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Near-infrared Light-controlled System for Reversible 

Presentation of Bioactive Ligands Using Polypeptide-

engineered Functionalized Gold Nanorods 

Jie Yang, Ming-Hao Yao, Ming-Shuo Du, Rui-Mei Jin, Dong-Hui Zhao, Jun Ma, Zhi-

Ya Ma, Yuan-Di Zhao*, and Bo Liu* 

A near-infrared light-controlled hybrid platform with 

polypeptide-engineered functionalized gold nanorods has 

been designed for reversible presentation of the immobilized 

ligands to cell surface receptors on the engineered materials.  

Cell microenvironments of engineered biomaterials are the key 

factor to guide cell behavior and fate selection in tissue engineering 

and regenerative medicine.1 Various types of biomaterials have been 

developed to mimic in vivo natural extracellular 

microenvironments.2 Recently, dynamic regulation of insoluble 

signaling ligands immobilized on extracellular matrices has attracted 

much attention because insoluble extracellular ligands such as 

integrin ligands in extracellular matrix molecules and notch ligands 

on the surface of neighbor cells are dynamically presented to cells in 

natural developmental and physiological processes.3 Various stimuli-

responsive strategies, such as pH, light, temperature, competition, 

and enzymes have been applied as triggers for presentation of 

bioactive ligands on the engineered materials.4 Among all, light-

stimuli received considerable attention because it can allow the 

noninvasively controlled presentation of bioactive ligands with 

relatively high spatial and temporal precision.5 Compared with high 

UV/Vis light, near-infrared (NIR) light is expected to cause minimal 

normal tissue damage and has remarkably deep-tissue penetration.6 

NIR-absorbing nanoparticle is an appealing candidate for the 

application of NIR light to control presentation of bioactive ligands 

immobilized on the engineered materials because they can convert 

NIR light into heat by the photothermal effect. Several NIR-

absorbing nanoparticles, such as gold nanorods (GNRs), gold 

Britton Chance Center for Biomedical Photonics at Wuhan National 
Laboratory for Optoelectronics - Hubei Bioinformatics & Molecular 

Imaging Key Laboratory, Department of  Biomedical Engineering, 

College of Life Science and Technology, Huazhong University of 
Science and Technology, Hubei, Wuhan 430074, P. R. China 

E-mail: zydi@mail.hust.edu.cn (Y.-D. Zhao), lbyang@mail.hust.edu.cn 

(B. Liu); Fax: (+) 86 27-8779-2202 

† Electronic Supplementary Information (ESI) available: Experimental 

details, amino sequences of polypeptides, SDS-PAGE, and 

photothermal effect of GNRs-ARGD-B-PEG. See 

DOI: 10.1039/c000000x/ 

nanoshells, gold nanocages, and graphene nanosheets, have been 

exploited for imaging, biosensing, photothermal therapy, and 

numerous other biomedical applications.7 Among them, GNRs that 

have high electron density, excellent photothermal property,tunable 

localized surface plasmon resonance band from visible to NIR 

wavelength, and good biocompatibility have been extensively 

studied in both in vitro and in vivo.8 In addition, engineered 

polypeptide biomaterials were widely reported to be utilized in 

biomedical applications.9 The flexibility of recombinant DNA 

technology allows preparing of polypeptides with precise structures 

at the molecular level. Sequences of interest, such as binding 

domains, enzyme cleavage sites, and therapeutic peptides can be 

incorporated into engineered polypeptides. However, few 

approaches have been developed so far that incorporate an NIR-

responsive GNRs with engineered polypeptides to reversible 

presentation of bioactive ligands on the engineered materials. 

