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CHAPTER 3 RESULTS AND DISCUSSIONS 

3.0 Synthesis of Silk Fibroin / N, N’ methylene diacrylamide Biofilms 

For the film-casting fabrication we used N, N’ methylene diacrylamide crosslinker and UV-

irradiation, which is considered to be more versatile, practical and non-toxic process because 

limited amount of chemicals can be use and less parameters affects the quality of the final 

cast biofilms. The synthesis reactions were carried out at various wavelengths (254 nm and 

365 nm) and crosslinker (C7H10N2O2) concentrations as shown in Table 3.1. In the following, 

the formation, swelling, biodegradability and morphologic properties of silk fibroin biofilms 

are discussed as depending on the synthesis parameters. Then, the blood clotting and platelet 

adhesion properties analyzed, discussed The aqueous silk fibroin concentrations obtained 

were 3% w/v, 4% w/v, 5% w/v, 6% w/v SF/ electrolyte solution but those ratios were not 

exact concentrations because an amount of distilled water diffused into the membrane during 

the dialysis process. After the dialysis process, concentrations of solution were decreased 

about half of the original concentration, 3%, 4%, 5%, and 6%, before dialysis process became 

1.5%, 2%, 2.5%, 3%, after dialysis. Practical technique used to calculate the real 

concentrations of protein; from 6% aqueous silk fibroin solution a biofilm was prepared by 

using 1ml of the silk solution the amount of protein was 0.0297 g/ml, which it is 2.97 % w/v.                  

.                                    Table 3.1: Silk fibroin biofilms samples. 

Samples C7H10N2O2 

Crosslinker 

volume 

SF Volume 

& 

Concentration  

Ultraviolet (UV) 

Wavelength 

SS1 0µl  

 

2 ml Silk Fibroin 

Solution 

3% 

 

 

Short wave 

(254nm) 

 

 

SS2 25µl 

SS3 50µl 

SS4 125µl 

SS5 150µl 

SL1 0 µl  

 

2 ml Silk Fibroin 

Solution 

3% 

 

 

Long wave 

(365nm) 

SL2 25µl 

SL3 50µl 

SL4 125µl 

SL5 150µl 
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The prepared SF / N, N’ methylene diacrylamide biofilms are stable in toluene and acetone, 

and after treatment with methanol, their resistance to water treatment increases dramatically 

resulting in no obvious signs of dissolution observed after water treatment.    

3.1 Swelling Test 

       The swelling test results for samples which were prepared in different reaction conditions 

with ABS or PBS solutions were discussed in this section.  The human physiological fluids 

pH range is change in between pH = 1 to 9, and human gastric fluid has approximately 1.2 

pH value, gastrointestinal juice pH value is approximately 7.4, respectively. To estimate 

swelling behavior of biofilms in vitro conditions, SF/N, N’ methyelene diacrylamide biofilms 

were soaked in 40 ml of ABS and PBS solutions separately at 37
o
C and their behavior were 

evaluated. The swelling ratios of biofilms were different depending on the amount of 

crosslinker and wave length. In contrast, after a period of time samples were reached the 

equilibrium swelling ratio no matter which buffer solution was used. The swelling data were 

shown in the Tables 3.2, 3.5, 3.8, 3.11. 

 

Figure 3.1: Swelling test for SF biofilms with ABS and PBS. 
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3.1.1 Swelling test for SF biofilms UV-Short wave with ABS 

Table 3.2: Swelling test values of SF biofilms UV-Short wave with ABS (pH = 1.2) 

 

Figure 3.2: Swelling test values for SF biofilms UV-Short wave with ABS. 

Time 

(Hours) 

SS1 

weight 

SS2 

weight 

SS3 

weight 

SS4 

weight 

SS5 

weight 

0 12.5 12.3 12.1 11.9 12.2 

0.25 27.7 24.8 22.5 20.32 18.97 

0. 5 28.3 25.7 23.98 21.11 20 

0.75 33.2 27.73 24.32 22 20.89 

1 36.1 29.99 25.61 23.41 21.34 

1.5 38 33.76 27.41 24.98 22.10 

2 40.12 35.21 28 26.12 22.99 

24 41.8 36 29.53 27.63 23.5 

48 42.2 37.2 31.43 28.79 24.38 

96 43.9 39.11 32.1 29 26 

120 44.2 40.31 32.4 29.3 26.43 

144 44.8 40.85 32.6 29.7 26.79 
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          The swelling test results showed that the samples without or with little amount of 

crosslinker swelled more than the samples with greater amount of crosslinker as shown in 

Table 3.2, Fig.3.2. As the amount of N, N’ methylene diacrylamide increases the crosslinking 

ratio also increases and the swelling ratio decreases. They are inversely proportional to each 

other.  

