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a b s t r a c t

The study of target proteins is crucial for understanding molecular interactions and developing analyti-

cal platforms, therapeutic agents and functional tools. Herein, we present a novel nanoplatform activated

by near-infrared (NIR) light for triple-modal proteins study, which enabling target protein labeling, en-

richment and visualization. Azido-naphthalimide-coated upconversion nanoparticles (UCNPs) serve as NIR

light-responsive nanoplatforms, showing promising applications in studying interactions between various

bioactive molecules and proteins in living systems. Under NIR light irradiation, azido-naphthalimides are

activated by ultraviolet (UV) and blue light emitted from UCNPs and the resulting amino-naphthalimides

intermediate not only crosslink nearby target proteins but also enable imaging performance. We demon-

strate that this nanoplatform is capable of selective protein labeling and imaging in complex protein envi-

ronments, achieving specific labeling and imaging of both intracellular and extracellular proteins in mam-

malian cells as well as bacteria. Furthermore, in vivo protein labeling has been achieved using this novel

NIR light-activatable nanoplatform. This technique will open new avenues for discoveries and mechanistic

interrogation in chemical biology.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The identification of biological proteins and study of the in-

teractions of proteins and ligands are essential for comprehen-

sively understanding the biological processes and design of new

therapeutic agents [1]. Small molecules-based proximity labeling

is a prevailing strategy which is purposefully crafted to resem-

ble the structure of a ligand or substrate, enabling it to inter-

act with biomolecular targets. Hamachi group developed ligand-

directed chemistry which rely on the nucleophilic amino acid on

proteins to react with the electrophilic group of small molecules-

based probes [2]. However, this strategy mainly relies on the

abundance of nucleophilic amino acid and their reactivity to-

ward electrophilic group of probes. Photoaffinity-based approach

has emerged as promising alternatives which enabling high spa-

tiotemporal control and good labeling efficacy [3–6]. Typically, a

bioactive molecule incorporates a photoreactive group capable of

forming a covalent bond with the target molecule upon exposure

to ultraviolet (UV) light. Until now, many efforts have been wit-

nessed on efficient purification of the labeled targets, with differ-
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ent tags including biotin or a clickable tag as a post-labeling tech-

nique [7,8]. However, the purification process is often complicated

by the tedious procedures and the inevitable loss of targets dur-

ing the handling process. The combination with mass spectrom-

etry (MS) [9] enables target identification on the proteome-wide

scale and structural elucidation of the binding site but a success-

ful and efficient isolation of small molecule-conjugated targets are

precondition. While, post-labeling commonly requires distinct pro-

cedures for protein separation or visualization via bio-orthogonal

chemistry to introduce a biotin or a fluorophore [10], which can-

not be achieved simultaneously. Additionally, the efficiency of pro-

teins labeling is often limited to specific targets, such as glycopro-

teins, typically exhibit low affinity and selectivity toward their lig-

ands resulting in a lower labeling yield [11]. Very recently, Saku-

rai’s group developed gold nanoparticle-based multivalent carbo-

hydrate probes, demonstrating favorable affinity and efficient isola-

tion of carbohydrate-binding proteins [12]. Toshima and colleagues

devised a solid-phase affinity labeling technique for the target-

selective isolation and modification of proteins [13]. Nanoplatforms

were promising tools for proteins labeling and enrichment, but

current strategies mainly rely on the irradiation by UV light which

bring a risk of harm to biomolecular targets and cells [14,15]. Given
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the advantages of lower energy light, visible light-driven photo-

proximity labeling has emerged as a promising approach for pro-

tein study. MacMillan group developed a μMap photocatalytic la-

beling strategy using a photocatalyst excited by blue or red light to

convert diazirines into reactive carbenes via energy transfer [16,17].

