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Abstract: Proximity labeling (PL) has emerged as a
powerful technique for the in situ elucidation of
biomolecular interaction networks. However, PL meth-
ods generally rely on single-biological-hierarchy control
of spatial localization at the labeling site, which limits
their application in multi-tiered biological systems.
Here, we introduced another enzymatic reaction up-
stream of an enzyme-based PL reaction and targeted the
two enzymes to markers indicating different biological
hierarchies, establishing a two-level spatially localized
proximity labeling (P2L) platform for in situ molecular
measurement and manipulation. Using the cellular- and
glycan-level as the hierarchical models, we demonstrated
the ability of P2L to efficiently execute a two-step logic
operation and to discriminate target cells with different
levels of glycosylation within mixed cell populations. By
mounting clickable handles via P2L, we reprogrammed
the robust covalent assembly of cells at designated sites.
The combination of P2L with proteomics led to the
profiling of the protein microenvironment of specific
glycans on target cells, revealing changes in tumor-cell-
surface interactions under immune pressure from a
glycan perspective. P2L provides not only a solution for
revealing the heterogeneity of biological systems, but
also new insights in the fields of intelligent logic
computation, enzyme engineering, tissue engineering,
etc.

Introduction

In biological systems, the spatial organization of biomole-
cules dictates their interactions.[1] Elucidation of the sophis-
ticated interaction networks is essential for understanding
physiological processes.[2] The emerging proximity labeling
(PL) technology utilizes genetic engineering or recognition
molecules (such as antibodies, aptamers, or ligands) to direct
a catalyst (enzymes[3] or photocatalysts[4]) towards the target
molecules, thereby catalyzing the covalent conjugation of
substrates to reactive groups in the localized environment,
allowing for the in situ acquisition of information about
proximal biomolecules (proteins, DNA, RNA, etc.). Perox-
idases, such as horseradish peroxidase (HRP)[5] and en-
hanced ascorbate peroxidase 2 (APEX2),[6] are among the
most extensively utilized biocatalysts for PL due to their
remarkable labeling efficiency. Once localized to the target
area, these enzymes can catalyze the conversion of phenol
derivatives into phenoxy radicals in the presence of hydro-
gen peroxide (H2O2), which can form covalent adducts with
electron-rich amino acid residues (tyrosine, etc.) of proximal
proteins.[7] For example, these enzymes have been utilized to
map the endogenous cell membrane interactome of the
glucagon-like peptide-1 receptor[8] and to quantify phago-
some proteomes during host-microorganism interactions.[9]

Generally speaking, life exists in a spatially organized
form at levels ranging from biomolecules to cells, tissues,
and whole organisms through consuming energy.[10] The high
level of complexity, dynamics and fragility of biological
systems can only be accurately reflected when analyzed in a
comprehensive biological context. Therefore, the develop-
ment of analytical techniques capable of spatial localization
across biological hierarchies is expected to substantially
enhance biological discovery and advance therapeutic inter-
ventions.

For PL technologies, the labeling region depends on the
spatial localization of catalysts by gene expression or
recognition orientation. Most of the current methods,
especially those based on recognition, are unable to localize
across hierarchical levels and only detect a collection of
molecules/cells in the vicinity of a target molecule/cell.
Furthermore, PL-generated tags are predominantly utilized
for molecular information profiling, but their potential
applications in cell tracking and engineering have been
largely underestimated. Therefore, we believe that there is a
need to superimpose additional levels of spatial selectivity
on existing PL technologies to enable cross-level localization
for biological measurement and manipulation (Scheme 1A).
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From a sensitivity perspective, spatial selectivity should be
superimposed in a “catalytic-to-catalytic” manner to pro-
gressively amplify the “transferred spatial information”. In
terms of applicability (e.g., incorporation of post-transla-
tional modifications), it is preferable to achieve spatial
localization in a non-genetic manner.

