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Abstract

Optogenetics provides promising tools for the precise control of receptor-mediated cell behaviors 

in a spatiotemporal manner. Most photoreceptors, yet, require extensive genetic manipulation and 

respond only to ultraviolet or visible light, which are suboptimal for in vivo applications because 

they do not penetrate thick tissues. Here we report a novel near-infrared light-activated DNA 

agonist (NIR-DA) nanodevice for nongenetic manipulation of cell signaling and phenotype in deep 

tissues. This nanodevice is prepared by conjugating a pre-inactivated DNA agonist onto the gold 

nanorods (AuNRs). Upon NIR light treatment, the DNA agonist is released through the localized 

surface plasmon resonance (LSPR)-based photothermal effect of AuNRs and becomes active. The 

active DNA agonist dimerizes the DNA-modified chimeric or native receptor tyrosine kinase 

(RTK) on cell surfaces and activates downstream signal transduction in live cells. Such NIR-DA 

activation of RTK signaling enables the control of cytoskeletal remodeling, cell polarization, and 

directional migration. Furthermore, we demonstrate that the NIR-DA system can be used in vivo 

to mediate RTK signaling and skeletal muscle satellite cell migration and myogenesis, which are 

critical cellular behaviors in the process of skeletal muscle regeneration. Thus, the NIR-DA system 

offers a powerful and versatile platform for exogenous modulation of deep tissues for purposes 

such as regenerative medicine.
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A cell’s signaling network is wired in ways that coordinately links organellar functions to 

regulate a wide variety of essential physiological processes including development, 

homeostasis, and tissue repair.1 In response to extracellular changes, ligand-mediated 

activation of the cell surface receptor subsequently transduces and amplifies the signals 

intracellularly by acting on specific effector molecules for specific cell behaviors, such as 

secretion, movement, growth, division, or death.2 To precisely modulate a cell behavior 

through a specific signaling pathway, photoactivation is highly desired because it is a 

noninvasive approach that can be precisely deployed with a high degree spatiotemporal 

control.3–6 Many optogenetic tools have been developed to achieve precise spatiotemporal 

control over cellular signals and to impact diverse cellular phenotypes, of which many 

involve the introduction of optogenetically modified receptors into cells.7–13 However, the 

process of genetic manipulation is time-consuming, is unpredictable and inefficient, which 

may introduce artifacts because of overexpression and tagging related artifacts.14 Thus, the 

need for methods that enable exogenous precision control of cell signaling and behaviors 

with light (non-invasive) without genetic manipulation remains unmet.

Deoxyribonucleic acid (DNA) nanotechnology has been recently applied to nongenetically 

modulated cell functions via engineering DNA-tailored surface receptor due to several 

advantageous properties of DNA, i.e., its aptamer-based targeting, predictable hybridization, 

and programmable assembly.15–17 We and others have developed unique DNA nanodevices, 

that noncovalently bind the extracellular domains of receptor tyrosine kinases (RTKs) to 

generate a chimeric DNA-receptor.18 Using the functional DNAs (aptamers or DNAzymes) 

as a sensory module, the chimeric DNA-receptor enables cells to respond to different 

external stimuli including various small-molecular cues,18 proteins,19 or oligonucleotides.20 

Applying the recently developed valuable optochemical tools,21, 22 the DNA nanodevices 

could be reprogrammed to achieve the light-controlled receptor-mediated cell signaling and 

cellular responses; this is an avenue that has remained largely unexploited. A recent study 

reported the optical control over cell responses via the light-triggered DNA assembly using a 

photocleavable caging chemical linker.23 This photocleavage-based uncaging process 

requires visible or ultraviolet light, which has the shallow depth of tissue penetration and has 

phototoxic effects on living systems, both limiting the in vivo and future clinical application.
24

Compared with commonly used visible or ultraviolet light, near-infrared (NIR) light (700 to 

1100 nm) enables deeper tissue penetration than visible or ultraviolet light, noninvasive 

manipulation, accurate remote control, and minimal photodamage for the living system.25–27 

For the NIR light-based activation, plasmonic nanomaterial is an ideal mediator owing to the 

photothermal response to NIR light.28 For example, Au nanorods (AuNRs), with the 

adjustable size, facile surface modification, and unique localized surface plasmon resonance 

(LSPR) properties, have been used for numerous biomedical applications, including the 

controlled release of biomolecules,29, 30 hyperthermia therapy,31 and biological sensing.32 
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Therefore, AuNRs provide promising and versatile materials as the NIR light-responsible 

module to fabricate the light-activatable DNA nanodevice for deep tissue applications.

