
Cell-Selective Multifunctional Surface Covalent Reconfiguration
Using Aptamer-Enabled Proximity Catalytic Labeling
Yuna Guo,# Nan Wang,# Yihong Zhong,# Wei Li, Yiran Li, Guyu Wang, Yunyan Yao, Yue Shi,
Liusheng Chen, Xiaojian Wang, Lin Ding,* and Huangxian Ju

Cite This: J. Am. Chem. Soc. 2023, 145, 5092−5104 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Cell surface engineering provides access to custom-made cell interfaces with desirable properties and functions.
However, cell-selective covalent labeling methods that can simultaneously install multiple molecules with different functions are
scarce. Herein, we report an aptamer-enabled proximity catalytic covalent labeling platform for multifunctional surface
reconfiguration of target cells in mixed cell populations. By conjugating peroxidase with cell-selective aptamers, the probes formed
can selectively bind target cells and catalyze target-cell-localized covalent labeling in situ. The universal applicability of the platform
to different phenol-modified functional molecules allows us to perform a variety of manipulations on target cells, including labeling,
tracking, assembly regulation, and surface remodeling. In particular, the platform has the ability of multiplexed covalent labeling,
which can be used to install two mutually orthogonal click reactive molecules simultaneously on the surface of target cells. We thus
achieve “multitasking” in complex multicellular systems: programming and tracking specific cell−cell interactions. We further extend
the functional molecules to carbohydrates and perform ultrafast neoglycosylation on target living cells. These newly introduced
sugars on the cell membrane can be recognized and remodeled by a glycan-modifying enzyme, thus providing a method package for
cell-selective engineering of the glycocalyx.

■ INTRODUCTION
Biological processes usually take place through the delicate
cooperation of multiple types of cells. In these processes, the
molecular components of the cell membrane dictate how the
cell interacts with its surroundings.1 In situ surface remodeling
of cells of interest in complex systems is essential for
understanding and applying the mechanisms of life processes.
Through selective labeling of the target cells, these cells can be
distinguished,2,3 and the cellular signaling pathways can be
revealed with the aid of quantitative proteomics and single-cell
sequencing technologies.4,5 However, by introducing recog-
nition molecules on the surface of target cells,6−8 we can
endow specific cells with sensing ability, regulate cellular
functions, and reprogram cell−cell communication or inter-
action in situ in real biological systems, which have great
application prospects in building synthetic tissues,9−12

constructing artificial signaling pathways,13 guiding immune
cell targeting, and so forth.14−16

Although genetic engineering is the dominant method for
accurately indicating target cells (through fluorescent protein
fusion)17 and rewiring cell−cell assembly (by the expression of
cadherins,11 adhesins,18 coiled coils,12 etc.), most of these
works need to label/modify separate target cells prior to
mixing different cell types. In addition, the genetic payload that
we can reliably deliver is limited.19 Therefore, covalent
installation of functional molecules using nongenetic methods
from the outside of cells is an attractive alternative for
reconfiguring the cell membrane. Covalent conjugation
possesses superior properties over noncovalent counterparts
including prolonged residence time, higher biochemical
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efficiency and potency, and reduced dosage.20−22 On one
hand, it has been shown to selectively label target cells in situ in
mixed cell populations.2 On the other hand, it theoretically
allows the simultaneous introduction of many different
functional molecules into a given cell membrane, with little
restriction on the number of molecular species.

At present, the state-of-the-art covalent labeling strategies
with spatial specificity from outside of cells mainly include two
categories: (1) genetically fusing peroxidases (APEX,23

APEX2,24 or HRP25) or biotin ligases (BioID26 and
TurboID27) to a target region, which can catalyze the covalent
labeling to proximal proteins28,29 and (2) using affinity
recognition to drive covalent labeling to occur at specific
locations.2,30−42

In a groundbreaking approach by MacMillan et al., Ir
complex-conjugated antibodies were utilized for spatially
localizing carbene generation to map the microenvironment
of immune cells.39 However, most of these methods are
designed for making a single type of labeling on the cell
membrane and with the purpose of deciphering molecular
interactions. We believe that if different types of functional
molecules can be covalently mounted on the surface of target
cells at the same time, the flexibility of cell manipulation and
multifunctional integration ability will be greatly improved so
as to expand the application field of target cell labeling
technology. However, strategies that allow simultaneous
covalent installation of different molecules onto specific cells
are scarce. In addition, current methods mainly explore the
labeling of biotin, fluorophores, or bio-orthogonal groups that
can achieve click reaction but do not pay attention to the

selective covalent mounting of complex biomolecules on target
cells.