Herein, we developed a novel method for reversible presentation 

of the immobilized ligands to cell surface receptors by NIR light 

stimulus using polypeptide-engineered functionalized GNRs. In the 

molecular design illustrated in Scheme 1, bioactive ligands of 

interest are fused to one terminus of a leucine zipper A. GNRs are 

immobilized onto a mercaptosilane-modified glass substrate through 

a thiol-gold bond, followed by conjugation of polypeptide A fused 

with bioactive ligands to the GNRs. The immobilized ligand 

presents a cell-accessible state. The polypeptide A-functionalized 

GNRs allow coimmobilization of a B-PEG through a pair of 

complementary leucine zipper domains, which shields the bioactive 

ligands on the A and converts it to a cell-inaccessible state. An 

advantage of this design is that heterodimerization between A and B 

allows the bioactive ligands and PEG to be coimmobilized uniformly 

on the molecular level. To convert the ligand back to a cell-

accessible state, coimmobilized B-PEG could be removed to release 

the shielded bioactive ligands through a photothermal mechanism of 

GNRs. Another advantage of this design is that the reversible 

regulation does not involve cleavage or immobilization of the ligand in 

the presence of cells, avoiding the potential detrimental effects of the 

non-immobilized ligand as a result of competitive binding for cell 

surface receptors. Thus, the design reported here may be used for 

tissue engineering and as tools for fundamental studies of cell 

behavior.  
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Scheme 1 Schematic illustration of reversible regulation of bioactive 

ligands presented on polypeptides-functionalized GNRs using NIR 

light. 

The genetically engineered polypeptides used in this study were 

expressed in E. coli and purified as described previously (the 

sequences of cysA, cysARGD, and Bcys are shown in Supporting 

Information, Fig. S1).10 The acidic leucine zipper domain A and the 

basic leucine zipper domain B can form a heterodimer with a high 

affinity (10-8-10-10 M).11 To shield the bioactive ligands on the A, B-

PEG was prepared by modifying Bcys with excess PEG-

dimaleimide or PEG-diacrylate. B-PEG was characterized using 

12% SDS-polyacrylamide gel electrophoresis (Fig. S2). After 

conjugation with PEG, B-PEG retained its ability to form the 

heterodimer with the polypeptide A (Fig. 1a). 

GNRs with dimensions of 44.7 ± 7.8 nm by 11.1 ± 0.9 nm (aspect 

ratio = 4) (Fig. 1b) and a longitudinal surface plasmon resonance 

(LSPR) at 800 nm (Fig. 1c) were prepared using the seed-mediated 

chemical synthesis method.12 The ability of immobilization of 

polypeptide A onto the GNRs and the ability of polypeptides-

functionalized GNRs to coimmobilize B-PEG through 

heterodimerization between A and B were examined. CysA or 

cysARGD was self-assembled on GNRs by means of gold-thiol 

bonds (Fig. 1c). The cell-adhesive RGD peptide ligand was chosen 

as a bioactive ligand and was fused on the polypeptide A. 

Characterization of the LSPR of the GNRs before and after 

polypeptides modification was performed by UV-vis spectroscopy. 

A large red-shift of approximately 80 nm for cysA and 110 nm for 

cysARGD was observed in maximal absorption peak, indicating that 

a dense polypeptide layer formed on the surface of GNRs. In 

addition, the LSPR was substantially broader, and the peak intensity 

decreased greatly after polypeptide functionalization. The loss of the 

longitudinal band in the NIR region is caused by aggregation when 

CTAB is replaced by the polypeptides.13 The broadening of the 

longitudinal resonance wavelength may be due to electronic 

coupling between the GNRs-polypeptide at the longitudinal 

wavelength and/or to some aggregations of GNRs-polypeptide in 

solution.14 Indeed, over time, obvious aggregations of the GNRs-

polypeptide nanoparticles were observed. As expected, obvious 

blue-shift and narrowing of the LSPR were observed after binding 

with B-PEG, indicating that the B-PEG was successfully 

coimmobilized on the surface of GNRs through heterodimerization 

between A and B. Compared with GNRs, the LSPR of 

coimmobilized nanocomplexes (GNRs-ARGD-B-PEG) has a slight 

red-shift, which are probably related to the increased size of 

nanocomplexes. The stability of cysARGD-functionalized GNRs 

coimmobilization with B-PEG greatly improved than without 

because of hydrophilic PEG on the surface of GNRs.  