Herein, we introduced the galactose oxidase (GAO)-
mediated reaction, which catalyzes the oxidation of galac-
tose (Gal) to produce H2O2,

[11] as a regulatory switch and
cascaded it upstream of the HRP-based PL reaction. By
targeting GAO and HRP to biomarkers indicative of differ-
ent biological hierarchies (or spatial levels), we developed a
two-level spatially localized proximity labeling (P2L) plat-
form (Scheme 1B). In the presence of substrates (Gal &
phenol derivatives), the enzyme cascade reaction, catalyzing
the covalent attachment of phenol derivatives to the
neighboring proteins of HRP, can only take place when the
concentration of H2O2 at the HRP anchor site (generated by
the GAO reaction and then diffused) reaches the threshold
for activating the PL reaction. Using cellular- and glycan-
level as model hierarchies, we successfully implemented
proximity labeling with localization across 2 biological
hierarchies in complex cellular systems, confirming that P2L
can efficiently perform 2-step logic computations. The target
cells with different glycosylation levels can be distinguished
in mixed cell populations using a 2-min labeling reaction
(Scheme 1C). We also used P2L to install bio-orthogonal
click-reactive groups in the environment of the given glycans
of target cells, thereby directing cell-selective fixed-point
intercellular covalent assembly. Finally, by combining
proteomics techniques with P2L, the microenvironmental
proteome of the target glycans on the surface of tumor cells
was selectively obtained in a tumor-immune cell interaction
system, contributing to the elucidation of the mechanisms by

which tumors respond to immune pressure via the glycan
recognition axis.

Results and Discussion

Design of Enzyme Reaction Cascade for Proximity Labeling

We first constructed a GAO-HRP cascade on the surface of
living cells and verified the feasibility of cascade-based
proximity labeling. The enzymatic cascade can be concep-
tualized as a two-step logic computation with the labeling
signal as the output, representing a novel form of logic
operation (Figure 1A).

Cholesterol and fluorophores were modified on two
enzymes to obtain Chol-GAO-FITC and Chol-HRP� Cy5
(Figure S1), the cholesterol being used to anchor the
enzymes to the cell surface and the latter being used to track
the anchoring conditions (Figure S2). Using HeLa cells as a
model, SA� Cy3 fluorescence was only observed at the cell
periphery when both Gal (5 mM) and biotin-phenol (BP,
20 μM) were added (Figure 1B, Figure S3–S4). We then
anchored different combinations of enzymes to the surface
of HeLa cells (Figure 1C). Only the cells with both GAO
and HRP anchored exhibited a labeling signal, demonstrat-
ing the feasibility of proximity labeling by sequential
activation of two enzymatic reactions. When exogenous
H2O2 was added (Figure S5), cells were labeled as long as
they had been anchored with HRP. This situation is
equivalent to the usual PL, suggesting that the GAO
reaction can be regarded as a logic operation that serves as
first-level spatial localization.

The two enzymatic reactions are cascaded relying on the
diffusion of H2O2, and the distribution of the concentration

Scheme 1. Design of the two-level spatially localized proximity labeling (P2L) platform. (A) Principle of P2L. An enzymatic reaction (the enzyme is
labeled as E) can be introduced upstream of a catalysis-based proximity labeling (PL) reaction. Anchoring the two enzymes to the markers of
different biological hierarchies leads to the establishment of the P2L platform. (B) Galactose oxidase (GAO) is incorporated as a switch for
horseradish peroxidase (HRP)-based PL in the proposed P2L platform. The addition of galactose and phenol derivatives initiates the enzymatic
cascade to perform proximity labeling. (C) P2L enables fast logic computation on the cell surface and the introduction of handles into the
microenvironment of the two-level spatially localized biological sites for measurement and manipulation.
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gradient of H2O2 within the labeling time window deter-
mines the area of the 1st spatial localization. We deduced
that the minimum concentration of H2O2 (2 μM) required to
initiate the HRP-based reaction within a 1-min labeling
period is at a diffusion radius of 9.2 μm (with the GAO site
set as the origin) (Figure S6).[12] This radius is smaller than
the size of a single mammalian cell and therefore the HRP
reaction can be confined to the target cells when cascaded
with the GAO reaction.

