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Abstract 

Low water solubility and poor selectivity are two fundamental limitations that compromise 
applications of near-infrared (NIR) fluorescent probes.  
Methods: Here, a simple strategy that can resolve these problems simultaneously was developed 
by using a novel hybrid protein named RGD-HFBI that is produced by fusion of hydrophobin HFBI 
and arginine-glycine-aspartic acid (RGD) peptide. This unique hybrid protein inherits self-assembly 
and targeting functions from HFBI and RGD peptide respectively.  
Results: Boron-dipyrromethene (BODIPY) used as a model NIR dye can be efficiently dispersed in 
the RGD-HFBI solution by simple mixing and sonication for 30 min. The data shows that 
self-assembled RGD-HFBI forms a protein nanocage by using the BODIPY as the assembly template. 
Cell uptake assay proves that RGD-HFBI/BODIPY can efficiently stain αvβ3 integrin-positive cancer 
cells. Finally, in vivo affinity tests fully demonstrate that the soluble RGD-HFBI/BODIPY complex 
selectively targets and labels tumor sites of tumor-bearing mice due to the high selectivity of the 
RGD peptide.  
Conclusion: Our one-step strategy using dual-functional RGD-HFBI opens a novel route to 
generate soluble and targeted NIR fluorescent dyes in a very simple and efficient way and may be 
developed as a general strategy to broaden their applications.  
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Introduction 
Near-infrared (NIR) fluorescent probes have 

become powerful tools for non-invasive monitoring of 
various biologically important processes in vivo [1-7]. 
NIR probes have the advantages of deep tissue 
penetration, minimum photodamage and minimum 
interference from auto-fluorescence by biomolecules 
present in living systems [8, 9]. Accordingly, there is 
considerable interest in developing novel NIR 

fluorescent probes to satisfy the increasing demands 
of their applications including diagnostics and 
therapeutics [10-12]. However, NIR fluorescent 
probes do suffer from several major limitations 
including low water solubility and poor selectivity, 
which dramatically compromise their applications in 
diagnostics and therapeutics [6, 13, 14].  

Up to now, tremendous efforts have been made 
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to overcome the drawbacks mentioned above of NIR 
fluorescent probes, but in two separate steps [15-18]. 
In the first step, numerous polar groups like sulfonate, 
glycol, and carboxylate are linked to the core 
structures of NIR dyes to gain solubility in aqueous 
solutions [19, 20]. Alternatively, a hydrophilic shell 
such as a phospholipid monolayer could be 
assembled onto the surface of NIR probes to increase 
their water solubility [21, 22]. After solving the 
solubility problem, the next step is to improve the 
selectivity of NIR fluorescent probes. The current 
predominant strategy is through conjugation of 
specific ligands to the NIR probes, such as proteins, 
peptides and small molecules [23-27]. These ligands 
have enough binding affinity to recognize and bind 
the target molecules resulting in high selectivity of the 
conjugated NIR probes. After these two-step 
modifications, NIR fluorescent probes do obtain high 
water solubility and selectivity. However, we have to 
admit that this two-step strategy is not only 
somewhat complicated and time-consuming, but also 
requires careful selection of conjugation or labeling 
techniques to prevent any disruption of the intrinsic 
structure of the NIR fluorescent probes [28, 29], 
thereby compromising their exciting properties. 
Therefore, a one-step strategy that can render NIR 
fluorescent probes soluble and selective is highly 
desired to facilitate their applications.  

To meet the requirement of a one-step strategy, 
one has to find a material that can render NIR 
fluorescent probes soluble and selective 
simultaneously. Hydrophobins are small-secreted 
proteins produced by filamentous fungi [30-32]. 
Strikingly, they expose most of their hydrophobic 
amino acids on the protein surface, forming a 
“hydrophobic patch” [33, 34], rather than burying 
their hydrophobic amino acids into their inner 
structures like normal proteins. This novel property 
makes hydrophobins natural amphiphilic molecules 
that can self-assemble at various hydrophobic/ 
hydrophilic interfaces producing, a stable and 
well-ordered protein film 10 nm in thickness and 
reversing the features of the interface coated by them 
[35-40]. Moreover, hydrophobins with new properties 
and functionalities can be produced in a controlled 
manner by protein engineering [41, 42]. Therefore, we 
can easily produce an engineered hydrophobin with 
target selectivity by adding a specific ligand through 
recombinant DNA techniques. We intentionally chose 
the RGD tripeptide as the ligand in our study. We 
believe the hybrid hydrophobin-RGD fusion protein 
preserving dual abilities can render NIR fluorescent 
probes soluble and selective simultaneously.  

To test our hypothesis, we firstly produced and 
purified hybrid RGD-HFBI fusion protein in Pichia 

pastoris (P. pastori). Then we systemically investigated 
the solubility and targeting abilities of RGD-HFBI 
fusion protein by studying its interaction with a 
synthesized NIR BODIPY derivative in different 
environments, including cell culture and animal 
models. Our results show that self-assembled 
RGD-HFBI fusion protein can readily modify NIR 
fluorescent probes with high solubility and selectivity 
in one step by simple mixing and sonication. To our 
knowledge, this is the first demonstration of 
modification of NIR fluorescent dyes by biomolecules 
with dual functions. Furthermore, our one-step 
strategy using a self-assembled hydrophobin hybrid 
opens a novel route to generate solubilized and 
targeted NIR fluorescent dyes in a very simple and 
efficient way and may be developed as a general 
strategy for broadening their applications.  

Methods 
Production of recombinant RGD-HFBI fusion 
protein  

 RGD-HFBI protein was constructed by fusion of 
RGD peptide and hydrophobin HFBI with a flexible 
linker (GGGGSGGGGS). The plasmid pPIC9-rgd-hfbI 
was transformed into P. pastoris GS115 His- cells 
(Invitrogen, Beijing, China) by electroporation. To 
obtain positive clones with high-level protein 
expression, selected P. pastoris positive clones were 
cultured in 25 mL of buffered minimal glycerol at 300 
rpm at 30 °C until the OD600 reached 6.0. Then, the 
medium was exchanged with 100 mL buffered 
minimal methanol, and protein expression was 
induced by 0.5% (v/v) methanol at 28 °C for 96 h at 
250 rpm. The supernatant was collected immediately 
after 96 h induction. Finally, 16% Tricine-SDS-PAGE 
was employed to analyze the protein content in the 
supernatant.  