To further confirm conjugation of the polypeptides on the surface 

of GNRs, the zeta potentials of GNRs and polypeptide-

functionalized GNRs were measured (Fig. 1d). The first cysARGD 

or cysA conjugation step decreased the surface potential by 57.7 mV 

and 73.9 mV, respectively. The surface charges of polypeptides-

functionalized GNRs changed from positive to negative because of 

glutamic acid and aspartic acid residues in the polypeptides, 

indicating that CTAB has been replaced by the polypeptides. The B-

PEG coimmobilization step increased the zeta potential by 12.6 mV 

because the neutral PEG was coimmobilized on the surface of 

nanoparticles. The value of zeta potential of GNRs-ARGD-B-PEG 

decreased back after exposure to a continuous wave NIR laser (λ = 

810 nm), suggesting that B-PEG was released from the GNRs-

ARGD-B-PEG nanocomplexes due to denaturing of polypeptides. 

The GNRs-ARGD-B-PEG still presented high photothermal effect 

(Fig. S3). These results further demonstrate that GNRs-ARGD-B-

PEG nanocomplexes were composed of a layer of thiolated ARGD 

and a layer of coimmobilized B-PEG, and B-PEG could be removed 

from the nanocomplexes through NIR light or heat. 

 
Fig. 1 (a) Native polyacrylamide gel electrophoresis of cysARGD (lane 
1), B-PEG (PEG: 10 kDa) (lane 2), and their mixture (molar ratio of 

cysARGD:B-PEG 1:2) (lane 3). (b) TEM image of the GNRs. (c) The 

absorption spectra of GNRs, GNRs-A, GNRs-ARGD, and GNRs-
ARGD-B-PEG. (d) Zeta-potential of GNRs and modified GNRs. Error 

bars present standard deviations of three experiments. 

To test the ability of reversible regulation of bioactive ligands 

presented on immobilized GNRs in the presence of cells under 

physiological conditions, a two-dimensional system was designed 

(Scheme 1). First, GNRs were immobilized onto a mercaptosilanated 

glass substrate (Fig. 2a). The GNRs are randomly distributed on the 

substrate, and they appear to be parallel to the substrate. Although a 

large red-shift and broadening of the LSPR peak of immobilized 

GNRs compared to their spectrum in solution was observed (Fig. 2b), 

the absorbance at 810 nm was very strong. The red-shift is attributed 

to the greater refractive index of glass as compared to water and 

interparticle coupling.15 CysARGD and cysA was each immobilized 

on the GNRs-modified glass substrate in the presence of 2 mM 

tris(2-carboxyethyl)phosphine hydrochloride (TCEP). Fibroblasts 

(NIH 3T3) were seeded on the substrate functionalized with GNRs 

and polypeptides and monitored with fluorescence microscopy. After 

2 h, the cells efficiently attached and spread on the substrates 

modified with cysARGD (Fig. 3a), while few cells were observed on 

those functionalized with cysA (Fig. 3b). This result indicates that a 

single molecular layer of the polypeptides at the molecular level 

formed on the surface of GNRs. As expected, few cells were 

observed on the cysARGD-functionalized substrate after those 

incubated with B-PEG (MW of PEG: 10K) (Fig. 3c). The process 

from bioactive ligand accessible to cells to bioactive ligand 

inaccessible to cells indicates that the fused bioactive ligand on the 
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polypeptide A could be shielded by the PEG of coimmobilized B-

PEG. Our previous studies have shown that shielding effect of B-

PEG depended on the PEG size.10 In order to shield different 

bioactive ligands fused on the polypeptide A, we only should choose 

different PEG sizes of B-PEG. Therefore, this system is universal 

because various bioactive ligands of interest can be incorporated into 

polypeptide A using the recombinant DNA technology.  

 
Fig. 2 (a) SEM of GNRs immobilized onto a glass substrate and (b) the 

absorption spectra of GNRs (red) and GNRs on glass substrate. Scale 

bar  is 200 nm. 