To confirm this, we mixed four types of cells carrying
different enzyme combinations and initiated the labeling
process (Figure S7A). The labeling efficiency (percentage of
labeled target cells in total target cells) of the dual enzyme-
anchored cell group was 97.2%, while the specificity
(percentage of labeled target cells in total labeled cells) was
slightly lower (64.3%), which could be attributed to
intercellular H2O2 diffusion. Either the addition of catalase
(CAT, 100 μg/ml) or an increase in BP concentration
improved the cell selectivity (Figure 1D, Figure S7A). In
particular, the addition of CAT resulted in a labeling
efficiency of 86.4% and an improved specificity of 90.2%
(Figure S7B). These results lay the foundation for the next

step of establishing P2L for molecular measurements across
biological hierarchies.

Two-Level Spatially Localized Proximity Labeling (P2L) Platform

We went on to specifically target the two enzymes to
markers indicative of two different biological hierarchies to
demonstrate the labeling feasibility of the P2L platform
(Figure 2A). The first cellular level used mucin 1 (MUC1)-
positive HeLa cells (human cervical cancer cell line) and
MUC1-negative A549 cells (human lung cancer epithelial-
like cell line) as models (Figure S8–S9). The second glycan
level used N3-modified sialic acids (Sia) as the model, which
were constructed by metabolic oligosaccharide engineering
(Figure S10).[13] The resulting set of cell samples included:
HeLaH (MUC1+, Sia-N3

H), HeLa (MUC1+, Sia-N3
� ), A549H

(MUC1� , Sia-N3
H) and A549 (MUC1� , Sia-N3

� ) (Fig-
ure S11). H indicates a high modification level of Sia-N3 on
the cell.

We chose glycans as the second-tier target because, with
the rapid development of glycobiology, there is a broad
consensus in the scientific community that “glycosylation

Figure 1. Cascading enzymatic reactions on the cell surface for proximity labeling. (A) Schematic illustration of the installation of cholesterol (Chol)
& fluorophore co-modified enzymes on the cell surface to perform proximity labeling, along with the logic operation principle. (B) CLSM images of
HeLa cells after dual enzyme anchoring, treatment with different substrate combinations, and SA� Cy3 staining. (C) CLSM images of HeLa cells
carrying different enzyme combinations after proximity labeling (Gal + BP) and SA� Cy3 staining. (D) Investigation of labeling efficiency and
specificity of dual enzyme-anchored cells (GAO+ & HRP+) in the cell mixture. Cells carrying different enzyme combinations were treated with BP
and Gal in the presence of catalase, followed by SA� Cy3 staining and FCM analysis. Scale bars: 25 μm. Data are representative of three
independent experiments.
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dramatically increases the structural and functional diversity
of biological systems”.[14] Superimposing the glycan dimen-
sion on the protein marker dimension is an encouraging
solution for developing novel disease biomarkers, vaccines
and targets, overcoming the challenges of drug off-target
effects and resistance, and ultimately facilitating personal-
ized treatment.[15] However, because glycans require com-
plex chemical labeling mechanisms[13] that are difficult to

incorporate into cellular identification criteria, most bio-
logical localization is currently achieved by targeting
proteins with little consideration of glycosylation. Our
proposed P2L platform has broad applicability for different
localization mechanisms, allowing the incorporation of
cellular and glycan hierarchies into the logic computational
framework of cell identity.

Figure 2. Design of 2-level spatially localized proximity labeling (P2L) platform. (A) Schematic diagram of P2L and general PL (i.e., P1L). Using
MUC1 and Sia-N3 as the markers for the cellular- and glycan-level spatial localization, respectively, a set of four cell samples was constructed. Sia-
N3 is developed by metabolic labeling of Sia with Ac4ManNAz. The P2L operation involves the installation of GAO and HRP and the Gal-triggered
TP labeling; and the P1L operation involves the HRP installation and the H2O2-triggered TP labeling. The difference in labeling mechanisms
between P2L and P1L is shown. (B) Demonstration of the advantage of P2L over P1L. FCM analysis of the cell set after P2L or P1L operation and
tetrazine-Cy5 (Tz� Cy5) staining. (C) CLSM images of the cell set after P2L operation and Tz� Cy5 staining. Scale bar: 25 μm. (D) Comparison of the
performance of P2L and P1L in co-culture system. CLSM images and FCM data of the co-cultured cell set after different operation (P2L or P1L) and
Tz� Cy5 staining. Target cells (HeLaH) were pre-stained with calcein-AM. White arrows indicate the non-target cells with obvious proximity labeling
signal. Scale bars: 25 μm. (E) Labeling efficiency and specificity of the target cells obtained from (D) by calculating Q2/(Q2+Q1) and Q2/(Q2
+Q3). Data in (B� D) are representative of three independent experiments. Data in (E) are shown as mean � SD, n=3.
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We conjugated GAO with an aptamer (SH-AptMUC1)
that specifically recognizes MUC1 (Figure S9, Figure S12),[16]