Meanwhile, Rovis and coworker reported photocatalytic activation

of aryl(trifluoromethyl) diazos or aryl azide for protein labeling us-

ing red light [18]. These strategies commonly involved light con-

version, from blue or red light to UV light, which are mediated by

a metal photocatalyst. However, oxygen could inhibit intracellular

photocatalytic reactions by quenching the excited-state photocata-

lysts, and singlet oxygen [19,20] commonly generated in the pho-

tosensitization process which is highly reactive and may cause pro-

tein degradation and cellular damage [21]. Upconverting nanoparti-

cles (UCNPs) are remarkable for their ability to emit UV light when

excited by continuous-wave near-infrared (NIR) laser diodes [22–

27]. This property makes NIR-based photochemistry highly valu-

able in bioimaging, biocatalysis [28–33] and drug delivery because

NIR light is advantageous due to its minimal photodamage to

biomolecular targets and its superior tissue penetration compared

to UV light. Therefore, we explored whether NIR light could ac-

tivate photoreactive groups, especially those with imaging capa-

bilities. If successful, this could enable the development of a NIR

light-activated nanoplatform for protein labeling, enrichment, and

visualization in living systems.

Keeping all these points in mind, in this work, we reported

a triple-modal NIR light activatable nanoplatform enabling pro-

tein labeling, enrichment and visualization, simultaneously. The

novel nanoplatform could be activated under lower power NIR

light within short irradiation time, and it features easy prepa-

ration, good applicability, convenient targets enrichment. Mean-

while, azido-naphthalimide as photoreactive group can be con-

verted amino-naphthalimide, a fluorescent moiety with emission

at long wavelengths (λmax ∼ 540nm) enabling targets visualization

simultaneously. Most importantly, we successfully demonstrated

its applicability for targets labeling in bacteria, mammalian cells

and living animals with good safety. Together, we envision that this

nanoplatform can be developed as a novel photochemical tool for

comprehensive understanding the biological processes and design

of new therapeutic agents.

As Tm-loaded UCNPs emitted both blue and UV light, but the

density of blue light is higher than the latter one [22]. Meanwhile,

Wu reported that only blue light was emitted when the excitation

intensity was below 2.2W/cm2 [28], thus a higher excitation inten-

sity was required to activate diazirine in previous work. Therefore,

we hypothesized that a more sensitive photoreactive group, par-

ticularly one that can be activated under both UV and blue light,

would be promising for achieving more effective proteins labeling.

Azido-naphthalimide was recently utilized as an excellent photore-

active group, which demonstrates good photo-reactivity under UV

or blue light irradiation [34,35], but not NIR light. Meanwhile, it

owns good aqueous stability and its photoinduced product amino-

naphthalimide is a fluorescent moiety with emission at long wave-

lengths [36], thus could enable the protein visualization after label-

ing process. Based on this, we assumed that azido-naphthalimide-

loading upconverting nanoparticles could be a novel nanoplat-

form integrating protein labeling, isolation, and visualization un-

der NIR light irradiation. To test our hypothesis, we firstly synthe-

sized azido-naphthalimide and analyzed its photolysis reaction un-

der various light irradiation (see Supporting information for syn-

theses). As expected, changes in absorption and fluorescence spec-

tra under UV light indicated a fast photochemical transformation

of azido-naphthalimide (Fig. S1 in Supporting information). In con-

trast, diazirine, a traditional photoreactive group displayed moder-

ate transformation rate under the same irradiation condition (Fig.

S2 in Supporting information). Comparable alterations were ob-

Fig. 1. (a) Schematic illustration of protein labeling and visualization under NIR

light irradiation. (b) Structures of probes 1–3. (c) Fluorescence spectra of probe 1

(2 mg/mL) under NIR light irradiation (980nm). Ex. slit: 5 nm, Em. slit: 5 nm. (d)

Binding study of FITC-labeled Con A (16 μg) with probe 1, fluorescence of the su-

pernatant after removal of Con A/probe 1 complex. Ex. slit: 10nm, Em. slit: 10nm.