Large-scale cultivation (1 L) was performed after 
the clone with the highest level of RGD-HFBI 
expression was selected. When the cultivation was 
over, the culture was centrifuged at 7500 × g to get the 
supernatant. The resulting supernatant was 
concentrated by ultrafiltration with a 3 kDa molecular 
weight cut-off (Millipore, China). After ultrafiltration, 
the supernatant was lyophilized for reversed-phase 
high-performance liquid chromatography (RP-HPLC) 
purification. A Vydac C4 reversed-phase column (4.6 
× 250 mm, GRACE, China) was used for purification 
of RGD-HFBI. Lyophilized protein powder was 
dissolved in 40% acetonitrile containing 0.1% TFA. 
Then, the supernatant was loaded and eluted with a 
20-70% (v/v) acetonitrile gradient containing 0.1% 
TFA with a flow rate of 1 mL/min. The elution was 
monitored by UV absorption at 215 nm. All the 
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fractions from RP-HPLC were collected. The purified 
RGD-HFBI was identified by 16% Tricine-SDS-PAGE.  

Characterization of recombinant RGD-HFBI 
fusion protein  

 The self-assembly ability of RGD-HFBI was 
characterized by transmission electron microscopy 
(TEM) and water contact angle (WCA) measurements. 
For the TEM, 3 μL of RGD-HFBI (or native HFBI) 
solution in water (200 μg/mL) was placed onto the 
surface of a carbon-coated formvar film on a copper 
grid (Zhongjingkeyi Technology, Beijing, China) and 
left to dry overnight at room temperature. Then, the 
grid was examined by field emission TEM at 200 kV 
(JEM-2100F, JEOL, Japan).  

 WCA measurements of purified RGD-HFBI (or 
native HFBI) on hydrophobic and hydrophilic 
surfaces were performed using pieces of polystyrene 
and mica sheets, respectively. Both surfaces were 
coated with 20 μL (0.02 mg/mL) RGD-HFBI solution 
and incubated at room temperature for 30 min. After 
removing the solution gently, all the sheets were dried 
in a nitrogen stream and kept at room temperature 
overnight. WCA was measured with a 5 μL water 
droplet on the modified surfaces at room temperature. 
At least three water droplet readings were analyzed 
on different areas of the sample surfaces. The surface 
rinsed with water was also under the evaluation of 
WCA measurements. 

Synthesis and characterizations of the 
BODIPY derivative 

 All solvents and starting materials were 
commercially available and were used without 
further purification (unless specially mentioned). 
Silica gel for column chromatography (CC) was 
300-400 mesh. 13C and 1H NMR spectra were recorded 
on a Bruker AV400 MHz spectrometer in CDCl3 or 
with tetramethylsilane as a reference. Electrospray 
ionization-MS spectra were determined with a 
Shimadzu LCMS-2020 instrument. The UV-Vis 
spectra of dyes in DMSO solution were measured 
using Shimadzu UV-1800 in a 10 mm quartz cell 
spectrometer.  

Methyl 4-formylbenzoate (0.864 g, 5.27 mmol) 
and 32 mL CH2Cl2 were added to a 100 mL 
round-bottom flask, and 1 mL (10.0 mmol) 2, 
4-Dimethylpyrrole was added. The mixture was 
stirred in the dark for 3 h at room temperature. 
Nitrogen gas was introduced for 30 min to remove 
dissolved oxygen in the flask. Then, 0.08 mL 
CF3COOH was added with a syringe slowly under the 
nitrogen atmosphere. Samples were taken every 30 
min during the reaction process for thin-layer 
chromatography (TLC) analysis. The nitrogen 

atmosphere was removed when the raw material 2, 
4-dimethylpyrrole disappeared (about 4 h). DDQ (2, 
3-dichloro-5, 6-dicyano-1, 4-benzoquinone) (1.2 g, 5.28 
mmol) was dissolved in 5 mL CH2Cl2 and 5 mL THF. 
The resultant mixture was added to the reaction flask 
with constant-voltage funnels and was stirred in the 
dark for 1 h at room temperature. Then, 8.6 mL 
triethylamine was added by dropping, and the 
reaction was kept for 5 min under the condition of the 
ice bath. Next, 8.6 mL boron trifluoride etherate was 
added by dropping, and the reaction liquid was 
stirred in the dark for 3 h without the ice bath. After 
that, the mixture was washed with water and 
extracted with dichloromethane. The product was 
isolated by column chromatography using 
CH2Cl2/hexane = 1/2 as eluent. The second orange- 
yellow band was taken to recrystallize with CH2Cl2 
and C6H12. Finally, BOD (210 mg) was obtained in the 
above reaction. 1H NMR (400 MHz, CDCl3): δ 8.18 (d, J 
= 8.0 Hz, 2H), 7.41 (d, J = 8.0 Hz, 2H), 5.99 (s, 2H), 3.97 
(s, 3H), 2.56 (s, 6H), 1.36 (s, 6H). MS (ESI): [M]+ calcd 
for C21H21BF2N2O2, 382.1660, found [M + H] = 383.1, 
[M + Na] = 405.1, [M + K] = 421.1. 13C NMR (400 MHz, 
CDCl3) δ 166.44, 155.96, 142.86, 139.80, 130.76, 130.35, 
128.34, 121.48, 52.39, 14.60, 14.50. 

BOD (20 mg, 0.0524 mmol) and N-ethyl-3- 
formyl-dibenzyl (42.7 mg, 0.17 mmol) were dissolved 
in benzene. 0.1 mL catalyst piperidine and 0.1 mL 
acetic acid were injected with a syringe at the same 
time. The mixture was heated to 90 °C and stirred for 
12 h. The product was isolated by column 
chromatography using CH2Cl2/hexane = 2/1 as the 
eluent. The blue band was taken to recrystallize with 
CH2Cl2 and C6H12. Finally, the dark green solid (18.7 
mg) was in the above reaction. 1H NMR (400 MHz, 
CDCl3): δ 8.18 (d, J = 8.0 Hz, 2H), 7.57-7.60 (m, 2H), 
7.36-7.44 (m, 6H), 7.14-7.19 (m, 6H), 7.07-7.10 (m, 4H), 
6.96-6.97 (m, 2H), 6.60 (s, 2H), 3.97 (s, 3H), 3.82-3.87 (q, 
J = 6.8 Hz, 4H), 3.20 (s, 8H), 1.40 (s, 6H), 1.18 (t, J = 6.8 
Hz, 6H). MS (ESI): [M]+ calcd for C55H51BF2N4O2 
848.4230, found 848.0673. 13C NMR (400 MHz, CDCl3) 
δ 166.56, 153.04, 148.78, 136.43, 135.50, 133.03, 130.21, 
129.89, 129.59, 129.25, 129.02, 126.45, 126.09, 122.98, 
120.90, 119.88, 116.97, 52.39, 45.63, 33.02, 31.77, 14.77, 
13.95. 

