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Alginate hydrogel has been used as an attractive scaffold for tissue regeneration. In particular, 

its simple cross-linking, high water absorption, and biocompatibility have provided its utility 

in regulating an interaction with cells or organs. However, three-dimensional (3D) networks of 

alginate hydrogel do not provide fibrous anchorage sites such as the collagen fibres in natural 

extracellular matrix (ECM). This has partially limited the survival of anchorage-dependent 

cells in the 3D hydrogel environment. In this report, we established a hybrid hydrogel 

containing fibrous particles (FP) that closely mimics the ECM. The RGD peptide-coupled FP 

(R-FP) has a wide length of distribution and was homogeneously dispersed in the hydrogel. 

The encapsulated human mesenchymal stem cells in the hydrogel could bind to the R-FP 

presenting remarkable spreading morphology, augmented viability and differentiation. These 

findings may elicit the significance of a physical interaction in which R-FP provides structural 

and biological cues to the cells. This strategy can be widely applicable to a variety of hydrogel 

systems.  

 

Introduction 

Hydrogel has been widely used as a cell delivery carrier or 3-

dimensional (3D) scaffold in the fields of tissue engineering 

and regenerative medicine. Its inter-connected network 

structure, higher water absorption and biocompatibility allow 

for its easy generation of a cell-compatible 

microenvironment.1 Among the raw materials used for 

hydrogels, alginate is the most popular due to easy cross-

linking by Ca2+, Mg2+, and Ba2+ ions and its 

biocompatibility.2-4 The cross-linked alginate hydrogel 

provides a favourable microenvironment for cell survival, 

which has been used in cartilage tissue engineering and 

regulation of human mesenchymal stem cells (hMSC) 

behaviours.5,6 However, pristine alginate hydrogel often fails 

to provide cell-interactive cues that allow for cell adhesion 

and survival on the surface or inside the hydrogel, which 

consequently results in poor cell survival for a long-time 

culture. To overcome this limitation of the alginate hydrogel, 

numerous efforts have been made to enhance its cellular 

interacting ability by conjugation of cell-binding peptides or 

incorporation of extracellular matrix (ECM) proteins.7,8 For 

example, arginine-glycine-aspartic acid (RGD), a peptide 

derived from fibronectin or collagen, was bound to the 

alginate backbone through 1-ethyl-3-(3-

dimethylaminopropyl)-carbodiimide (EDC) chemistry.9 

Gelatin and collagen have also been mixed in the alginate to 

develop more biocompatible hydrogels.10,11 Those modified 

hydrogels successfully improved viability and protein 

expression of hMSC, osteoblast, cardiac cells, and 

fibroblasts.12-15  

 Although the chemical modification of raw materials or 

addition of cell-interactive proteins to the hydrogel has 

provided a method for delivering cell-interactive moieties,16 

huge structural differences still remain between the 

microenvironments of artificial hydrogel and the natural ECM. 

For example, collagen and elastin forms a fibrous structure of 

nano to micro-scale range in the ECM.17 They have played 

their own fundamental roles, such as providing many cell 

anchorage sites or assembling with other cell binding proteins, 

in order to regulate complex intrinsic signal transduction.18 

However, current biomolecule-modified hydrogels only 

provide a dense polymeric chain network, and they do not 

offer the fibrous architecture as seen in the natural ECM. 

Because it is well-known that most anchorage-dependent cells 

should be attached on the stiff surface (polystyrene tissue 

culture plate) for increased survival,19 their recognition of the 

adhesion sites should be significant in regulating further 

survival. 

Page 1 of 15 Journal of Materials Chemistry B

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
B

A
cc

ep
te

d
M

an
us

cr
ip

t



ARTICLE Journal Name 

2 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012 

 ECM-like fibrous architecture has been mimicked through 

an electrospinning method.20 It not only generated random or 

aligned fibrous meshes, but it also produced meshes with 

nano- to micron fibre diameter.21,22 However, most of the 

electrospun nanofibers have relatively small pores that restrict 

cell infiltration into the nanofibers. Furthermore, 3D 

scaffolding function has only partially been achieved.23, 24 To 

overcome the limitations of nanofiber mesh, we report a 

fragmented fibre prepared by aminolysis and shear stress,25 

and we suggest a new approach for cell delivery using the 

spheroid of the fragmented fibre and hMSC in a 

polycaprolactone (PCL) scaffold.26 The fragmented fibres can 

be well dispersed in the solution, and its size is relatively 

larger than that of common spherical nanoparticles, which 

provides low cytotoxicity without intracellular uptake. 