Table 3.3: Swelling standard deviation for SF biofilms UV-Short wave with ABS. 

Samples Total 

Numbers 

 

Mean 

 

Standard 

deviation 

 

Variance(Standard 

deviation) 

Population 

Standard 

deviation 

 

Variance(Population 

Standard deviation) 

SS1 12 36.06833 9.47901 89.85167 9.07546 82.36403 

SS2 12 31.91333 8.29115 68.74321 7.93817 63.01461 

SS3 12 26.83167 5.83001 33.98898 5.58181 31.15656 

SS4 12 24.52167 5.19215 26.95843 4.97111 24.7119 

SS5 12 22.1325 4.02437 16.19558 3.85304 14.84595 

 

 

Figure 3.3: Normal distribution for SF Biofilms UV-Short wave with ABS. 
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     Standard deviation used to show how much variation or dispersion exists from the average 

(mean), or expected value. A low standard deviation indicates that the data points tend to be 

very close to the mean and high standard deviation indicates that the data points are spread 

out over a large range of values and the standard deviation calculated by equations number 4, 

5, 6. According to the results of the standard deviation of silk fibroin biofilms UV-Short 

wave with ABS swelling as showed in Table 3.3 and Figure 3.3, the sample SS5 has the 

lowest standard deviation value and mean. SS5 was prepared with 150 µl of C7H10N2O2 cross 

linker. The sample SS1 which was prepared by without crosslinker has the highest standard 

deviation value and mean. 

   √
∑(   )  

   
                                                                                                           (4) 

 

PSD =   √
∑(   )  

 
                                                                               (5) 

 

Variance = SD
2                                                                                                                                                     

(6) 

 

Where: 

SD = Standard Deviation 

PSD= Population Standard Deviation 

 ∑ = sum of 

X= Individual score  

M= Mean of the scores  

N = Sample size (Number of scores) 
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         The statistical results indicated that the stability of biofilms improved as the crosslinker 

amount increases during the synthesis. More crosslinked biofilms are more stable and swell 

less ABS. However, they reached at the equilibrium swelling ratio approximately at the same 

value.  

Table 3.4: Swelling ratios for SF biofilms UV-Short wave with ABS. 

Time(Hours) SS1 

weight 

SS2 

weight 

SS3 

weight 

SS4 

weight 

SS5 

weight 

0 0 0 0 0 0 

0.25 121.6 101.62 85.95 70.75 55.49 

0. 5 126.4 108.94 89.18 77.39 63.93 

0.75 165.6 125.44 100.99 84.87 71.22 

1 188.8 143.82 111.65 96.72 74.91 

1.5 204 174.47 126.52 109.91 81.14 

2 220.96 186.26 131.40 119.49 88.44 

24 234.4 192.68 144.04 132.18 92.62 

48 237.6 202.43 159.75 141.93 99.83 

96 251.2 217.96 165.28 143.69 113.11 

120 253.6 227.72 167.76 146.21 116.63 

144 258.4 232.11 169.42 149.57 119.59 
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Figure 3.4: Swelling ratios of SF biofilms UV-Short wave with ABS. 

       The swelling ratios were determined by using equation (1) and shown on Table 3.4 and 

Fig 3.4. For the acid buffer solution (pH = 1.2) sample which was pure silk fibroin biofilm 

increase in terms of swelling until it reached to its equilibrium swelling ratio value. However, 

it had the highest swelling ratio compared to the low crosslinked silk fibroin biofilm with the 

highly crosslinked silk fibroin biofilms. These indicate that as the crosslinker content 

increases in the biofilm the equilibrium swelling ratio decreases. 

3.1.2 Swelling Test for Biofilms UV-Long wave (365nm) with ABS 

         The same swelling test procedure was applied to the samples which were prepared by 

UV long wavelength (365 nm). The biofilms prepared at short wavelength had an effect on 

the swelling ratios which was inversely proportional to the crosslinker. By comparing with 

the biofilms prepared by long UV wavelengths, they had a slower swelling and their final 

swelling ratio surpasses all the other biofilms prepared at long wavelength. This was related 
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with the crosslink ratio of the UV-photo polymerization reaction.  As the crosslink ratio 

increases biofilms becomes messier and pore sizes were decreased. As the results were shown 

on Table 3.5 and Fig 5.3 

Table 3.5: Swelling test values of SF biofilms UV-Long wave with ABS. 