We thus identified a series of design requirements to achieve
multifunctional remodeling of the target cell surface: an
aptamer (Apt) was selected as the targeting moiety30−32 to
localize the labeling module due to the exquisite affinity and
specificity for target cells and the small size.43 These short
single-stranded nucleic acid molecules can be obtained by
powerful selection strategies and automated chemical syn-
thesis,44 and they can easily achieve site-specific chemical
modification. Unlike the few current aptamer-driven proximity
labeling methods, in which only one label can be generated by
one recognition,30−32 we design to couple Apt with a HRP-
based catalytic labeling module to achieve cyclic and
multiplexed covalent labeling. HRP can mediate the trans-
formation of phenol-containing molecules to highly reactive,
short-lived (<1 ms), and proximally restricted (<20 nm)
phenoxy radicals,23 which can covalently link to neighboring
electron-rich residues [tyrosine (Tyr), tryptophan (Trp), etc.],
thus allowing labeling to be restricted to target cells.37

Furthermore, by linking tyramine to different functional
moieties, phenol-containing molecules can be simply synthe-
sized in a modular manner.29

Herein, we report an aptamer-enabled proximity catalytic
labeling (APCL) platform for cell-selective multifunctional
surface reconfiguration in mixed cell populations (Scheme 1).
We carefully investigate the labeling process and attribute the
cell selectivity to the increased local concentration of phenoxy
radicals on the surface of target cells by Apt, as well as the
short lifetime of phenoxy radicals. Compared with labeling

Scheme 1. Schematics of the APCL Strategya

aHRP-Apt can specifically bind target cells in mixed cell populations and mediate cell-selective covalent labeling of various phenol-modified
functional molecules, which enables multifunctional manipulation and glycocalyx remodeling of living cells.
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based on Apt affinity binding, the proposed method has a
stronger ability to discriminate specific cells in complex
systems. The APCL strategy is applicable to different Apt-
cell pairs and diverse phenol-containing molecules and is
capable of introducing different functional moieties on target
cells at the same time. We exploit these features to redirect
cell−cell interaction in vitro, and in particular, by incorporating
two mutually orthogonal functional moieties on the surface of
the target cell, we achieve simultaneous programing and
tracking of cell assembly in a mixed-cell environment.
Interestingly, we extend the application of APCL to a
phenol-modified disaccharide by devising a peroxidase-
mediated, living cell-compatible, ultrafast neoglycosylation
strategy. This enables cell-selective glycoengineering at
electron-rich amino acid residues.

■ RESULTS AND DISCUSSION
Synthesis and Characterization of the APCL Probes.

The peroxidase-based proximity labeling represents a powerful

tool for profiling the proteome information of spatially specific
biological regions.23−25,35−37 In these strategies, the enzymes
are introduced into biosystems by either (1) genetically
expressing the enzyme at the designated location of cells23−25

or (2) functionalizing the enzyme with a targeting molecule
(antibodies, etc.) for binding to a specific location followed by
a washing step to remove unbound enzyme conjugates.35−37

The labeling mechanism of cell membrane-anchored HRP has
been well described in the literature.45,46 In brief, taking biotin-
phenol (BP) as the model, in the presence of H2O2, HRP can
catalyze the transformation of phenolic hydroxyls of both BP in
solution and Tyr in neighboring proteins to radicals.46 Then,
the free BP radical (BP•) can either react with a cell-exposed
Tyr radical (Tyr•) to form a BP-Tyr linkage or be consumed
by another BP• in solution to yield a BP−BP dimer. However,
whether freely diffused peroxidase conjugates affect the spatial
specificity of labeling has been largely overlooked, and it is
unclear whether enzymes mounted on target cells can label

Figure 1. Investigation of the labeling performance of HRP-AptH and HRP on various cell lines. (A) Schematic diagram of the different labeling
outcomes of HRP-AptH and HRP. CLSM (B−E) and FCM (F) analysis of the BP labeling extent on different cell lines undergoing HRP-AptH (or
HRP) incubation in the presence of BP and H2O2 and then SA-Cy3 staining. Scale bar: 20 μm. The images are representative of three individual
experiments.
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nontargeted cells in mixed cell suspensions (without cell−cell
interactions).

To clarify these issues, we began our trial by conjugating
HRP with Apt and compared the labeling behaviors between
HRP and the HRP−Apt conjugate. We chose two types of Apt,
KH1C1247 (abbreviated as AptH) and T2-KK1B1048 (abbre-
viated as AptK), as the models, which can specifically bind
human leukemia cell lines HL60 and K562 cells, respectively.
Accordingly, two types of HRP-Apt conjugates, HRP-AptH
and HRP-AptK, were prepared using 4-(N-maleimidomethyl)
cyclohexane-1-carboxylic acid 3-sulfo-N-hydroxysuccinimide
ester (sulfo-SMCC) as a bifunctional linker (Figure S1A,B).
The coupling of Apt with HRP was verified using sodium
dodecyl sulfate−polyacrylamide gel electrophoresis (SDS-
PAGE) (Figure S1C) and the UV−vis absorption assay
(Figure S1D). We then used a typical Amplex Red enzyme
assay to verify the maintained HRP activity in HRP−Apt
conjugates (Figure S1E,F).
Investigation of the Labeling Mechanism of HRP−

