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IN  V IT R O  A N D  IN  V IV O  R E LE A S E  O F B A S IC  F IB R O B L A S T  G R O W T H  

F A C T O R  U S IN G  A  S IL K  F IB R O IN  S C A FFO LD  AS T H E  D E L IV E R Y

C A R R IE R

7.1 A b s tra c t

The objective o f  this study was to examine the in v itro  and in v ivo  release 

behavior o f  basic fibroblast growth factor (bFGF) by using s ilk  fib ro in  as a carrier 

matrix. Tw o different solvents were used to prepare two types o f  s ilk  fib ro in  scaffolds 

via the salt-leaching technique, i.e. hexafluoroisopropanol (HFIP) for HFIP-derived 

processing and water fo r aqueous-derived processing. It  was found that the average pore 

size o f  HFBP-derived and aqueous-derived silk fib ro in  scaffolds was 479±130 and 

473±146 pm, respectively. The in v itro  release study suggests that the opposite charge 

between the silk fib ro in  and the bFGF at physiological pH rendered them to form  a 

complex, and the difference in the mode o f processing to produce the silk fib ro in  

scaffold did not affect the a ffin ity  to bFGF. However, a higher degradation o f the 

aqueous-derived s ilk  fib ro in  scaffolds provided higher in v itro  release kinetics o f the 

bFGF, as compared to the HFIP-derived scaffolds. From the in v ivo  study, the use o f s ilk  

fib ro in  scaffolds as the carrier matrix enabled the control o f the in v ivo  release o f  bFGF 

in a sustainable fashion over 2 weeks, while the m ajority o f the bFGF disappeared 

w ith in  one day after the injection o f the bFGF in soluble form. In addition, the in v ivo  
release o f  bFGF from the silk  fib ro in  scaffolds was not affected by the mode o f 

processing due to their s im ilar short-term degradation behavior in vivo. This study 

demonstrates the promising use o f d ifferent preparation processes for the production o f  a 

three-dimensional porous silk  fib ro in  scaffold as the bFGF carrier for tissue engineering 

applications.
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7.2 In tro d u c tio n

Basic fibroblast growth factor (bFGF) was orig inally characterized in v itro  as a 

growth factor for fibroblasts and capillary endothelial cells, while  in  v ivo  bFGF was 

reported as a potent mitogen and chemoattractant fo r a wide range o f cells (Tabata et al., 

2005b). bFGF has also been known to stimulate the regeneration o f a broad range o f 

tissues, including cartilage, nerves, skin, liver, and blood vessels (Jeon et al., 2005). The 

administration o f bFGF has shown therapeutic potential for tissue regeneration (N icole  

et al., 1994; Ono et al., 1995; Chen et al., 1992; Radomsky et al., 1998). Flowever, the 

bioactiv ity o f  bFGF cannot always.be expected when it  is injected in the soluble form  

into the body, because o f  Its short duration o f retention at wound sites and short ha lf-life  

caused by susceptibility to enzymatic degradation in vivo. The administration o f  bFGF 

may be greatly improved by the use o f  controlled-delivery systems, allow ing sustained 

and localized release, thereby enhancing the therapeutic efficacy (Tabata, 2005b). Based 

on advances in the tissue-engineering approach by combination with a controlled- 

delivery system, a carrier fo r growth factor delivery should consist o f  a three- 

dimensional scaffold that is able to deliver protein over the required physiological 

timeframe w ithout compromising the b ioactiv ity upon release. In addition, the scaffolds 

should provide physical support for cell adhesion and growth and be biodegraded at a 

rate commensurate w ith new extracellular matrix (ECM ) production (Tabata et al., 

2005b).

A  number o f polymeric carriers w ith or w ithout chemical modification, 

including collagen (Kanematsu et al., 2004), gelatin (Tabata et al., 1994, 1999a, 1999b), 

chitosan (Fujita et al., 2005), hyaluronan (Pike et al., 2006), fib rin  derivatives 

(Sakiyama-Elbert &  Hubbeli, 2000), and poly(lactide-co-glycolide) (PLGA) (Shen et al.,

2008), are used to control the release o f bFGF. A lthough these materials are 

biocompatible and provide sustainable delivery o f bFGF while  retaining its bioactivity, 

they have a common disadvantage o f  poor mechanical properties. Hence, several
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physical modifications have been reported, such as reinforcement w ith  a fille r to 

enhance their mechanical properties (L ind  et al., 2001; Hokogu et al., 2006); however, 

the complicated process and careful control are needed. S ilk fib ro in , derived from the 

silk  o f the silkworm  B o m b yx  M o n ,  is a very attractive scaffolding material and has 

impressive mechanical properties, compared to commonly used polymers, both natural 

and synthetic (K im  et al., 2005b). S ilk  fib ro in  is less immunogenic and inflammatory, 

compared to either collagens or P LG A  (M einel et al., 2005). Even though s ilk  fib ro in  

may exhib it excessively slow biodegradation in vivo , its degradation, which is related to 

the mode o f  processing, can certainly be improved (Jin et al., 2005; K im  et al., 2005b).

There are three techniques that have been w idely used to produce the three- 

dimensional porous scaffolds fo r s ilk  fib ro in, i.e. electrospinning, freeze-drying, and salt 

leaching. Among them, the salt-leaching technique has received more attention in recent 

years (M einel et al., 2004a, 2004b, 2006; K im  ef al., 2007; Wang et al., 2005, 2006), 

because this technique produces a s ilk  fib ro in  scaffold having high porosity, an 

interconnected pore network, and a controllable pore size (K im  et al., 2005a, 2005b). 

