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Abstract 

Nanofibrous scaffolds are often used to reconstruct damaged tissues/organs. Unfortunately, the 

lack of producing three-dimensional (3D) nanofiber results in their restricted applications. 

Therefore, bulky-shaped gelatin nanofibers were fabricated through novel rapid freeze casting 

(RFC) technique to simulate extracellular matrix (ECM) and accelerate the regeneration. 

Formation of 3D-shaped fibers in the range of 200-1000 nm with approximately 98% porosity and 

significantly improved mechanical stability compared with conventional freeze casting (CFC) 

technique is one of the strengths of this study even though both RFC and CFC macrostructures are 

similar. Outcomes proved this novel technique reduced hydrophilicity and controlled 

biodegradation rate owing to applying a high freezing gradient in order to the production of thin 

pores. The viability of more than 90% cells compared with control group confirmed the 

biocompatibility of constructs and supporting cellular proliferation. In brief, novel RFC gelatin 

nanofibers represented original physicochemical and mechanical features for further in-vitro and 

in-vivo studies. 

Keyword: Fiber Technology; Rapid Freeze Casting (RFC); Scaffold; Tissue engineering; 

Polymers. 

 

 

1. Introduction 

The primary goal of tissue engineering is an 

expansion of the healing process through 

replacing injured tissues by injecting cells to 

defect sites, simulating extracellular matrix 

(ECM) and delivering biomolecules (1). 

Currently, biomimetic scaffolds have   

attracted numbers of scientists owing to 

providing a substrate for cellular 

proliferation, preventing deformation of the 

defect site and feasibility of tapping 

biomolecules (2). The nanofibrous scaffolds 

gain popularity among a variety of 
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fabrication techniques due to the high surface 

area to volume ratio, the possibility of using 

a broad range of materials, facility of 

functionalization, cost-effectively and user-

friendly (3). There are some techniques to 

produce nanofibers such as electrospinning 

(4), phase separation (5), self-assembly (6), 

melt fibrillation (7), island-in-sea (8) and gas 

jet (9). All the prepared fibers by these 

techniques have some disadvantages leads to 

introducing and developing novel fibers via 

rapid freeze casting (RFC) method. The 

restriction over industrial productivity, low 

yield, time-consuming process and above all 

lack of production of the 3D nanofibers 

(macroscopic view) in other techniques result 

in rising RFC to compensate all the defects. 

Herein, RFC technology introduced as a 

novel approach for the fabrication of 

nanofibrous scaffolds with 3D 

macrostructure to simulate natural ECM. 

Also, the capability of fibers to supply 

physicochemical and mechanical 

requirements has been studied. Obtained 

results create a substrate for further 

investigations. 

 

2. Materials and methods 

Gelatin (Mw= 40-50 kDa), Glutaraldehyde 

(25%, d= 1.058 gr/cm3), NaOH (Mw= 

39.997 gr/mol), and Ethanol (Mw= 46.07 

gr/mol) were purchased from Merck Co. Ltd. 

(Germany). Phosphate Buffered Saline (PBS, 

Powder, pH= 7.4) was purchased from Aprin 

Advanced Technologies Development Co. 

Ltd. (Iran). Sodium borohydride (NaBH4, 

Mw= 37.83 gr/mol), Thiazolyl Blue 

Tetrazolium Bromide (MTT, Mw= 414.32 

gr/mol), Dimethyl Sulfoxide (DMSO, 1X), 

and L-Glutamine (Mw= 146.14 gr/mol) were 

purchased from Sigma Co. Ltd. (USA). 

Dulbecco's Modified Eagle's Medium 

(DMEM) was purchased from Mehregan 

Biotechnology Co. Ltd. (Iran). Fetal bovine 

serum (FBS) and penicillin-streptomycin 

were purchased from Gibco-BRL, Life 

Technologies Co. Ltd. (NY). All chemicals 

were used directly without further 

purification. Aqueous solutions were 

prepared with double distilled water. 

Homogeneous gelatin solutions with a 

concentration of 1 % (w/v) were prepared in 

deionized water at 40 °C for more than 12 

hours stirring. Then, before freezing 

operation, the polymeric solution was cross-

linked by glutaraldehyde (0.5 wt.%) as 

explained in Table. 1. Freezing operation was 

followed by using the home-made setup as 

described in previous study (10). So, the 

solution was transferred to 

polytetrafluoroethylene (PTFE) mold. The 

mold is connected to liquid nitrogen tank via 

a copper rod. 

  

Table 1: Synthesizing condition for various gelatin scaffolds 

Codes 
Concentration 

(%w/v) 
Glutaraldehyde (%w/w) 

Freezing Rate 

(̊C/min) 

R1 1 0.5 1 

R3 1 0.5 3 

R6 1 0.5 6 
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The connected heater to this rod controls the 

temperature gradient. Solutions were frozen 

at the constant direction and temperature 

gradients of 1, 3 and 6 ̊C/min and finally 

lyophilized (FD-10, Pishtaz Engineering Co. 