Preparation of RGD-HFBI/BODIPY complex  
Four concentrations of RGD-HFBI solution (50, 

100, 150 and 200 μg/mL) were prepared by using 
phosphate buffers (pH 7.4). Then, 1 mg of BODIPY 
was dissolved in four concentrations of RGD-HFBI 
solutions respectively. The resultant mixtures were 
dispersed by ultrasonic agitation (120 W) for 30 min in 
iced water, and then nitrogen gas was introduced into 
the dispersion for 5 min to remove the free 
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HFBI-RGD. Finally, the resultant dispersion was 
subjected to ultra-centrifugation at 9000 × g for 30 min 
at 4 °C, and 80% of the supernatant was collected and 
lyophilized for further analysis. 

Characterization of RGD-HFBI/BODIPY 
complex 

 Dynamic light scattering and zeta potential 
measurements were carried out using a Zetasizer 
Nano ZS (Malvern Instrument, Malvern, Worcester-
shire, UK). TEM images were obtained by field 
emission TEM at 200 kV (JEM-2100F, JEOL, Japan). 
The chemical compositions of BODIPY and 
HFBI/BODIPY were analyzed using X-ray photo-
electron spectroscopy (XPS) Apparatus (PHI-5300). 
The experiment conditions were as follows: the 
energy of excitation source monochromatic Mg-Kα 
radiation was 1253.6 eV, and the survey scan range 
was 0-1100 eV. Fourier-transform infrared (FTIR) 
spectra were obtained on a BRUKER IFS 55 FTIR 
system using the KBr disk method. The transmittance 
spectra were recorded at a resolution of 2 cm-1 
between 4000 and 400 cm-1.  

Cytotoxicity measurement  
 Cell viability measurements were performed by 

MTT analysis. MCF-7 (8 × 103 cells per well) and HeLa 
(7 × 103 cells per well) cells were cultured in DMEM 
medium with 10% fetal bovine serum. U-87MG (8 × 
103 cells per well) cell was cultured in RPMI 1640 
medium with 10% fetal bovine serum. Cells were 
seeded in 96-well flat-bottomed plates and incubated 
for 24 h at 37 °C under 5% CO2. After 24 h of cell 
attachment, the plates were washed with 100 µL of 
PBS per well. The cells were then cultured in a 
medium with ten different concentrations (0, 0.1, 1, 5, 
10, 25, 50, 100, 250 and 500 µM) of 
RGD-HFBI/BODIPY, HFBI/BODIPY and BODIPY for 
48 h. Cells in a culture medium without fluorescent 
dyes were used as the control. MTT (10 µL, 5 mg/mL) 
in PBS was subsequently added to each well. The 
plates were then incubated at 37 °C for 4 h in a 5% 
CO2 humidified incubator. The medium was carefully 
removed, and the products were lysed in 200 µL of 
DMSO. The plate was shaken for 10 min, and the 
absorbance was measured at 490 nm and 570 nm 
using a microplate reader (EnSpire Multilabel Reader, 
PerkinElmer).  

Flow cytometry analysis 
 The cell binding and internalization were 

analyzed by flow cytometry. U-87MG, MCF-7 and 
Hela cells were grown separately in 6-well plates with 
a seeding concentration of 3 × 105 cells per well for 24 
h. After that, cells were incubated with RGD- 
HFBI/BODIPY, HFBI/BODIPY and BODIPY for 4 h. 

The concentration of all the probes was 10 μM. 
Afterwards, the plates were washed with 1 mL of PBS 
(pH 7.4) per well three times to remove probes that 
were still in the medium, and then the cells 
underwent digestion with trypsin. Next, the cells 
were collected by centrifugation and resuspended in 1 
mL of PBS, which was repeated 3 times. Finally, 2 mL 
of PBS was used to resuspend the cells. The cellular 
uptake of the fluorescence was measured on a BD 
FACSCanto II flow cytometer (BD Biosciences, USA). 
Approximately 10,000 events were counted for each 
sample.  
Confocal microscopy analysis  

The MCF-7 (αvβ3 integrin negative), U-87MG 
(high αvβ3 integrin expression) and HeLa (low αvβ3 
integrin expression) cells were grown separately on 
glass coverslips in 48-well plates with a seeding 
concentration of 1 × 103 cells per well for 24 h. After 
that, cells were incubated with RGD-HFBI/BODIPY, 
HFBI/BODIPY and BODIPY at a concentration 10 
μM, and then cultured for 4 h. Afterwards, the plates 
were washed with 100 μL of PBS per well three times 
to remove probes that were still in the medium. Before 
confocal microscopy (UltraVIEW VoX, PerkinElmer) 
imaging, all the samples were stained with DAPI for 5 
min and washed with 100 μL of PBS per well three 
times. The excitation wavelengths for RGD-HFBI/ 
BODIPY, HFBI/BODIPY and BODIPY were 405 nm 
and 633 nm. 

Stability assays of RGD-HFBI/BODIPY 
complex in vivo and in vitro 

 For the in vivo assay, blood samples from rats 
were directly drawn by venipuncture at different time 
points (2, 4, 6, 8, 24, 48 and 72 h) after administration 
of RGD-HFBI/BODIPY complex. Then, the amounts 
of RGD-HFBI/BODIPY complex and free RGD-HFBI 
in serum were measured by RP-HPLC. The ratio 
between the amount of RGD-HFBI/BODIPY complex 
and free RGD-HFBI was considered an indicator of 
the serum stability of the complex. For the in vitro 
assay, the RGD-HFBI/BODIPY complex was added to 
rat serum directly. The remaining protocol was the 
same as the in vivo assay. 