Despite the fact that the salt-leached silk fib ro in  scaffolds have been shown to be 

suitable substrates o f human mesenchymal stem cells (hMSCs) for the in v itro  
engineering o f bone-like (Meinel et al., 2004b, 2006; K im  et al., 2007) and cartilage-like  

tissue (M einel et al., 2004a; Wang et al., 2005, 2006) under appropriate culture 

conditions w ithout incorporating growth factor into the matrix, the incorporation o f 

bFGF into the s ilk  fib ro in  scaffold may reduce the culture/regeneration time and 

improve the quality o f  successful tissue repair in either in v itro  culture o f  cellular 

constructs or the in v ivo  repair o f  defects.

The preparation o f  a s ilk  fib ro in  scaffold via the conventional salt-leaching 

technique required the use o f organic solvent for both the dissolution o f s ilk  fib ro in  and 

treatments o f  the regenerated-solidified materials to control structure and stability o f  the 

scaffold in aqueous environments, while  the unconventional salt leaching, which was 

firs t proposed by K im  et al. (2005b), is an all-aqueous-based system throughout the 

preparation process. Interestingly, it was demonstrated that the aqueous-derived silk
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fib ro in  scaffolds showed higher in v itro  and in vivo  degradation than the organic-derived 

scaffolds (K im  et al., 2005b; Wang et al., 2008). Therefore, the use o f different modes o f  

processing to fabricate the s ilk  fib ro in  scaffold may benefit the tailoring o f  the protein 

delivery where release kinetics depends on the carrier’ s degradation (erosion-controlled

release).

This present study was designed to prepare silk fib ro in  scaffolds by either 

organic-derived or aqueous-derived processing. The organic solvent used fo r organic- 

derived processing was hexafluoroisopropanol (HFIP). The study was focused on the 

delivery behavior o f bFGF —- whether or not the s ilk  fib ro in  scaffold is able to sustain 

the release o f bFGF, as well as whether or not the degradation, adjusted by using 

different preparation processes, affects the release kinetics o f bFGF. The release o f 

bFGF from  HFIP-derived or aqueous-derived scaffolds was compared both in v itro  and 

in  vivo. The a ffin ity  between silk  fib ro in  and bFGF is discussed. Additionally, the in 
vitro  and in v ivo  degradation o f  the s ilk  fib ro in  scaffolds prepared by different modes o f 

processing was compared. The relationship between biodegradation and chain 

entanglement is also discussed.

73  E xperim enta l

7.3.1 Materials

Raw s ilk  fibers o f  B o m b yx  M o r i  were obtained from  the Queen S irik it 

Sericulture Center, Saraburi Province, Thailand. Radioisotope N a125I (740 M B q/m L in 

0.1 N NaOH aqueous solution) and N -succin im idyl-3-(4-hydroxy-3-di[l25l]iodophenyl) 

propionate, or 125I-Bolton-Hunter Reagent (NEX-120H), (147 M Bq/m l in anhydrous 

benzene) were supplied by NEN Research Products (DuPont, W ilm ington, Del., USA). 

Human recombinant bFGF, w ith an isoelectric point o f  9.6, was purchased from  Kaken 

Pharmaceutical Co., Tokyo, Japan. A ll other chemicals were reagent grade and were 

used as received.
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7.3.2 Preparation o f  regenerated silk  fib ro in  solution

The preparation o f  the fib ro in  solutions was previously described 

( พ  ongpanit et al., 2007). B rie fly , the raw s ilk  fibers o f  B o m b y x  m o n  were boiled for 15 

m in  in an aqueous solution o f 0.5% Na2CC>3 and were then rinsed thoroughly w ith  water. 

This process was repeated. A fte r drying at 40°c, the degummed silks were dissolved in 

CaCbiEthanokH^O (molar ratio =  1:2:8) at 78°c and the s ilk  dissolution was completed 

w ith in  15 min. The solution was subsequently dialyzed against double-distilled water 

(D D W ) fo r 4 days (changing the media twice a day), followed by centrifugation at 

10,000 rpm for 10 min. The centrifugation was repeated twice. The as-prepared 

regenerated silk  fib ro in  concentration was 6.32 wt%. The silk fib ro in  solution was then 

heated up ~  60°c under slow stirring to evaporate the water to reach the final 

concentration o f  12 wt%  (Chen et al., 2006).

7.3.3 Preparation o f the s ilk  fib ro in  scaffolds

The HFIP-denved s ilk  fib ro in  scaffolds were prepared from a freeze-dried 

s ilk  fib ro in  that was re-dissolved in HFIP to obtain a 9 wt%  solution. The scaffolds were 

prepared in a disk-shaped perfluoroalkoxy (PFA) container w ith  a 1.8 cm diameter by 

adding 1.8 grams o f  granular NaCl particles (500-600 pm) into 0.6 m l o f  9 wt% silk  

fib ro in  in HFIP. The container was covered and left overnight at 4°c fo r homogeneous 

salt distribution. The solvent was then evaporated at room temperature fo r 3 days. The 

silk/porogen m atrix was treated in a 90% (v/v) methanol solution for 30 m in  to induce 

the formation o f the P-sheet structure. The matrices were immersed in D D W  for 2 days 

to remove the salts, and were subsequently air-dried. The aqueous-derived s ilk  fib ro in  

scaffolds were prepared by adding 2.1 grams o f  granular NaCl particles (500-600 pm) 

in to 0.9 m l o f  12 wt%  aqueous s ilk  fib ro in  solution in a PFA container. The containers 

were covered and le ft at 30°c fo r 24 hours, followed by immersion for 2 days in  D D W  

to extract the salt (K im  et al., 2005b).