Furthermore, because it can provide collagen-like cell binding 

sites due to the conjugated RGD peptide, the incorporation of 

the fragmented fibres in the hydrogel may closely mimic the 

ECM structure, and it can be considered as an alternative 

additive to a variety of hydrogels requiring chemical 

modification. 

 In this study, we establish a hybrid hydrogel containing 

fragmented fibres (referred to as fibrous particles, FP) as a 

biomimetic 3D microenvironment. We hypothesized that the 

incorporation of RGD peptide-conjugated FP within the 

alginate hydrogels can regulate 3D-encapsulated hMSC 

survival by providing a fibrous anchorage site as well as a cell 

adhesive ligand. To test our hypothesis, the FP was prepared 

by aminolysis of electrospun poly(L-lactide) (PLLA) mesh, 

and the RGD peptide was immobilized on the FP through 

EDC chemistry after acrylic acid (AAc)-grafting by γ-ray 

irradiation. We subsequently investigated hMSC behaviour in 

the hybrid hydrogel.  

  

 

Experimental 

Materials 

 Materials utilized in this study were obtained as follows: 

Poly(L-lactide) (PLLA, Resomer® L214S) from Evonic 

Industries (Essen, Germany), Dulbecco's modified eagle's 

medium (DMEM) and foetal bovine serum (FBS) from Gibco 

(Grand Island, NY, USA), trifluoroethanol (TFE) and 

hexamethylenediamine (HMDA) from Sigma (St. Louis, MO, 

USA), and dichloromethane (DCM) from Junsei (Tokyo, 

Japan). The fluorescent probes rhodamine-phalloidin, Hoechst 

33258, and Alexa Fluor 488 rabbit anti-mouse IgG were 

obtained from Molecular Probes (Eugene, OR, USA), and a 

Milli-Q Plus System (Millipore, Billerica, MA, USA) was 

used to produce ultrapure water. All other chemicals and 

solvents were of analytical grade and were used without 

further purification. 

 

Fabrication of electrospun nanofibrous meshes 

PLLA (3 wt%) was dissolved in a mixture of DCM and TFE 

(80:20, v/v), and 10 mL of the solution was loaded into a 

syringe with a blunt, 23-gauge needle. The syringe was then 

placed in a syringe pump (KD Scientific single-syringe 

infusion pump, Holliston, MA, USA), and the PLLA solution 

was ejected into a collector at 17 kV from a high-voltage 

power supply (NanoNC, Seoul, Korea). The solution flow rate 

and spinning time were set to 1 mL h-1 and 10 h, respectively. 

Following the spinning process, the electrospun meshes were 

dried at room temperature for 6 h at 40 ºC overnight. 

 

Fragmentation of the nanofibrous mesh to fibrous 

particles 

 The prepared electrospun meshes were cut into small 

pieces (5 × 5 mm) and were immersed in a 10 wt % of HMDA 

solution prepared in isopropyl alcohol (IPA), which was then 

shaken at 200 rpm in a shaking incubator at 37 °C (SI-600R, 

Jeio Tech, Korea) for 30 min. After that, the fragments were 

withdrawn by centrifugation at 4000 rpm (Combi-514R, Hanil 

Science, Korea), and vigorous washing with an excess volume 

of IPA and distilled water (DW) was repeated three times. We 

obtained the FP after freeze-drying for 24 h, and the 

morphology was observed using a scanning electron 

microscope (SEM, JSM-6300, JEOL, Japan) and optical 

microscope (DMI 4000B, Leica, Germany) after dispersing 

the sample in DW. 

 

AAc grafting by γ-ray irradiation  

 AAc was grafted to the particles using irradiation with 

cobalt 60. Briefly, the pre-wetted FP was dispersed in AAc 

solutions (10 mL) at concentrations of 1, 3, and 5 wt% with 

0.01 M ammonium ferrous sulphate. The AAc was then 

exposed to 1-10 kGy of irradiation at an ambient temperature. 

Unreacted monomers and homopolymers were washed away 

by stirring with an excess of DW for 12 h, and the AAc-

grafted FP was freeze-dried. To measure the carboxyl group 

contents on the FP, we performed toluidine blue O (TBO) 

staining (4 mg toluidine blue O chloride, 0.1 M HCl, and 20 

mg NaCl) for 4 h. The TBO-stained FP was suspended in a 0.1 

M NaOH and ethanol solution (1: 4 v/v) until complete 

decolourization, and the uptake amounts of TBO were 

quantified by measuring the solution’s absorbance at 530 nm 

using a plate reader (Powerwave XS, Biotek, VT, USA). A 

standard calibration curve was obtained using known 

concentrations of TBO. The surface property of the FP was 

also analysed using ATR-FTIR (TENSOR 37 

Spectrophotometer, Bruker, Germany). 