and the resulting GAO-AptMUC1 can specifically bind to
MUC1-positive cells (Figure S13). Sequential treatment with
DBCO-biotin and SA-HRP was used to install HRP on Sia-
N3 of metabolically labeled cells (Figure 2A). We then
added trans-cyclooctene-phenol (TCO-phenol, TP, 200 μM,
Figure S14) and Gal (10 mM, Figure S15) to the 4 types of
cell models to initiate the P2L process (Figure 2B–2C,
Figure S16A, S17). TP signals were observed exclusively on
the HeLaH cell surface, as indicated by tetrazine-Cy5
(Tz� Cy5) staining, with a mean fluorescence intensity (MFI)
ratio of 16.2 compared to HeLa cells. To demonstrate the
advantage of P2L, the P1L procedure with HRP installation
on Sia-N3 and H2O2-triggered TP labeling was also per-
formed on the 4 cell samples by starting the reaction with
H2O2 (10 μM) and TP (200 μM) (Figure 2B, Figure S16B).
In this case, however, TP signals were detected on both
HeLaH and A549H cells, i.e., P1L could not distinguish
between different cells carrying Sia-N3.

We also simultaneously inoculated the four cell popula-
tions mentioned above into the same culture well (Fig-
ure S18A) and compared the performance of P2L and P1L.
P2L displayed a significant labeling selectivity compared to
P1L (Figure 2D, Figure S18B–S20), achieving a labeling
efficiency of 92.9% and a specificity of 87.4% (Figure 2E).
These results demonstrate that P2L successfully achieves
proximity labeling with localization across 2 biological
hierarchies (from cellular down to glycan level) through
cascading enzymatic reactions.

Efficient Cell-Surface Logic Computation Capability of P2L

The P2L method, as a logic computational approach, is
capable of identifying cell subtypes by sequentially calculat-
ing the presence of two biological features (Figure 3A). The
characteristics of the catalytic cycle and the diffusion proper-
ties of H2O2 (Figure S6) facilitate the transfer of spatial
proximity information between markers 1 and 2. Meanwhile,
the HRP-catalyzed PL reaction possesses an intrinsic ability
to amplify the signals from marker 2. These two factors
provide enzyme cascade-based logic gates with an unrivaled
advantage in terms of computation time, running for only 1
to 3 min. In contrast, conventional logic gates constructed
based on DNA[17] or proteins[18] typically rely on the physical
contact between the probes attached to the targets to initiate
the 1 :1 type (non-catalytic) logic operations and require the
additional introduction of signal amplification techniques to
enhance the signals, which generally takes more than 1 h.[19]

To confirm the high sensitivity of P2L, we additionally
constructed a HeLaL model characterized by low expression
of Sia-N3 (Figure 3B, Figure S21), with an abundance of
31.2% of that observed in HeLaH and 48.5% of the
detectable MUC1 level (Figure S22–S23). For HeLaL, the 1-
min labeling operation yielded a fluorescence signal that was
4.5 times that of HeLa (Figure 3C).

This ratio is 27.8% of that for HeLaH (Figure 2B), which
is consistent with the target abundance ratio and substan-

tiates the cross-hierarchy quantification capability of P2L.
Extending the labeling time from 1 to 3 min increased the
MFI ratio of HeLaL to HeLa to 13.2 (Figure 3C). A similar
phenomenon was observed on HeLa cells with further
reduced Sia-N3 abundance (Figure S24), suggesting that
increasing the labeling time by just a few minutes can
significantly improve the labeling sensitivity.