The obtained s ilk  fib ro in  scaffolds from both HFIP-derived and aqueous- 

derived processing were shaped into smaller pieces 4 mm high and 5 mm in diameter
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using a m etallic-hole puncher. The average pore size o f  the HFIP-derived and aqueous- 

derived s ilk  fib ro in  scaffolds was 479±130 and 473±146 pm, respectively.

7.3.4 M orphology o f  the s ilk  fib ro in  scaffolds

To observe the cross-section o f the scaffold, both HFIP-derived and 

aqueous-derived s ilk  fib ro in  scaffolds were carefully cut w ith  a razor blade. The cross- 

sections o f  the scaffolds were coated w ith platinum on the ion sputter (E- 1010, H itachi, 

Tokyo, Japan) at 50 m Torr and 5m A for 3 min. The inner microstructure o f the scaffolds 

was observed by a scanning electron microscope (SEM ) (ร -2380N, H itachi, Tokyo, 

Japan) at a voltage o f  10 k v .

7.3.5 In  v itro  enzymatic degradation

The degradation o f  the s ilk  fib ro in  scaffolds was evaluated using protease 

type X IV  from  S trep to m yces  g r ise u s  (EC 3.4.24.31, S igm a-Aldrich) as an enzyme. The 

scaffolds were incubated in 1 m l o f  phosphate-buffer saline pH 7.4 (PBS) containing the 

protease at 37°c under strong shaking. The enzyme concentrations used in this test was 

0.05 or 0.5 m g-m f1. The enzyme solution was replaced w ith  freshly prepared solution 

daily. The scaffolds submerged in PBS w ithout enzyme served as a control. A fte r 

reaching the desired time, the scaffolds were washed tw ice w ith  D DW , followed by air

drying at 30°c overnight. The dried scaffolds were kept in desiccators at least one day 

prior to weighing.

7.3.6 Radiolabeling o f  s ilk  fib ro in  scaffolds

The s ilk  fib ro in  scaffolds were radiolabeled according to the method o f  

Tabata et al. (1999b). B rie fly , 100 pi o f  125I B o lton-H unter reagent solution in 

anhydrous benzene was bubbled w ith  dry nitrogen gas until the benzene evaporation was 

complete. Then, 125 pi o f  0.1 M  sodium borate-buffered solution (pH 8.5) was added to 

the dried reagent, followed by pipetting to prepare an aqueous I25I Bolton-H unter 

solution. The silk  fib ro in  scaffolds were impregnated w ith  the prepared aqueous solution
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at a volum e o f  25 (xl per scaffold overnight. The radio-labeled scaffolds were then rinsed 

w ith  D D W  by exchanging it  periodically at 4 °c  fo r 7 days to exclude non-coupled, free 

125I-labeled reagent from 125I-labeled s ilk  fib ro in  scaffolds.

7.3.7 Radioiodination o f bFGF

The bFGF was radioiodinated according to a chloramine T  method 

(Greenwood et al., 1963). Aqueous solution o f  bFGF at 0.5 mg/ml (450 p i) was added to 

100 pi o f  a 0.5 M  potassium-phosphate buffered (KPB) solution (pH  7.5). Then, 5 pi o f 

Na125I solution and 100 p i o f 0.05 M  KPB solution (pH 7.2) containing 0.06 mg o f 

chloramine T  were added to the bFGF solution. A fte r agitation at room temperature for 2 

min, 100 p i o f  0.01 M  PBS containing 0.12 mg o f  sodium metabisulfate was added to 

stop the radioiodination. The mixture was passed through a column o f Dowex resin to 

remove uncoupled, free 125I molecules, followed by the addition o f  650 pi o f water to 

obtain an aqueous solution o f 125I-labeled bFGF.

7.3.8 In  v itro  bFGF release

In order to incorporate 125I-labeled bFGF into both the HFIP-derived and 

the aqueous-derived s ilk  fib ro in  scaffolds, 20 p i o f  the 125I-labeled bFGF solution was 

dropped onto the scaffolds. The absorption process was allowed to occur at 4°c  

overnight. The obtained 125I-labeled bFGF-impregnated silk  fib ro in  scaffolds were then 

used fo r in v itro  and in v ivo  bFGF release studies.

The in v itro  release o f  125I-labeled bFGF from the 125I-labeled bFGF- 

impregnated silk  fib ro in  scaffolds was firs t conducted in PBS. A fte r periodic 

replacement w ith  PBS fo r 24 hours, the release behavior o f the bFGF in enzyme solution 

was then investigated. B rie fly , 125I-labeled bFGF-impregnated silk fib ro in  scaffolds were 

placed into 1 m l o f  the PBS. The PBS was periodically replaced at 0.5, 1, 2, 4, 8, and 12 

hours. A t 24 hours, the release media, neat PBS, started to be replaced by PBS 

containing protease at 0.05 or 0.5 m g-m l'1 in order to observe the influence o f  the 

enzymatic degradation o f  the scaffolds on the release o f  the bFGF. The enzyme solution
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was daily replaced w ith  a freshly prepared solution. The release o f bFGF was calculated 

by measuring the radioactivity o f  the release solution divided by the total radioactivity o f 

the I25I-labeled bFGF in the scaffolds using a gamma counter (ARC-301B, Aloka, 

Tokyo, Japan). The total radioactivity o f  the 125I-labeled bFGF in the scaffolds was 

obtained by the sum o f the radioactivity remaining in  the scaffolds plus the cumulative 

radioactivity o f the bFGF released. The natural decay o f the radionuclide was adjusted 

using a control solution o f  the 125I species.