Here, we propose a novel NIR light-activatable DNA agonist system (NIR-DA) based on the 

plasmonic AuNRs for the optical control of the activation of cellular signaling and cell 

behaviors in vitro and in vivo. We use NIR-DA to target RTKs as example because this 

family of proteins, comprised of more than fifty cell-surface receptors with intrinsic tyrosine 

kinase activity, is known to regulate various cellular functions, whose functions are 

frequently deregulated in diseased states.2, 33 Upon activation, the natural agonist binds and 

promotes homo or hetero-dimerization of RTKs, leading to the tyrosine autophosphorylation 

and activation of downstream pathways for specific cell responses.33 According to this 

activation mode, we first designed a DNA agonist capable of dimerization with DNA-

modified chimeric or natural RTK at cell surfaces. We functionalize the DNA agonist on the 

AuNRs as a latent agonist complex, which enables the NIR light-triggered release and 

activation of DNA agonist via the LSPR-based photothermal effect. Upon NIR light 

irradiation, functionalized AuNRs release and activate the DNA agonist, which triggers 

binding-induced dimerization of RTK and subsequent autophosphorylation, activation of 

downstream signal transduction and enhancement of cell migration and proliferation. We 

further demonstrate that the NIR-DA system is capable of initiating NIR light-activated RTK 

signaling, which we used to modulate the behavior of myogenic skeletal muscle cells in 

mice during muscle regeneration after an acute injury.

As a proof-of-principle experiment, we first developed a NIR-DA system to control 

signaling by the tyrosine-protein kinase MET or hepatocyte growth factor receptor (HGFR). 

MET is the RTK for a native agonist hepatic growth factor (HGF), and HGF-induced MET 

activation is a critical signaling event for embryonic development, angiogenesis, and 

regeneration.34 The optical modulation of MET signaling at deep-tissue-penetrable levels is 

highly desirable for cell-based therapy. In order to reprogram the target specificity of MET 

from the native agonist HGF to a DNA agonist, we designed a DNA-protein chimeric 

receptor system by nongenetically engineered MET with a pair of DNA-based receptors. 

Each DNA-based receptor contains the same MET-anchored module with a MET-targeting 

aptamer (Figures S1 and S2) and a different sensory module (a and b), which can 

respectively recognize two segments (a’ and b’) of the DNA agonist (Table S1), thus 

allowing binding-induced dimerization (Figure S3). To make the DNA agonists responsive 

to NIR light, we subsequently prepared the AuNRs according to a seed-mediated protocol 

and inactivated the DNA agonist via hybridization through the partially complementary 

blocking of DNA strands (b-DA), which were conjugated to the AuNRs’ surfaces using 

thiol-gold chemistry (Table S1).35 The DNA-harbored AuNRs were further modified with 

thiolated PEG-5000 to improve the biocompatibility and stability.32 The DNA agonist 

functionalized AuNRs (AuNRs@DA) had an average length of 61.3 ± 0.3 nm and width of 

14.3 ± 0.08 nm, and the aspect ratio was about 4.3 (Figures 1b and S4). A UV-vis 

spectroscopy analysis showed a longitudinal plasmon resonance peak ~810 nm (Figure 1c). 

Furthermore, the Zeta potential switched from +22.4 mV to −6.37 mV due to the increased 

negative charges associated with the phosphate backbone of the DNA (Figure 1c insert) and 

the hydrodynamic size of length increased by ~20 nm as determined by the dynamic light 
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scattering (DLS) analysis (Figure S5), indicating the successful immobilization of the 

hybridized DNA onto the AuNRs. The amount of DNA agonist on AuNRs@DA was 

measured and normalized by the amount of AuNRs (Figure S6)35, 36 and it was estimated 

that each AuNR was loaded with 199 ± 23 molecules of DNA agonist.

Next, we assessed the NIR light responsiveness of AuNRs@DA by monitoring the 

temperature of the solution with and without NIR laser irradiation (808 nm laser, 1 W/cm2). 