AptH. With HRP−Apt successfully prepared, we proceeded to
compare the labeling performance of HRP and HRP−AptH

toward HL60 cells. We first verified the binding specificity of
AptH by incubating Cy3-labeled AptH (Cy3-AptH) with
HL60 cells using K562 and Jurkat T (human T lymphocyte) as
control suspension cells (Figure S2). After that, we incubated
HL60 cells with HRP and HRP-AptH, respectively, for 60 min.
Then, without washing, BP (200 μM) and H2O2 (400 μM)
were added, followed by a 3 min incubation to accomplish the
labeling. After quenching the reaction using NaN3 and sodium
ascorbate and removing excess BP by centrifugation, the extent
of BP labeling on HL60 cells was assessed by staining BP with
streptavidin-Cy3 (SA-Cy3) using confocal laser scanning
microscopy (CLSM) imaging and flow cytometry (FCM)
(Figure 1). HL60 cells in the HRP-AptH group displayed
robust Cy3 fluorescence on the cell membrane, and the signal
became greater with increasing HRP-AptH concentration
(cHRP‑AptH, 0.116−2.31 nM) (Figures 1A,C,F and S3).
However, replacement of HRP-Apt by HRP led to much
weaker fluorescence (Figures 1A,B,F and S3). The successful
labeling by HRP-AptH was demonstrated to be dependent on
the presence of HRP-AptH, BP, and H2O2 (Figure S4).

Figure 2. Investigation of the labeling mechanism of HRP-AptH and HRP. (A) Scheme showing the catalytic reaction mechanism of freely diffused
HRP. (B) Left, ESI MS analysis of the mixture of HRP of different concentrations, BP and H2O2, after reaction for 3 min; right, CLSM imaging of
cells after incubation with HRP of different concentrations for 1 h and 3 min reactions with BP and H2O2 and SA-Cy3 staining. (C) Scheme
showing the catalytic reaction mechanism of freely diffused and cell-anchored HRP-AptH. (D) HRP-AptH (2.31 nM) was used to replace HRP in
(B). Scale bar: 20 μm. The images are representative of three individual experiments.
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To reveal the reason why freely diffused HRP could not
label cells, two groups of experiments were performed: (1)
mixing HRP of different concentrations (cHRP, 0, 0.231, 2.31,
23.1, 231, and 2310 nM) with BP and H2O2, followed by
monitoring of the reaction products using electrospray
ionization mass spectrometry (ESI MS); (2) incubating
HL60 cells with HRP in the same concentration range in the
presence of BP and H2O2, followed by CLSM observation of
the labeling signal on the cell surface (Figure 2A,B). The
results showed that when cHRP increased to more than 2.31
nM, the BP signal (m/z 386.2) disappeared, accordingly, BP−
BP (m/z 747.35) was obviously generated (Figure 2B),
indicating that HRP in solution could exhibit catalytic activity
at more than 2.31 nM. In the investigated cHRP range, which
was basically higher than cHRP used in Figure 1, negligible cell
labeling could be observed (Figure 2B). These phenomena
indicate that BP• catalyzed by freely diffused HRP at
concentrations lower than 2310 nM has a limited lifetime
(<1 ms) and a short diffusion radius (<20 nM) and cannot
reach the cell surface to react with Tyr (Figure 2A).23,37 This
rules out the possibility that freely diffused HRP can label cells.
While in the case of HRP-AptH, owing to the confinement of
HRP to HL60 cells by AptH, sufficient BP• can be generated in
close proximity to the cell surface, which, at least some of
them, are capable of reacting with Tyr before being quenched
by another BP• in solution (Figure 2C,D). Because of that,
elevating cHRP‑AptH could drive the binding equilibrium between
HRP-AptH with the cells, leading to a greater labeling signal
(Figures 1C,F and S3). The maximal labeling level was
obtained at a cHRP‑AptH of 2.31 nM. However, when the
cHRP‑AptH was further elevated to 11.6 nM, the extent of labeling
substantially decreased (Figures 1C,F and S3). This might be
owing to the quenching of BP•, generated from cell-anchored
HRP-AptH, by BP• generated from the excessive, freely
diffused HRP-AptH in solution. We also calculated the ratio of
the mean fluorescence intensity (FI), from CLSM and FCM
measurements, of the HRP-AptH group to the HRP group,
which represented the labeling selectivity: the maximum ratio
was obtained at a HRP-AptH (or HRP) concentration of 1.16
nM (Figure S5).

To further demonstrate our speculation, we performed two
additional series of experiments: (1) we used two types of
nontargeted cells, K562 and Jurkat T, to replace HL60 cells in
the HRP-AptH labeling experiments. As expected, in the same
cHRP‑Apt range, a negligible labeling signal could be observed
(Figures 1D−F and S3 and S5). The mean FI (MFI) ratio of
HL60 cells relative to Jurkat T and K562 cells measured with
FCM reached 21.4 and 9.0 at a cHRP‑AptH of 1.16 nM,
respectively (Figure S5B). (2) We incubated HL60 cells with
1.16 nM HRP or HRP-Apt in the presence of BP of different
concentrations and 400 μM H2O2. Along with increasing BP
concentration (cBP) from 0 to 200 μM, the labeling extent
increased for both HRP and HRP-AptH, while HRP-AptH
displayed much more evident labeling than HRP (Figure S6).
However, further increasing cBP led to a significant decrease in
labeling for either HRP-AptH or HRP. This could be
attributed to the aggravated quenching probability of BP•,
that is, BP−BP was generated as the dominant product. The
optimal cBP is thus chosen as 200 μM. Taken together, the
above results indicate that the HRP-Apt conjugate can be used
for specific covalent labeling of target cells, and the freely
diffused conjugate in the cell suspension cannot label
nontargeted cells (Figure 1A). The APCL operation only