7.3.9 Estimation o f  in  v ivo  bFGF release

To evaluate the in v ivo  release o f bFGF from the silk  fib ro in  scaffolds, the 

125I-labeled bFGF-impregnated silk  fib ro in  scaffolds were subcutaneously implanted 

in to  a pocket created in  the backs o f  4-week-old female ddY mice under pentobarbital 

anesthesia (Tabata et al., 1999b). As a control, 100 p i o f an aqueous solution o f  the 125I- 

labeled bFGF was subcutaneously injected into the backs o f the mice. The mice were 

sacrificed at 1 ,3 , 7, 14, 20, and 26 days. The radioactivity remaining in the scaffolds and 

local tissue were measured using a gamma counter (ท=3 fo r each time point). The 

remaining radioactivity percentage was calculated by d iv id ing the radioactivity  

remaining in the scaffold by its in itia l radioactivity.

7.3.10 Estimation o f  in  v ivo  degradation o f  s ilk  fib ro in  scaffolds

The in v ivo  degradation o f  the scaffolds was evaluated in terms o f the 

radioactivity remaining in the 125I-labeled s ilk  fib ro in  scaffolds after implantation in the 

backs o f mice (Tabata et al. 1999b). A t d ifferent time intervals, the mice were sacrificed 

and the radioactivity remaining in the scaffolds and local tissue was measured using a 

gamma counter (ท=3 fo r each tim e point). The percentage o f radioactivity remaining was 

calculated by d iv id ing  the radioactivity remaining in the scaffold by its in itia l 

radioactivity.

7.4 Results and Discussion
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7.4.1 M orphology o f  s ilk  fib ro in  scaffolds

As stated, s ilk  fib ro in  is very attractive as a scaffolding material. The 

u tility  o f  s ilk  fib ro in  as tissue-engineering scaffolds has been emphasized— for the 

regeneration o f cartilages (M einel et al., 2004a ), bones (M einel et al., 2004b &  2006; 

Karageorgiou et al., 2006; M aro lt et al., 2006; Hofmann et al., 2007), nerves (Uebersax 

et al., 2007), annulus fibrosus (Chang et al., 2007), or ligaments (in the form o f native 

fibers) (L iu  et al., 2007, 2008)— because these tissue structures require stability and 

strength, which may benefit from longer-lasting material like  s ilk  fib ro in  (Levenberg &  

Langer, 2004). A  number o f works have attempted to extend the biomaterial u tility  o f 

s ilk  fib ro in  by blending w ith  another degradable polymer (W ongpanit et al., 2007b), 

reducing the P-sheet content (Jin et al., 2005), or using the aqueous-derived salt-leaching 

technique (K im  et al., 2005b), in order to improve its degradability.

As mentioned above, the silk fib ro in  scaffolds derived from the salt- 

leaching technique have been shown to support the proliferation and differentiation o f 

hMSCs (M einel et al., 2004a, 2004b, 2006; Wang et al., 2005, 2006; K im  et al., 2007). It 

is known that there are three key factors comprising body tissue: 1 ) cells, 2) the ECM  for 

cell proliferation and differentiation, and 3) growth factors (Tabata, 2005b). Thus, in 

addition to the ab ility  to provide the support o f the proliferation and differentiation o f 

the cells, the scaffold should provide the appropriate micro-environment to facilitate  

tissue regeneration by taking the therapeutic potential o f  the growth factor. However, the 

release o f  the growth factor must firs t be studied; whether or not s ilk  fib ro in  is able to 

deliver the desired growth factor and which factors govern its release characteristic.

Prior to addressing the objectives o f  this research, the morphology o f  the 

s ilk  fib ro in  scaffolds prepared by different modes o f  processing should be characterized. 

Figure 7.1 shows the SEM micrographs o f both the HFIP-derived and the aqueous- 

derived silk  fib ro in  scaffolds. It was observed that the pore size o f the HFIP-derived 

(479±130 pm) and the aqueous-derived (473±146 pm) s ilk  fib ro in  scaffolds were 

comparable. As shown in Figure 7.1, the ITFIP-derived scaffold had a relatively thin
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w all in  the pore structure, w hile  the aqueous-derived scaffold had thicker walls w ith  

many m icro-voids inside. The form ation o f  m icro-void inside the scaffold’ s w a ll may 

occur from  the dissolution o f the imperfect self-assembly o f the s ilk  fib ro in  chains 

during the preparation step.

7.4.2 In  v itro  study

In this section, the degradation o f the s ilk  fib ro in  scaffolds and the release 

o f  the bFGF in v itro  were studied, and the affin ity  between s ilk  fib ro in  and bFGF was 

also discussed. Figure 7.2 illustrates the in vitro  degradation o f  the HFIP-derived and 

aqueous-derived silk  fib ro in  scaffolds submerged in enzyme solution at a concentration 

o f  either 0.05 or 0.5 mg-ml"1, w ith changing the solution daily. The enzyme used in this 

experiment was protease type x rv  because the protease was w idely used to examine the 

degradation o f  s ilk  fib ro in  (Jin et al., 2005; K im  et al., 2005b; W ongpanit et al., 2007b). 

A t an enzyme concentration o f 0.05 m g-m l'1 (see Figure 7.2A), the weight o f the HFIP- 

derived scaffolds was only s ligh tly  decreased after 17 days, w h ile  that o f  the aqueous- 

derived scaffolds was gradually decreased and fina lly  remained at only 20%. By  

increasing the enzyme concentration to 0.5 mg-ml'1 (see Figure 7.2B), the degradation 

was enhanced, i.e. the weight o f the HFIP-derived scaffolds was steadily decreased and 

remained at almost 40% o f the ir in itia l weights after 17 days. In  contrast, the aqueous- 

derived scaffolds were fu lly  degraded w ith in  5 days. From the results, It can be 

concluded that the in v itro  degradability o f  the aqueous-derived scaffolds was higher 

than that o f  the HFIP-derived scaffolds, and the degradation o f the scaffolds was 

increased w ith  increasing enzyme concentration. These results are sim ilar to the work o f  

K im  et al. (2005b) who compared the degradability o f  the s ilk fib ro in  scaffolds prepared 

from  different modes o f  processing via the salt-leaching technique.

