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1. Introduction1)

Biomedical polymers were frequently functionalized with Arg-Gly-Asp 

(RGD) peptides to provide cell adhesion sites since the RGD motif is 

found in many extracellular matrix proteins and extensively studied[1]. 

RGD modified polymers promoted adhesion, proliferation, and collagen 

secretion of human fibroblasts[2], and even provide an enhanced anti-

tumor activity[3]. RGD peptides were covalently attached to polymers 

via functional groups like hydroxyl-, amino-, or carboxyl groups[4]. 

Because of the presence of reactive functional groups, protected RGD 

peptides were used to modify the polymers activated by peptide cou-

pling reagents[5]. Unprotected aqueous RGD peptides can be directly 

mixed to activated polymers with a less hydrolyzable coupling agent, 

such as N-hydroxysuccinimide esters[6]. Selected pairs of functional 

groups were developed to form stable covalent bonds without the need 

for an activating agent such as thiol-containing RGD peptides with 

maleimide functionalized surfaces[7].

In this study, RGD peptides were enzymatically coupled on the sur-

face of fibroin microspheres. Fibroin, an insoluble protein polymer of 

silk fiber, is available in quantity and proven to be biocompatible since 

being used as a suture for decades[8]. Thus, fibroin has been used to 

fabricate biocompatible materials such as film, hydrogel, coating mate-

rials, and including fibroin microspheres in a previous report[9]. Since 

the fibroin microspheres were made by condensation of insoluble pro-
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tein polymer chains without any cross-linking or surface modification, 

numerous reactive N-terminal amine and C-terminal carboxyl groups 

could be exposed on the surface of fibroin microspheres. The presence 

of terminal functional groups prompted us to investigate the enzymatic 

coupling of RGD peptides on the surface of fibroin microspheres.

Protease catalyzed solid-phase peptide synthesis was first demon-

strated using thermolysin that directly synthesized several dipeptides 

from soluble N-protected amino acids onto solid support[10]. A smaller 

protease, papain in molecular weight, seems a better candidate since it 

is more accessible to the functional groups on the solid support. Papain 

has been widely used for enzymatic coupling of peptides[11]. Therefore, 

papain was used to catalyze peptide bond formation on to the surface 

of fibroin microspheres.

In this study, RGD peptides were designed to carry cysteine residues 

at both sides of the sequence, glycine as a spacer, and two phenyl-

alanine residues at the C-terminal. The RGD peptides were enzymati-

cally attached to the surface of the fibroin microspheres using papain. 

Anchorage-dependent BALB/c 3T3 cells were used to evaluate the ef-

fect of RGD functionalized fibroin microspheres on cell attachment and 

proliferation under non-adherent culture conditions.

2. Materials and Methods

2.1. Materials

Freeze-dried fibroin was provided by FineCo., Ltd. (Chuncheon, 

Korea). Papain (P3375), decane, propidium iodide (PI), Span 80, Tween 

80, and other reagents were purchased from Sigma-Aldrich (St. Louis, 

MO, USA). The cell line BALB/c 3T3 used was purchased from ATCC 

(American Type Culture Collection CCL163; Rockville, MD, USA), 
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and ultra-low attachment plates from Corning (3471; Corning, NY, 

USA) were used for cell culture. Peptides were synthesized by Anygen 

(Daejon. Korea).

2.2. Preparation and modification of fibroin microspheres

Aqueous fibroin mixture (8 mL) was added to an organic phase 

composed of Span 80 (2.2 mL), Tween 80 (1.8 mL), and decane (16 

mL), and then homogenized (Polytron PT2100; Kinematica, Luceme, 

Switzerland) at 30,000 rpm for 60 s. The resulting translucent emulsion 

was dried in a rotary vacuum evaporator (JP/N 1000S-W, Eyela, Tokyo, 

Japan) at 40 ℃ for 30 min. The microspheres that formed in the emul-

sion were harvested by centrifugation at 4,000 rpm for 5 min, washed 

with ethanol several times, and dried at room temperature.

For the surface modification of microspheres, dansyl amino acids or 

RGD peptide 6 mg, microspheres 10 mg, and papain 5 mg were added 

to 1 mL of a phosphate buffer solution with 25% (v/v) DMSO in 

brown microtubes and incubated at room temperature for 2 h. Micro- 

spheres were washed with distilled water three times, resuspended in 1 

mL of anhydrous ethanol, and dried.

Dansylated microspheres were washed, resuspended in phosphate 

buffer (PBS, pH 7.4), transferred to a multiwall plate and analyzed by 

measuring fluorescence at 355 nm / 460 nm using a fluorescence mi-

croplate reader (Fluoroskan-FL Ascent, Thermo Electron Corp, USA). 