involves two times of reagent addition (I, HRP-AptH; II, BP +
H2O2) and two short periods of incubation (1 h for HRP-
AptH binding, 3 min for covalent labeling). We confirmed that
the labeling reagents had good cytocompatibility and that the
cells undergoing APCL remained active for a long time,
rendering APCL ideally suited for the following live cell
experiments (Figure S7). We further analyzed the BP-labeled
proteins in HL60 cells by quantitative MS-based proteomics.
The digested peptides of HRP-AptH- and HRP-treated
samples were tagged by heavy (H) and light (L) dimethylation
labeling reagents, respectively. In total, 35 proteins were
significantly enriched (log2 (H/L) > 1), and 21 proteins were
only labeled in HRP-AptH-treated HL60 cells with a maximal
H/L ratio of 100, possibly associated with the binding sites of
AptH to HL60 cells (Table S1).

To illustrate the advantages of using APCL to generate
covalent labels, we compared the stability of BP generated by
APCL with that of antibodies bound to cells by affinity
recognition at the cell surface. Anti-B-cell lymphoma-2
antibody was used to specifically bind HL60 cells. We found
that (1) BP covalently labeled by APCL was more stable in a
weakly acidic environment (Figure S8); (2) after culturing
labeled cells in RPMI-1640 complete medium for 4 or 8 h, the
percentage of BP labeled by APCL staying on the cell surface
was significantly higher than that of the antibody (Figure S9).
The APCL technology uses affinity recognition to guide the
occurrence of stable covalent labeling, providing a novel
strategy for increasing the stability/residence time of surface
modifications in engineered cells.
APCL in Mixed Cell Suspensions. We then proceeded to

test APCL for the identification of specific cells in a more
challenging system, that is, mixed cell suspensions. The model
system was prepared by 1:1 mixing target HL60 cells with
nontargeted K562 cells, which was abbreviated as H&K (H-to-
K amount ratio, 1:1). K562 cells were prestained with
membrane dye DiD (green) for cell identification. After
performing APCL followed by SA-Cy3 staining, the CLSM
images showed that only HL60 cells displayed Cy3
fluorescence (red) on the cell periphery (Figure 3A). The
ratio of Cy3 MFI on HL60 to K562 cells (abbreviated as H-to-
K MFI ratio) was estimated to be 6.9:1 using FCM. Using the
FCM data, we also calculated the labeling efficiency (LE) of
target cells by dividing the number of cells with Cy3+ and
DiD− (Q4) by the number of cells with DiD− (Q3 + Q4) and
the labeling accuracy (LA) by dividing the number of cells with
Cy3+ and DiD− (Q4) to the number of cells with Cy3+ (Q1 +
Q4). The LE and LA for the H&K system were 97.1 and
95.3%, respectively (Figure 3A). In comparison, replacement
of HRP-AptH with HRP (LE, 0.9%) or omitting HRP-AptH
(Control, LE, 0.1%) resulted in failure to label target cells
(Figure 3A). The differentiation capability of APCL was also
verified in a HL60-Jurkat T-mixed cell suspension (H&J) with
a H-to-J amount ratio of 2:1 using HRP-AptH (Figure 3B). In
agreement with the H&K system, APCL could distinguish
HL60 and Jurkat T cells well: the H-to-J Cy3 MFI ratio was
10:1, and the LE and LA were 99.7 and 95.8%, respectively. To
demonstrate the potential of APCL for in vivo experimental
application, we also added 10 and 20% HL60 cells to
peripheral blood mononuclear cells (PBMCs), and the results
showed that APCL could selectively label HL60 cells (Figure
S10). These results demonstrate that APCL has excellent LE
and accuracy in the mixed-cell suspension system.
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We envisioned that APCL would transform one recognition
event to multiple covalent labeling events, thus having better
cell discrimination ability than noncovalent labeling based on
exclusively Apt recognition. To demonstrate this, we treated
the H&J suspension with Cy3-labeled AptH (Cy3-AptH) of
the same concentration as HRP-AptH (2.27 nM) and the

optimal concentration (1 μM), respectively (Figure 3B). The
LE and differentiation in the two groups were significantly
weaker than those in the APCL group: the LE was 20.6 and
92.0%, and the H-to-J Cy3 MFI ratio was 1.6:1 and 3.6:1,
respectively. We also examined the ability of the anti-B-cell
lymphoma-2 antibody to discriminate between the two cell
types. The LE of antibody-based affinity labeling was 73.4%,
and the H-to-J Cy3 MFI ratio was 3.2, both of which were
significantly lower than the APCL method (Figure S11). These
results highlight the significance of using the catalytic labeling
feature of APCL for cell discrimination in mixed systems.