In vivo imaging in animal tumor models 
 Female nude mice (4-6 weeks) were obtained 

from the Institute of Radiation Medicine Chinese 
Academy of Medical Sciences. The U-87MG tumor 
and HeLa tumor models were generated via 
subcutaneous injection of 5.0 × 106 tumor cells in the 
left forelimb of the mice. Caliper measurements of the 
perpendicular axes of the tumor were performed to 
monitor the tumor growth. The mouse weights were 
also measured. The treatment was initiated when the 
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tumor reached a diameter of approximately 8.0 mm 
(3-4 weeks after inoculation). The HFBI-RGD/ 
BODIPY and HFBI/BODIPY fluorescent probes (17.7 
nM, 200 μL) were injected via the tail vein. The mice 
were anesthetized with oxygen/air mixture 
containing 2% isoflurane and the in vivo images were 
captured at different points of time (2, 4, 6, 8, 24, 48 
and 72 h). All images were collected with a Cri 
Maestro In vivo imaging system (Cri, Woburn, MA), 
with an excitation wavelength of 605 nm and emission 
wavelengths from 615 nm to 800 nm. To eliminate 
interference from the background, ex vivo imaging 
procedures were carried out. Thereafter, tumor- 
bearing mice were sacrificed, and then tumor and 
main organs (heart, liver, spleen, lung and kidneys) 
were harvested for isolated organ imaging that was 
performed with the same instrument under the same 
conditions as the in vivo imaging. All experimental 
procedures were reviewed and approved by the 
Animal Use and Care Committee for Research and 
Education of the Institute of Radiation Medicine 
Chinese Academy of Medical Sciences (Tianjin, 
China) due to the lack of animal facility in Tianjin 
University, and were in accordance with the 
guidelines provided by the National Institute of 
Health.  

Statistical analysis 
 The assays were performed at least in triplicate 

on separate occasions. The data collected in this study 
are expressed as the mean value ± standard deviation. 
In all cases, p < 0.05 was considered significant. 

Results and discussion 
Production and characterization of 
recombinant RGD-HFBI fusion protein  

Figure 1A shows the amphiphilic structure of 
native hydrophobin HFBI. The sun-yellow part 
represents the “hydrophobic patch” composed of 
about 80% of the hydrophobic residues of this protein 
[33, 43]. This hydrophobic patch is the basis for 
binding of HFBI to various hydrophobic surfaces by 
strong hydrophobic interactions [44]. In Figure 1B, a 
RGD motif is linked with the N terminus of HFBI 
protein via a flexible linker, and the resultant hybrid 
protein was named RGD-HFBI. Accordingly, we 
proposed that RGD-HFBI containing two distinct 
biological domains owns dual functions based on its 
structural properties. The first function derived from 
the HFBI part was the ability to self-assemble on 
different hydrophobic surfaces to make them 
hydrophilic. Another one inherited from the RGD 
motif was to facilitate recognition and binding to the 
target αvβ3 integrin protein on the surface of tumor 

angiogenic endothelial cells [45, 46]. Based on those 
two functions, we proposed that RGD-HFBI has the 
abilities to impart hydrophobic materials with 
solubility and targeting behaviors. To test our 
hypothesis, we firstly produced the RGD-HFBI 
protein in P. pastoris system. After several rounds of 
selection, a clone with the highest amount of protein 
production was picked to produce RGD-HFBI at large 
scale (Figure S1). Figure 1C shows the purification 
results of RGD-HFBI and native HFBI with RP-HPLC 
system. The retention volume of RGD-HFBI was quite 
close to that of native HFBI, indicating the similar 
polarities of those two proteins. Fractions corres-
ponding to the predominant peak were lyophilized 
and analyzed by Tricine-SDS-PAGE. A single 
predominant band suggested the high purity of 
RGD-HFBI after RP-HPLC purification (Figure 1D).  

After the production and purification process, 
the self-assembly ability of RGD-HFBI was 
characterized by TEM and WCA measurements [47, 
48]. Figure 1E shows a self-assembled RGD-HFBI film 
on a TEM copper grid. Like the native HFBI film, the 
RGD-HFBI film could form wrinkles or folds, 
implying the flexibility or elasticity of this film [49-51]. 
In our study, a surface is considered to be 
hydrophobic if its WCA is more than 60° while 
hydrophilic if it is lower. The WCA of bare and 
modified polystyrene and mica are shown in Figure 
1F. The WCA of the bare polystyrene was about 87°, 
suggesting its natural hydrophobic property. 
However, the WCA of the polystyrene sharply 
decreased to 11° after modification with RGD-HFBI. 
The reversal of the surface property of polystyrene 
from hydrophobic to hydrophilic confirmed the 
self-assembly of RGD-HFBI onto the polystyrene 
surface. Several studies have proposed that when 
amphiphilic hydrophobin self-assembles on a 
hydrophobic surface, the “hydrophobic patch” 
exposed on its surface adheres onto the hydrophobic 
surface via strong hydrophobic interactions [52, 53]. 
Therefore, the hydrophilic part of hydrophobin is 
displayed to the outside, converting the hydrophobic 
surface into a hydrophilic one [54]. When RGD-HFBI 
covered the mica surface, the WCA increased from 4° 
to 17°. The hydrophobicity of mica surface was 
slightly improved. These results were very similar 
with those obtained from the native HFBI. 
Furthermore, we found that the WCAs on the 
polystyrene and mice surfaces little changed after 
extensive washing by pure water, indicating the 
stability of the assembled RGD-HFBI films (Figure 
S2). In summary, we concluded that RGD-HFBI 
fusion protein has a self-assembly ability like native 
HFBI and, therefore, can potentially modify 
hydrophobic materials. 
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Figure 1. (A) X-ray crystal structure of the amphiphilic hydrophobin HFBI [PDB ID 2FZ6]. The sun-yellow part in the surface of HFBI represents the hydrophobic patch that 
is the basis for binding to various hydrophobic surfaces by strong hydrophobic interactions. (B) A RGD motif is linked with the N terminus of HFBI protein via a flexible linker 
and the resultant hybrid protein was named RGD-HFBI, which owns dual functions based on its structural properties. The first function derived from the HFBI part is the ability 
to self-assemble and bind onto different hydrophobic surfaces. The second function inherited from the RGD motif is to facilitate recognition and binging to the target αvβ3 
integrin protein on the surface of tumor angiogenic endothelial cells. (C) Purification results of RGD-HFBI and native HFBI with an RP-HPLC system. (D) Tricine-SDS-PAGE 
results of the purified RGD-HFBI and native HFBI. (E) Self-assembled RGD-HFBI film and native HFBI film on TEM copper grids. (F) WCA measurements of polystyrene and mica 
before and after modification with RGD-HFBI and native HFBI. 

