-staining with Mito-Tracker Green,
Lyso-Tracker Green, and ER-Tracker Green. A high colocaliza-
tion between NB30-TPP-Ada and MITO was observed, producing
a high PCC of 0.80. As expected, there was no clear colocaliza-
tion uorescence in the lysosome or ER. The PCC was �0.1
(Fig. S20†) and 0.16 for the lysosome and ER, respectively; these
low values may be attributed to the lysosome escape capacity of
TPP ligands. Overall, by introducing targeting ligands, the
polymers show effective and orthogonal locating properties.

Having demonstrated the successful subcellular organelle
targeting of the polymers, we further applied the polymers in
promoting the physical contact between the ER and MITO.
Instead of using uorophores on the polymers, ER Tracker Red
and Mito-Tracker Green staining were used for visualizing the
construct distribution of the ER and MITO for better uores-
cence tracking of the subcellular organelles. Accordingly, the
uorophore-free polymers NB30-ERT-CB[7]-2 and NB30-ERT-CB
© 2022 The Author(s). Published by the Royal Society of Chemistry
[7]-2 were used to treat the cells to avoid interference. The PC-
3 cells were pretreated with 200 mg mL�1 of NB30-ERT-CB[7]-2
for 12 h, and subsequently treated with the same concentra-
tion of NB30-TPP-Ada-2 for another 12 h. As shown in Fig. 7, the
ER and MITO uorescence were distributed separately in the
control cells that were not treated with the polymers. However,
for the NB30-ERT-CB[7]-2 and NB30-TPP-Ada-2 treated cells, the
green uorescence of the MITO highly overlapped with the ER
red uorescence. The uorescence intensity prole of regions of
interest (ROI) across cells (Fig. 7b, white dotted lines indicated
in the CLSM images) show that green and red peaks uctuated
consistently. Further evidence of the enhanced contact between
MITO and ER was provided by transmission electron micros-
copy (TEM). As shown in Fig. 8, the ER was more tightly twined
around the MITO within the polymer-treated cells. The average
distance between the outer mitochondrial membrane and ER is
approximately 60 nm in the untreated PC-3 cells, while the
Chem. Sci., 2022, 13, 8885–8894 | 8891
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Fig. 7 Promoting the contact of MITO and ER. (a) Images of PC-3 cells treated with NB30-ERT-CB[7]-2 and NB30-TPP-Ada-2, followed by Mito-
Tracker Green and ER-Tracker Red staining. (b) The line plot graphs indicate the fluorescence intensity profiles of Mito-Tracker Green and ER-
Tracker Red along the white dotted lines in the magnified images.

Fig. 8 TEM images of PC-3 cells without (left) or with (right) the treatment of NB30-ERT-CB[7]-2 andNB30-TPP-Ada-2. The red arrows reveal the
increased contact between the ER and MITO.
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physical linkage length between the ER and MITO was reduced
to less than 15 nm aer treatment with the supramolecular
polymer system.

Conclusions

This work demonstrates the feasibility and potential of CB[7]-
based supramolecular polymer chemistry in living cell engi-
neering. Through a polymer-analogous approach, multifunc-
tional polymers that contain CB[7]-based supramolecular
recognition motifs were simply synthesized, greatly expanding
the types of CB[7]-based supramolecular polymer systems,
providing a modular synthetic platform for polymers toward
living cell engineering. Manipulation of the interaction between
cells or subcellular organelles was successfully realized with the
polymers containing CB[7] or an adamantane group, targeting
ligands, PEG side chains, and uorophores. The modulation
helps to solve the problem of non-specic fusion in the prepa-
ration of tumor vaccines and also provides a promising new
treatment paradigm to address diseases associated with
dysfunction of the ER–mitochondria contact such as neurode-
generative diseases. We anticipate that this line of research will
provide a new strategy of living cell engineering to advance the
development of cell-based therapeutic materials.
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