We further tested the discriminative performance of APCL
in suspensions containing Jurkat T (nontargeted) and HL60
(target) cells in two ways: (1) dilution of the cell suspension at
a constant J-to-H amount ratio (5:1). In the range of total cell
concentration from 105 to 106 mL−1, the discrimination effect
was excellent (Figure S12A); (2) increasing the J-to-H amount
ratio with the same number of HL60 cells (nH). Even at a ratio
of 10:1, the two cell types were still well discriminated, with a
J-to-H Cy3 MFI ratio of 5.7:1 (Figure S12B). We also tested
the cell-discriminating labeling ability of APCL in a mixed
adherent cell system. Using HRP-AptM [AptM can specifically
recognize mucin 1 (MUC1)] as the APCL probe, we
successfully achieved BP labeling of MCF-7 cells in a coculture
system of MUC1-positive MCF-7 cells and MUC1-negative
HepG2 cells (Figure S13).
Extension of the Labeling Molecule Toolbox for

APCL. Having demonstrated the feasibility of APCL, we were
interested in whether the proposed method could be extended
to other functional moieties. Installing different chemical
handles on the cell surface will facilitate manipulation of the
cell surface by allowing a diversity of cell membrane functions
beyond those provided by natural evolution. Two widely used
chemical moieties for click reactions, dibenzoazacyclooctyne
(DBCO) and trans-cyclooctene (TCO), were chosen.49 The
complementary functionalities for the two moieties are N3 and
tetrazine (Tz), respectively. We first synthesized dibenzocy-
clooctyne-phenol (DP) and trans-cyclooctene-phenol (TP) by
one-step ligation of DBCO-NHS and TCO-NHS with
tyramine, respectively (Schemes S1 and S2). The products
were characterized by 1H NMR (Figures S14 and S15), 13C
NMR spectroscopy (Figures S16 and S17), and high-
resolution mass spectrometry.

Using K562 as the model cell line and HRP-AptK as the
APCL probe, we confirmed that DP and TP could be
successfully installed on the cell surface through APCL using
the complementary click reaction of N3-Cy5 and Tz-Cy3,
respectively (Figures S18 and S19). Similar to the BP labeling
system, with the increase of DP (or TP) concentration, the
labeling signal showed a trend of increase first and then
decrease. The optimal concentrations for DP (Figure S18) and
TP (Figure S19) were 200 and 400 μM, respectively. Again,
freely diffused HRP failed to label cells regardless of DP (or
TP) concentration. We further demonstrated in mixed cell
suspensions (target: HL60; nontargeted: K562; prestained
with PKH67) that DP (or TP) could be selectively labeled on
cells mediated by HRP-AptH (Figure 4A). We further
demonstrated in PBMCs that by using AptJ (an aptamer
specifically targeting CD3ε) to construct the APCL probe, DP
can be selectively labeled by APCL on CD3ε-positive cells and
colocalized with the anti-CD3ε antibody (Figure S20). These
data collectively suggest the general applicability of APCL to
different phenol-modified molecules. This further encouraged

Figure 3. Demonstration of the cell selectivity for APCL in mixed cell
suspensions. (A) CLSM imaging and FCM analysis of cell
suspensions (target: HL60; nontargeted: K562; 1:1) undergoing
HRP-AptH-based APCL. Control experiments were performed with
HRP-AptH replaced by HRP or omitted. K562 cells were prestained
with DiD (green), and BP was indicated by SA-Cy3 (red). Scale bar:
20 μm. (B) FCM comparison of the cell discriminative capability
between APCL and direct Cy3-AptH labeling toward target HL60
and nontargeted Jurkat T cells (the amount ratio is 2:1). Jurkat T
lymphocytes were prestained with DiD membrane dye (green), and
BP was indicated using SA-Cy3 (red). For Cy3-AptH labeling, both
the optimal concentration (1 μM) and the same concentration as
HRP-AptH used for APCL were, respectively, used. The images are
representative of three individual experiments.
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us to try to introduce different types of molecules on the cell
surface at the same time.
Simultaneous Installation of Dual Chemical Handles

on Living Cells. To achieve multifaceted manipulation of
cells, it is necessary to have the ability to customize functional
groups on living cell membranes on demand.14 However,

multiplexed cell surface modification is challenging for most
affinity-driven ligation techniques, some of which are limited
by the labeling principle that a single probe can produce only
one label30−33 and others by the complex organic synthesis
steps of labeling molecules.38 In this regard, due to the catalytic
nature of the labeling reaction, as well as its wide applicability