 

RGD peptide conjugation and quantification 

 The carboxyl groups of the AAc-grafted FP were activated 

with EDC/NHS in an MES buffer (pH 5.3) for 30 min and 

were sequentially immersed in 0.1-5 mM RGD peptide 

(CGGGRGDS, Anygen, Jangseong, Korea) solutions (10 mM 

sodium bicarbonate buffer, pH 8.3) with gentle shaking for 12 

h. Then, the FP was washed with DW three times, and freeze-

dried for 12 h to obtain RGD peptide coupled-FP powders (R-
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FP). A quantitative analysis of the peptide conjugation was 

performed using a fluorescamine assay. A fluorescamine 

solution (4 mg mL-1, acetone) was briefly mixed in a 0.25 M 

borate buffer (pH 9) with a mixing ratio of 1:9, which was 

then mixed with the remaining or washed solutions (mixing 

ratio 25:75) after peptide conjugation. After 60 s of vigorous 

shaking, the fluorescence from the samples was measured 

using a fluorescence microplate reader (390 nm of excitation 

and 475 nm of emission wavelength, Spectra Max M2e, 

Molecular Devices, CA, USA). A standard calibration curve 

was also obtained from the intensity of known concentrations 

of the RGD peptide solutions. RGD-coupled alginate was also 

prepared as described previously.27 After EDC/NHS and RGD 

peptide reaction, the RGD-alginate was purified by dialysis 

(3.5 kD MWCO, Spectrum Lab, TX, USA) in DW for three 

days and then lyophilized. The dried product was stored in a 

vacuum-desiccator prior to use. 

 

Preparation of fibrous particle-loaded hydrogels and 

rheological measurement 

 The alginate solution (2 wt%) mixed with the FP (2 and 8 

mg mL-1) was filled in the syringe and quickly re-mixed with 

a 21 wt% calcium sulphate (CaSO4) slurry (alginate solution: 

calcium sulphate slurry = 1: 0.04). To assess the FP 

distribution in the hydrogel, the specimen was sectioned and 

observed using an optical microscope (DMI 4000B, Leica, 

Germany). Rheological analysis was performed as described 

previously.27 The mixed solution was quickly placed on the 

plate, and the moduli of the hydrogel (frequency: 0.01-1 Hz) 

were measured using a rheometer (ARES, TA Instruments, 

DE, USA) equipped with a cone and plate fixture (25 mm 

diameter plate and 0.1 rad cone). The gelation behaviour was 

monitored with a single frequency mode at 1 Hz for 15 min.  

 

Preparation of hMSC-encapsulated hydrogel disks 

 hMSC (PT-2501, Lonza Group Ltd., Basel, Switzerland) 

was homogeneously re-mixed to achieve an R-FP (8 mg mL-

1)/cell-suspended alginate solution (2 × 106 cells mL-1) and 

was cross-linked as described above. The mixed solution was 

placed in a sterilized glass chamber (55 × 25 × 1 mm), and 

then punched into disks eight mm in diameter. The hydrogel 

disks were incubated at 37 °C in a 5% CO2 atmosphere, and 

the growth medium (GM, low glucose DMEM supplemented 

with 10% FBS and 1% penicillin/streptomycin) was changed 

every two days.  

 

Cell viability analysis 

 To evaluate the viability of hMSC in the hydrogels, a cell 

counting kit (CCK-8, Dojindo, Japan) was used following the 

manufacturer’s instructions. Briefly, the CCK-8 was mixed 

with medium in a 1:9 ratio and further incubated for 120 min 

at 37 °C. Following the reaction, the absorbance of the 

medium (200 µL) was recorded at 450 nm using a microplate 

reader (Powerwave XS, Biotek, USA). After 14 days of 

culture, we investigated the cell viability using a Live/Dead 

assay. Briefly, the specimen was incubated in a mixture 3 µM 

fluorescein diacetate/ 0.5 µM ethidium bromide for 10 min 

and washed with PBS for 5 min, twice. The 

immunofluorescent images were obtained using a fluorescent 

microscope (DMI 4000B, Leica, Germany).  