 

Figure 3.5: Swelling values of SF biofilms UV-Long wave with ABS. 

Time(Hours) SL1(w) SL2(w) SL3(w) SL4(w) SL5(w) 

0 14.3 14.6 13.8 14.1 13.9 

0.25 32.11 27.7 24.2 22 19.4 

0. 5 33.4 29.2 25.1 22.9 20.7 

0.75 34.3 30.8 25.9 23.6 22.6 

1 35.9 32 26.4 24.9 23.4 

1.5 37.3 33.9 27.1 25.1 24 

2 39.1 34.7 29.5 26.9 25.3 

24 40.8 35.2 30.4 27.5 26 

48 45.9 39.7 31.9 28.3 26.9 

96 46.3 41.6 33.3 29.9 27.5 

120 46.6 42 33.9 30.7 28 

144 46.9 42.4 34.2 31 28.5 
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Table 3.6: Swelling standard deviation for SF biofilms UV-Long wave with ABS. 

 

 

Figure 3.6: Normal distribution Biofilms UV-Long waves with ABS. 

 

Samples Total 

Numbers 

 

Mean 

 

Standard 

deviation 

 

Variance(Standard 

deviation) 

Population 

Standard 

deviation 

 

Variance(Population 

Standard deviation) 

SL1 12 37.7425 9.18921 84.44149 8.79799 77.4047 

SL2 12 33.65 7.85441 61.69182 7.52003 56.55083 

SL3 12 27.9583 5.7078 32.57902 5.46481 29.8641 

SL4 12 25.575 4.70476 22.13477 4.50447 20.29021 

SL5 12 23.85 4.25024 18.06455 4.0693 16.55917 
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Table 3.7: Swelling test ratios of the SF biofilms UV-Long with ABS. 

Time(Hours) SL1(w) SL2(w) SL3(w) SL4(w) SL5(w) 

0 0 0 0 0 0 

0.25 124.54 89.72 75.36 56.02 39.56 

0. 5 133.56 100 81.88 62.41 48.92 

0.75 139.86 110.95 87.68 67.37 62.58 

1 151.04 119.17 91.30 76.59 68.34 

1.5 160.83 132.19 96.37 78.01 72.66 

2 173.42 137.67 113.76 90.78 82.01 

24 185.31 141.09 120.28 95.03 87.05 

48 220.97 171.91 131.15 100.70 93.52 

96 223.77 184.93 141.30 112.05 97.84 

120 225.87 187.67 145.65 117.77 101.43 

144 227.97 190.41 147.82 119.85 105.03 
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Figure 3.7: Swelling test ratios of SF biofilms UV-Long wave with ABS. 

          The swelling ratios were determined by equation (1) in chapter 2. As shown on Table 

3.7 and Fig 3.7. For the acid buffer solution (pH = 1.2) samples prepared under long UV 

wave length, the pure SF biofilm increase in terms of swelling until it reached to its final 

swelling ratio value. It had the highest swelling ratio compared to the low crosslinked SF 

biofilm and the highly crosslinked SF biofilms. These indicate that as the crosslinker content 

increases in the biofilm the equilibrium swelling ratio decreases. 

3.1.3 Swelling Test for Biofilms UV-Short wave 254nm With PBS 

In this section, the swelling test applied to SF biofilms at phosphate buffer solution with pH = 

7.404,  which were prepared by UV-short wavelength and different amount of crosslinkers 

(C7H10N2O2) as shown on Table 3.8 and Figure 3.8  
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Figure 3.8: Swelling test for SF biofilms UV-short wave. 

Table 3.8 Swelling values of SF biofilms UV-Short wave with PBS. 

Time(hours) SS1(w) SS2(w) SS3(w) SS4(w) SS5(w) 

0 12.2 12.3 11.8 12.4 12 

0.25 46.2 45.7 36.3 27.1 25.1 

0. 5 49.4 46.9 37.8 30.5 28.1 

0.75 53.3 49.2 41.9 34.1 30.9 

1 57.1 52.1 45.3 36.6 33.1 

1.5 59.3 54.2 48.4 38.9 35.3 

2 61.6 57.2 52.2 43.3 38.1 

2.5 62.1 59.5 54.2 46.7 41.3 

3.5 62.6 60.1 56.5 47.1 43.8 

24 65.2 61.2 57.6 47.5 45.5 

48 65.5 63.3 58.5 49.5 46.9 

96 65.9 63.8 58.9 50 47.4 
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Figure 3.9: Swelling test values of SF biofilms UV-Short wave with PBS. 