 

The synthesis and characterization of BODIPY 
dye  

 After the production of RGD-HFBI, we then 
designed and synthesized a new long-wavelength 
BODIPY dye that would be used as the model 
fluorescent dye in our following studies to test if 
RGD-HFBI could impart solubility and targeting 
abilities to hydrophobic NIR fluorescent probes. The 
design and synthesis of the BODIPY derivative are 
shown in Figure 2A. Briefly, the benzyl derivative 
was introduced to the 3- and 5-methyl sites through 
the Knoevenagel reaction. Then, an ethyl group was 
incorporated into BODIPY through the benzyl to 
enhance the solubility of the dye in non-polar solvents 
to facilitate preparation and characterization of this 
derivative. With a few steps, the BODIPY dye was 
obtained with a reasonable yield that was about 50% 
and was characterized by 13C NMR (Figure S3), 1H 
NMR (Figure S4) and MS (ESI) (Figure S5). We then 
dissolved this BODIPY derivative in DMSO at 
different concentrations to investigate its absorption 
and emission spectra. As shown in Figure 2B, the 
absorption spectrum of this dye contains a narrow 

spectral band with a major peak in the visible region 
at 671 nm. This BODIPY derivative in DMSO shows 
an emission spectrum (Figure 2C) with a maximum at 
732 nm (excitation wavelength), with what could be 
Rayleigh and Tyndall scattering in the emission 
spectrum. The photophysical data of this BODIPY dye 
are summarized in Figure 2D.  

RGD-HFBI disperses BODIPY in a 
concentration dependent manner 

 Considering that RGD-HFBI protein owns a 
self-assembly ability, we proposed that RGD-HFBI 
could modify hydrophobic BODIPY dye to gain 
solubility. To test this idea, we tried to disperse 
BODIPY using RGD-HFBI solutions at different 
concentrations. Figure 3A-B show results of 
absorption and emission spectra of the BODIPY in 
RGD-HFBI solutions at different concentrations. 
BODIPY gave the highest intensity both in the 
absorption and emission spectra when the protein 
concentration was at 0.15 mg/mL. The photophysical 
data of RGD-HFBI-treated BODIPY dye are sum-
marized in Table 1. Both the fluorescence quantum 
yield and lifetime were increased to the maximum 
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when BODIPY was dispersed in 0.15 mg/mL 
RGD-HFBI solution. Although we could not 
understand the detailed mechanism by which 
RGD-HFBI acted at this stage, these results give us 
clues that protein concentration might have a crucial 
impact on the dispersion of BODIPY. Therefore, the 
long-term stability of each sample was examined over 
20 days. Figure S6 shows that the protein 
concentration had an obvious influence on the 
stability of the dispersed solutions. We quantified the 
stability of each sample by measuring its absorption at 
699 nm. As shown in Figure 3C, there was almost no 
change in absorbance of the 0.15 mg/mL 
RGD-HFBI-treated sample within 20 days, indicating 
that a stable dispersion was formed immediately after 
sonication. For other samples, we found that the 
normalized absorptions kept on decreasing and 
finally stabilized after two weeks. The zeta potential 
of 0.15 mg/mL RGD-HFBI-treated BODIPY was 
around 40 mV indicating its relatively high stability 
[55] (Table 2). Regarding the other groups, the low 
zeta potential values suggested the instability of those 
solutions. Finally, the size of each sample was 
measured. As shown in Figure 3D, the smallest size of 
BODIPY was about 100 nm when BODIPY was 
dispersed in 0.15 mg/mL RGD-HFBI solution. The 
size of nanoparticles has a great effect on their 
behaviors like cell uptake and tumor-targeting ability. 
Normally, smaller sizes obtain better biodistribution 
and targeting results in vivo [56, 57]. Taking all the 
results together, we demonstrated that 0.15 mg/mL 
HFBI-RGD could disperse BODIPY effectively. When 
the protein concentration was less than 0.15 mg/mL, 
we believed that there was not enough hydrophobin 
to disperse the excessive BODIPY. However, when 
protein concentrations were above 0.15 mg/mL, the 

extra RGD-HFBI protein might compromise the 
stability of the resultant dispersions [58]. Therefore, 
we chose 0.15 mg/mL-treated BODIPY in the 
following studies. In addition, the best dispersion 
result of BODIPY was obtained by using 0.1 mg/mL 
native HFBI in the control group. This result 
strengthened the fact that hydrophobin concentration 
was a key factor influencing the outcome of the 
dispersion result as well.  

 

Table 1. Photophysical properties of RGD-HFBI- and native 
HFBI-treated BODIPY dye 

Dye Dispersant λabs (nm) ε (M-1cm-1) λem (nm) Фf τ (ns) 
BODIPY 0.05 mg/mL HFBI 699 75385 753 0.32 1.04 
BODIPY 0.10 mg/mL HFBI 699 77796 753 0.39 1.36 
BODIPY 0.15 mg/mL HFBI 699 78793 753 0.37 1.34 
BODIPY 0.20 mg/mL HFBI 699 77302 753 0.33 1.28 
BODIPY 0.05 mg/mL 

RGD-HFBI 
699 76842 753 0.34 1.07 

BODIPY 0.10 mg/mL 
RGD-HFBI 

699 79861 753 0.38 1.33 

BODIPY 0.15 mg/mL 
RGD-HFBI 

699 78181 753 0.41 1.38 

BODIPY 0.20 mg/mL 
RGD-HFBI 

699 76762 753 0.32 1.31 

 

Table 2. Zeta potential of RGD-HFBI- and native HFBI-treated 
BODIPY dye 

Formulation 
 

Concentration 
 (mg/mL) 

Zeta Potential  
(mV) 

RGD-HFBI/BODIPY 0.05 18.7 ± 1.51 
0.10 28.4 ± 2.13 
0.15 39.9 ± 2.42 
0.20 22.5 ± 1.12 

HFBI/BODIPY 0.05 17.8 ± 1.25 
0.10 32.3 ± 3.15 
0.15 26.9 ± 2.08 
0.20 8.93 ± 0.23 

 

 
Figure 2. (A) Synthetic procedure for the synthesis of the BODIPY derivative. (B-C) Absorption and fluorescence spectra of the BODIPY dye at different concentrations (10, 
20, 30 and 40 μM) in DMSO. (D) Photophysical properties of the BODIPY dye. 
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Figure 3. (A-B) Absorption and fluorescence spectra of the BODIPY dye solubilized in RGD-HFBI and native HFBI solution at different concentrations (0.05, 0.1, 0.15 and 0.2 
mg/mL). (C) Stability of RGD-HFBI- and native HFBI-dispersed BODIPY solution over 20 days. (D) Particles size of RGD-HFBI- and native HFBI-treated BODIPY dye. 