A rapid increase in temperature of the AuNRs solution was observed upon a NIR light 

(Figures 1d and S7), indicating that the AuNRs transformed the energy of the NIR light into 

local heat. No increase of temperature was observed during the continuous irradiation of the 

solution without AuNRs over a period of 20 minutes due to the minimal absorption by water 

molecules (Figure S7), indicating that the increase we observe is due to AuNRs. NIR laser 

irradiation in the presence of AuNRs increased the temperature to 43.6 °C in less than 4 

minutes (Figure 1d), which is higher than the melting temperature (42 °C) of the hybridized 

DNA agonist and the blocking strand, and could induce the de-hybridization and release of 

the DNA agonist. Consequently, we observed that NIR laser irradiation triggered a time-

dependent release of the DNA agonist from AuNRs@DA (Figure 1e). Approximately 50% 

of the DNA agonist was released within 4 minutes of NIR laser irradiation (Figure 1d), and 

the concentration of released DNA agonist was calculated to ~50 nM from 0.5 nM of 

AuNRs@DA. Moreover, NIR light-triggered DNA agonist released from AuNRs@DA 

hybridized with both DNA strands for DNA-MET chimeric receptors and assembled a DNA 

complex as determined by a non-denaturing (native) gel electrophoresis (Figure S8). Based 

on these in vitro characterizations, we used 0.5 nM AuNRs@DA and a 4-min period NIR 

laser irradiation as a standard procedure in subsequent experiments for NIR light activation.

Next, we tested the function of the NIR-DA system on the dynamics of DNA-MET chimeric 

receptors at the cell surface. To this end, we chose to study the A549 cells because it is 

known to overexpress MET. We used one DNA-MET chimeric receptor tagged with a 

fluorophore (FAM) and the other one with a quencher (BHQ1) (Table S2). Upon NIR light-

activation, the two DNA-based receptors dimerize to close proximity, and quench the 

fluorescence signals (Figures 1f and S9). Time-lapse experiments (Figure 1g) showed that 

upon NIR light-activation, the fluorescence signal at the cell surface was rapidly quenched, 

~40% in 20 minutes and more than 90% in 60 minutes, indicating the NIR light triggered the 

dimerization of both chimeric DNA-MET receptors at the cell surface. Fluorescence 

remained unchanged in the presence of the AuNRs@DA when cells were not exposed to 

NIR light. Findings were further validated using flow cytometry (Figure 1f). Furthermore, 

using two different MET-positive cell lines, A549 cell and DU145, we confirmed that the 

AuNRs@DAs, NIR light treatment and the pre-modifications with DNA-based receptors did 

not affect the cell viability (Figure S10), indicating that the NIR-DA system is 

biocompatible. These findings suggested that the newly developed NIR-DA system may 

serve as a precise and non-toxic approach for controlling MET receptor activation on the cell 

surface.

Next, we investigated how the NIR-DA system induced MET activation impacts intracellular 

signaling pathways (Figure 2a). The first hallmark of MET receptor dimerization and 

activation is cross-phosphorylation of the cytoplasmic tails of two dimerized receptors on 
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tyrosines (Y1234/5) within the activation loop. We analyzed these phosphorylation events by 

western blotting. The NIR light significantly induced these MET tyrosine phosphorylation in 

the cells exclusively in the presence of both the AuNRs@DA and the pre-modified DNA-

MET chimeric receptors but not in control cells (Figures 2b and S11), indicating that the 

NIR-DA system was necessary for NIR light-induced MET activation. We also found that 

MET autophosphorylation in the NIR-treated cells was associated also significant 

enhancement of the two major signaling pathways immediately downstream of MET (Figure 

2a), i.e., Ras/mitogen-activated protein kinase (Ras/MAPK) and phosphoinositide 3-kinase/

protein kinase B (PI3K/AKT).34 NIR light-responsive activation of ERK1/2 (as determined 

by phosphorylation of T202/Y204 residues) and Akt (as determined by the degree of its 

phosphorylation at S473 residue) were significantly increased in the NIR-DA-treated cells 

compared with that in the control cells (Figure 2b). These results confirm that the NIR-DA 

system could trigger MET activation and major downstream signaling events in live cells.

Next, we investigated how NIR-DA-activated MET signaling impacts cellular behavior. To 

this end, we analyzed the most prominent cellular responses triggered by MET signaling, 

i.e., the actin-cytoskeletal remodeling, cell migration, and cell proliferation. When we 

visualized the actin-cytoskeleton with FITC-phalloidin (specially stained filament actin, F-

actin) and analyzed them by confocal microscopy, we found that NIR light triggered the 

formation of the lamellipodia sheets and actin-cytoskeletal remodeling exclusively in the 

NIR-DA-treated cells (Figure 2c), whereas the actin stress fibers remained unaltered in 

control cells (Figure S12). Such morphological changes were associated with increased cell 

motility, as determined by cell scattering assays which showed that random migratory 

distances were accentuated in cells treated with the NIR light (Figure S13). In addition, NIR 

light significantly promoted the cell proliferation of NIR-DA-treated cells by 1.45-fold 

compared to the control cells (Figure S14).