     Same swelling test procedure was applied to the samples which were prepared by UV - 

Short wavelength (254 nm) and the results were shown on Table 3.8 and Figure 3.9. The 

biofilms prepared at short wavelength, the swelling ratios value was inversely proportional to 

the amount of crosslinker. By comparing with the biofilms prepared by long UV wavelengths 

they had a slower swelling ratio and their final swelling ratios surpass all the other biofilms 

prepared at long wavelength. This was related with the crosslink ratio of the UV-

photopolymerization reaction. As the crosslink ratio increases biofilms becomes messier and 

pore sizes were decreased. 

 

 

 

 



47 
 

Table 3.9: Standard deviation for SF biofilms UV-Short wave with PBS. 

Samples Total 

Numbers 

 

Mean 

 

Standard 

deviation 

 

Variance(Standar

d deviation) 

Population 

Standard 

deviation 

 

Variance(Populatio

n Standard 

deviation) 

SS1 12 55.03333 14.92785 222.84061 14.29233 204.27056 

SS2 12 52.125 13.99598 195.8875 13.40013 179.56354 

SS3 12 46.61667 13.56002 183.87424 12.98273 168.55139 

SS4 12 38.75833 11.40235 130.01356 10.91692 119.1791 

SS5 12 35.625 10.54343 111.16386 10.09456 101.90021 

 

 

Figure 3.10: Normal distribution Biofilms UV-Short waves with PBS. 

        From table 3.9 and Fig. 3.10 showed the effect of crosslinker on the standard deviation 

and mean is inversely proportional with crosslinker amounts. The standard deviation value of 

the sample which prepared without crosslinker is 14.29, while, the standard deviation value 

of the sample which prepared with the highest crosslinker value 10.09. 
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Table 3.10: Swelling ratios of the SF biofilms UV-Short wave with PBS. 

Time(hours) SS1(w) SS2(w) SS3(w) SS4(w) SS5(w) 

0 0 0 0 0 0 

0.25 278.68 271.54 207.62 118.54 109.16 

0. 5 304.91 281.30 220.33 145.53 134.16 

0.75 336.88 300 255.08 175.37 157.5 

1 368.03 323.57 283.89 195.16 175.83 

1.5 386.06 340.65 310.16 213.70 194.16 

2 404.91 365.04 342.37 249.19 217.5 

2.5 409.01 383.73 359.32 276.61 244.16 

3.5 413.11 388.61 378.81 279.83 265.14 

24 434.42 397.56 388.13 283.06 279.16 

48 436.88 414.32 395.76 299.19 290.83 

96 440 418.93 399.15 303.22 295.65 

 

Figure 3.11: Swelling ratios of SF biofilms UV-Short wave with PBS. 
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                This test also demonstrate the effect of crosslinker on the swelling process as well 

as comparing the difference between the samples which prepared in different conditions. The 

results which showed in Table 3.10 and Figure 3.11 indicated that the samples prepared under 

UV- Short wave generally swelled more than the samples which were prepared under UV- 

Long wave. 

3.1.4 Swelling Test for Biofilms UV-Long wave Length 365nm with PBS 

Table 3.11: Swelling test values of SF biofilms UV-Long wave with PBS. 

Time(Hours) SL1 SL2 SL3 SL4 SL5 

0 14.1 14.5 13.9 14 14.2 

0.25 48.8 46.4 37.5 31.8 30 

0. 5 49.5 47.6 39 33.1 32.7 

0.75 53.1 48.9 40.1 34 33.3 

1 54.9 51.1 42.8 35.3 34.2 

1.5 56.6 53.9 45.1 36.8 35.2 

2 58.4 54.7 46.8 37.3 35.9 

2.5 61.1 56 47.3 38 36.6 

3.5 62.8 57.2 48.1 38.7 37.4 

24 64 59.1 49.2 39.4 37.9 

48 65.1 60.3 49.9 40.1 38.4 

96 65.7 60.9 50.3 40.6 39 
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Figure 3.12: Swelling test for SF biofilms UV-Long wave with PBS. 

 

Table 3.12: Swelling standard deviation for SF biofilms UV-Long wave with PBS. 