It  is known that the (3-sheet, one o f  the crystal structures, is strongly 

responsible fo r the slow degradation o f  the s ilk  fib ro in , so the reduction o f  the P-sheet 

content in the s ilk fib ro in  material can enhance its degradability (Jin et al., 2005). The 

difference in the P-sheet content (crysta llin ity) o f the compared scaffolds may cause the
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different degradation behavior. I t  is w e ll accepted that Fourier-transform infrared (FT- 

IR ) spectroscopy and X-ray d iffraction (XR D ) are very useful techniques to characterize 

the crystal structure o f  s ilk  fibroin. However, K im  et al. (2005b) reported that the 

structure o f  the HFIP-derived and aqueous-derived scaffolds could not be distinguished 

by data obtained from FT-IR  and X R D  (K im  et al., 2005b). They also found the the 

crysta llin ity o f  those scaffolds had sim ilar content, i.e. around 48% (K im  et al., 2005b). 

Our FT-IR  data also agree .with K im  et al. (2005b) (data not shown). The same results 

were found in the work o f  Wang et al. (2008), i.e. the crysta llin ity o f  the HFIP-derived 

and aqueous-derived scaffolds determined from  X R D  data was also not significantly  

different (between 45 and. 50%). Thus, at this point, by analyzing the FT-IR  and X R D  

results, the structure o f  those two types o f scaffolds was not different, even though they 

exhibited different biodegradation behaviors. In the other words, the FT-IR  and XR D  

technique can not be used to distinguish the very tiny  difference in the scaffolds 

prepared by different modes o f processing.

In order to further analyze the different degradation behaviors o f the 

scaffolds by their structure,, the solution properties o f the silk fib ro in  in each solvent for 

preparing each scaffold must be considered. The HFIP-derived scaffolds were prepared 

by dissolving the silk fib ro in  in HFIP, while  the aqueous-derived scaffolds were 

prepared by dissolving the s ilk  fib ro in  in water. In the fo llow ing  paragraphs, the chain 

entanglements o f silk fib ro in  in the solution, correlated to the electro-spinnability, w il l 

be b rie fly  described. In addition, the chain entanglement w ill be used to propose and 

explain why the degradation behavior o f  the scaffolds prepared by different modes o f  

processing was different.

I t  has been demonstrated that s ilk  fib ro in  both in HFIP and in water were 

spinnable to form  the electrospun fibers. However, the lowest spinnable concentration o f  

silk  fib ro in  dissolved in HFIP (0.74 w t% ) (Zarkoob et al., 1998, 2004) to produce the 

electrospun-continuous fibers was very much lower than that o f the s ilk  fib ro in  in water 

(more than 30 wt%) (Chen et al., 2006). During the electrospinning o f the polymer 

solution, an increase in polymer concentration results in the fo llow ing  morphological
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progression: 1) beads only, 2) beads w ith  incipient fibers, 3) beaded fibers, and 4) fibers 

only. The formation o f  chain entanglements has been acknowledged as the primary 

effect in this progression (Shenoy et al., 2005; Tao &  Shivkumar, 2007). Insufficient 

chain entanglement results in bead formation; whereas a high number o f  chain 

entanglements allows the polymer solution to form  continuous fibers. I t  was reported 

that the concentration o f  s ilk  fib ro in  in HFIP to form  the electrospun fibers was ju s t 0.74 

wt%, w h ile  that o f s ilk  fib ro in  in water required up to >30 wt%. In this present study, the 

concentration used to prepare the HFIP-derived and aqueous-derived scaffolds were 

quite close to each other (9 w t%  and 12 wt%, respectively). Thus, the number o f  chain 

entanglements o f the s ilk  fib ro in  in HFIP was very much higher than in water at the 

preparing conditions. A lthough the addition o f NaCl particles into the s ilk  fibro in  

solution eventually induced the J3-sheet formation in the case o f  the aqueous-derived 

process (K im  et al., 2005b), the salt did not disturb the chain entanglement because the 

salt jus t acted as the dehydrator and the s ilk  fib ro in  chains gradually folded themselves 

(self-assembly) under static conditions to form an insoluble order structure.

Additional information that can be used to confirm  a higher number o f the 

chain entanglements o f the HFIP-derived scaffolds is their cracking behavior. When the 

HFIP-derived scaffolds were compressed under dried state to become the permanent 

deformation, the scaffolds displayed only shape change in the ir thickness, w hile  the 

aqueous-derived scaffolds were broken into many small pieces. This is attributable to the 

adjacent chains that entangled w ith  the dislocated chain, due to the external force, kept 

the structural integrity. Therefore, higher chain entanglements caused better structural 

integrity.

However, the point is how  the chain entanglement is connected to the 

degradation behavior o f  the scaffolds. Considering the enzymatic degradation process, 

the active site o f the enzyme attacka the silk  fib ro in  resulting in the creation o f  small 

fib ro in  fragments. I f  the material has high chain entanglement, the small fib ro in  

fragments obtained from the enzymatic digestion would be more retarded to form  the 

soluble compound by entangling w ith the adjacent fib ro in  chains. Thus, the chain
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entanglement is most like ly  to be the cause o f  the different degradation behavior. In  

conclusion, the HFIP-derived scaffolds degraded slower than the aqueous-derived 

scaffolds due to higher chain entanglement in the material.