 

Immunofluorescent staining 

 The cells cultured for three days were fixed using 3.7% 

paraformaldehyde for 20 min. The specimens were 

permeabilized with a cytoskeletal buffer solution (10.3 g 

sucrose, 0.292 g NaCl, 0.06 g MgCl2, 0.476 g HEPES buffer, 

0.5 mL Triton X-100, in 100 mL water, pH 7.2) for 20 min at 

4 °C and then blocked with 5% BSA in PBS for 90 min at 

37°C. The fixed cells were incubated with anti-paxillin (1:100, 

BD science, NJ, USA) for 90 min at 37°C and were 

subsequently incubated with 1:50 Alexa fluor 488 rabbit anti-

mouse IgG, 1:100 rhodamine-phalloidin, and 1:5000 Hoechst 

33258 for 90 min at 37 °C. After washing with PBS, the 

samples were mounted on glass slides with a Vectashield 

mounting medium (Vector Laboratory, UK). To obtain the 

image for cell spread in 3D, we scanned the specimens every  

1 µm thickness to 60-100 µm by using Z-stacking mode on a 

confocal laser-scanning microscope (TCS SP-5, Leica, 

Germany). The images were rendered for 3D imaging using 

Leica application suite. 

 

Osteogenic differentiation and mineralization 

 To evaluate the effect of R-FP in the hydrogel on the ALP 

activity and mineralization of hMSC, the hydrogels were 

incubated within the osteogenic differentiation media (OM) 

supplemented with 2.84 × 10-4 M L-ascorbic acid, 1 × 10-2 M 

β-glycerol-phosphate and 10-7 M dexamethasone and cultured 

for seven or fourteen days. After lysis of hMSCs with the 

radio immunoprecipitation assay (RIPA) lysis buffer (1% 

Triton X-100, 0.1% SDS, 1% sodium deoxycholate, 150 mM 

NaCl, 150 mM Tris, pH 7.2, and protease inhibitors) and 

homogenization (T10 basic, IKA, Germany), the lysates were 

allowed to react with the ALP solution for ELISA (Sigma 

Aldrich, St. Louis, MO, USA) for 30 min at 37 °C. The optical 

density was then observed using a microplate reader at a 405 

nm wavelength. The intensity of the known concentrations of 

the paranitrophenyl phosphate (0-600 µg mL-1) was measured 

for a standard curve, and the total protein content from each 

sample was also quantified using a Micro BCA assay (Thermo 

Scientific, IL, USA). For Alizarin Red S (ARS) staining, the 

cells in the hydrogels were cultured in GM and OM for 14 

days. The constructs were fixed with 4% paraformaldehyde 

and were subsequently stained with a 2% ARS solution (pH 

4.2) for five minutes at room temperature. Following PBS 

washing, the ARS-stained hydrogels were homogenized, and 

the stained ARS was extracted from the cells with 5% SDS in 

0.5 N HCl (0.5 mL) for 30 min. The absorbance of the 

extracted ARS was measured at 405 nm. 

 

Statistical analysis 
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 All data are presented as mean ± standard deviation (SD) 

for n=3. The statistical significance was assessed using 

ANOVA and a Student's t-test (p< 0.05). 

 

 

Results and Discussion 

Fragmentation of the nanofibrous meshes 

Our strategy to introduce fibrous particles to the alginate 

hydrogel for cell adhesion is illustrated in Fig. 1. First, we 

prepared a PLLA nanofibrous mesh using an electrospinning 

method, and we fragmented the mesh using a strong basic 

solution under vigorous shaking. The prepared FPs were 

functionalized with AAc and RGD peptides, and then 

incorporated in the alginate hydrogel with hMSC. Previously, 

we reported the aminolysis of PLLA mesh with varying 

periodic lengths (mean length: 1.2 - 13.8 µm) by rupture at the 

amorphous region between the lamellar crystalline domains 

under shear-stress.25 The photographic and microscopic 

images of PLLA mesh are shown in Fig. 2a and 2b, 

respectively, demonstrating an average fibre diameter of 1 µm 

and a random fibrous network. The electrospun mesh was 

fragmented into rod-shaped particles during aminolysis, and 

we obtained FP powder as shown in Fig. 2c and 2d. The FPs 

were dispersed in the DW after being wetted with 70 % 

ethanol, as shown in Fig. 2e and 2f, resulting in a non-

transparent solution. The particle length varied from 

approximately 10 to 80 µm (mean length: 28.9 ± 6.6 µm), and 

the original diameter of the fibres was maintained due to a 

relatively short time of aminolysis. 