(e) Labeling of Con A using different probe. Lane 1: Con A input (2 μg), lanes 2–4:

labeling of Con A (2 μg) using indicated probe (1 mg), lane 5: negative control with-

out NIR irradiation using probe 2 (1 mg). (f) Labeling yield of Con A using different

probe (error bar indicates SD, n=4).

served under blue light exposure, indicating its robust photoreac-

tivity under dual-light conditions (Fig. S3 in Supporting informa-

tion). Next, Tm-loaded UCNPs and silica shell-coated one (UCNPs-

SiO2) were synthesized, and the transmission electron microscopy

(TEM) analysis and dynamic light scattering (DLS) both revealed

their diameters (Figs. S4–S6 in Supporting information). As ex-

pected, UCNPs-SiO2 successfully emitted UV and blue light when

excited with a 980nm laser, demonstrating its potential to acti-

vate azido-naphthalimide (Fig. S7 in Supporting information). With

azido-naphthalimide and UCNPs in hand, we test their photoreac-

tion potential under NIR light irradiation. As anticipated, significant

changes in the fluorescence spectra of azido-naphthalimide were

observed when UCNPs were present (Fig. S8 in Supporting infor-

mation), while no changes were found in their absence (Fig. S9 in

Supporting information), suggesting that blue and UV light emitted

from UCNPs are able to activate azido-naphthalimide.

Next, we began testing the protein labeling potential of this

NIR light-activatable nanoplatform. Carbohydrates serve as criti-

cal components in various biological processes, acting as recogni-

tion sites for cells and facilitating interactions with diverse bind-

ing partners, and carbohydrates-proteins interactions are involved

in many biology processes including cell-cell interactions, tumor

cell metastasis, bacteria and virus invasion, or immune response

[37]. However, the exploration and understanding of these pro-

cesses face significant challenges due to the typically weak affini-

ties associated with carbohydrate-protein interactions (Kd, 10−3–

10−6 mol/L) [38,39]. This limitation drives us to select carbohy-

drates as model ligands to test our novel nanoplatform (Fig. 1a).

Concanavalin A (Con A) is an important lectin that binds primarily

to α-d-mannopyranosides with high specificities but relatively low

affinity [40], which was selected as the model target. Probe 1 was

readily synthesized by a competing reaction of amino-modified

azido-naphthalimide and mannose with NHS-functionalized UCNPs

(Fig. 1b and Scheme S10 in Supporting information). Fluorescence

spectra successfully demonstrated the azido-naphthalimide loading

as well as its reactivity under NIR light irradiation (Fig. 1c). Using
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phenol/H2SO4 colorimetric reaction [41], the amount of mannose

of probe 1 was determined as 26.7 nmol/mg (Fig. S10 in Supporting

information). Next, fluorescein isothiocyanate (FITC)-labeled Con A

was mixed with probe 1 for 4 h, and the supernatant was mon-

itored by fluorescence after centrifugation. As shown in Fig. 1d,

interaction of Con A and probe 1 was furnished in concentra-

tion dependent manner, which was strongly inhibited by competi-

tion with d-(+)-mannose (Fig. S11 in Supporting information), thus

suggesting the specific interaction between probe 1 and target pro-

teins. To determine the photoreactivity and labeling efficiency of

probe 1, control probes with diazirine and benzophenone as pho-

toreactive group were prepared (probe 2 and 3, Fig. 1b). Then,

Con A were incubated with probe 1, 2 or 3 in phosphate buffered

saline (PBS) at 4 °C for 2h to form specific binding, and the incu-

bating buffer was irradiated using NIR light (980nm) on ice. The

labeled proteins were enriched and purified through several cycles

of centrifugation and washing PBS buffer. Subsequently, they were

released from nanoparticles using mercaptoethanol and were sub-

jected to sodium dodecyl sulfate polyacrylamide gel electrophore-

sis (SDS-PAGE) for analysis. As can be seen from Fig. 1e and Fig.