Samples Total 

Numbers 

 

Mean 

 

Standard 

deviation 

 

Variance(Standar

d deviation) 

Population 

Standard 

deviation 

 

Variance(Populatio

n Standard 

deviation) 

SL1 12 54.50833 13.98665 195.62629 13.39119 179.3241 

SL2 12 50.88333 12.44945 154.98879 11.91944 142.07306 

SL3 12 42.5 10.00545 100.10909 9.57949 91.76667 

SL4 12 34.925 7.15937 51.25659 6.85458 46.98521 

SL5 12 33.73333 6.6902 44.75879 6.40538 41.02889 
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Figure 3.13: Normal distribution for Biofilms UV-Long waves with PBS. 

           According to the results of the standard deviation of silk fibroin biofilms, UV-Short 

wave with PBS swelling as showed in Table 3.12 and Fig 3.13, the sample SS5 has the lowest 

standard deviation value and mean. SS5 was prepared with 150 µl of C7H10N2O2 crosslinker. 

The sample SS1which was prepared without crosslinker has the highest standard deviation 

value and mean. 
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Table 3.13: Swelling ratios of the SF biofilms UV-Long wave with PBS. 

Time(hours) SL1 SL2 SL3 SL4 SL5 

0 0 0 0 0 0 

0.25 246.09 220 169.78 127.14 111.26 

0. 5 251.06 228.27 180.57 136.42 130.28 

0.75 276.59 237.24 188.48 142.85 134.50 

1 289.36 252.14 207.91 152.14 140.84 

1.5 301.41 271.72 224.46 162.85 147.88 

2 314.18 277.24 236.69 166.42 152.81 

2.5 333.33 286.20 240.28 171.32 157.74 

3.5 345.39 294.48 246.04 176.42 163.38 

24 353.90 307.58 253.95 181.73 166.90 

48 361.70 315.86 258.99 186.25 170.42 

96 365.95 320 261.87 190 174.64 

Figure 3.14: Swelling test ratios of SF biofilms UV-Long wave with PBS. 

             According to the results that showed in Table 3.13 and Fig 3.14 the effect of 

crosslinker was very clear. As the crosslinker amount increased the swelling ratio of the silk 

fibroin biofilm decreased. 
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            As a result, swelling process showed high pH sensitivity. The SF / N, N’ methylene 

diacrylamide biofilms may be useful as covering membranes in implantation process or 

carriers in drug delivery system. The crosslinked silk fibroin biofilms were insoluble in water 

and acid. 

3.2 Biodegradation test 

             The silk fibroin biofilms biodegradation test was done by using protease enzyme 

weight per volume ratio 0.3 g/ml. The biofilms were tested within the enzyme solution at 

37
o
C as showed in Figure 3.15.  

 

Figure 3.15: Biodegradation test for SF biofilms with protease enzyme. 
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3.2.1 Biodegradation test for biofilms UV-Short wave length with protease enzyme  

Table 3.14: Biodegradation test for SF biofilms UV-Short wave with protease enzyme. 

Time(Hours) SS1(w) SS2(w) SS3(w) SS4(w) SS5(w) 

0 60.12 60.43 59.97 59.69 60 

0.25 55.23 56.74 57.61 58.98 59.54 

0.5 52.64 54.59 55.99 57.84 58.89 

0.75 49.69 52.71 54.79 56.81 57.84 

1 47.19 50.21 52.91 55.5 56.10 

1.5 44.11 48.32 51 54.93 55.76 

2 38.65 43.95 48.42 52.32 53.00 

2.3 34.23 38.12 45.39 48.15 50.90 

3 31.38 36.69 43.00 46.12 48.01 

5 22.13 29.31 38.64 40.93 42.99 

20 16.98 21.10 29.99 35.19 38.12 

21 5.19 9.18 17.16 25.09 28.37 

23 0 0 9.23 17.91 20.14 

26 0 0 0 9.36 15.77 

30 0 0 0 0 6.01 

48 0 0 0 0 0 
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Figure 3.16: Biodegradation test for silk fibroin biofilms UV-Short wave length. 

             The biodegradation test results for biofilms prepared by UV-Short wave length were 

shown on Table 3.14 and Figure 3.16. The results indicated that, as the crosslinker amount 

increased in the preparation of biofilms the biodegradation rate was decreased. The samples 

which prepared by  lowest amount of crosslinker (SS1, SS2, SS3) completely biodegraded 

within 26 hours, while the samples that were prepared with highest amount of crosslinker 

(SS4, SS5) did not biodegraded in 24 hours. All samples were completely biodegraded within 

48 hours. 
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Table 3.15: Biodegradation Standard deviation for SF biofilms UV-Short wave. 