We also constructed an A549L model with low Sia-N3

levels and evaluated the capability of P2L to identify target
cells with low glycosylation levels in mixed cell populations
including HeLaL (target cells), HeLa, A549L, and A549
(Figure S25A). Extending the labeling time resulted in a
significant increase in the labeling signal of HeLaL, thereby
enhancing the labeling efficiency; however, an increased
signal from non-target cells was also observed, leading to a
decrease in the labeling specificity. Notably, when the
labeling time was set to 2 min, both high labeling efficiency
and labeling specificity for HeLaL were successfully achieved
(Figure S25B, C).

Furthermore, we investigated whether P2L is capable of
differentiating target cells with different glycosylation levels
by constructing a co-culture system in which HeLaH and
HeLaL cells were co-cultured with A549L and A549 cells.
Performing P2L with a 2-min TP labeling proved to be
sufficient to sensitively differentiate between HeLaH and
HeLaL (Figure 3D� F, Figure S26). In general, glycosylation
exhibits considerable heterogeneity, often characterized by
variations in high or low modification levels (for example,
one of the typical features of tumors is hyper-sialylation),[20]

making it difficult to use the presence or absence of a single
glycan structure as a reliable marker. Our proposed P2L
provides a powerful tool for identifying cells with different
glycosylation modifications within complex biological sys-
tems.

Covalent Intercellular Assembly at P2L-Designated Sites

The covalent tags generated by P2L provide robust “han-
dles” for precise programming of cellular interactions within
complex systems in a cell- and site-selective manner. To
demonstrate this, we used P2L to introduce TCO at the Sia
site of HeLaH cells (generating TCO-HeLaH) and covalently
modified Tz on the surface of Jurkat T cells (generating Tz-
Jurkat, Figure S27), to construct a pair of cell models that
can be covalently assembled via a click reaction (Fig-
ure 4A).[21]

Robust attachment of the “handles” to the cell surface is
a prerequisite for efficient manipulation of cell behavior.
Therefore, we first investigated the stability of TCO tags on
the target cells (HeLaH). After P2L operation and Tz� Cy5
staining, HeLaH cells were cultured in either complete or
incomplete medium for different time periods, up to 4 h.
The retention percentage of TCO on the cell surface
exceeded 47% in both cases, while in the complete medium
the percentage was slightly higher, perhaps due to the
physical protective effect of the serum on the cells, which
may slow down the fluidity of the cell membrane. However,
the AptMUC1-TCO (Figure S28) bound to HeLaH was signifi-
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cantly less stable in complete medium (Figure 4B, Fig-
ure S29). These data suggest that the covalent tags gener-
ated by P2L exhibit enhanced stability.

After incubation of TCO-HeLaH and Tz-Jurkat cells in a
1 :4 ratio at room temperature for 30 min, 23.1% of the
HeLaH cells were successfully assembled, a percentage
significantly higher than that of cells lacking Tz or TCO
modifications (Figure S30). When the temperature was
raised to 37 °C, the assembly ratio increased to 51.0% and
remained largely unaffected by the presence of fetal bovine
serum (FBS) (Figure 4C, D), confirming the stability of
covalent cellular assembly under physiological conditions.

Finally, we used P2L in the co-culture system to
introduce “handles” to the target cells for cell-selective
programming of intercellular interactions. After performing
P2L and cell digestion, the cell mixtures were incubated with
Tz-Jurkat cells in a 1 :1 ratio at 37 °C for 30 min (Figure 4E).

The assembly percentage of HeLaH cells (47.6%) was
significantly higher than that of non-target cells (14.6%). In
the control group without P2L treatment, no significant
difference in the assembly percentage was observed (Fig-
ure 4F–H, Figure S31). These experiments demonstrated
that P2L can designate the assembly site with a two-level
spatial localization, extending the application of proximity
labeling and providing novel methods for the precise
manipulation of cellular interactions for tissue engineering.