S12 (Supporting information), all probes successfully labeled Con

A, but probe 1 loaded with azido-naphthalimide showed the high-

est labeling yield (44%), indicating its higher reactivity and label-

ing efficiency (Fig. 1f). As shown in Figs. S13 and S14 (Supporting

information), protein labeling followed both a power- and time-

dependent manner, and 3W of NIR light with 15min irradiation

was opted as the optimal condition due to the good labeling effi-

ciency and moderate thermal effect (Fig. S15 in Supporting infor-

mation). Competition experiment using excess d-(+)-mannose as

competitor led to a significant decrease of labeling yield, suggest-

ing the specific interaction of mannose with targets (Fig. 2a and

Fig. S16 in Supporting information). Another control experiment

using the probe lacking ligand but containing azido-naphthalimide

displayed similar results (Fig. S17 in Supporting information). Ob-

vious fluorescence was found in the in-gel fluorescence scanning,

suggesting the protein visualization ability of probe 1 induced by

NIR light. Meanwhile, labeling selectivity of probe 1 was further

assessed with a mixture consisting of Con A and 10-fold excess

nonspecific protein, bovine serum albumin (BSA). As expected, the

enriched proteins in SDS-PAGE indicated that probe 1 showed good

labeling selectivity towards Con A over BSA (Fig. 2b and Fig. S18 in

Supporting information). The labeling of Con A from complicated

environment was study, and a mixture of Con A (2 μg) and E. coli

lysate (30 μg) were incubated with probe 1 for 2 h (Fig. S19 in Sup-

porting information). Through NIR light irradiation, centrifugation,

wash and cleavage by mercaptoethanol, the enriched protein was

subjected to SDS-PAGE. As anticipated, probe 1 successfully labeled

and enriched Con A in complicated cell lysate, shown in both reg-

ular staining and fluorescence gel.

Human serum albumin (HSA) is the most abundant protein in

plasma and serves as a major carrier for various drugs. Ibuprofen

and fatty acids are known to exhibit specific binding to HSA which

has been extensively studied. To demonstrate the application po-

tential of our platform for investigating drug delivery, we designed

and tested ibuprofen- and fatty acid-based probes (probes 4 and

5). As shown in Fig. 2c, probe 4 labeled HSA (purchased from

Shanghai Yuanye Bio-Technology Co., Ltd., China) with a yield of

38%, and successful labeling was also observed through pork mus-

cle tissue (29%) indicating the platform’s potential for drug discov-

ery as well as in vivo studies. Meanwhile, competition experiments

were conducted (Fig. 2d). When excess ibuprofen was introduced

as competitor, the labeling yield decreased significantly to 3%,

highlighting the effect of competitive inhibition. Interestingly, the

labeling in the presence of other drugs competitor (camptothecin

and oxaliplatin) which bind to HSA at sites different from ibupro-

fen [42,43] resulted in less inhibition (10% and 12% respectively),

Fig. 2. (a) Labeling of Con A (2 μg) using probe 1 (1 mg) with or without competi-

tor. Lane 1: Con A input, lane 2: labeling of Con A using probe 1, lane 3: labeling of

Con A using probe 1 with competitor (D-(+)-mannose, 300μmol/L), lane 4: negative

control without NIR irradiation. (b) Labeling of Con A in mixed proteins using probe

1 (1 mg), data were shown in stained gel (left) and in-gel fluorescence (right). Lane

1: Con A input, lane 2: Con A (2 μg) and BSA (20μg), lane 3: labeling of Con A from

mixed proteins. (c) Labeling of HSA (2 μg) using probe 4 (1 mg). Lane 1: HSA input,

lane 2: labeling of HSA under NIR light (980nm), lane 3: labeling of HSA under NIR

light (980nm) through 3mm of pork tissue, lane 4: negative control without light

irradiation. (d) Labeling of HSA (2 μg) using probe 4 (1 mg) with or without com-

petitor. Lane 1: HSA input, lane 2: labeling of HSA using probe 4, lane 3: labeling of

HSA using probe 4 with competitor (ibuprofen, 300μmol/L), lane 4: negative con-

trol without NIR irradiation, lane 5: labeling of HSA using probe 4 with competitor

(camptothecin, 300μmol/L), lane 6: labeling of HSA using probe 4 with competitor

(oxaliplatin, 300μmol/L). (e) TEM of E. coli treated with probe 1 under NIR light. (f)

TEM of E. coli treated with probe 1 with competitor under NIR light.

thus further supporting the binding specificity of HSA to ibupro-

fen. Additionally, probe 5 functionalized with fatty acids demon-

strated a similar trend (Fig. S20 in Supporting information). Taken

together, our platform shows strong promise for studying drug-

carrier proteins interactions and facilitating targets investigation in

vivo.