Next, we analyzed the spatiotemporal precision of the NIR-DA system. More specifically, 

we asked if the direction of cell migration could be controlled optically using the NIR-DA 

system. We found that the Golgi apparatus of the NIR-DA-treated cells were reorganized 

between the nucleus and plasma membrane toward the NIR laser-irradiated spot within 30 

minutes (Figures 2d). The quantification analysis indicated that the significant polarization 

of the cells (ca. 58%) were induced to the direction toward NIR light, but random polarity in 

control cells without NIR light or NIR-DA (Figure S15). We next evaluated NIR light-

guided directional cell migration, as determined by a time-lapse cell-tracking assay using a 

μ-slide device (Figure 2e). We found that most of the cells equipped with the DNA-MET 

chimeric receptors persistently and rapidly moved toward the NIR light irradiation spot in a 

time-dependent manner (Figure 2f), as opposed to a random, slow movement pattern seen in 

most control cells (Figure S16). Moreover, a randomly selected single cell could be guided 

by NIR light to move toward the irradiated spot (Figure 2g). The average velocity of NIR-

DA-treated cells was ~39.4 ± 3.7 μm/h, which was significantly faster than the control cells 

(11.2 ± 2.2 μm/h) without irradiation (Figure 2h). Taken together, these findings demonstrate 

that the NIR-DA system not just triggered MET signaling, but also allowed precisely 

controlled NIR light-activated directional migration via such pathway activation.
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Next, we asked if the NIR-DA-controlled cell signaling and migration that we developed and 

validated in vitro using cultured cells could be exploited for modulating cellular behavior in 

deep tissues in an in vivo setting. We recognize that although the chimeric receptors allow 

for the specificity, selectivity and simplified design of DNA agonist in cultured cells, the 

requirement of selective and efficient pre-modification of the receptor on the target cells 

within multi-cellular tissues is a major challenge in the way of adopting the NIR-DA system 

to in vivo applications in living whole animals. To address this issue, we sought to further 

develop a NIR-DA system for directly regulating native MET (Figure 3a). The DNA agonist 

for native MET (DAMET, Table S3) contains two identical MET-specific aptamers that 

selectively bind to the extracellular domain of MET (Figure S17). Unlike the short length 

(28 nt) and the simple secondary structure of the DNA agonist for the DNA-MET chimeric 

receptor, DAMET has a long oligonucleotide chain (100 nt) with four predicted G-quadruplex 

structures (Figure S18), which can make it difficult to design the latent agonist complex for 

NIR light activation. Given that two guanine sites (G14, G32) of the MET aptamer are 

crucial for the formation of the G-quadruplex and for binding MET, 37 we deactivated 

DAMET using the blocking DNA strands hybridizing to the flanking regions of four key 

guanine sites (G14, G32, G64, and G82) for MET recognition (Table S2). DAMET-induced 

MET phosphorylation was completely diminished when all guanine sites were blocked 

simultaneously, but only partially inhibited when a single guanine site was blocked (Figure 

S19). All guanine-site-blocking DNA strands were conjugated as a long blocking strand 

(bDAMET), which completely abolished the DAMET-induced MET phosphorylation (Figure 

3b). Therefore, we successfully optimized a blocking DNA module to prepare the latent 

DNA agonist for natural MET.

Next, we assembled the NIR-DA system for native MET using the same approach outlined 

earlier (Figure 3a), which involved conjugation of the DAMET/bDAMET DNA duplex on 

AuNRs (AuNRs@DAMET) by a thiol-Au bond. Successful conjugation of AuNRs was 

confirmed based on the observed change in the surface charge from positive (+26.4 mV) to 

negative (−8.17 mV) (Figure S20) and the increase in the hydrodynamic size by 47 nm 

(Figure S21). Conjugation of DAMET on AuNRs did not affect the longitudinal plasmon 

resonance, which remained ~810 nm (Figure S22). As seen previously, NIR light irradiation 

induced temperature increase, leading to subsequent de-hybridization and release of the 