Fluorescence intensity was expressed as an arbitrary unit (AU) and 

converted into moles of the primary amine group based on the AU of 

dansyl glycine fluorescence intensity.

2.3. Electron microscopy and analysis

The dried microspheres were observed by field-emission scanning 

electron microscopy (FESEM; Hitachi S-4800; Hitachi, Japan) at an 

accelerating voltage of 5.0 kV, and also by transmission electron mi-

croscopy (TEM; JEM-2010; JEOL, Japan). Microspheres were added to 

1 mL of gold nanoparticle solution and boiled for 5 min, followed by 

washing with distilled water three times. The specimen stained with 

gold nanoparticles placed on a grid and observed under TEM.

Ellman’s assay was also performed to determine the cysteine content 

of RGD microspheres[12]. Ellman's reagent solution 50 µL was added 

to 250 µL of the reaction buffer containing 1 mg of microspheres and 

reacted for 15 min. Samples were centrifuged at 5,000 rpm for 5 min, 

and 1 mL of the supernatant was taken and measured for absorbance 

at 412 nm with a UV spectrophotometer (Thermo Spectronic 10S, 

Rochester, USA).

2.4. Cell culture and co-incubation with RGD microspheres

BALB/c 3T3 cells were cultured at 37 ℃ in a humidified atmos-

phere maintained at 5% CO2 using Dulbecco’s modified Eagle’s me-

dium (DMEM; Lonza, Walkersville, MD, USA) with 4.5 g/L glucose 

and l-glutamine supplemented with 10% bovine calf serum (BCS; Lonza, 

USA). Fibroin microsphere suspension (1 mg/mL) was sterilized by 

autoclaving. Cells were dissociated using trypsin/EDTA (trypsin 0.25%, 

EDTA 1 mM in PBS; Lonza) and counted.

Figure 1. The size distribution of fibroin microspheres (inset: an SEM 
micrograph).

3. Results and Discussion

3.1. Estimation of primary amines on fibroin microspheres

Insoluble microspheres were prepared by condensing fibroin peptides 

in W/O emulsion under vacuum dehydration conditions, as reported in 

the previous study[9]. SEM micrograph showed that the microspheres 

were roughly spherical and mostly between 200~500 nm in diameter 

(Figure 1). The microspheres might carry many functional groups such 

as primary amines and lysine residues because those were made of par-

tially fragmented fibroin molecules. It prompted us to measure the pos-

sible number of functional groups on fibroin microspheres using dansyl 

chloride, a reactive fluorescent molecule. Dansylation of fibroin micro-

spheres resulted in a shift of fluorescence intensity by 46.0 AU/mg. 

Based on the fluorescence intensity of dansyl glycine (64.26 AU/µmol) 

measured under identical conditions, the number of dansylated func-

tional groups was estimated to be 4.3 × 1017 per mg of microspheres 

(Table 1). Providing the specific gravity of fibroin microspheres is 1.2 

g/cm3, the corresponding density of dansylation is 5.2 × 108/µm3, and 

the average space distance between adjacent dansylated functional 

groups is 1.25 nm.

The result suggests that the dansyl-reactive functional groups were 

present densely on the surface of fibroin microspheres. It is because 

that dansyl chloride readily reacts with primary amines at N-terminal 

and lysine residue, secondary amine in proline, and also with tyrosine 

[13]. The dense distribution of dansylated functional groups can be at-

tributed to an exceptionally high content of tyrosine in fibroin, which 

reached about 10%[14]. The density of surface functional groups is an 

essential characteristic of micro or nanoparticles that affect the proper-

ties and applications[4]. Accordingly, fibroin microsphere can be an 

excellent platform biomaterial for surface modification because of suf-

ficient functional groups.

3.2. Enzymatic peptide formation on the surface of fibroin micro- 

spheres

A protease-mediated peptide coupling reaction was performed to 

modify the functional groups on the surface of fibroin microspheres. 

Papain was used to couple different dansyl amino acids on to fibroin
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Figure 2. Fluorescence intensities of microspheres modified with di- 
fferent dansyl amino acids using papain (a). Fluorescence intensities 
of microspheres conjugated with dansyl phenylalanine using papain in 
varying DMSO content (b).

microspheres using papain (Figure 2). Microspheres reacted with dan-

syl phenylalanine (3 mg/mL) showed the highest increase in the fluo-

rescence intensity, followed by dansyl valine and dansyl glycine. No 

significant increase in fluorescence intensity was observed in those 

with other dansyl amino acids. It suggests that dansyl phenylalanine 

can be the most suitable substrate for papain in reverse proteolysis.