Nowadays, bacterial infections [44] pose a significant threat

to global human health and the rise of antibiotic-resistant bacte-

ria has exacerbated this issue, making it increasingly difficult to

treat common infections. Study of carbohydrate-lectin interactions

is crucial for microbial decontamination and rapid detection, which

is of elevated significance for many applications including antibi-

otics screening assays, microbiology studies, and clinical examina-

tions. It is well known that bacteria exploit cell surface oligosac-

charides for adhesion to host cell which is the initial step in many

infectious diseases [45]. The probe designed in this work featur-

ing multivalent ligands on the surface could enhance the binding

affinity to bacteria, which drive us to test its ability for bacteria de-

tection. E. coli (DH-5α) was incubated with probe 1 in PBS buffer

for 6h, and a parallel experiment in the presence of competitor

(d-(+)-mannose) was conducted as a control. After exposure with

NIR light, probe 1/E. coli complex was then imaged with TEM. As

shown in Fig. 2e, probe 1 aggregates could be easily observed on

the surface of the E. coli after light irradiation. However, the com-

plex was obviously inhibited in the presence of mannose competi-

tor (Fig. 2f), suggesting the specific bacterial recognition of probe

1 led by the binding activity of mannose to the FimH lectin on the

pili [46].
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Inspired by the efficient protein labeling and imaging capabil-

ity of our new strategy, we move our attention to another lectin,

peanut agglutinin (PNA), which showed weak binding affinity to

methyl β-d-galactose [47]. Probe 6 with d-galactose as ligand was

prepared according to the above-mentioned strategy using galac-

tose and azido-naphthalimide with a 1/3 mole ratio (Scheme S11

in Supporting information). Following previously described pro-

cedure, PNA were incubated with probe 6 in PBS buffer at 4 °C
for 2h to form specific binding and was purified by centrifuga-

tion and washing which was finally subjected to SDS-PAGE after

cleavage by mercaptoethanol. Interestingly, PNA was purified and

enriched in 43% yield, which is a great improvement compared

to our previous work (Fig. S21 in Supporting information). Next,

competition experiment was conducted using excess methyl-β-d-

galactopyranoside as competitor and it was found that competitor

led to a significant decrease of labeling yield, suggesting the spe-

cific interaction of d-galactose with targets (Fig. S22 in Support-

ing information). Cell surface-associated proteins play crucial roles

in various biological processes, including intercellular communica-

tion, immune response, cell differentiation, development, and sig-

nal transduction. One particularly significant protein is the asialo-

glycoprotein receptor (ASGPR), which is highly expressed on hep-

atocytes as an extracellular protein [48]. The ASGPR functions by

binding and clearing asialoglycoproteins from the bloodstream, fa-

cilitating receptor-mediated endocytosis [49]. Moreover, it plays es-

sential roles in pathogen recognition and serves as a target for

therapeutic interventions. d-Galactose residue serves as a com-

monly employed ligand for targeting liver cells via ASGPR recog-

nition. Previous efforts mainly focus on imaging the cell surface-

associated proteins in vitro [50], while one probe integrate the ad-

vantages of both fluorescent imaging and protein labeling and iso-

lation have rarely been explored. Initially, the features of probe

6 for protein labeling and isolation were studied by incubating it

with HepG2 liver cancer cell lysate, followed by NIR light irradia-

tion, centrifugation and targets release by mercaptoethanol treat-

ment. It has been reported that ASGPR levels in HepG2 cells are

generally low but can be induced with biotin [51], thus we pre-

pared the cell lysate from HepG2 under different treatments. As

shown in the Western blot assay (Fig. S23 in Supporting informa-

tion), probe 6 efficiently labeled and enriched ASGPR in biotin-

induced HepG2 cells, whereas labeling was significantly inhibited

in the presence of methyl-β-d-galactopyranoside or in the HepG2

lysate without biotin treatment, suggesting the specific binding be-

tween probe 6 and ASGPR of HepG2 cells. Next, we evaluated the

extracellular protein recognition and imaging capabilities of probe

6 by incubating it with HepG2 cell (Fig. 3a). Figs. 3b and c and Fig.

S24 (Supporting information) showed that no fluorescence was de-

tected from cells treated with probe 6 without NIR light exposure.