Iran) at temperature of -58 °C and pressure 

0.5 torr for 48 hours. Unreacted 

glutaraldehyde removed as described in 

previous study (11). Briefly, the scaffolds 

were soaked for 1 hour in 0.1 M sodium 

hydroxide (NaOH), washed with deionized 

water (3 times) and soaked in deionized water 

for half an hour. Finally, all the cross-linked 

constructs was soaked in NaBH4 1% and 

then in deionized water for 2 h and 30 min; 

respectively, to remove unreacted 

glutaraldehyde. After that, scaffolds were 

lyophilized again.  

 

The morphology of the scaffolds was 

characterized by scanning electron 

microscopy (SEM, Stereoscan S 360-Leica, 

UK) at an accelerating voltage of 20 kV. All 

samples were sputter-coated (Emitech 

K450X, Ashford, UK) with a thin layer of 

gold. The average diameters of resulting 

fibers were analyzed by image measurement 

software (KLONK Image Measurement 

Light, Edition 11.2.0.0).  

 

Finally, the porosity of the scaffolds was 

calculated using Equation 1; where ρscaffold 

is the density of the freeze-cast structure and 

ρsolid is the density of the bulk polymers 

(12).  

 
Porosity (%) = 1-(ρScaffold / ρSolid)*100             (1)   

 

Chemical characterization of the RFC fibers 

were examined by the fourier transforms 

infrared spectrophotometer (FTIR, Nicolet 

Is10, USA) between 400 and 4000 cm-1 with 

a resolution of 4.0 cm-1 and 8 scans.  

 

Mechanical properties of the scaffolds were 

determined by a comparison strength test 

system (Santam, STM 20, Iran) equipped 

with a 100 N load cell under a cross-head 

speed of 0.5 mm/min.  

 

The wettability of the conventional and rapid 

freeze casting samples was assessed by water 

contact angle (Kruss DSA 100, Germany) 

values at room temperature. The droplet size 

was set at 1.0 ml.  

 

The water absorption capacity of the 

scaffolds was determined after immersing 

scaffolds in 30 ml of PBS and were incubated 

at 37±0.5 °C and the rotational speed of 30 

rpm for 12 and 24 hours. So at each 

measurement time, the water on the specimen 

surface was removed and the specimen was 

weighed in wet condition. The percent of 

swelling is given according to the equation 2., 

Where W0 is the initial weight and W is the 

wet weight of the sample.   

 
Swelling ratio (%) = [(W-W0)/W0]*10                (2)    

 

Biodegradation rate of samples was 

determined using equation 3. So, the dry 

weight (W0) of the 3D-shaped scaffolds was 

measured. After that, samples were 

transferred into falcon tubes with 30 ml PBS 

and were incubated at 37±0.5 °C and the 

rotational speed of 30 rpm for 3, 6, 9, 12, and 

15 days. At the end of each period, the PBS 

solution was refreshed and the samples were 

washed with distilled water, freeze-dried 

(temperature about -58 °C and pressure 0.5 

torrs for 24 hours) and weighed (W) (13).   

 
Biodegradation ratio(%)=[(W-W0)/W0]*100      (3) 

 

The biocompatibility of L929 cells on RFC 

fibers was investigated by MTT                        

(3-{4,5-dimethylthiazol-2yl}-2,5-diphenyl-

2Htetrazolium bromide) assay as described in 

our previously published work (4). The 

samples were sterilized by washing the bulk 

fibers with sterile PBS and 

penicillin/streptomycin (14). 
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Fig. 1: SEM micrographs of freeze casting gelatin scaffolds (a-f) with different freezing rate (R1 (a, b), R3 (c, d), and 

R6 (e, f)). Figures a, c and e are perpendicular and b, d and f are parallel to the direction of solidification. 

 

Then, they were loaded by 5×105 third 

passage of L929 fibroblast cells supplied by 

Materials and Energy Research Center cell 

bank, Karaj, Alborz. Cell loaded samples 

were covered by DMEM supplemented with 

15% FBS, 100 gr/ml penicillin-streptomycin 

and 1.2% glutamine and incubated 

(Incubator, MCO-19ALC, SANYO Co, 

Japan) in 37 °C, 5% CO2 and 95% humidity 

for 48 hours. At each time point (3, 5, and 7 

days after culturing), the medium was 

removed and 2 ml MTT/cell culture medium 

(1:5) solution was added to each well. Then,  

 

 

the medium was discarded     and precipitated 

formazan was dissolved in DMSO.  The 

optical density of the solution was evaluated 

using a microplate spectrophotometer at a 

wavelength of 540 nm. 

 

3. Results and discussion 

SEM micrographs (Fig. 1(a-f)) show the 

lamellar morphology of CFC and RFC 

gelatin scaffolds. Figures indicate the ice 

formation in perpendicular and parallel to 

solidification direction and different freezing 

gradients from 1 to 6 ̊C/min. 
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Fig. 2: SEM micrographs of RFC fibers (a, b) and size 

distribution of fibers determined by image 

measurement software (c).  

Freeze casting scaffolds represent 

interconnected lamellar type microstructure 

(15) with approximately 98% porosity 

according to Eq.1, whereas elongated pores 

were generated in the direction of ice 

nucleation and growth. Accordingly, 

applying a temperature gradient in a certain 

direction and increasing heat transfer reduces 

pore diameter, as other investigations 

(11,16). 