Samples Total 

Numbers 

 

Mean 

 

Standard 

deviation 

 

Variance(Standar

d deviation) 

Population 

Standard 

deviation 

 

Variance(Populatio

n Standard 

deviation) 

SS1 16 28.59625 22.28408 496.58041 21.57647 465.54414 

SS2 16 31.33438 22.94262 526.36359 22.21409 493.46586 

SS3 16 35.25625 22.49505 506.02742 21.78074 474.40071 

SS4 16 38.67625 21.46725 460.84281 20.78558 432.04014 

SS5 16 40.715 20.31888 412.85676 19.67367 387.05321 

 

 

Figure 3.17: Biodegradation test standard deviation for SF biofilms UV-Short wave. 
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Table 3.16: Biodegradation test ratios for SF biofilms UV-Short wave. 

Time SS1 SS2 SS3 SS4 SS5 

0 100 100 100 100 100 

0.25 91.86 93.89 96.06 98.81 99.23 

0.5 87.55 90.33 93.36 96.81 98.15 

0.75 82.65 87.22 91.36 95.17 96.47 

1 78.49 83.08 88.22 93.06 93.52 

1.5 73.36 79.96 85.04 92.02 92.93 

2 64.28 72.72 80.74 87.65 88.33 

2.3 56.93 63.08 75.68 80.66 84.83 

3 52.19 60.71 71.70 77.26 80.01 

5 36.80 48.50 64.42 86.57 71.65 

20 28.24 34.91 50.00 58.95 63.53 

21 8.63 15.19 28.61 42.03 47.28 

23 0 0 15.39 30.00 33.56 

26 0 0 0 15.68 26.28 

30 0 0 0 0 10.01 

48 0 0 0 0 0 
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Figure 3.18: Biodegradation test ratios for SF biofilms UV-Short wave. 

The degradation test results for biofilms prepared by UV-Short wave length were shown on 

Table 3.16 and figure 3.18. The results indicated that, as the crosslinker amount increased in 

the preparation of biofilms the biodegradation rate was decreased. 
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3.2.2 Biodegradation test for biofilms UV-Long wave with protease enzyme  

Table 3.17: Biodegradation test values for SF biofilms UV-Long wave. 

Time (Hours) SL1 SL2 SL3 SL4 SL5 

0 61.5 61.9 61.7 61.6 61 

0.25 55.6 56.1 58.2 58.4 59.1 

0.5 50.92 53.23 55.9 56.8 57.9 

0.75 43.41 45.84 48.11 51.45 53.64 

1 36 39.12 42.9 47.31 50.12 

1.5 29.59 35.87 37.00 43.85 48.59 

2 25.89 30.10 31.85 38.43 45.00 

2.5 16.36 22.44 25.05 30.35 38.69 

4 9.32 11.01 14.33 21.00 30.98 

24 00.00 00 0 10.4 18.90 

27 0 0 0 0 10.18 

48 0 0 0 0 0 

 

 

Figure 3.19: Biodegradation test values for SF biofilms UV-Long wave length. 

The biodegradation test results for biofilms prepared by UV-Long wave length were shown 

on Table 3.17 and Figure 3.19. The results indicated that, as the crosslinker amount increased 
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in the preparation of biofilms the biodegradation rate was decreased. The samples which 

prepared by  lowest amount of crosslinker (SL1, SL2, SL3) completely biodegraded within 

24 hours, while the samples that were prepared with highest amount of crosslinker (SL4, S5) 

did not biodegraded in 24 hours. All samples were completely biodegraded within 48 hours. 

Table 3.18: Biodegradation Standard deviation for SF biofilms UV-Long wave length. 

Samples Total 

Numbers 

 

Mean 

 

Standard 

deviation 

 

Variance(Standar

d deviation) 

Population 

Standard 

deviation 

 

Variance(Pop

ulation 

Standard 

deviation) 

SL1 12 27.3825 22.46136 504.51282 21.50512 462.47009 

SL2 12 29.63417 22.80982 520.28795 21.83874 476.93062 

SL3 12 31.25333 23.29445 542.63144 22.30274 497.41216 

SL4 12 34.96583 22.39187 501.39586 21.43858 459.61287 

SL5 12 39.52667 20.26019 410.47546 19.39766 376.26917 

 

 

Figure 3.20: Biodegradation Standard deviations for SF biofilms UV-Long wave. 
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Table 3.19: Biodegradation test ratios for SF biofilms UV-Long wave. 