 

Characterization of RGD-HFBI/BODIPY 
complex 

After solubilizing the BODIPY in RGD-HFBI 
solution, we used TEM to see if there were 
morphological changes of BODIPY. As shown in 
Figure 4A, we saw an irregular aggregate of BODIPY 
in pure water with a dimension of about 5 μm, which 
illustrated its intrinsic hydrophobic property. When 
BODIPY was dissolved in DMSO, the shape sharply 
changed to round, and the size was dramatically 
decreased to 600 nm (Figure S7). However, we found 
that BODIPY formed well-dispersed particles with a 
round shape and uniform size of about 108 nm 
(Figure S7) when solubilized in RGD-HFBI solution. 
This result was very similar to that obtained from the 
dynamic light scattering experiment. Furthermore, 

the size of RGD-HFBI-treated BODIPY was reduced 
by 50 times when compared with the huge aggregate 
in water. These results showed clearly that RGD-HFBI 
could disperse BODIPY efficiently. Moreover, we 
found that RGD-HFBI/BODIPY formed a core-shell 
heterostructure with BODIPY dye in the core area and 
the RGD-HFBI layer taking the shape of the BODIPY 
template. As shown in Figure 4A, a clear interface 
could be observed between the BODIPY core and the 
RGD-HFBI shell or film. The average thickness of the 
RGD-HFBI film was about 10 nm, which was similar 
to that of HFBI film formed on the BODIPY core, 
suggesting that RGD motif did not disturb the 
assembly of HFBI protein [59]. In addition, we found 
that there were plenty of small holes in the RGD-HFBI 
shell. Those holes obviously made the RGD-HFBI 
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shell like an empty hollow “protein nanocage” with 
an embedded BODIPY core. Unlike the classic protein 
nanocages composed of multiple protein subunits 
that self-assemble with excellent precision forming a 
hollow caged structure of nanometer size, RGD-HFBI 
itself could self-assemble into a protein nanocage by 
using the BODIPY as the assembly template [60, 61]. 
So far, protein-based nanocages have been 
functionalized and applied into many applications 
including drug delivery, imaging and theranostics in 
cancer [62-64]. RGD-HFBI protein presents numerous 
reactive groups such as hydroxyls, amines, thiols, 
carboxylic acids and others. Therefore, it could 
provide active sites for easy further surface 
modification for different purposes. Figure 4B shows 
the RGD-HFBI film self-assembled on the mica 
surface that was observed with atomic force 
microscopy. We could see clearly small holes in the 
RGD-HFBI film, indicating that the self-assembly of 
RGD-HFBI protein was independent of the BODIPY 
dye. Therefore, RGD-HFBI has the potential to form 
protein nanocages by using other hydrophobic cores 
as the self-assembly template.  

To further confirm the self-assembly of 
RGD-HFBI onto the BODIPY, chemical compositions 
of BODIPY before and after RGD-HFBI modification 
were analyzed by XPS. The full XPS spectra (Figure 

4C) showed an overall change in the F1s, O1s, N1s, 
C1s and B1s of the BODIPY, HFBI-modified BODIPY 
and RGD-HFBI-modified BODIPY. The F1s (685 eV) 
peak was characteristic for BODIPY dye according to 
its chemical composition. The intensity of this 
elemental peak was remarkably decreased in the 
narrow spectrum of RGD-HFBI-modified BODIPY, 
suggesting that RGD-HFBI protein self-assembled 
and covered the surface of BODIPY. Furthermore, 
increased content of oxygen (Figure 4C) also 
confirmed the self-assembly of RGD-HFBI protein 
onto the surface of BODIPY. Next, FTIR (Figure 4D) 
was used to characterize the RGD-HFBI/BODIPY 
complex as the shape and frequency of the amide I 
band was modulated by the secondary structure of a 
protein [65]. The FTIR spectrum of RGD-HFBI protein 
showed a sharp peak at 1637 cm-1 involved in the 
vibration bands of amide I, which was caused by C=O 
stretching vibrations of peptide linkages. This result 
indicated RGD-HFBI contained mainly beta-sheet 
(1637 cm-1) structure. Hakanpaa et al. reported that 
native HFBI protein contains four beta-sheets based 
on its three-dimensional crystal structure [33]. The 
coherence between the secondary structures of 
RGD-HFBI and native HFBI illustrated that the RGD 
motif did not affect the correct protein folding of 
HFBI. For the BODIPY dye, strong peaks at 2848 and 

 
Figure 4. (A) TEM images of BODIPY dissolved in different solvents (H2O, DMSO, HFBI and RGD-HFBI). The red dashed line represents the RGD-HFBI shell or film. (B) 
Atomic force microscopy images of self-assembled RGD-HFBI (native HFBI) film on a mica surface. (C) Wide XPS spectra of RGD-HFBI/BODIPY, HFBI/BODIPY and BODIPY, 
and high-resolution spectra of F1s, B1s and O1s. (D) FTIR spectra of RGD-HFBI/BODIPY, HFBI/BODIPY and BODIPY. 
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2919 cm-1 were attributed to the C-H vibrations of the 
benzene bonds, and a peak at 1728 cm-1 resulted from 
C=O vibration. Moreover, sharp peaks at 1486, 1538 
and 1594 cm-1 corresponded to v (C=C) stretching 
vibrations in benzene. Regarding the RGD-HFBI/ 
BODIPY complex, the FTIR spectrum consisted of 
both characteristic peaks of HFBI/BODIPY and 
BODIPY without detectable chemical bond formation. 
This result suggested that RGD-HFBI adsorbed onto 
the surface of BODIPY dye non-covalently without 
protein structure changes. Furthermore, This finding 
was quite consistent with the previous reports that 
there was no secondary structure change during the 
binding process when class II hydrophobin assembled 
physically onto hydrophobic surfaces [66]. The FTIR 
results also strengthened the idea that physical 
hydrophobic force was the major driving force for the 
interaction between the hydrophobic part of HFBI and 
BODIPY dye, resulting in the formation of RGD- 
HFBI/BODIPY complex. 