Papain-mediated peptide coupling was also performed with varying 

concentrations of dansyl phenylalanine under the same conditions. The 

fluorescence intensities of modified microspheres with dansyl phenyl-

alanine at the concentration of 3, 6, 9 mg/mL increased by 9.8, 18.4, 

Figure 3. Confocal microscopic images of microspheres reacted with 
dansyl phenylalanine with (a) and without (b) papain. Densitometric 
profile of fluorescence intensity of papain catalyzed microspheres with 
dansyl phenylalanine (c). A schematic diagram of papain-catalyzed 
coupling of a dansyl amino acid with microspheres (d).

20.1 folds. Since the reaction efficiency decreased significantly at 9 

mg/mL, dansyl phenylalanine concentration was fixed to 6 mg/mL in 

further reactions. It corresponds to 0.007 mmol/L and two folds of the 

primary amines on the microspheres in the reaction mixtures. To facili-

tate the reverse proteolysis reaction, DMSO was added to the reaction 

mixture at 0, 25, 50, 75% (v/v) and reacted under identical conditions. 

The resulting fluorescence intensities were 64.4, 108.6, 53.3, and 25.2 

AU/mg [Figure 2(b)]. DMSO 25% showed the highest fluorescence. In 

the above experiments, phenylalanine showed the highest substrate spe-

cificity of the reverse reaction of papain.

Enzymatic coupling of dansyl phenylalanine was confirmed using 

CLSM at an excitation wavelength of 334 nm with a confocal scanning 

microscope. Green fluorescence was observed in the microspheres ob-

tained after the reaction with dansyl phenylalanine using papain, in 

comparison to those without papain [Figure 3(a), (b)]. The fluorescence 

intensity of a stacked CLSM micrograph was measured using Image 

J [Figure 3(c)]. The fluorescence intensity profile has a broad peak 

with a plateau on the top. These results verified papain-catalyzed cou-

pling of dansyl phenylalanine fibroin microspheres, as shown schemati-

Item Values Units

Fluorescence intensity of dansyl glycine 64.26 AU/µmol

Fluorescence intensity of dansyl microspheres 46.0 AU/mg

Mol of dansylated functional groups per microspheres 0.716 µmol/mg

Number of dansylated functional groups per microspheres 4.31 × 1017 /mg

Density of dansylated functional groups 5.2 × 108 /µm3

Average distance between adjainst functional groups 1.25 nm

Table 1. Estimation of the Number of N-terminal Amines on Fibroin Microspheres
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Figure 4. Precipitation profile of RGD1-modified microsphere suspen- 
sions (1 mg/mL) in glass vials for 14 days (a) and a schematic model 
of papain catalyzed coupling of RGD1 peptide on to fibroin micro- 
spheres (b).

cally in Figure 3(d).

The results agree with the finding that phenylalanine has been used 

as a preferred acyl-donor substrate than other amino acids in pa-

pain-catalyzed coupling to leucine amide[15] and synthesizing ho-

mo-oligomers[16]. Although papain cleaves peptide bonds of basic 

amino acids, leucine, or glycine at the P1 positions, it also has a strong 

preference for phenylalanine at the P2 position for hydrolysis reaction 

[17]. Diazomethyl ketones of z-Phe and z-Phe-Phe are known as active 

site-directed inhibitors of papain[18], suggesting that phenylalanine and 

its dimer could bind to the active site of papain. Thus, peptides end 

with phenylalanine or its dimer seem to be a likely candidate as a sub-

strate for papain catalyzed peptide coupling reaction.

3.3. Enzymatic modification of fibroin microspheres with RGD 

peptides

RGD peptides were designed to carry cysteine residues at both sides 

of the sequence, glycine residues as a spacer, and two phenylalanine 

residues at the C-terminal, of which amino acid sequences are CRGD- 

CGFF (RGD1). Papain-catalyzed coupling reactions of the RGD1 pep-

tide on to fibroin microspheres were performed. The resulting yield of 

the RGD1-microspheres was 57%. A milky suspension of RGD1-micro- 

spheres was prepared at a concentration of 1 mg/mL in distilled water, 

which showed a significantly different precipitation profile [Figure 

4(a)]. The RGD1-microspheres precipitated and formed a thick layer of 

sediments. They exhibited an increased apparent volume than unmodi- 

Figure 5. Scanning electron microscope images (top), transmission 
electron microscope (TEM) images (middle) of fibroin microspheres, 
and RGD1-microspheres. TEM images of fibroin microspheres and 
RGD1-microspheres stained with gold nanoparticles (bottom).

fied microspheres, possibly due to the steric hindrance of the RGD1 

peptides on the surface. The sediments were easily resuspended by 

gentle shaking of the vials. It is also possible that tandemly repeated 

RGD1 peptides were tethered on the surface of fibroin microspheres, 

as shown schematically in Figure 4(b).