In contrast, strong fluorescence was detected upon NIR light irradi-

ation, indicating the activation of azido-naphthalimide and forma-

tion of a fluorescent structure. Prolonged incubation time resulted

in even stronger fluorescence, whereas fluorescence was markedly

reduced in the presence of methyl β-d-galactose as a competitor,

suggesting that the labeling is mediated by the interaction of d-

galactose and ASGPR.

Based on the promising capabilities for labeling, enrichment,

and imaging of extracellular proteins of our nanoplatform, we fur-

ther evaluated its utilization potentiality for intracellular protein in

living cells. Human carbonic anhydrase II (CA-II) is indispensable

for maintaining acid-base balance, facilitating gas exchange, regu-

lating ion transport, and influencing physiological processes crucial

for human health and function [52]. Its multifaceted roles under-

score its importance in both normal physiological functions and

potential therapeutic interventions. As CA-II can be reversibly in-

hibited by sulfonamide-carrying ligands, we prepared a probe 7 in-

corporated with benzenesulfonamide moiety for specifically bind-

Fig. 3. (a) Schematic illustration of labeling extracellular protein using probe 6 in

living cells. (b) Fluorescence imaging of HepG2 cells under different treatments

(probe 6: 80 μg/mL; competitor: methyl β-d-galactose, 30 μmol/L; L: 3W of 980nm

light, 5min). Group a: HepG2 cells and probe 6 were incubated for 4h, Group b:

HepG2 cells and probe 6 were incubated for 4h, then irradiated with NIR light,

Group c: HepG2 cells and probe 6 were incubated for 6h, then irradiated with

NIR light, Group d: HepG2 cells, probe 6 and competitor were incubated for 4h,

then irradiated with NIR light. Scale bar: 20 μm. (c) Relative fluorescence intensity

of HepG2 cells under different treatments (error bar indicates SD, n=3).

ing of CA-II (Scheme S11). Probe 7 was incubated with CA-II in

PBS buffer at 4 °C for 2h before irradiation under NIR light. Fol-

lowing NIR-mediated protein labeling mentioned previously, the

resultant mixture containing probe 7 and labeled proteins under-

went a purification process involving several cycles of centrifuga-

tion and wash. Subsequently, the labeled proteins were liberated

from probe 7 using mercaptoethanol and subjected to analysis via

SDS-PAGE. As anticipated, the experimental results revealed that

probe 7 effectively labeled and enriched CA-II, achieving a yield

of 40% compared to the control group that did not undergo NIR

light irradiation (Fig. S25 in Supporting information, left). The flu-

orogenic property of amino-naphthalimide facilitated the visual-

ization of proteins during in-gel fluorescence scanning (Fig. S25,

right). Additional competition experiment using excess of BSA (10-

fold) was designed and the result clear indicated the labeling effi-

ciency and specificity of probe 7 toward CA-II (Fig. S26 in Support-

ing information). Next, imaging of the intracellular CA-II in living

cell was attempted using MCF7 human breast cancer cells which

endogenously express CA-II (Figs. 4a and b, Fig. S27 in Supporting

information) [53]. Upon incubation with probe 7, MCF7 cells with-

out light irradiation showed no fluorescence, while strong green

fluorescence was readily detected upon NIR light irradiation, sug-

gesting the endogenously imaging of CA-II. In the presence of

4-(2-aminoethyl)benzenesulfonamide as competitor, endogenously

imaging fluorescence was significantly suppressed and hardly no

fluorescence was shown in HeLa cell, which show less CA-II ex-

pression. To detail the labeling of endogenous CA-II, MCF7 and

HeLa cell labeled with probe 7 were lysed respectively. The cell

lysate was harvested and separated by SDS-PAGE and analyzed by

western blot. As shown in Fig. 4c, Figs. S28 and S29 (Supporting

information), obvious fluorescence band was found in the MCF7

cell treated with probe 7 under light irradiation. Meanwhile, West-

ern blot data indicated that MCF7 express more CA-II compared to

HeLa (Fig. 4d, Fig. S30 in Supporting information), which is consis-

tent to the previous report [54].