The switch that the cell-inaccessible RGD shielded by PEG could 

be converted back to the cell-accessible state by NIR light irradiation 

was further performed. After irradiation with 810 nm NIR laser at a 

power density of 3.0 W cm-2 for 4 min, the surface of substrate was 

converted from nonadhesive to cell-adhesive (Fig. 3d). It suggests 

that the coimmobilized B-PEG was removed by the phototermal 

effect of GNRs inducing denaturation of polypeptides. This result is 

in agreement with that obtained from zeta potentials. The melting 

temperature (Tm) of A domain is 40-55 ºC at different pH.16 

Previous studies have shown that few damage were obtained from 

cells treated with NIR light at low power density.17 In addition, after 

irradiation with NIR light, the cell-accessible RGD could be 

reconverted to be cell-inaccessible by addition of B-PEG which is 

consistent with the result of our previous report.10 These results 

indicate that the reversible switch of bioactive ligands fused on the 

polypeptide A on the surface of GNRs between cell-accessible and 

cell-inaccessible could be controlled by NIR light. Thus, this system 

can provide a noninvasive method for the reversible control cell 

adhesion using NIR light exposure under physiological conditions.  

 
Fig. 3 Reversible presentation of immobilized RGD to cell surface 

receptors under physiological conditions. (a) The substrate modified 
with GNRs-ARGD. (b) The substrate modified with GNRs-A. (c) The 

substrate modified with GNRs-ARGD-B-PEG (PEG: 10 kDa). (d) The 

substrate modified with GNRs-ARGD-B-PEG (PEG: 10 kDa) after 

exposure to an 810 nm laser with a power density of 3.0 W cm-2 for 4 

min.  Scale bars are 200 µm. 

The biocompatibility of polypeptides-functionalized GNRs 

nanoparticles was checked. Previous studies have shown that 

cetyltrimethylammonium bromide (CTAB) coated GNRs are toxic to 

many types of cells, which limits its applications in the fields of 

biomedicine.18 The NIH 3T3 normal cells were grown in the 

presence of cysARGD, GNRs-ARGD, or GNRs-ARGD-B-PEG 

nanoparticles for 24 h, and the cell viabilities were assessed with 

MTT assay. As shown in Fig. 3, the viability of the HeLa cells 

decreased about 87% when they incubated with 40 µg/mL CTAB-

GNRs, which is consistent with the previously reported results.16 

Compared to CTAB-GNRs, cysARGD-functionalized GNRs 

showed improved biocompatibility toward cells. This may be 

attributed to toxic CTAB replaced by the nontoxic polypeptide. The 

cell viabilities of GNRs-ARGD-B-PEG were not significantly 

different from control cells. The excellent biocompatibility of 

GNRs-ARGD-B-PEG is most likely due to the stability and surface 

charge of particles offered by the PEG.19 

 
Fig. 4 In vitro viability of NIH 3T3 cells treated with free cysARGD 
polypeptide, CTAB-GNRs, GNRs-ARGD, and GNRs-ARGD-B-PEG 

(PEG: 10 kDa). The concentration of the free cysARGD polypeptide is 

20 µM, and the concentration of CTAB-GNRs, GNRs-ARGD, and 

GNRs-ARGD-B-PEG are 40 µg mL-1. 

In summary, a new system of dynamic presentation of 

immobilized ligands was fabricated by the NIR light control using 

GNRs functionalized with engineered polypeptides. A polypeptide 

fusion of bioactive ligands  of interest and a leucine zipper domain A 

and a conjugation of PEG and another leucine zipper domain B (B-

PEG) were subsequently modified on the GNRs. Heterodimerization 

between A and B allows coimmobilization of PEG, which shields 

bioactive ligands  on the A. When the functionalized GNRs were 

irradiated by 810 nm NIR light, the coimmobilized B-PEG was 

removed, and the bioactive ligands were presented again to the 

receptor of cells. Precise regulation is assured by the molecular-level 

uniformity of coimmobilization conferred by the molecular recognition 

between A and B. Therefore, the method reported here for the 

presentation of the bioactive ligands to the cell surface receptors is 

reversible. This GNRs-based photoswitchable system may find 

applications in different areas of cell biology and biomedicine, such 

as cell adhesion/detachment, cell migration, stem cell differentiation, 

cell-based drug screening and drug delivery. 
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