 

AAc grafting by γ-ray irradiation and RGD peptide 

conjugation 

 The aminolysis allowed the FP to present amine and 

hydroxyl groups as described in Fig. 1,28,29 and we also grafted 

AAc to introduce carboxyl groups by γ-ray irradiation that can 

be used as a bridge for peptide conjugation. Radiation-based 

modifications with γ-rays, electron-beams and ion-beams has 

been widely used to modify the property of materials.30-32 

These approaches are effective to introduce a functional group 

or to control the molecular weight of materials.33 We also 

reported that the degree of AAc grafting by γ radiation was 

precisely controlled on the films and nanofibres.34, 35 The 

successful graft was visualized and quantified with TBO 

staining as described previously.36 TBO was remained bound 

to the AAc-grafted FP, even under vigorous washing, and the 

concentration of the carboxyl groups on the particles varied 

from 0.3 to 490 nmol/mg according to the grafting condition 

(Fig. 3a). In addition, we confirmed a new peak at 1704 cm-1 

in the ATR-FTIR spectrum that reflected a signal from the 

C=O stretch of the carboxyl groups. This peak increased as the 

AAc amounts increased indicating successful introduction of 

carboxyl groups (Fig. 3b). Next, we conjugated RGD peptides 

to the carboxyl groups of the FP (AAc grafted under 10 wt% 

AAc at 5 kGy) using EDC/NHS chemistry.  

 For easy conjugation of biomolecules, such as proteins or 

peptides, the materials should have a functional group such as 

a carboxyl, amine or thiol group.37 To induce the functional 

group, the material was newly synthesized or the molecules 

with those groups were grafted by UV irradiation or plasma 

treatment.38 Using the traditional methods, the induced 

functional group varied from pico- to nanomolar levels. 

Consequently, the conjugated RGD peptide was also measured 

at the same levels.26,39,40 As shown in Fig 3c, the amounts of 

RGD on the R-FP were 7.2 ±3.7, 49.5 ±7.4, and 177.2 ±18.9 

nmol mg-1 corresponding to the feed amounts of 0.1, 1, and 5 

mM, respectively. These levels were approximately 60 times 

greater than those in our previous report that was performed 

without carboxyl groups (3 nmol mg-1 nanofilaments).26 This 

remarkable amount of immobilization may result from of the 

high number of carboxyl groups induced by radiation, which 

suggests that these functional groups can be an acceptable 

cell-binding additive. 

Preparation of fibrous particle-loaded hydrogels and 

rheological analysis 

 The degree of cross-linking, or stiffness of the hydrogel, is 

one of the determinants that regulates the fate of stem cells 

encapsulated within the hydrogel. For instance, stem cells 

within an RGD peptide-functionalized alginate hydrogel with 

various elastic moduli presented different gene expressions,41 

and enzyme-mediated cross-linked gelatin-PEG-tyramine 

hydrogel also exhibited modified cell viability according to 

the degree of cross-linking.42 Moreover, some additives, such 

as microparticles or cells, have been loaded in hydrogels for 

growth factor delivery or for alternative cross-linking.11, 43-45 

Similarly, we incorporated the FP or R-FP in the hydrogel and 

investigated their effect on gelation or mechanical properties 

of the hydrogel under a constant cross-linker concentration.27  

 As shown in Fig. 4a, the alginate hydrogel was transparent 

as described in other reports,46,47 and the FP-loaded hydrogel 

was non-transparent, which prevented recognition of the 

letters at the bottom of the hydrogel. Furthermore, we found 

that the FP was homogeneously distributed throughout the 

hydrogel in a cross-section image, indicating that the AAc 

modification by γ-ray-irradiation successfully improved the 

distribution of FP by increasing hydrophilicity (Fig. 4b).  

 The mechanical properties of the alginate hydrogel have 

been regulated by cross-linkers, cross-linking concentrations, 

or time of cross-linking, which resulted in a wide range of 

mechanical properties.41,48 The increase of hydrogel modulus 

has also been regulated by additives, in which larger amounts 

of supplements augmented the mechanical property of the 

hydrogels.27,49 We investigated the FP’s effect on the gelation 

time at constant cross-linking conditions (CaSO4 

concentration 48 mM). As presented in Fig. 4c, storage and 

loss modulus of pure alginate reached equilibrium at 350 s 

after mixing the alginate with calcium sulphate. However, the 

gelation time was delayed in the FP-loaded alginate hydrogel. 
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When 2 mg FP was loaded, gelation was achieved at 450 s, 

and 8 mg of FP-containing gel required over 700 s for gelation. 