DAMET (Figure S23). The number of DAMET per AuNR was ~124 ± 22 (Figure S24), and 

upon NIR light treatment the released DAMET from 0.5 nM AuNRs gradually accumulated 

to a concentration of ~30 nM (Figure 3c). In the presence of AuNRs@DAMET, the NIR light 

strongly enhanced phosphorylation of native MET and the downstream effectors, including 

AKT and ERK1/2 in A549 cells (Figure 3d). Finally, we confirmed that the NIR-DA system 

facilitated the NIR light-enhanced migration of DU145 cells (Figure 3e) and that cells 

migrated persistently toward the NIR light irradiated spot (Figure S25); the moving distance 

was increased 3-fold over control cells (Figure S26). The tissue penetration of NIR-light was 

investigated using the cell scattering assay, and the results indicated that NIR-light 

efficiently penetrated maximum 6-mm tissue to enhance the cell motility, however, the NIR 

light-promoted motility was totally eliminated when the tissue was thicker than 8-mm 

(Figure S27). Therefore, we extended the usage of the NIR-DA system to the manipulation 
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of the native receptor-mediated signal transduction for directional migration, providing a 

feasible and potent strategy for the exogenous modulation of endogenous receptors in vivo.

Next, we assessed the potential applications of the NIR-DA system in the optical control of 

MET signaling and cellular behaviors in animals. We chose to assess this in the setting of 

skeletal muscle regeneration in mice38–40, which requires penetrating capacities of NIR 

light-activation to act on muscle tissues that are under the thick skin. During injury-initiated 

skeletal muscle regeneration, the muscle precursor myogenic cells migrate to and 

differentiate at the site of injury to regenerate into functional myocytes within skeletal 

muscles.39, 41 Cell behaviors including proliferation and migration are essential for the 

wound healing process. We first tested the feasibility of the NIR-DA system in wound 

healing in vitro using the C2C12 cells, a skeletal muscle myogenic cell line overexpressing 

MET at the cell surface (Figure S28).42 The viability of C2C12 cells was not affected by the 

treatment of AuNRs@DAMET, and the phototoxicity of NIR light was negligible (Figure 

S29). In addition, the AuNRs@DAMET was stable for long time incubation in the presence 

of serum (Figure S30). These results demonstrated the biocompatibility and the excellent 

stability of the NIR-DA system for cellular and in vivo applications. Using the scratch 

wound assay to mimic wound healing in vitro, we investigated the effect of NIR-DA 

activation on wound-closure events after making an artificial wound in the monolayer of 

C2C12 cells (Figure 4a). In the presence of AuNRs@DAMET, NIR light significantly 

increased the wound closure rates (33%) of C2C12 cells (Figures 4b and 4c). The NIR light-

promoted wound closure rates significantly dropped to 13% in the presence of Foretinib, a 

potent small molecule inhibitor for the kinase activity of MET, which indicated that MET 

mediated the NIR light-enhanced wound healing process (Figures 4b and 4c). Moreover, in 

the presence of AuNRs@DAMET, NIR light promoted cell proliferation by 130% compared 

to the cells without NIR light treatment (Figure 4d). These data demonstrated that the NIR-

DA system could modulate the cell migration and proliferation of skeletal muscle myogenic 

cells, thus indicating the potential applications for the control of cellular behaviors in the 

muscle regeneration in vivo.

To test the efficacy of NIR-DA-activation in vivo, we conducted animal experiments to 

investigate whether NIR-DA system could be applicable in the thick tissue to mobilize the 

skeletal muscle satellite cells at the injured region, promoting proliferation and myogenesis 

for the in-situ regeneration of muscle tissue (Figure 5a). Briefly, we used an animal model 

with an acute muscle injury by liquid nitrogen (Figure 5b),43 which caused the 

fragmentation of myofibers and massive cell death at 3 days post-injury (Figure 5d). After 

the injury, AuNRs@DAMET (1 nM) were injected using a long needle (inserted ~0.5 cm 

under the skin) to reach the injured muscle region. Because of the excellent tissue 

penetration, the NIR 808 nm laser caused an increase in the local temperature at the 

exposure region via the LSPR-mediated photothermal effect of AuNRs@DAMET (Figure 

5c). We confirmed that NIR light-activated DAMET indeed triggered MET signaling in vivo, 

as determined by immunofluorescence staining of the muscle for phosphorylated-MET 

(Y1234/Y1235); NIR light dramatically increased the fluorescent signal in the exposed areas 

but only neglectable signal in the samples without irradiation (Figures 5d and S31). The 

fluorescence levels indicated by phosphorylated-MET were quantified to be 300% of that 

without NIR light treatment (Figure 5e), suggesting the MET signaling was significantly 
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activated by NIR light. Three days after the injury with NIR light treatments, increased 

nuclei at the injury sites were observed by hematoxylin and eosin (H&E) stain, indicating 

NIR light-induced cell aggregation and/or proliferation at the injury site (Figures 5d).