 

Fig. 3: FTIR spectrum of cross-linked RFC fibers. 

 

 

Fig. 4: Compression strength and stress-strain curves 

of both CFC and RFC scaffolds. 

 

Obtained results demonstrate that in higher 

solidification rate porous scaffolds alter to 

bulky and narrow fibers (Fig. 1(e-f) and Fig. 

2(a, b)) with diameter in the range of 200-

1000 nm (Fig. 2c). RFC 3D-shaped 

nanofibers with smooth surface can be 

fabricated from all single or blend materials 

at different applied freezing gradients.   
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This technique provides an opportunity to 

change the diameter of the fibers by 

controlling the solidification rate via nitrogen 

charging and PID (proportional–integral–

derivative) controller of freezing set up. It is 

expected that increasing the freezing rate 

leads to the formation of thinner fibers. Novel 

RFC technique compensates problems of 

mass production and mat or film-like fibers 

that observed in other methods. 

Fig. 3 shows FTIR spectra of cross-linked 

gelatin fibers. Vibration peaks at 1636 cm-1 

and 1528 cm-1 can be related to amide I band 

and II in gelatin, respectively. C-H stretch 

plus N-H bending vibration at 1260 cm-1 and 

N-H stretching vibration at 3320 cm-1 

attributes to Amide III and Amide A, 

respectively. Additional peaks observed at 

1470-1570 cm-1 corresponds to cross-linking 

reactions by glutaraldehyde to improve 

stability. Fortified scaffolds can tolerate 

stresses during regeneration. Created 

unidirectional pores in freeze casting 

technique greatly enhanced mechanical 

properties as Deville observation (17). 

Compression strength and stress-strain 

curves of gelatin scaffolds (Fig. 4) confirmed 

the improvement of mechanical strength and 

toughness by increasing temperature 

gradient.  

Fig. 5: A 12-hour and 24-hour PBS absorption capacity and hydrophilicity measurements of scaffolds (a) and 

biodegradation rate of CFC scaffolds and RFC fibers. (Differences between all the groups in a compression test, R1-

R6 and R3-R6 in swelling ratio analysis after 12 and 24 hours, respectively, and R1-R6 in biodegradation test after 9 

weeks is statistically significant.) 
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Hence, the compressive strength was found 

to depend on the solidification rate. 

Producing smaller pores cause a significant 

number of walls along unidirectional 

channels that withstands and transfers 

applied stresses. Accordingly, 3D-shaped 

nanofibrous scaffolds gain the highest 

strength compared with porous structures. 

So, RFC is the promising method provides 

production of durable nanofibers in the very 

low concentration of polymer solution. 

Although another study (18) indicated that 

addition of gelatin to polymeric scaffolds 

induces brittle nature with low stiffness, RFC 

technique produced gelatin fibers with 

adequate compression strength. The 

absorption capacity of the fibers affects the 

healing process by controlling cellular 

mechanisms. Swelling ratio and 

hydrophilicity of CFC and RFC samples (Fig. 

5a) determined that unidirectional pores in 

freeze casting operation resulted in high 

values of absorption such as similar 

investigation (10). Accordingly, increasing 

heat transfer decreased PBS absorption 

because of pore size reduction and 

difficulties in fluid diffusion; however, RFC 

fibers allocates a permissible range of 

swelling to itself compared with other fiber 

production techniques (19). Increasing the 

water drop contact angle as a function of 

freezing rate enhancement confirmed all the 

above achievements. Small pores in R6 

freezing gradient led to improvement of 

mechanical strength and resistance to 

absorption fluids; therefore, the RFC 

scaffolds keep their stability during 15-day 

experiment and degraded slowly (Fig. 5b) 

compared with CFC scaffolds. Changing the 

solidification rate provides this opportunity 

to fabricate desired fiber diameter with 

controllable biodegradable behavior based on 

our needs.

Fig. 6: The cellular viability of gelatin RFC fibers after a 3-day, 5-day, and 7-day L929 fibroblast cells culture. Seeded 

cells on a plate served as a control group. 
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The viability of cultured cells on RFC fibers 

(Fig. 6) illustrates fibers are biocompatible 

and support cellular proliferation. Enhancing 

the number of viable cells till 7th days could 

be owing to ameliorated cellular transfer and 

reduction of cell stresses. However, the 

viability of more than 90% cells proves that 

polymeric fibers have the initial biological 

feature for further biological studies. 

 

4. Conclusion 

A novel technique, RFC, was studied for 

fabricating 3D-shaped nanofibers. CFC and 

RFC prepared-scaffolds showed 

unidirectional microstructure, while porous 

scaffolds alter fibers with 3D macrostructure 

by increasing solidification rate. The 

capability of bulk production with significant 

strength instead of mat or film-like fibers is 

the power of this study. The ability to control 

fiber diameter and biodegradation rate of 

RFC fibers by changing freezing gradient has 

made this method acceptable for further in-

vitro and in-vivo studies in tissue engineering 

field. 
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