Figure 4. Duplexed APCL. (A) APCL labeling of target HL60 cells in mixed cell suspensions (HL60 + K562, 1:1) using DP or TP as the labeling
molecules. As a control, HRP-AptH was replaced by HRP. K562 cells were prestained with PHK67 membrane dye (green), and cell surface-
anchored DP and TP were indicated by N3-Cy5 (purple) and Tz-Cy3 (blue), respectively. (B) Scheme showing the mechanism of duplexed APCL
for mounting two types of labeling molecules on the same cell. (C) CLSM images of HL60 cells undergoing duplexed APCL using mixed labeling
molecules (BP + DP, total concentration: 2 mM) with different BP-to-DP concentration ratios, followed by SA-Cy3 (indicating BP labeling) and
N3-Cy5 (indicating DP labeling) staining. (D) FI obtained from CLSM images in (C). (E) Schematic illustration of the preparation of AptP and
Cy3 equipped, activated Jurkat T cells through duplexed APCL. Aptamer AptP can specifically bind PD-L1, thus bringing Jurkat T and PD-L1-
positive MDA-MB-231 cells into proximity to boost cell killing. (F) FCM analysis of the apoptosis of MDA-MB-231 cells after incubation with
activated Jurkat T cells, activated Jurkat T cells equipped with AptP by affinity labeling, and activated Jurkat T equipped with AptP and Cy3 by
APCL for 6 h, respectively. (G) CLSM imaging of MDA-MB-231 cells after incubating with activated Jurkat T cells equipped with AptP and Cy3
by APCL for 2 h. Scale bars: 20 μm. The images are representative of three individual experiments, and data are presented as mean ± SD, n = 3.
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to phenol-modified molecules, APCL offers an ideal solution
that operates much in the same way as single-channel labeling
by simply mixing the desired labeling molecules together
(Figure 4B).

To demonstrate this, we mixed BP and DP at different
concentration ratios and then subjected HL60 cells to HRP-
AptH-based APCL and used SA-Cy3 (red) and N3-Cy5
(green) to indicate anchored BP and DP on the cells,
respectively. CLSM imaging and FCM analysis revealed that

both molecules were installed simultaneously on the cell
surface (Figures 4C,D and S21). The intensity of each
fluorescence channel was positively correlated with the
proportion of corresponding labeled molecules (Figures 4D
and S21B). These data demonstrate that our method can
rapidly install both types of labeling molecules simultaneously
and that the labeling ratio can be easily adjusted by changing
the mixing ratio.

Figure 5. Programing of cell interactions using APCL. (A) Scheme for in situ redirection of the interaction between HL60 and HeLa cells in mixed
cell suspensions by selective introduction of FA on HL60 cells using APCL and a secondary click reaction. (B) CLSM imaging and FCM analysis of
the mixed cell suspension (HL60 + HeLa, 1:1) without and with APCL labeling of DP, followed by N3-FA tagging and a 30 min incubation. HL60
cells were prestained with DiO (red), and HeLa cells were prestained with DiD (green). Scale bar: 20 μm. (C) Scheme for programming of the
selective recruitment of HL60 cells by HeLa cell adhesion layer using duplexed APCL and mutually orthogonal click reactions. (D) After
performing duplexed APCL (DP and TP) in mixed cell suspensions (HL60 + Jurkat T, 1:1), the cell mixture was allowed to react with the mixture
of N3-FA (to install FA on HL60 cells) and Tz-Cy3 (red, to indicate HL60 cells). CLSM images were obtained after incubating the prepared cell
suspensions with HeLa adhesion cell layers immediately or after a washing step. Cell suspensions without duplexed APCL treatment were used as
the control. Jurkat T cells were prestained with DiD (green). Scale bar: 20 μm. (E) Characterization of the formation of cell clusters. The
percentage of clusters formed with 1 HeLa and 0, 1, 2, 3, 4, 5, and ≥6 HL60 cells was counted from the CLSM images. More than 100 HeLa cells
were counted with ImageJ software. The images are representative of three individual experiments.
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The simultaneously mounted BP and DP on cells can act as
anchor points, allowing us to conveniently install different
functional modules on the cells. To demonstrate this, we
installed both BP and DP on activated Jurkat T cells by
duplexed APCL (using HRP-AptJ; AptJ can specifically bind
Jurkat T cells by recognizing CD3ε) and then mounted SA-
Cy3 for fluorescence tracking of cells and N3-AptP for specific
binding to PD-L1-positive cells (Figure 4E). We found that the
resulting engineered cells exhibited a significantly enhanced
ability to kill PD-L1-expressing MDA-MB-231 cells compared
to cells noncovalently assembled with DNA sequences
consisting of AptJ and AptP ligated together and cells without
AptP modification (Figures 4F and S22). This indicates that
the synergistic effect of active targeting and blocking of PD1/
PD-L1 by AptP may enhance the toxicity of the effector cells;50

moreover, more AptP can be covalently and stably assembled
on the cells through the “1:n” amplification modification of
APCL, which further boosts the ability to kill tumor cells. The
attachment of Jurkat T cells to MDA-MB-231 cells could be
observed using Cy3 by CLSM (Figure 4G). This experiment
shows the promise of using the covalent multilabeling ability of
APCL to develop engineered cells for adoptive cell transfer-
based therapies.