Next we asked if the NIR light-activated accumulation of muscle satellite cells at the site of 

injury was indeed followed by proliferation and subsequent differentiation into skeletal 

muscle cells. To this end, we tracked the levels of expression of Pax7, a transcription factor 

for myogenesis.44 It has been reported that the Pax7 positive muscle satellite cells expressed 

MET and respond to natural HGF for promoted proliferation and differentiation.45 During 

skeletal muscle regeneration, the Pax7 positive muscle satellite cells migrate to the injured 

area and give rise to the majority of mature skeletal muscle.38,46,47 The effect of NIR-DA 

activation on the cell migration, cell proliferation, and differentiation of Pax7 positive 

muscle satellite cells in vivo was evaluated using immunofluorescence. Three days post-

injury, the Pax7 positive cells significantly increased in the injured region upon NIR-DA 

activation (Figures 5d, 5f and S32), suggesting that the muscle satellite cells were mobilized 

by NIR light. By contrast, the Pax7-positive cells were not observed at the injured region 

without NIR light treatment, although they were in the presence of AuNRs@DAMET. Next, 

the proliferative cells were labeled using a Ki67 antibody, and a significant rise in the 

percentage of Ki67+/Pax7+ cells was observed, indicating the NIR light promoted the 

proliferation of the muscle satellite cells (Figures 5d, 5g and S32). Interestingly, a 

population of Pax7-positive cells showed a significantly increased myosin heavy chain 

(MHC) expression level (Figures 5d, 5h and S33), suggesting that the migrated muscle 

satellite cells had undergone differentiation, an early hallmark for muscle regeneration.46 At 

7 days post-injury, NIR light significantly increased cross-striated myofibers, while a large, 

unrepaired area at the center of the injury remained in the control mice without NIR light 

treatment (Figure S34). Notably, the subpopulation of Pax7+/Ki67+ satellite cells was 

maintained at high level in the injured regions of the NIR light-treated mice (Figure S35), 

implying that these cells with regenerative potential were actively participating in the 

process of skeletal muscle regeneration. Moreover, MHC-positive myofibers dramatically 

increased in the region with NIR-DA activation, while it was barely observed without NIR 

light treatment (Figure S36), suggesting that NIR light had activated a progressive regrowth 

and myogenesis program at the site of injury. These results validate the NIR-DA system in 

vivo as an approach to promote the muscle satellite cell to migrate and differentiate, 

generating new myofibers in skeletal muscles.

In summary, we have presented a novel plasmonic AuNRs-based NIR-DA system for optical 

activation of RTK signaling without the need for genetic manipulation to express sensitive 

membrane proteins, offering an easy and practical method for remote-controlled cellular 

behaviors. Because RTK signaling governs a very wide category of cellular functions, 

including motility, proliferation, and differentiation2, selective NIR-DA systems against 

diverse RTKs may provide a powerful tool to improve the efficiency of controlled cellular 

events for use in both in vitro and in vivo applications. Our strategy takes advantage of the 

plasmonic property of AuNRs to convert NIR light to the local heat, which activate DNA 

agonist for RTK signaling. With the excellent biocompatibility and tissue penetration of the 

NIR light, it is possible to noninvasively manipulate the cellular processes in deep tissue 

with the high temporal and spatial precisions, while minimally impacting the physiologic 
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properties of normal cells. Compared with the optogenetic tools for RTK activation8,12, the 