A fte r the degradation o f  each scaffold was studied and compared, the 

release o f  bFGF from both types o f  scaffolds would then be investigated to determine 

whether the difference in the degradability o f the scaffolds can affect the release o f 

bFGF or not. There are two possible methods to incorporate bFGF into the s ilk  fib ro in  

scaffold, i.e. 1) m ix ing  bFGF w ith the polymer solution prior to fabrication (L i et al., 

2006; Uebersax et al., 2007 & 2008), or 2) incorporating the bFGF after material 

form ing (Huang et al., 2007). In this present รณdy, the incorporation o f bFGF by the 

firs t technique was not employed because there are many steps o f  rinsing the scaffolds 

during preparation. The incorporation o f bFGF into the s ilk  fib ro in  scaffolds was 

therefore carried out by impregnating the scaffolds w ith 20 gl o f the 125I-labeled bFGF 

solution overnight at 4°c. The bFGF molecules were radio-labeled due to the ease o f  

tracking their release. Two commercial medical products for bone repair also use the 

impregnating technique to incorporate a bone morphogenetic protein (BM P) 

(Luginbuehl et al., 2004). Figure 7.3 illustrates the release profile  o f bFGF from  HFIP- 

derived and aqueous-derived scaffolds incorporating bFGF by submerging the scaffolds 

in  PBS under strong shaking at 37°c. As shown in  the Figure, the bFGF immediately 

diffused from the scaffolds w ith in  the firs t 2 hours. Then, the release o f bFGF from  both 

types o f  scaffolds gradually reached a plateau at a release fraction o f  about 30% after 24 

hours. Even though the release o f bFGF was performed in PBS fo r an additional 7 days, 

the bFGF was not much further released from the scaffolds. It  should be noted that the 

percentage o f  bFGF released from the HFIP-derived and aqueous-derived scaffolds in 

PBS after 8 days under strong shaking was 32.1±2.8 and 38±9.9, respectively (see 

Figure 7.4). This release behavior indicates that s ilk  fib ro in  and bFGF have strong 

interaction w ith each other because the m ajority o f  the bFGF s till remained in the 

scaffolds, even after extensive rinsing by PBS. In addition, the different modes o f 

processing to produce the silk fib ro in  scaffolds did not affect the affin ity  to bFGF
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because they had the sim ilar pattern o f release profile  as w e ll as the amount o f  bFGF 

released. However, it  was observed that around one third o f  the bFGF released suddenly 

from  the scaffolds due to the incomplete complexation process between the bFGF and 

the s ilk  fib ro in  scaffolds after bFGF impregnation. S im ilar results were also observed in 

the case o f the delivery o f BM P-2 by s ilk  fib ro in  scaffolds. There was an in itia l burst in 

the BM P-2 release profile from  BMP-2-impregnated silk  fib ro in  scaffolds, and the 

release o f B M P -2 eventually reached the plateau at the release fraction o f 75% after 1 

week (Karageorgiou et al., 2006). I t  is important to note that the increase o f  

impregnation temperature and/or duration promoted the complexation process o f  bFGF 

to the hydrogel (Tabata et al., 1998). The amount o f non-complexed bFGF in our system 

(-30% ) was much lower than that in the non-complexed BM P-2 (-75% ). This is like ly  

because o f  the longer duration o f  sorption o f  the bFGF (overnight) to the scaffold 

compared to the shorter adsoiption time o f the BMP-2 (6 hours).

The bFGF is also referred to as one o f the heparin-binding growth factors 

(M izim o et al., 1994; Tesser et al., 1994). Physiologically, the numerous growth factors 

bind the highly anionic, sulfated glycosaminoglycan heparin w ith high affin ity. This 

binding activity IS important in sequestering the growth factors in the ECM, and in 

serving to localize growth factor activ ity  and prevent growth factor degradation 

(Roghani et al., 1994). Interactions between the growth factor and heparin occur in part 

by shape recognition, but p rim arily  by electrostatic attractions between the N - and O- 

sulfated residues o f  heparin, and the lysine and arginine residues o f the growth factors 

(Godspodarowicz et al., 1986; W issink et al., 2000). Accordingly, heparin has been 

incorporated into many hydrogel delivery systems to promote the biological function by 

an increase in the a ffin ity  (W issink et al., 2000; Pike et al., 2006). Thus, it  is postulated 

that the high a ffin ity  between the silk  fib ro in  (isoelectric point, p i 3.8-4.5, see Table 7.1) 

and the bFG (p i 9.6) as discussed above was based on the electrostatic interaction. In 

fact, the growth factor-releasing scaffold using silk fib ro in  as the carrier m atrix based on 

the electrostatic interaction, has been shown to prolong the release o f many growth 

factors under in v itro  non-degradation conditions, including BMP-2 (pi 8.5)
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(Karageorgiou et al., 2006; L i et al., 2006), nerve growth factor (p i 9.3), and insulin-like  

growth factor I  (p i 8.3) (บ ebersax et al., 2007 &  2008), and still retained their 

bioactiv ity upon release. I t  should be noted that in addition to the d iffusion o f the non- 

complexed growth factor at the beginning o f  the release, the release o f  the growth factor 

under non-degradation condition is governed by a thermodynamic equilibrium  

mechanism between free growth factor in  the release medium and the growth factor 

bound to the carrier.