Tracking Changes in the Microenvironment of Sia

The tumor microenvironment (TME) is a typical multi-level
biological system characterized by the complex networks of
interactions between different cell types.[22] One research
area of great interest in the TME is the relationship between

Figure 3. Demonstration of the efficient logic computation capability of P2L on the cell surface. (A) Schematic showing the logic computation
principle of P2L. Owing to the fast diffusion of H2O2 and the signal amplification capabilities of the two enzymes, the P2L-based logic computation
can efficiently transfer the localization information and be executed at the minute level. (B) The Sia-N3 levels of HeLa cells undergoing different
metabolic labeling treatments (HeLaH and HeLaL, full data are shown in Figure S21). (C) FCM analysis of HeLaL after performing P2L with different
labeling time, followed by Tz� Cy5 staining. HeLa cells without Sia-N3 were used as a control. The relative MFI ratio of HeLaL to HeLa is shown. (D)
Differentiation of target cells with different glycan levels in the co-culture system analyzed by FCM. The labeling specificity and efficiency of the
target cells are shown. Target cells HeLaH and HeLaL were stained with calcein-AM and calcein blue AM, respectively. (E) Summary of the labeling
efficiency and specificity from (D). (F) CLSM images of the cell mixture from (D). Scale bar: 25 μm. Data in (C, D, F) are representative of three
independent experiments. Data in (B, E) are shown as mean � SD, n=3.
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tumor cells and macrophages.[23] In particular, M2-like
tumor-associated macrophages have been shown to promote
tumor progression by secreting anti-inflammatory factors.[24]

A critical aspect of tumor development is the alteration of

glycosylation patterns.[25] Investigating the influence of
tumor-macrophage interactions on tumor glycosylation and
its recognition behavior may provide valuable insights into
the evolutionary mechanisms of tumors in response to

Figure 4. Programming of cellular covalent assembly at P2L-designated sites. (A) Schematic illustration of cell-cell covalent assembly programmed
by P2L and bio-orthogonal click reaction. (B) Investigation of the stability of P2L-introduced TCO (covalently linked) on the HeLaH surface. A control
for non-covalent TCO modification was prepared by incubating HeLaH cells with TCO-modified AptMUC1. The retention percentage of covalent or
non-covalent TCO on the cell surface after incubation in the culture medium with or without 10% FBS for different time periods (0, 0.5, 1, 2, 4 h)
was recorded. Data are shown as mean � S.D. of 30 cells from 3 independent experiments. (C) Covalent assembly of TCO-tagged HeLaH cells and
Tz-modified Jurkat T cells. FCM analysis of HeLaH cells after P2L operation (Gal + TP), followed by incubation with Tz-Jurkat in PBS with or without
10% FBS at 37 °C for 30 min. HeLaH cells subjected to P2L without the addition of Gal were used as controls. HeLaH and Tz-Jurkat cells were pre-
stained with calcein-AM and DiD, respectively. Data are representative of two independent experiments. (D) HeLaH cell assembly percentage from
(C), which was obtained by dividing the total HeLaH amount by the amount of HeLaH with Jurkat T assembled. Data are shown as mean � SD,
n=2. (E� H) Programming of cellular covalent assembly in a co-culture system. (E) Schematic diagram of the assembly procedure. (F) CLSM
images and (G) FCM data of co-cultured cells (HeLaH, HeLa, A549H and A549) after P2L operation (Gal + TP + CAT), followed by incubation with
Tz-Jurkat at 37 °C for 30 min. The co-culture system subjected to a similar treatment but without Gal was used as a control. HeLaH and Tz-Jurkat
cells were pre-stained with calcein-AM and DiD respectively, other cells (HeLa, A549 and A549H cells) were pre-stained with calcein blue AM. Scale
bar: 25 μm. (H) Cell assembly percentage from (G). Data in (F) and (G) are representative of three independent experiments, and data in (H) are
shown as mean � SD, n=3. Statistical significance was determined by unpaired two-tailed t-test; NS, not significant (P >0.05), **P�0.005.
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immune pressure, particularly from the perspective of
glycosylation.

Sia is located at the end of glycan chains and is closely
associated with tumor progression.[25] We first investigated
the alterations of Sia on the surface of human lung cancer
epithelial-like A549 cells in the co-culture system with M2
macrophages (Figure S32). As the co-culture time increased,

the Sia level on the surface of A549 cells showed a
significant increase when compared to the individual culture
model (Figure 5B, C, noted that the effect of exocytotic
molecules on click staining reaction was excluded). This
finding indicates that the presence of macrophages indeed
influences the glycosylation patterns of A549 cells.