Time SL1 SL2 SL3 SL4 SL5 

0 100 100 100 100 100 

0.25 90.43 90.09 94.32 94.80 96.88 

0.5 82.79 85.99 90.59 92.20 94.93 

0.75 70.58 74.05 77.97 83.52 87.93 

1 58.53 63.19 69.52 76.80 82.16 

1.5 48.11 57.94 59.98 71.18 79.65 

2 42.09 48.62 51.62 62.38 73.77 

2.5 26.60 36.25 40.59 49.26 63.42 

4 15.15 17.78 23.22 34.09 50.78 

24 0 0 0 16.88 30.98 

27 0 0 0 0 16.55 

48 0 0 0 0 0 

 

Figure 3.21: Biodegradation test ratios for SF biofilms UV-Long wave length. 

             The biodegradation ratio values were determined by using equation (2) in section 2. 

The results were shown in Table 3.19 and Figure 3.21 indicated that after half an hour from 
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the initial time, the biodegradation rate was increased for all samples without considering the 

crosslinker effect. After 24 hours, SL1(without crosslinker), SL2 and SL3 which have small 

amount of  crosslinker were biodegraded completely while SL5 which had highest amount of 

crosslinker still keep about 30.98% from its own weight as shown in Table 3.19. In 48 hours, 

SL4 was also biodegraded, while SL5 still keep about 16.55% from its own weight. After 55 

hours from the beginning the SL5 was also biodegraded completely. These results indicated 

that, the biodegradation rate can be easily controlled by the amount of crosslinker added to 

the reaction mixture. As the amount of crosslinker increases, it enhanced the formation of 

crosslinking sites and also β-sheet formation triggered. Structural control of the silk protein 

was also gained through physical crosslinks (β-sheets), resulting in roboust and stable thin 

material coating (Jiang et al, 2007).   

3.3Scanning electron microscope (SEM) analyses  

 

Figure 3.22: SEM analyses for SF biofilms without crosslinker. 
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Figure 3.23: SEM analyses for SF biofilms with 25µl crosslinker. 

 

Figure 3.24 SEM analyses for SF biofilms with 50µl of crosslinker. 
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Figure 3.25: SEM analyses for SF biofilms with 125µl of crosslinker. 

 

Figure 3.26: SEM analyses for SF biofilms with 150µl of crosslinker. 

The SEM analyses showed that, the morphology of the silk fibroin biofilms have been 

changed as the amount of crosslinker (C7H10N2O2) varied within the preparation ratio. 

Different morphologies of the biofilms are attributed to the different modes of crosslinking, 
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and β-sheet formation. The highly crosslinked regions are separated from each other by well-

defined thick fibroin network due to the highest amount of crosslinker during the preparation. 

Fig. 3.26 with 150 µl of crosslinker content showing SEM images of the thick fibroin biofilm 

formed at 254 nm wave length.  

        The SEM micrographs for silk fibroin biofilms also showed the crosslinker effects on 

the surface smoothness. The SEM micrographs for silk fibroin biofilms which prepared under 

UV –Short wave 254nm and UV-Long wave 365 nm indicate that the silk fibroin biofilms 

useful in cell culturing due to the porous structure and enable to cells proliferation and 

growth on the biofilm. 

3.4 X-Ray Diffraction (XRD) Analyses 

Table 3.20: X-Ray diffraction analyses of silk fibroin and silk fibroin biofilms prepared by 

UV-Short wave at 254nm. 

samples Strongest 

peak no. 

2 theta 

(deg) 

d(A) I/II FWHM 

(deg) 

Intensity 

(counts) 

Integrated 

Int.(counts) 

SFX(silk 

fibroin 

biofilms) 

16 20.4200 4.345 100 0 111 0 

15 19.4800 4.553 86 0 95 0 

14 21.1800 4.191 86 0 95 0 

Raw silk 

fibroin  

6 11.620 7.609 100 2.240 37 3290 

11 20.560 4.316 76 2.100 28 2493 

5 10.46 8.4505 68 1.200 25 1099 

SFS(silk 

fibroin 

scaffolds) 

7 12.580 7.030 100 1.1600 17 1577 

15 20.500 4.328 100 1.400 17 1133 

4 4.120 9.688 94 1.040 16 1003 

 

 

The X-Ray diffraction test results were summarized in Table 3.20. In the crosslinked samples 

weaker crystalline appeared at 12.58, 20.50, and 9.120. The raw silk fibroin samples gives 

three characteristic crystallinity peaks at 2 theta = 20.42, 19.48 and 21.180. The crystalline 

structure was affected as the amount of crosslinker increased in silk fibroin/ crosslinker ratio. 
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Figure 3.27: Comparison of (Data: S1) raw SF XDR pattern. (Data: S2) XDR pattern of SF 

scaffold prepared by freeze drying technique at 80C. (Data: S3) SF biofilms which prepared 

by UV induced photo polymerization technique under homogeneous conditions. 