A fte r the release o f bFGF was studied under the non-degradation 

conditions fo r 24 hours in PBS, the release o f bFGF was further continuously 

investigated by replacing the release media from neat PBS to PBS containing enzyme to 

observe the release behavior under in v itro  enzymatic degradation conditions (see Figure 

7.4). The release solution containing the enzyme was replaced daily. It  was found that 

the in itia l burst release o f bFGF was also observed fo r both types o f  scaffolds, regardless 

o f  enzyme concentration after the firs t day (see Figure 7.4). The burst release o f  bFGF 

after the addition o f enzyme, along w ith the in v itro  degradation study, suggests that 

most o f  the bFGF molecules, which were suddenly released from  the scaffolds due to the 

degradation o f  silk fibro in, existed in a superficial layer o f the scaffold’s wall. This 

further indicates that the m ajority o f  the bFGF (around three fourths o f the bFGF 

incorporation, see Figure 7.4) during impregnation into the s ilk fib ro in  scaffold cannot 

reach the deeper parts o f  the scaffold’s wall.

Considering the bFGF release at an enzyme concentration o f 0.05 m g-m f1 

(see Figure 7.4A), the in itia l amount o f  the burst release o f bFGF (75.7±1.8 % ) from the 

HFIP-derived scaffolds was statistically significantly lower than that o f  bFGF released 

(83.5±1.9%, /K 0 .05 ) from the aqueous-derived scaffolds. Then, the bFGF in the HFIP- 

derived and the aqueous-derived scaffolds gradually released and reached the release 

fractions o f  89.0±1.6 and 96.5±1.5%, respectively at the seventh day. These results, 

together w ith  the in v itro  degradation study, suggest that a slower release o f  bFGF from  

HFIP-derived scaffolds, as compared to that from the aqueous-derived scaffolds, can be 

attributed to their slower degradation. As the enzyme concentration was increased to 0.5
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m g-m l'1 (see Figure 7.4B), a stronger in itia l burst release o f  bFGF was observed. 

However, there was no statistical difference between the bFGF released from  the HFIP- 

derived and the aqueous-derived scaffolds due to their very strong degradation.

The results o f  this section demonstrate that the opposite charge between 

silk  fib ro in  and bFGF at physiological pH  rendered them able to form  a complex. The 

preparation o f  the silk fib ro in  scaffolds v ia  the aqueous-derived technique enabled the 

improvement in  the in v itro  degradation o f s ilk  fib ro in  because o f less - chain 

entanglement in the material. In addition, a higher amount o f degradation o f  the 

aqueous-derived scaffolds provided higher release kinetics (at a lower enzyme 

concentration) as compared to that o f  the HFIP-derived scaffolds. However, the ./» vivo  
degradation o f  both types o f  scaffolds as w e ll as the in v ivo  release o f  bFGF needed to 

be further characterized because there are much more complicated processes under the 

in v ivo  situation in response to the implanted materials than the simple in  v itro  study.

7.4.3 In  v ivo  study

In order to study the degradation o f  the silk fib ro in  scaffolds in viv.o, the 

scaffolds need to be radio-labeled using the 125I Bolton-Hunter reagent to track the 

extent o f the scaffo ld ’s degradation. The 125I Bolton-Hunter reagent reacted w ith the free 

amino groups o f  the protein molecules under m ild  conditions to attach the 125I-labeled 

groups by amide bonds (Bolton and Hunter, 1973). A fte r a llow ing the reaction to 

proceed overnight, the scaffolds were extensively rinsed w ith  water to remove the 

uncoupled 125I reactants. Then, a รณdy o f the scaffold’s degradation was conducted by 

the subcutaneous implantation o f  the 125I-labeled scaffolds in the backs o f mice. Figure

7.5 illustrates the in v ivo  degradation pro file  o f both HFIP-derived and aqueous-derived 

scaffolds. It was found that the radioactivity o f both kinds o f  scaffolds was steadily and 

slow ly decreased and eve^ua lly  remained at around 45% o f their in itia l radioactivity 

after 24 days. This result suggests that both kinds o f scaffolds s low ly degraded. In 

addition, the declining degradation patterns o f the HFIP-derived and the aqueous- 

derived scaffolds were quite similar, indicating the sim ilar degradability o f those two
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types o f  scaffolds. However, the radioactivity remaining in  the aqueous-derived 

scaffolds started to be significantly lower than that o f  the HFIP-derived scaffold at the 

24th day (p<0.05), so the in v ivo  long-term degradation needed to be further investigated.

Recently, Wang et al. (2008) studied both the short-term and long-term  

degradation o f  HFIP-derived and aqueous-derived scaffolds by observing the residual 

scaffolds implanted subcutaneously in rats. They found that both the HFIP-derived and 

aqueous-derived scaffolds were well tolerated by the host animal, particularly the 

scaffolds prepared from  the higher concentrated solution. However, the aqueous-derived 

scaffolds were completely degraded varying from  six to beyond 12 months, while  all o f 

the HFIP-derived scaffolds persisted more than one year in vivo . Thus, the HFIP-derived 

and aqueous-derived scaffolds were s low ly degradable materials, but the aqueous- 

derived scaffolds had a fasterdegradation by observation in the long-term study than the 

HFIP-derived scaffolds.

Figure 7.6 shows the release profile  o f  bFGF from  the HFIP-derived and 

aqueous-derived scaffolds in a comparison w ith the retention o f  the bFGF after injection. 