Analysis of biocompatibility, cell binding and 
cellular uptake in vitro 

After we obtained the RGD-HFBI/BODIPY 
complex, we were eager to know whether this 
complex could be used in biolabeling or bioimaging 
from the safety point of view. Therefore, biological 
compatibility of this complex was an important issue 
we should consider in the next step. The 
biocompatibility of RGD-HFBI/BODIPY was evalu-
ated by classical MTT assay. Three different cancer 
cell lines were used in our assays, including U-87MG 
(high αvβ3 integrin expression), HeLa (low αvβ3 
integrin expression) and MCF-7 cells (without αvβ3 
integrin expression) [67, 68]. As shown in Figure 5A, 
the viabilities of the three cell lines were not affected 
by the exposure of different concentrations of 
RGD-HFBI/BODIPY complex for 48 h, indicating its 
high biocompatibility and low cytotoxicity. 

HFBI/BODIPY showed low cytotoxicity towards 
all the tested cell lines as well. However, 
DMSO-dissolved BODIPY showed slight cytotoxicity 
at high concentrations (250 and 500 μM), indicating 
BODIPY itself had detectable cytotoxicity at high 
concentrations. From the above results, we saw 
clearly that hydrophobin modification could increase 
the biocompatibility of BODIPY dye. Aimanianda et 
al. reported that surface hydrophobin prevented 
immune recognition of airborne fungal spores in the 
human body [69]. Their results implied that people 
could generate hydrophobin-based nanoparticles 
containing embedded diagnostic and therapeutic 
molecules that have to be transported to a specific 
body location without being recognized by the host 

immune system. Therefore, we considered that 
RGD-HFBI might mask most of the immunogenicity 
of BODIPY, resulting in its low cytotoxicity. This 
consideration will be addressed in future studies 
using immunocompetent animals. Nevertheless, we 
proved that the RGD-HFBI/BODIPY complex has the 
potential to be applied in the living cell system for 
bioimaging due its good biocompatibility. 

 Next, flow cytometry analysis (Figure 5B) was 
performed to quantify the cell binding and cellular 
uptake. The uptakes of RGD-HFBI/BODIPY complex 
were investigated by using the same three cell lines 
used in the MTT assays. As expected, the cell- 
associated fluorescence was highest in U-87MG cells. 
The fluorescence in HeLa cells was decreased about 
one-fold compared with the U-87MG cells. Regarding 
the negative control MCF-7 cells, we observed the 
lowest fluorescence that might come from nonspecific 
cellular uptake of RGD-HFBI/BODIPY complex. The 
relatively small size (about 100 nm) of RGD- 
HFBI/BODIPY complex might contribute to this 
phenomenon [70, 71]. These results demonstrated that 
integrin expression did have an obvious effect on the 
cellular uptake of RGD-HFBI/BODIPY complex and 
also suggested the biological activity of the RGD motif 
in the hybrid RGD-HFBI was preserved very well. In 
our flow cytometry analysis, HFBI-modified BODIPY 
and DMSO-dissolved BODIPY were used as controls. 
All three types of cells treated by those two BODIPYs 
with different solvents showed much lower cell- 
associated fluorescence than that obtained from 
RGD-HFBI/BODIPY. These results indicated the 
functionality of RGD motif of RGD-HFBI protein was 
a key factor in regulating the specific cell binding and 
cellular uptake of BODIPY as well. In order to further 
evaluate the cellular uptake of RGD-HFBI/BODIPY 
complex, we used confocal microscopy analysis to 
directly observe the interactions between RGD-HFBI/ 
BODIPY complex and target cells. As shown in Figure 
5C, we got very similar results as that obtained from 
flow cytometry analysis. U-87MG cells and HeLa cells 
with αvβ3 integrin expression showed higher 
fluorescence than that from the MCF-7 cells that did 
not have any αvβ3 integrin expression on their cell 
surfaces. All cells treated with HFBI-modified 
BODIPY and DMSO-dissolved BODIPY showed low 
fluorescence at the same level due to the lack of RGD. 
Moreover, the overall fluorescence was obviously 
decreased by adding the synthetic RGD peptide both 
in the U-87MG and HeLa cells. These results 
obviously demonstrated that the RGD motif 
remarkably improved the specific cell binding and 
cellular uptake of RGD-HFBI/BODIPY complex.  
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Figure 5. (A) MTT assay results of three different cancer cell lines including U-87MG (high αvβ3 integrin expression), HeLa (low αvβ3 integrin expression) and MCF-7 cells 
(without αvβ3 integrin expression). Those three cell lines were treated with different concentrations (0, 0.1, 1, 5, 10, 25, 50, 100, 250 and 500 µM) of RGD-HFBI/BODIPY, 
HFBI/BODIPY and BODIPY for 48 h. (B) Flow cytometry analysis of U-87MG, Hela and MCF-7 cells incubated with RGD-HFBI/BODIPY, HFBI/BODIPY and BODIPY for 4 h. The 
concentration of all probes was 10 μM and cells without treatments were used as the blank controls (red lines). (C) Confocal microscopy images of U-87MG, Hela and MCF-7 
cells treated with RGD-HFBI/BODIPY, HFBI/BODIPY, BODIPY and synthetic RGD peptide. 
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In vivo imaging in the tumor model 
 Before we did in vivo imaging using tumor 