        The XDR analysis for silk fibroin biofilms showed that the degree of crystallinity and 

the crystalline structure were affected by structural formation processes such as cross linker, 

the crosslinker help to formation ordered structure of silk fibroin biofilms. 

3.5 In-vitro Coagulation Time Test Analyses 

     In this study, for the first time to our knowledge we analyzed the effect of crosslinker 

C7H10N2O2 on SF biofilms prepared by UV-irradiation under homogenous condition for 

determining plasma coagulation. Data were detected by measuring the activated partial 

thromboplastin time (APTT), prothrombin time (PTT), and INR by STA Compact 

Hemostasis System equipment, Stago, US. The results of in-vitro coagulation time tests were 

shown on the Table 3.21. 

 

 

 

 

Observed strongest peaks. Less 

crystalline structure observed. 

No strong peak observed. 

Amorphous structure  

Observed strongest peaks. Highly 

crystaline structure.  
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Table 3.21: The results of in-vitro coagulation time tests. 

Sample ActPT% PTT INR APTT 

Healthy 

Blood 

114 0.93 12.7 25.9 

SF Biofilm 113 0.93 12.9 26.1 

Crosslinked SF 

Biofilm 

110 1.01 13.4 26.3 

 

The in-vitro coagulation time tests have been applied and results showed that the 

Prothrombin Time (PTT), APPT of the crosslinked SF biofilms prepared by casting method 

were higher than SF biofilms. This indicated that crosslinking ratio had an effect on the blood 

clotting period of time. As the β-sheet formation enhanced by adding crosslinker in the 

reaction mixture, the PTT and APPT were increased and improve the blood compatibility 

property of the biofilm. The biofilm exhibit high blood compatibility property making them 

good candidates as biomedical material for blood contacting devices. 

3.6 In-vitro Platelet Adhesion Analyses with Peripheric Seaming Method 

 

Figure 3.30: The electron microscope micrograph of SF crosslinked biofilm. 

            The in vitro peripheric seaming method was applied to analyzed platelet adhesion 

property of the prepared biofilms. The electron microscope micrograph of SF/ N, N’ 
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methylene diacrylamide biofilms demonstrated that no platelet adhere on the surface of the 

biomaterial, as shown on Figure 3.30. The results indicated that the crosslinked SF biofilms 

could be considered as ideal candidates for biomedical applications. 

               Different forms of silk fibroin biofilms were prepared by UV induced 

photopolymerization technique under homogeneous conditions at short wave length 254 nm 

and long wave length 365 nm. The effects of crosslinker concentration, pH, and UV wave 

length were indicated on the physiochemical properties of the silk fibroin biofilms. Methanol 

treatment fixed the silk fibroin biofilms secondary structure. Due to the silk fibroin biofilms 

properties such as biocompatibility, biodegradability, and swelling gives the preference for 

silk fibroin biofilms to use it in the biomedical applications. 
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CHAPTER 4 CONCLUSIONS 

               Different forms of silk fibroin biofilms were prepared by UV induced photo 

polymerization technique under homogeneous conditions at short wave length 254 nm and 

long wave length 365 nm. The effects of crosslinker concentration, UV-wave length and 

different pH values were examined and their effects on the physiochemical properties of the 

silk fibroin biofilms have been shown. These films were characterized by SEM and XRD 

analysis and because of the formation of microstructure with crystalline β-sheets they 

improve their resistivity towards biodegradation and swelling properties can be controllable 

by the amount of crosslinker added to the reaction mixture.   N, N’ methyelene diacrylamide 

triggers the conformational transition of fibroin from random coil to β-sheet structure and 

hence fibroin film formation. One of the unique features is the blood compatibility property 

that allows to resists blood clotting and platelet adhesion.  

             These regenerated SF / N, N’ methylene diacrylamide biofilms with their potential 

biocompatibility and physicochemical properties should provide value to a number of 

biomedical devices in the future. 
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