We further sought to take advantage of the cellular labeling
specificity of APCL to mount different molecules to two
different cell types separately. We designed a tandem APCL
experiment using a mixed cell suspension of CCRF-CEM
(CEM) and Ramos as the model: (1) performing APCL based
on HRP-AptC (AptC can specifically bind CEM cells) to
install BP on CEM cells; (2) releasing HRP-AptC from CEM
cells by adding the complementary sequence of AptC; (3)
performing APCL again based on HPR-AptR (AptR can
specifically bind Ramos cells) to install DP on Ramos cells,
thus enabling separate labeling of the two cell types (Figure
S23).
Redirecting Intercellular Interactions. APCL provides a

valuable tool for programing cell interactions in complex
systems.9,15,51−53 In biological systems, differentiated cells with
discrete yet interdependent functions constitute multicellular
organs to achieve higher-order functions.9 Development of
methods to direct cell−cell interactions will contribute to the
revelation of the key mechanisms involved in complex
developmental processes and offer great opportunities for the
development of cell-based theranostics and tissue engineer-
ing.54

In this context, we first sought to manipulate the intercellular
assembly of two originally noninteracting cell types in a mixed
cell suspension (Figure 5A). The model cell lines consisted of
target HL60 cells with negative folic acid (FA) expression, and
nontargeted HeLa cells with high expression of FA receptor
(FAR) (Figure S24).55 We prestained HL60 cells with DiO
(red) and HeLa cells with DiD (green) and then mixed them
at an amount ratio of 1:1 to obtain the mixed cell suspension
without observable intercellular assembly.

To trigger cell assembly, we selectively introduced FA to the
surface of HL60 cells15,51 by HRP-AptH-based APCL in the
mixed cell suspension using DP as the labeling molecules,
followed by washing and then reaction with N3-modified FA
(N3-FA). After washing away unbound and endogenous FA,
intercellular assembly of HeLa and HL60 cells was observed by
CLSM imaging and FCM analysis after 30 min of incubation
(Figure 5B), whereas little cell aggregation was observed in the
group without APCL. These results demonstrate that our

method can successfully transform non-FA-expressing HL60
cells to a FA-modified state, resulting in the redirection of
cell−cell assembly in mixed cell suspensions. Note that
although there have been some studies on cell assembly
programming, these methods rely heavily on individual
modification of cells prior to mixing them.15,51,52 To the best
of our knowledge, our method is the first work to accomplish
cell modification and assembly programming in a hybrid cell
system.
Simultaneous Manipulation and Tracking of Cell

Cluster Formation. The combination of multiplexed labeling
capability of APCL and the mutually orthogonal characteristics
of the labeling molecules (BP, DP, and TP) enables the
multifunctional manipulation of living cells in complex
systems. To demonstrate this, we designed a cellular
recruitment and tracking system consisting of two types of
suspension cells and one type of adherent cells: two non-FA-
expressing suspension cells, target HL60 and nontargeted
Jurkat T cells, formed a mixed cell suspension; HeLa cells with
high FAR expression formed an adhesive cell layer (Figure
5C). In their native states, HeLa cells cannot recruit either of
these suspension cells. We attempted to selectively introduce
N3-FA on HL60 cells by APCL of DP to guide their targeted
adhesion to HeLa cells. At the same time, APCL of TP was
used to introduce the fluorescent tetrazine-Cy3 (Tz-Cy3) on
HL60 cells to visualize the recruitment results.

We used HRP-AptH-based APCL to simultaneously label
DP and TP on the cells, washed the cells, and treated the cell
suspension with N3-FA and Tz-Cy3. After washing the cells
again, the cell suspension was allowed to incubate with the
HeLa adhesion layer for 30 min. At this point, HL60 (Cy3-
labeled, red) and Jurkat T (DiD prestained, green) cells could
be seen in CLSM images. However, after washing the cell
samples with PBS, only HL60 cells remained on the HeLa cell
layer (Figure 5D). As a control, cells without APCL treatment
were unable to be recruited to the HeLa adhesion layer,
suggesting that HL60 adhesion on HeLa cells was dependent
on the installed FA. We also calculated the number of clusters
formed by 1 HeLa cell and 1, 2, 3, 4, 5, and ≥6 HL60 cells
based on the imaging data (Figure 5E). The results showed
that the cell cluster composed of one HeLa cell and one HL60
cell was dominant (37.3%), and the proportion of higher-order
cell clusters decreased with the increase of the number of
HL60 cells in the cluster.15,51 These results confirm the
advantage of using APCL for multifunctional manipulation of
target cells in mixed cell systems.
Cell-Selective Neoglycosylation on Living Cells. We

next explored the feasibility of APCL to directly assemble more
complex biomolecules, represented by carbohydrates, on
specific living cells. There are abundant glycan-modified
conjugates in mammalian cell membranes, including glyco-
proteins and glycolipids. These sugars not only affect the
structure, properties, and functions of the modified proteins/
lipids but also act as major mediators of cellular response to
the external environment.56,57 On living cells, despite advances
in metabolic oligosaccharide engineering58−60 and chemo-
enzymatic methods61−63 to label or edit certain glycan
structures, the development of rapid, robust, and cell-
compatible methods for in situ (neo-) glycosylation of diverse
endogenous amino acids represents a grand challenge in
glycoscience. This will expand the regulatory mechanisms of
sugars on biological functions and provide a new prospect for
cell engineering. Thus, by fabricating carbohydrate-modified
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tyramine as a substrate, we exploited APCL to develop a
neoglycosylation method for in situ reconfiguration of
glycocalyx on living cells.