models, we evaluated the stability of RGD-HFBI/ 
BODIPY complex in vitro and in vivo. The stability of 
RGD-HFBI/BODIPY complex was determined by 
whether the RGD-HFBI on the shell of the complex 
could resist protease degradation in serum both in 
vivo and in vitro. Figure S8 shows that the 
RGD-HFBI/BODIPY complex was relatively stable 
both in vivo and in vitro. For example, only about 11% 
of RGD-HFBI/BODIPY was degraded after 72 h in 
vivo. This result was consistent with the previous 
reports that self-assembled hydrophobin could resist 
protease degradation both in vitro and in vivo [72-75]. 
After the stability of RGD-HFBI/BODIPY complex 
was confirmed, we did in vivo imaging using 
different tumor models. Figure 6A shows typical NIR 
fluorescence images of athymic nude mice bearing 
subcutaneous U-87MG glioblastoma tumor after 
intravenous injection of 17.7 nmol of RGD-HFBI/ 
BODIPY. The subcutaneous U-87MG tumor could be 
clearly delineated from the surrounding background 
tissue at all the time points. We saw limited but 
distinguishable fluorescence at 2 h, indicating that 
RGD-HFBI/BODIPY reached the tumor site at this 
time point. Accumulation of fluorescence was 
observed with time, increasing until the maximum 
fluorescence occurred at 24 h. After that, the 
fluorescence in the tumor site went down, suggesting 
the washing-out of RGD-HFBI/BODIPY, but still 
remained distinguishable at 72 h. For the control 
HFBI/BODIPY group, we did not observe any 
fluorescence with high intensity in the tumor sites at 
all the time points (Figure 6C). The weak fluorescence 
in this group could be attributed to the enhanced 
permeability and retention (EPR) effect. However, we 
believed that effective accumulation of fluorescence in 
the RGD-HFBI/BODIPY group not only depended on 
the EPR effect, but also relied on the active targeting 
effect of the RGD motif of the RGD-HFBI protein.  

Therefore, the above results did reveal the 
specific affinity between the RGD-HFBI/BODIPY and 
the U-87MG glioblastoma tumor. To further verify the 
accumulation of RGD-HFBI/BODIPY, the mice were 
sacrificed at three time points (24, 48 and 72 h), and 
dominant organs were selected for in vitro imaging 
(Figure 6B). For the RGD-HFBI/BODIPY-treated 
mice, the tumor tissue showed distinct fluorescence at 
all three time points, suggesting BODIPY 
accumulation in the tumor due to specific targeting of 
the RGD-HFBI/BODIPY (Figure 6D). Regarding the 
control group, limited fluorescence was observed in 
the tumor tissue, and strong fluorescence signals were 

detected only in the liver due to nonspecific uptake 
and retention of HFBI/BODIPY.  

 We also did NIR fluorescence analysis of 
athymic nude mice bearing subcutaneous HeLa 
tumors. As shown in Figure 6E-H, the results were 
quite similar with those obtained from the U-87MG 
tumor cell. The only difference was the fluorescence 
obtained from HeLa cells was relatively weaker than 
that obtained from the U-87MG tumor cell at all the 
time points. This result is quite consistent with the 
results obtained from in vitro cell culture assay. Taken 
together, the in vivo affinity tests fully demonstrated 
the high specificity of RGD-HFBI/BODIPY due to the 
high selectivity and strong affinity of the RGD 
molecules. 

Conclusion  
In this paper, we showed a simple and reliable 

one-step strategy to produce water-soluble and 
targeted BODIPY dye by designing a novel hybrid 
protein named RGD-HFBI. This novel protein has 
dual biological functions according to our design. The 
first function of this protein is to self-assemble on 
hydrophobic surfaces including the hydrophobic 
BODIPY we used in this work. The outcome of the 
self-assembly of RGD-HFBI on different hydrophobic 
surfaces is a change in surface properties. In our 
study, RGD-HFBI could readily self-assemble on the 
BODIPY dye by simple mixing and sonication for 30 
min, resulting in the efficient solubilization of this 
hydrophobic dye. It was notable that a protein 
nanocage was formed during the self-assembly 
process, which means the performance of this protein 
could be improved by further reasonable 
modifications. We also found that physical 
hydrophobic interaction could be the major driven 
force for the interaction of RGD-HFBI and BODIPY. 
The second function of this protein is to target specific 
cell lines by using the classic RGD motif in the protein. 
In our study, we proved that RGD-HFBI could 
efficiently guide the BODIPY dye to specifically label 
the U-87MG cancer cell in cell culture and in animal 
experiments. Furthermore, the good biocompatibility 
and prolonged circulation time of 
RGD-HFBI/BODIPY might facilitate future 
application of this dye. In our study, we only used a 
synthesized BODIPY dye to prove the dual functions 
of RGD-HFBI. We believed that RGD-HFBI could be 
applied to other hydrophobic fluorescent probes or 
even other hydrophobic materials that suffer from 
solubility and targeting problems. Therefore, our 
one-step strategy may be developed as a general 
strategy for biolabeling and bioimaging to broaden 
their applications.  
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Figure 6. (A) NIR fluorescence images of nude mice bearing U-87MG tumor after intravenous injection of RGD-HFBI/BODIPY and HFBI/BODIPY. (B) The ex vivo optical 
images of organs (heart, liver, spleen, lung and kidney) and tumors of the U-87MG tumor-bearing mice sacrificed at three time points (24, 48 and 72 h) after administration. (C) 
Quantitation of in vivo fluorescence intensity of U-87MG tumor after administration of RGD-HFBI/BODIPY and HFBI/BODIPY in the tumor-bearing mice at different time points 
(2, 4, 6, 8, 24, 48 and 72 h). (D) Quantitation of ex vivo fluorescence intensity of harvested tumors of the U-87MG tumor-bearing mice sacrificed at three time points (24, 48 and 
72 h) after administration. (E) NIR fluorescence images of nude mice bearing HeLa tumor after intravenous injection of RGD-HFBI/BODIPY and HFBI/BODIPY. (F) The ex vivo 
optical images of organs (heart, liver, spleen, lung and kidney) and tumors of the HeLa tumor-bearing mice sacrificed at three time points (24, 48 and 72 h) after administration. 
(G) Quantitation of in vivo fluorescence intensity of HeLa tumor after administration of RGD-HFBI/BODIPY and HFBI/BODIPY in the tumor-bearing mice at different time 
points (2, 4, 6, 8, 24, 48 and 72 h). (H) Quantitation of in vitro fluorescence intensity of harvested tumors of the HeLa tumor-bearing mice sacrificed at three time points (24, 48 
and 72 h) after administration. 
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