NIR-DA system has the advantage in natural receptor-mediated activation of the cells under 

deep tissue without the need of implanted optogenetic engineered cells and optical fiber for 

visible or ultraviolet light illumination in vivo. This NIR-DA system can be extended to 

numerous desired cellular behaviors by designing a unique receptor-activating DNA agonist, 

for instance, the VEGFR-mediated angiogenesis. By appropriate selection of the different 

orthogonal DNA agonist/receptor pairs, the NIR-DA system could be customized to achieve 

the selective and combinatorial modulation on different target cells with various unique 

surface receptors. Moreover, the NIR light-triggered differential release profile and 

activation of DNA agonists can be customized by varying the melting temperature of the 

hybridized blocking DNA strands and DNA agonist or by tuning the NIR wavelength, power 

and irradiation periods.36 This flexibility enables selective and repetitive activation of 

cellular behaviors without harming the cells. Moreover, the NIR light-responsive module can 

be replaced by other novel nanomaterials with distinct performances in the NIR absorption 

range and photothermal transforming efficacy, such as MoS2,48 MXene,49, 50 or black 

phosphorus.51 Along with the exciting promises of NIR-DA system, the significant 

challenge come with the technique difficulties including how to quantitative control the 

release and to evaluate the biological activity of DNA agonist for long-term in vivo 

applications, both need to be resolved through future research. We expect that this NIR-DA 

system will open a new avenue for the remote regulation of cell behavior in tissue 

regeneration and cell-based therapy.
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ABBREVIATIONS

MET mesenchymal-epithelial transition factor

Akt(PKB) protein kinase B

ERK extracellular regulated protein kinases

SOS son of sevenless

HGF hepatocyte growth factor

PI3K phosphoinositide-3 kinase

MAPK mitogen-activated protein kinase

Grb2 growth factor receptor-bound protein 2
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GAB1 GRB2-associated binding protein 1

Raf RAF proto-oncogene serine/threonine-protein kinase

MAPK Mitogen-activated protein kinase

Pax7 Paired box 7

Ki67 Antigen KI-67

MHC Myosin heavy chain

RTKs Receptor tyrosine kinases

PEG polyethylene glycol

VEGFR vascular endothelial growth factor receptor

DLS dynamic light scattering

TEM transmission electron microscope

LSPR localized surface plasmon resonance

NIR near-infrared

AuNRs Au nanorods

DNA deoxyribonucleic acid

FAM 6-carboxy-fluorescein

BHQ1 Black hole quencher 1

FITC fluorescein isothiocyanate
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Figure 1. Rationale design and characterization of a NIR-DA system.
(a) Scheme illustration of NIR light-induced RTK dimerization using the NIR-DA system. 

(b) TEM image of AuNRs (Scale bar, 50 nm), (c) Absorption spectra analysis and the insert 

is Zeta potential of AuNR@DA. (d) A time-dependent increase of temperature (blue cycle) 

and the releasing ratio of DNA agonist from AuNR@DA with (orange cycle) or without 

(orange square) NIR light treatment (laser irradiation: 808 nm, 1.00 W/cm2). (e) Time-

dependent release of FAM-labeled DNA agonist from AuNRs@DA induced by NIR light. 

(f) Upper: scheme of fluorophore / quencher labeled DNA-MET chimeric receptors for 

demonstrating NIR light-induced dimerization on the cell surface; lower: Fluorescence 

decay on the cells with DNA-MET chimeric receptors (200 nM) in the presence of 

AuNRs@DA (0.5 nM) with or without NIR light treatment (808 nm laser irradiation for 4 

min) were monitored by flow cytometry. (g) Time-lapse confocal fluorescence microscope 

images of decayed fluorescence on the cell surface by NIR light treatment.
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Figure 2. NIR light-activated MET signaling and cellular responses.
(a) Scheme illustration of NIR light-induced MET dimerization and downstream signaling. 

(b) Activation of MET signaling triggered by NIR light on A549 cells was investigated by 

western blot analysis. (c) NIR light-induced actin-cytoskeletal remodeling. The DNA-MET 

chimeric receptors (100 nM) modified A549 cells were incubated with AuNRs@DA (0.5 

nM) and were treated without or with 4-min NIR light-irradiation, then were incubated at 

37 °C for 1 hour followed by fixation and staining with FITC-phalloidin. (d) NIR light-

directed cell polarization. DU145 cells were pre-modified with DNA-MET chimeric 

receptors and then incubated with AuNRs@DA. The opposite terminal of the µ-slide was 

irradiated with laser 808 nm for 4 min and was incubated at 37 °C for 30 min. The cells 

were fixed and stained using the fluorescent probe for Golgi (red) and nuclei (blue); the 

white arrow indicates the moving direction. (e) Upper: scheme illustration of NIR light-

activated directional migration using ibidi μ-slide, lower: NIR light-induced directed 

migration of cells population. The cell movement was tracked under fluorescence 

microscopy, the migration trajectories of the cell were segmented from fluorescence images 

every 10 min. The scale bar: 10 μm. (f) Directional migration trajectories of cells. The 

DU145 cells were treated with DNA-MET chimeric receptors and AuNRs@DA, and the 

opposite terminal of the µ-slide was irradiated with NIR laser 808 nm for 4 min. The 

migration trajectories of cells (n=10) were illustrated. (g) Time-dependent tracking of the 

single cell toward the NIR light. The cell movement was tracked under fluorescence 

microscopy, the outer border of the cell was segmented from fluorescence images every 10 

min, and the contours of the cell are illustrated for increasing time points (from blue to red) 

over 70 min. Scale bar: 20 μm. (h). Moving velocities of cells induced by NIR light (n=20). 