The increased gelation time may be due to the FP’s even 

spatial distribution in the alginate solution. As shown in Fig. 

4b, the widely dispersed FP may interfere with the 

combination of the alginate chain with calcium ions. 

Furthermore, because the introduced carboxyl groups on the 

FP can bind calcium ions,50 a relatively slow gelation may 

result. To investigate the mechanical property of the hydrogel, 

we cross-linked the hydrogel for 30 min and then measured 

modulus using a rheometer. The storage modulus of the 

alginate hydrogel has been reported to range from 1 to 5 

kPa,46,51,52 and we also obtained a similar storage modulus 

(4.82 kPa) of 1 Hz frequency. As FP was loaded in the gel, the 

storage modulus significantly increased to 6.92 and 21.68 kPa 

in the 2 mg and 8 mg FP-loaded groups, respectively. As 

described previously, the additives may affect the property of 

alginate hydrogel, depending on their participation in cross-

linking or support of the overall mechanical load.  

 In our study, a similar enhancement of mechanical 

property was observed, which might be due to the intrinsic 

property and shape of the PLLA-based FP. PLLA has been 

known to be a brittle material with a 200 MPa elastic modulus 

(as an electrospun nanofiber).53 Even though FP was 

generated by aminolysis and partial degradation, the rigidity 

of FP seems to have a significantly greater modulus than the 

pure hydrogel. Furthermore, the elongated shape of FP might 

provide the rigid property of the hydrogel, resulting in a 

higher modulus than pure hydrogel. However, the enhanced 

modulus of the FP-loaded hydrogel seems to result at a 

macroscopic level, while a hydrogel region without FP may 

exhibit a similar modulus to that of pure alginate hydrogel.   

 

Viability of 3D-encapsulated hMSCs within the hydrogels 

 Several bioactive molecules guide the biological responses 

of cells by receptor- or integrin-mediated signalling. In 

particular, the RGD peptide has been shown to regulate cell 

adhesion, spreading on the substrates, and a series of 

prolonged behaviours such as proliferation or 

differentiation.21-23 To find the biological function of the R-FP 

incorporated hydrogel, we encapsulated the hMSC in the 

hydrogel and measured cell viability for 14 days. Cytotoxicity 

of R-FP itself was investigated in a previous study, in which 

the R-FP did not showed any harmful effect up to 300 µg mL-

1.26 Therefore, we did not consider the cytotoxicity of the R-

FP in this study.  

 Previously, 3D-encapsulated hMSC in the alginate 

hydrogel survived well, with increased viability in the RGD 

peptide-conjugated alginate hydrogel due to guidance of 

integrin binding.8 As shown in Fig. 5a, even though the 

hydrogel disks contained the same number of cells (2 × 106 

cells mL-1), the metabolic activity was different. The RGD-

conjugated alginate (R-ALG) and the R-FP-loaded alginate 

hydrogel (RF-ALG) exhibited approximately two times higher 

cell viability even at day one. This cell viability trend was 

prolonged until day 14. R-ALG and RF-ALG supported the 

viability of encapsulated cells, whereas the non-modified FP 

loaded-hydrogel (F-ALG) did not increase cell viability, 

similar to the pure hydrogel.  In particular, the cell viability in 

F-ALG looks lower than that in the ALG. However, it was not 

statistically significant during several times of experiments. 

Therefore, we thought that FP itself did not affect the cell 

viability in the hydrogel. 

 The viability of encapsulated cells was also assessed by 

the Live/Dead assay. Most of the cells in the alginate hydrogel 

survived over seven days.54 In our study, the encapsulated 

cells survived in the hydrogel for the initial three days, and we 

did not find significant differences among the groups. 

However, during the later incubation period, up to 14 days, 

dead cells were frequently observed in the ALG, F-ALG, and 

R-ALG groups, while only a few dead cells were found in the 

RF-ALG group (Fig. 5b). Furthermore, the loading amount of 

R-FP was significant in regulating the viability of the cells. 

Higher contents of R-FP (8 mg) significantly increased cell 

viability until day seven, compared to the hydrogel containing 

2 mg R-FP (data not shown). Despite the higher modulus of 

the RF-ALG hydrogels, the incorporated R-FP might support 

cell survival for a longer time than those in the alginate 

hydrogel. Therefore, we found that the encapsulated cells can 

bind to the nearest R-FP in the hydrogels and that their 

binding might improve cell viability. 