Apparently, by the injection o f  the bFGF solution, most o f  the bFGF disappeared after 

one. day o f  the administration. In contrast, the release o f  bFGF from either HFIP-derived 

or aqueous-derived scaffolds was in a sustained fashion. However, the release profile  

from  both kinds o f  scaffolds was sim ilar because their short-term degradation behaviors 

in  vivo  were not d ifferent (see Figure 7.5). The prolongation o f  the in vivo  release o f  the 

bFGF from both kinds o f scaffolds can be observed for over two weeks. The primary 

cause o f the release o f  bFGF from  the scaffolds was the combination phenomena o f the 

non-complexed bFGF diffusion (see Figure 7.3) and the release o f bFGF by the 

scaffo ld ’ s degradation. Beyond two weeks, about 25 to 31% o f the bFGF was 

permanently entrapped in the scaffolds, and still remained even after almost one month 

from  the implantation. This was attributable to the very slow  degradation o f  the 

scaffolds as well as the strong interaction between the s ilk  fib ro in  and the bFGF existing 

w ith in  the deeper part o f  the scaffo ld ’s wall.
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To conclude, the in v ivo  studies indicate that the performance o f both 

HFIP-derived and aqueous-derived scaffolds, in terms o f the scaffold degradation and 

the release o f bFGF, was s im ilar because the study was not long enough to observe the 

differences in the scaffold degradation. However, it  IS expected that the bFGF w ill be 

further released from  the scaffolds due to the scaffo ld ’s degradation.

7.5 Conclusion

The contributions from  this present work are important fo r developing silk  

fib ro in  as a growth factor-releasing scaffold. The morphology o f the three-dimensional 

porous silk  fib ro in  scaffold prepared by different modes o f  processing displayed 

comparable pore size and structure. The slower degradation o f the HFEP-derived 

scaffolds was attributable to a higher number o f chain entanglements in the material as 

compared to the aqueous-derived scaffolds. The control o f the chain entanglement m ight 

be the key to success in the future fo r im proving the degradation o f the s ilk  fib ro in  

material. The a ffin ity  between the silk  fib ro in  and the bFGF is based on the electrostatic 

interaction. The primary factors that govern the release p ro file  o f the bFGF from the silk  

fib ro in  scaffolds used as the carrier m atrix under in v itro  enzymatic degradation 

conditions were the dispersion (along the depth o f the scaffo ld ’s w a ll) o f the bFGF 

existing in the carrier and the degradability o f  the scaffold. A  longer period o f  the 

noticeable different in vivo  degradation between the compared scaffolds may be due to 

the non-existence o f  the specific enzyme in the body as compared to the in v itro  
degradation. A lthough the b ioactiv ity o f  bFGF upon in v ivo  release should be further 

evaluated, the sustainable release o f bFGF over 2 weeks m ight enhance the in vivo  
efficacy o f  bFGF.
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Table  7.1 Isoelectric points o f  the fib ro in  proteins determined from  various 

methodologies

Isoelectric Method o f Method o f  Regeneration
Reference

point determination Degumming Dissolving

3.9
Electrophoretic

m ob ility

0.05%

Na2C(>3
CaCl2/Ethanol/Water Malay et al., 2007

4.22 Calculation b ๖ Zhou et al., 2000

3.8-3.9 a ' . 0.5% Na2C 0 3 CaCl2/EthanolAVater Ayub et al., 1993

4.5
Membrane

potential
0.5% Na2C 0 3 CaCI2/Ethanol/Water Chen étal., 1994

4.5
Membrane

potentiàl
0.5% Na2C 0 3 CaCl2/Ethanol/Water Cheng et al., 2005

a =  T h e  a u th o rs  ra is e d  w i th o u t  'any  c o m m e n t.

b =  T h e  ra w  se q u e n ce  d a ta  w e re  o b ta in e d  b y  th e  F ra g m e n t A s s e m b ly  p ro g ra m  in  S e q la b  o f  th e  G e n e tic s  

C o m p u te r  G ro u p  se q u e n ce  a n a ly s is  s o f tw a re  p a c k a g e  v e rs io n  10 .0 .
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(A ) HFIP-derived silk fib ro in  scaffold (B) Aqueous-derived silk  fibro in scaffold

Figure 7.1 Cross-sectional morphology o f (A ) the HFIP-derived and (B) the aqueous- 
derived s ilk  fib ro in  scaffold. The average pore size o f  the HFIP-derived and 
aqueous-derived scaffolds was 479±130 and 473±146 pm, respectively.
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T im e (day)

Figure 7.2 In  v itro  degradation o f  HFIP-derived and aqueous-derived s ilk  fibro in  
scaffolds. The concentration o f protease x r v  in the PBS was (A ) 0.05 and (B) 
0.5 m g -m f1.
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Figure 7.3 Release pro file  o f the bFGF from bFGF-impregnated HFIP-derived or 
aqueous-derived silk  fib ro in  scaffolds submerged in PBS under strong shaking 
w ith  periodic replacement w ith fresh PBS.'
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( A )

Figure 7.4 Release pro file  o f  the bFGF from bFGF-impregnated HFIP-derived or 
aqueous-derived s ilk  fib ro in  scaffolds under the enzymatic degradation o f  the 
s ilk  fibroin. A fte r 24 h releasing in PBS, the release media was replaced by 
PBS containing protease X IV  at (A ) 0.05 or (B) 0.5 mg m l'1.
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Figure 7.5 In  vivo  degradation o f HFIP-derived or aqueous-derived s ilk  fib ro in  scaffolds.
Patterns o f declining radioactivity in  the backs o f m ice after subcutaneous 
implantation o f  the 125I-labeled silk  fib ro in  scaffolds. *, p <  0.05; significant 
against the group o f aqueous-derived scaffolds.
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Figure 7.6 In  v ivo  release o f  the bFGF from bFGF-impregnated scaffolds. Patterns o f 
declining radioactivity in the backs o f m ice after subcutaneous implantation o f 
125I-labeled bFGF ( • )  impregnated in IdFIP-derived or (o ) aqueous-derived silk 
fib ro in  scaffolds, and the declining radioactivity o f  the 125I-labeled bFGF (♦ ) 
by subcutaneous injection. *, p <  0.05; significant compared to every other 
groups.
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