Figure 5. Microenvironment profiling of A549 cell surface Sia in response to macrophage co-culture. (A) Schematic diagram showing the influence
of M2 macrophage co-culture on the sialylation level and Sia microenvironment of A549 cells. (B) Experimental design and representative FCM
data for tracking the macrophage-induced Sia variation (1–3 d) on A549 cells (abbr., C). DBCO� Cy5 was used to stain the metabolic (N3) labeled
Sia. Control: mono-cultured A549 cells (abbr., M). (C) Relative MFI of co-cultured A549 cells normalized to mono-cultured A549 cells. Data in (C)
are shown as mean � SD, n=2. (D) Proteomic profiling of the A549 cell surface Sia microenvironment in response to M2 macrophages. Two-
dimensional scatter plot of proteins identified and quantified in two independent experiments. Proteins with Log2 (Co-culture/Mono-culture)
ratio�1 in both experiments are highlighted in red and identified as upregulated proteins. The complete list can be found in Dataset S1. (E)
Number of identified upregulated proteins with and without glycosylation. (F) Examples of identified upregulated proteins categorized by different
functions. Proteins in green are reported potential Sia binding proteins, and those with red asterisks are non-glycosylated proteins. (G) Biological
process enrichment and (H) KEGG pathway analysis of the identified upregulated proteins from (D) by DAVID.
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Building on this, we sought to integrate P2L and
proteomic technology to elucidate the alterations occurring
within the Sia microenvironment. Given that A549 cells and
M2 macrophages exhibit positive and negative expression of
the hepatocyte growth factor receptor (MET), respectively
(Figure S33), we selected MET as the 1st marker, and used
the MET aptamer SL1[26] (AptMET, Figure S34) to direct
GAO towards A549 cells, achieving the cellular-level spatial
localization. For the 2nd marker, Sia-N3, we prepared and
characterized Tz-modified HRP (Tz-HRP), and used
DBCO-TCO to anchor Tz-HRP onto Sia-N3 (Figure S35).
The feasibility of P2L operation was confirmed using 10 mM
Gal and 100 μM BP (Figure S36), and the effect of
exocytotic H2O2 on P2L was excluded.

We conducted P2L operation on both co-cultured system
and mono-cultured A549 cells over a duration of two days,
followed by enrichment of biotin-labeled proteins and label-
free proteomics analysis (Figure 5D). 168 cell surface pro-
teins were identified to exhibit upregulation in response to
immune pressure, with Log2 (Co-culture/Mono-culture)�1
(Figure 5D). Uniprot database (www.uniprot.org) queries
confirmed that 44 of these identified proteins were glycosy-
lated (Figure 5E). We speculated that these upregulated
proteins include the sialylated proteins themselves, their
interacting partners, and spatially adjacent proteins (Fig-
ure 5F).

Several identified upregulated glycoproteins, including
CEMIP (cell migration inducing hyaluronidase 1), ICAM1
(intercellular adhesion molecule 1), HBEGF (proheparin-
binding EGF-like growth factor) and PTGS2 (prostaglan-
din-endoperoxide synthase 2), are closely associated with
the adhesion, migration, and invasion of tumor cells. For
example, the overexpression of CEMIP is related to poor
prognosis in non-small cell lung cancer and may facilitate
tumor metastasis by modulating the epithelial-mesenchymal
transition (EMT) signaling network.[27] Furthermore, PTGS2
is also overexpressed in lung cancer and plays a critical role
in lung carcinogenesis and progression by promoting angio-
genesis, metastasis, and immune suppression.[28] Several
reported potential Sia binding proteins, such as RAB7 A
(Ras-related protein Rab-7a)[29] and PXN (paxillin)[30] were
also found. RAB7 A has been shown to regulate the
immigration of lung cancer cells through its interaction with
Rac1 and vimentin (VIM),[31] and may be involved in the
regulation of cell surface Sia.[32] PXN has been reported to
enhance the proliferation and invasion of lung cancer
cells,[33] and it can be activated through the sialylation of
integrin β1.[30]