 

Spatial spreading of hMSCs  

     We then investigated whether binding between the cell and 

R-FP can modulate cell spreading in the 3D microenvironment, 

using confocal microscopic analysis. In the alginate hydrogels, 

spatial spreading morphology of the encapsulated cells was 

hardly observed due to the higher mechanical property or 

highly compact polymeric chain network, compared to those 

under normal cell culture conditions, in which the cells 

maintained a spherical shape, exhibiting only partial filopodia 

formation.55 Even when collagen was mixed with alginate, a 

highly restricted spreading morphology was observed after in 

situ cross-linking.56 In addition, the cells within the RGD-

conjugated alginate hydrogel presented a slight extension of 

actin protrusion throughout the entire range of the elastic 

modulus, from 5 to 110 kPa.8, 41  

    As described in the previous reports, the cells in the alginate 

hydrogels still exhibited a spherical morphology similar to that 

of suspended cells (Fig. 6a).8, 11, 27 We did not find 

polygonally spread cells, even in the R-ALG hydrogel. 

However, not all cells were bound to the FP or R-FP, and 

some cells undoubtedly bound with the FP or R-FP, presenting 

both an anisotropic and polygonal shape in 3D. It was very 

hard to measure the extent of cell spreading (length, aspect 

ratio) due to out-focusing and spreading on imaging. At least 

20% of cells may alter their shape in the RF-ALG. Fig. 6b 

describes the number of particles bound to the cell. Three R-

FPs revealed by numbers were involved in spatial spreading as 

well as morphological changes of cells. R-FP (1 and 1’) of 150 
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µm length mainly anchored the cell from top to bottom while 

two short R-FPs (2 and 3) bound to filopodial projections in 

Z-axis. Spatial spreading of cells through R-FPs has been 

shown in supporting movie. Taken together R-FPs binding to 

cells seemed to regulate 3D cell spreading, which may 

promote prolonged cell survival by mimicking the function of 

collagen fibrils as discussed earlier.  

 

Osteogenic differentiation and mineralization 

 Because we confirmed that the RF-ALG hydrogel partially 

promoted spatial spreading and enhanced viability of cells in 

the 3D environment, we proceeded to examine the effect of R-

FP on differentiation. Previously, RGD-functionalized 

nanofiber meshes and alginate hydrogel facilitated the 

osteogenic differentiation and mineralization of hMSCs.35, 57 

Since our system can concomitantly provide biological (RGD 

motif) and structural (nanofibrous structure) signals, we 

expected that differentiation could be improved. After 

induction of osteogenic differentiation, we measured alkaline 

phosphatase (ALP) activity as an osteogenic differentiation 

marker (Fig. 7a). ALP activity was 9.9 ± 0.6 nmol min-1 mg-1 

protein in the RF-ALG hydrogels, which were approximately 

1.6-, 1.9- and 2.1-times greater than those from ALG (6.1 ± 

0.3 nmol min-1 mg-1 protein), R-ALG (5.2 ± 1.5 nmol min-1 

mg-1 protein), and F-ALG (4.6 ± 0.5 nmol min-1 mg-1 protein), 

respectively, after one week of induction. Furthermore, ALP 

activity in all groups increased after two weeks, with RF-ALG 

inducing the most ALP activity (13.6 ± 0.3 nmol min-1 mg-1 

protein). The enhanced activity was at a similar level to that of 

the R-ALG group (14.5 ± 0.7 nmol min-1 mg-1 protein), which 

was still greater than those in the ALG (11.6 ± 0.3 nmol min-1 

mg-1 protein) and F-ALG groups (10.7 ± 0.4 nmol min-1 mg-1 

protein), indicating that incorporated R-FP can facilitate or 

improve the late cell responses by binding to the R-FP.  

 An assessment of mineralization was conducted using 

ARS staining. As shown in Fig. 7b, the degree of ARS uptake 

was lower in the GM culture than in the OM culture, which 

suggests that mineralization might be restricted because of the 

absence of mineralization inducing signals. Quantitative 

analysis of mineralization was calculated by subtracting the 

measured OD values of ARS extracts from those of the 

hydrogels cultured in OM or GM. Mineralization was 

significantly increased in the R-ALG and RF-ALG hydrogels. 

The ALG and F-ALG hydrogels exhibited only half the value 

of ARS, while R-ALG and RF-ALG hydrogels exhibited 

values that were three times higher, indicating that the RGD 

peptide coupled to the alginate or the FP successfully 

triggered mineralization, even in the 3D microenvironment 

(Fig. 7c). ARS positive cells were frequently observed in the 

R-ALG and RF-ALG hydrogels, whereas the ALG and F-

ALG hydrogels only partially exhibited red-stained cells (Fig. 