Until now, photoaffinity-based approach has been primarily

limited to cell-based models because conventional UV light strug-

gles to penetrate the skin. One of the most important advantages

of our nanoplatform is the potential for protein labeling in vivo as

NIR light penetrate deeper than UV light [55]. Inspired by the ex-

4
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Fig. 4. (a) Fluorescence imaging of cells under different treatments (probe 7:

80 μg/mL, incubation time: 6h, competitor: (4-(2-aminoethyl)benzenesulfonamide,

30 μmol/L, L: 3W of 980nm light for 5min). Group a: MCF7 cells incubated with

probe 7, Group b: MCF7 cells incubated with probe 7, then irradiated with NIR

light, Group c: MCF7 cells incubated with probe 7 and competitor, then irradiated

with NIR light, Group d: Hela cells incubated with probe 7, then irradiated with

NIR light. Scale bar: 20 μm. (b) Relative fluorescence intensity of cells (error bar

indicates SD, n=3). (c) Labeling and visualization of CA-II (group a: CA-II treated

with control probe 7a (see Supporting information) under 470nm blue light; group

b: MCF7 cells treated with probe 7 under NIR light; group c: MCF7 cells treated

with probe 7 without NIR irradiation; group d: HeLa cells treated with probe 7 un-

der NIR light; group e: MCF7 cells treated with probe 7 and competitor) (d) West-

ern blot for CA-II (from left to right: CA-II, MCF7 cells treated with probe 7 under

irradiation, HeLa cells treated with probe 7 under NIR light. (e) Western blot for la-

beling of CA-II using probe 7 (1 mg) from tumor lysate (60μg). Lane 1: CA-II input;

group a: labeling of CA-II from tumor lysate using probe 7 with NIR light; group b:

labeling of CA-II using probe 7 without NIR light. (f) Labeling and visualization of

CA-II in vivo (from left to right: CA-II treated with probe 7a under 470nm light, the

tumor was irradiated with 980nm laser, the tumor was not irradiated, the tumor

was irradiated with 470nm light).

citing result in pork tissue model, we evaluated the in vivo protein

labeling potential using probe 7. MCF7 xenograft tumor model was

developed using BALB/c mice and all experiments were approved

by the Animal Ethics Committee of Dalian University of Technology

(ethics approval No. DUTSCE240626-02). Before in vivo proteins la-

beling, we conducted the CA-II labeling from MCF7 tumor lysate

using probe 7. As shown in Fig. 4e and Fig. S31 (Supporting in-

formation), probe 7 successfully labeled and enriched CA-II, indi-

cating its potential for protein labeling in complex environment.

Encouraged by this result, in vivo protein labeling was carried out

and probe 7 in PBS solution was injected into tumor via intra-

tumoral injection. Upon NIR light irradiation, the tumor was har-

vested, lysed and the supernatant was subjected to SDS-PAGE for

staining analysis. As can be seen from Fig. 4f and Fig. S32 (Sup-

porting information), In-gel fluorescence demonstrating the protein

labeling potential of probe 7 in vivo. Meanwhile, the safety evalu-

ation of the NIR light activatable nanoplatform in vivo were per-

formed and no adverse physiological effects and organ damages

were found during the treatment of probe 7, consistent with the

cell viability assay (Figs. S33–S36 in Supporting information).

In conclusion, we have developed a novel NIR light-activated

nanoplatform and evaluated its potential applications for protein

labeling, enrichment and visualization. Azido-naphthalimides can

be easily activated by UV and blue light emitted from upconver-

sion nanoparticles under NIR light irradiation. The resulting amino-

naphthalimides not only crosslink nearby target proteins but also

facilitate their imaging. Benefitting from the nanocharacteristics of

this platform, we successfully labeled, enriched lectins and drugs

carrier proteins with excellent efficiency, selectivity and conve-

nience. Due to its high ligand loading capacity, this nanoplat-

form has proven valuable for bacterium detection. Furthermore, we

demonstrated the versatility of this NIR light-activated nanoplat-

form in affinity labeling and imaging of both extracellular and

intracellular proteins within living cells. Moreover, in vivo pro-

tein labeling was achieved using this novel NIR light-activatable

nanoplatform, leveraging the superior tissue penetration of NIR

light. We believe this platform will expand the application of

protein modification strategies, especially photoaffinity-based ap-

proach in living systems, thereby facilitating biological discoveries

and mechanistic interrogation.
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