We then conducted a biological process enrichment
analysis and a KEGG pathway analysis on these 168
proteins via DAVID.[34] In addition to commonly recognized
glycosylation-related biological processes such as cell migra-
tion, angiogenesis, and symbiont entry into host cells, the
upregulated proteins are also associated with processes such
as protein internalization and endocytosis. This suggests that
the increased sialylation observed in tumor cells in the
context of immune pressure may play a regulatory role in
these related processes (Figure 5G). Furthermore, the
KEGG analysis indicates that these proteins are involved in

various signaling pathways, including those related to the
actin cytoskeleton, focal adhesion, adherens junction, VEGF
and Rap1, and are associated with the regulation of cancer
cell migration and proliferation (Figure 5H).

These results indicate that the integration of P2L and
proteomic technology has equipped in situ analysis with
spatial specificity across two biological hierarchies. This
advance allows the unveiling of molecular information about
the microenvironment surrounding specific biomolecules on
specific cells within heterogeneous cellular systems. As a
result, P2L can serve as a powerful tool for uncovering the
molecular mechanisms underlying complex interaction sys-
tems.

Conclusion

In conclusion, to address the current limitations of PL
technology, which is limited to single-level spatial local-
ization, we developed a two-level spatially localized prox-
imity labeling (P2L) platform. This platform integrates a
GAO-based oxidation reaction (as a temporal and spatial
switch) upstream of the HRP-based PL reaction. The P2L
platform effectively transfers and amplifies the spatial local-
ization signal, acting as a logic gate and overcoming the
specificity and stability issues associated with biological
labeling. The output of covalent tags can be docked with cell
assembly programming and microenvironment profiling,
thereby providing versatile tools for the analysis and
manipulation of complex biological systems.

In comparison to existing research on cell surface logic
gates, we incorporated the two biological hierarchies, at the
cellular and glycan levels, into the computational framework
of cell identity, and demonstrated the quantitative differ-
entiation capabilities of P2L using the glycan level as a
model. Using phenol derivatives with click-reactive groups
as substrates, the tags introduced by P2L exhibited both
spatial selectivity and covalent reactivity. This allows the
precise programming of cell assembly within complex
cellular systems, which holds promise for fine-tuning inter-
cellular interactions, such as assembly sites or intercellular
spacing. Using the two-level spatial localization of P2L, we
analyzed the microenvironment of Sia on the surface of
target cells in co-culture models, establishing a research
paradigm to reveal the effects of glycosylation in a spatially
selective manner within a complex biological environment.

The P2L platform is flexible in terms of installation
format (affinitive or covalent), making it applicable to
different categories and types of markers. This versatility
will facilitate the future application of P2L in the analysis
and classification of cancer cells,[35] tumor exocytosis
vesicles,[36] and logic operation-guided intelligent immune
cell therapeutics,[37] etc. By regulating the labeling time of
P2L, the first-level spatial localization scale may be extended
and used for the spatial information profiling of proximal
and distal cells surrounding the target cells. The spatial
information transfer module (enzyme cascade reaction) of
P2L can be designed to operate in other modes. For
example, by substituting the two computation units with
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light-controlled switches (such as upconversion nanopar-
ticles, UCNPs)[38] and photocatalysts (e.g., [Ir(dFCF3ppy)2-
(dtbbpy)]PF6 and Eosin Y),[39] and by replacing the phenol
substrate with diazirine (a photocatalytic substrate with a
smaller labeling radius), the proximity labeling region can
be further focused (~10 nm),[40] and the in vivo use of P2L
can be expected.
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Two-Level Spatially Localized Proximity La-
beling for Cross-Biological-Hierarchy Meas-
urement and Manipulation

We propose a “two-level spatially local-
ized proximity labeling (P2L)” platform
by cascading galactose oxidase (GAO)-
based oxidation reaction and horserad-
ish peroxidase (HRP)-based proximity
labeling (PL). P2L integrates enzymatic

logic computation and PL, enabling
rapid output of spatial localization in-
formation across biological hierarchies
as covalent tags for cell-selective assem-
bly programming and microenvironmen-
tal proteomic analysis.
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