The average velocity of directional migration of DU145 cells during the duration (2.5 h) was 

quantified and analyzed. Data are represented as means ± SD, *P<0.05.
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Figure 3. NIR-DA system for native receptor-mediated cellular signaling and behaviors.
(a) Scheme illustration of NIR-DA system for native MET. (b) The effect of DAMET-

inactivating bDAMET on the MET phosphorylation. Western blotting analysis of the 

phosphorylation level of MET in A549 cell lysates. The A549 cells were cultured in the 

presence or absence of DAMET (20 nM) and bDAMET (20 nM) for 10 min. (c) Dynamic 

profile of NIR light-triggered release of DAMET from AuNRs (laser irradiation: 808 nm, 

1.00 W/cm2). (d) NIR light-activated MET signaling using AuNRs@DAMET. Western 

blotting analysis of the phosphorylation level of MET (Y1234/5), AKT (S473), and ERK1/2 

(T202/Y204) in A549 cell lysates. The A549 cells were cultured in the presence or absence 

of AuNRs@DAMET (0.5 nM each), followed by the NIR laser irradiation. (e). The migration 

trajectories of NIR light directed cell migration. The DU145 cells were treated with or 

without AuNRs@DAMET and NIR light. The time-lapse images were taken in the Cytation 5 
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imaging microplate reader for 6 h. The migration trajectories of cells were illustrated using 

ImageJ software (n = 10).
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Figure 4. NIR-DA-activated cell responses of skeletal muscle myogenic cells.
(a) Scheme illustration of NIR light-activated wound healing in a scratch wound assay. (b) 

NIR light-enhanced wound healing. The C2C12 cells were treated with or without MET 

inhibitor (Foretinib, 0.5 μM). In the presence or the absence of AuNRs@DAMET or AuNRs, 

cells were irradiated with NIR light and the wound-closure events captured by a light 

microscope. The images were taken at 0 and 48 h. The yellow lines indicate boundaries 

between cells in the monolayer and the scratched areas uncovered by cells. Scale bar: 500 

μm. (c) Quantification of relative wound closure rate. Data are presented as means ± SD (n = 

5) (*P<0.05). (d) NIR light-promoted cell proliferation. The C2C12 cells were cultured in 

the presence of the AuNRs@DAMET (0.5 nM) and treated with NIR light for 4 minutes, then 

were continuously cultured for 2 days. The cell proliferation in each well (n=3) was 

evaluated by using Cell Counting Kit-8. Data are presented as means ± SD (*P<0.05).
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Figure 5. NIR-DA-modulated cellular behaviors of muscle satellite cells in mice.
(a) Scheme illustration of NIR light-modulated cellular behaviors of muscle satellite cells in 

vivo using NIR-DA system. (b) The procedure for acute muscle injury animal model. (c) 

The photothermal effect of NIR light in living mice. Infrared thermal imaging of the mouse 

with or without the injection of AuNRs@DAMET (1.0 nM) were irradiated under 808 nm 

laser (1.00 W/cm2) for different periods. (d) The injured mice were injected with 

AuNRs@DAMET (1.0 nM) and irradiated with or without NIR light. Left: 

immunofluorescent analysis of p-MET in the sections from injured mice at 0.5 h post the 

injury, scale bar indicates 50 μm; Middle: immunofluorescence analysis of Pax7, Ki67 and 

MHC protein in the sections from the injured mice at 3 days post the injury; Right: histology 

by H&E staining of the sections from the injured mice at 3 days post the injury, scale bar 

indicates 500 μm. Quantification of average fluorescence intensity per cell of p-MET (e), 

Pax7 (f), Ki67(g), and MHC (h) at randomly selected high-power field (HPF) in the section 
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from injured mice. Data are presented as mean ± SD (n = 5), and the statistical significance 

was determined using Student’s non-paired t-test, *p<0.05.
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