7d). Consequently, R-FP loaded hydrogels might offer a 

proper cell-binding site on the cell-adhesive peptides of the 

fibrous particles, which may also confer guidance for 

differentiation and mineralization of the 3D encapsulated cells.  

  

Conclusions 

In this report, we developed a hybrid hydrogel to 

concomitantly present structural and biochemical cues for 

regulating proliferation, spatial spreading, and osteogenic 

differentiation of 3D-encapsulated hMSCs. The fibrous 

particles, functioning as cell anchorage sites, were prepared by 

aminolysis of electrospun PLLA meshes, which were 

functionalized with AAc and RGD peptides by γ-ray 

irradiation and common EDC/NHS chemistry. The RGD-

coupled fibrous particles can be easily incorporated into 

alginate hydrogels, in which they can bind to the cells 

resulting in remarkable cell regulation in a novel 3D 

microenvironment. The current hydrogel system for cell 

delivery has failed to play a fundamental role as an artificial 

ECM due to absence of cell-binding motif and structural 

difference. As a next generation hydrogel, our hybrid system 

with fibrous particles provides the general properties of raw 

materials as well as a fibrous anchorage site, which is not 

present in the previous hydrogel system. In addition, this 

approach can not only be applied to the alginate but can also 

be utilized in a variety of hydrogels, such as hyaluronic acid, 

gelatin, and PEG hydrogels, for developing new hydrogel 

systems in tissue engineering applications. Therefore, our 

strategy to append the fibrous particles to the hydrogel can be 

used as an alternative tool to improve the survival of 3D-

encapsulated cells and the regeneration of damaged tissue.  
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Fig. 1. Schematic diagram of the fibrous particle preparation and hMSC/fibrous particle-incorporated hydrogels 
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Fig. 2. Fragmentation of the electrospun meshes. a) electrospun PLLA mesh, b) scanning electron microscopy of the mesh, c) 

fragmented fibrous particle powder, d) scanning electron microscopy of the fibrous particle, e) dispersion of the fibrous particles 

in water, and f) microscopic image of the fibrous particles suspended in water 

 

  

Page 9 of 15 Journal of Materials Chemistry B

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
B

A
cc

ep
te

d
M

an
us

cr
ip

t



ARTICLE Journal Name 

10 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. Characteristics of the functionalized fibrous particles. a) quantification of carboxyl groups induced by γ-ray irradiation, b) 

ATR-FTIR spectrum of AAc-grafted fibrous particles (10 wt% AAc), and c) quantitative analysis of RGD peptide immobilization 
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Fig. 4. Fibrous particle-loaded alginate hydrogels. a) transparency of hydrogels (red dot-line box indicates magnified area for 

observing FP distribution), b) distribution of FP in the hydrogel, c) gelation behaviour of hydrogels with different amounts of FP, 

and d) modulus of hydrogels with different FP amount (circle: 0 mg, triangle: 2 mg, square: 8 mg, filled: storage modulus, 

opened: loss modulus). 
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Fig. 5. Viability of hMSCs encapsulated in hydrogels. a) CCK assay for 14 days (* :p< 0.05), and b) Live/Dead assay at day 14 

(red: dead cells-ethidium bromide, green: live cells-fluorescein diacetate) 
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Fig. 6. Fluorescent images of the 3D-encapsulated cells in hydrogels. a) spreading morphology at day 3 by confocal laser 

scanning microscopy (top panel contains white: nuclei/FP, red: F-actin, and green: paxillin, whereas bottom panel excludes 

white signal), and b) high-magnified cell images in RF-ALG hydrogel at different view angles. The number refers to R-FP bound 

to cell resulting in morphological change. 
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Fig. 7. Osteogenic differentiation and mineralization of encapsulated hMSC in hydrogels. a) ALP activity (*:p< 0.05), and b) ARS 

stained hydrogels under growth medium (GM) and osteogenic differentiation medium (OM) after 14 days (dot-line box indicates 

Fig. 7d), c) quantification of extracted ARS from the hydrogels (*:p< 0.05), and d) ARS-stained cells dispersed in hydrogels. 
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The incorporation of RGD-coupled fibrous particles to the alginate hydrogel promotes the 3D 
encapsulated cell behaviours by allowing the mutual binding with the particles. 
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