To demonstrate this, we synthesized lactose phenol (LP) via
a modified method (Scheme S3).64 The structures of
intermediates and final products were confirmed by 1H
NMR, 13C NMR, and high-resolution mass spectrometry

(Figures S25−S30). Subsequently, CHO-LP was prepared by
oxidizing the hydroxyl group at the C-6 position of LP to an
aldehyde group by galactose oxidase.65 We then performed
APCL-mediated CHO-LP labeling followed by fluorescence
visualization using the reaction between bioorthogonal
aldehyde groups and biotin-hydrazine and subsequent SA-
Cy3 binding (Figures 6A,B and S31, S32).66 As expected, a

Figure 6. APCL-based neoglycosylation of living cells. (A) Schematic illustration of the APCL-mediated CHO-LP labeling and subsequent biotin-
hydrazide ligation and SA-Cy3 staining. (B) FCM analysis (upper left) and CLSM imaging (bottom left) of CHO-LP on HL60 cells undergoing
different combinations of treatments. MFI of SA-Cy3 obtained from FCM data are also shown (right). Jurkat T cells were used to replace HL60
cells to perform APCL of CHO-LP in (e). (C) Scheme of APCL-mediated LP labeling and GAO-mediated oxidation of installed LP. (D) CLSM
imaging of the LP on HL60 cells after different combinations of treatments. LP was fluorescently labeled by GAO oxidation, biotin-hydrazide
ligation, and SA-Cy3 staining (left). The FI of SA-Cy3 from images is also shown (right). (E) APCL-mediated LP labeling of HL60 cells in a mixed
cell suspension (HL60 + Jurkat T, 1:1). CLSM images and FI of SA-Cy3 are shown. Scale bars: 20 μm. The images are representative of three
individual experiments, and data are presented as mean ± SD, n = 3. **p < 0.01 by student’s t-test.
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distinct fluorescent signal was visible on the cell surface.
However, when any component of the labeling system was
absent or HRP was substituted for HRP-AptH, only the
background fluorescence signal was observed, indicating that
CHO-LP was successfully covalently attached to the cell
membrane. The fact that nontargeted Jurkat T cells could not
be labeled proved that this operation was cell-selective.

This is the first report of in situ neoglycosylation using
proximity covalent labeling. The proposed method is rapid,
operationally simple, compatible with living cells, and requires
no prior chemical modification or genetic intervention of cells.
More importantly, newly introduced sugars will be attached to
electron-rich amino acids represented by tyrosine on the
surface of living cells. This is in contrast to the typical pattern
of protein glycosylation, that is, asparagine-linked (N-linked)
and serine-/threonine-linked (O-linked) glycosylation.
Although tyrosine glycosylation also occurs in nature, such as
tyrosine-O-glycosides found in glycogenin67 and certain
prokaryotic surface-layer glycoproteins,68 it is less common.
Our proposed method offers an opportunity to explore the
effects of neoglycosylation of unnatural sites on protein and
cellular functions. We also substituted LP for CHO-LP to
install lactose on cell membrane proteins. The newly
introduced sugar epitopes on the cell surface can be recognized
by GAO in situ, as indicated by an increased fluorescent signal
after BH labeling and incubation with SA-Cy3 (Figure 6C,D).
This experiment demonstrates that APCL-based neoglycosy-
lation can realize cascade glycoengineering of cell membranes.
We further performed HRP-AptH-based APCL in a mixture of
HL60 and Jurkat T (DiD stained) cells using LP or CHO-LP
as the labeling molecules (Figures 6E and S33). As expected,
only the target HL60 cells showed significant fluorescence of
Cy3 (red), thus achieving cell-selective remodeling of the
glycan layer in complex mixed systems.

■ CONCLUSIONS
We design an APCL platform for selectively customizing target
cell surface molecules to program cell function and behavior in
complex multicellular systems. Apt recognition, the high
reactivity rate, and the short lifetime of the reaction
intermediates ensure the cellular selectivity of the labeling
process in mixed cell suspensions. The catalytic properties of
APCL transform an Apt-based recognition event into multiple
ultrafast enzymatic catalytic labeling on target cells, so this
method has excellent cell discrimination ability. Most
importantly, APCL allows the simultaneous installation of
multiple functional moieties on target cells and is therefore a
powerful tool for manually redirecting intercellular assembly
and performing multifunctional cell manipulation. The method
can be used on a variety of labeling molecules, and in
particular, we demonstrate the applicability to sugar-modified
phenol. We thus present a method for rapid neoglycosylation
at nonclassical sites on the surface of living cells. We believe
that our proposed method will be useful for the study of cell
behavior and intercellular communication and has strong
potential applications in immunotherapy, tissue engineering,
and stem cell homing.
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