The RGD1-microspheres were dried, sputter-coated with gold, and 

observed with SEM (Figure 5). The micrograph of RGD1-microspheres 

appears blurred compared to spherical fibroin microspheres. TEM mi-

crographs present similarly sized microspheres between 300~400 nm 

in diameter both in RGD1-microspheres and fibroin microspheres. 

RGD1-microspheres were stained using gold nanoparticles that could 

react with thiol groups in cysteine residues of RGD peptides to form 

S-Au bonds. In the TEM micrograph of RGD1-microspheres, black 

spots of similar size to gold nanoparticles were observed in the sur-

rounding dark areas. Ellman’s assay exhibited that the sulfur content of 

RGD1-microspheres was 1.3% that was significantly higher than that 

of microspheres (0.08%). These results indicate that RGD1-peptides 

were coupled to the functional groups on microspheres.

Although RGD1 peptides were covalently coupled on to the surface 

of microspheres, this study was not able to identify which function 

groups were involved with RGD1 peptide bond formation. RGD1 pep-

tides probably coupled to the free N-terminals of fibroin peptide chains 

and the primary amine of lysine residue due to phenylalanine specific 

peptide formation by papain. However, the possibility cannot be ex-

cluded that the carboxyl group of RGD1-peptides could form an ester 

with tyrosine because papain also carries esterase activity[19].
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Figure 6. Counts of 3T3 cell aggregates cultured in the presence of 
fibroin microspheres or RGD1-microspheres under non-adhesion con- 
ditions (a) and a microscope image of 3T3 cell aggregate from culture 
medium containing RGD1-microspheres (b).

3.4. Cell culture enhancement

RGD1-functionalized microspheres were used to culture fibroblast 

3T3 cells under non-adhesion conditions. Suspension of multicellular 

aggregates was obtained by repeated pipetting of culture seeded with 

3T3 cells with and without microspheres for 72 h. The 3T3 cells ag-

gregates were largely ovoid or spheroidal in shape with a rough outer 

surface. Larger and darker aggregates were obtained in the presence of 

RGD1-microspheres, of which the number of dissociated cells was 1.0 

× 105 cells/mL. The cell counts were significantly higher than those 

with and without fibroin microspheres [Figure 6(a)]. The longitudinal 

length of 3T3 cell aggregates with RGD1-microspheres was mostly in 

the range between 200~400 µm [Figure 6(b)].

A solid surface or specified extracellular matrices are essential for 

the attachment and survival of anchorage-dependent 3T3 cells[20]. The 

effectiveness of RGD in promoting cell attachment to a wide variety 

of biomaterials was confirmed in many publications, both in vitro and 

in vivo[21]. This study also demonstrated that RGD functionalized mi-

crospheres enhanced fibroblast culture even under non-adhesion 

conditions. However, the detailed effects of RGD1-microspheres on 

proliferation and other cellular responses remain mostly unexplored. 

Although RGD1 peptide contains two cysteine residues, the effect of 

RGD cyclization also remains uninvestigated. Recently, high density, 

clustering, and/or cyclization of RGD peptides elicited beneficial cell 

responses in vivo, such as increased affinity for the platelets and more 

substantial bone regeneration[21]. Fibroin microspheres can be suitable 

base material for the functionalization with various complex RGD 

structures, due to abundant surface functional groups and enzymatic 

peptide coupling method of this study.

4. Conclusions

Papain catalyzed peptide formation was facilitated by dansyl phenyl-

alanine with fibroin microspheres and by the presence of organic sol-

vent DMSO at 25% (v/v). Thus, peptide RGD1 was designed to carry 

cysteine to both sides of the sequence, glycine as a spacer and phenyl-

alanine at the C-terminal (CRGDCGFF). Microspheres, coupled with 

RGD1, showed a significantly different precipitation property and an 

increased apparent volume, possibly due to the steric hindrance of the 

RGD peptides on the surface. Transmission electron microscopy also 

confirmed the presence of cysteine residues in RGD peptides coupled 

on the surface of microspheres stained with gold nanoparticles. Accor- 

dingly, peptide RGD1 was enzymatically coupled to on the surface of 

fibroin microspheres. The RGD1-microspheres significantly facilitated 

the growth of murine fibroblast 3T3 cells even under non-adhesion 

culture conditions. Here, we demonstrated the utility of enzymatic 

functionalization of a RGD peptide on to the surface of fibroin micro- 

spheres.
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