
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by:
On: 24 January 2011
Access details: Access Details: Free Access
Publisher Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Journal of Macromolecular Science, Part A
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713597274

Aspects of the Morphology of the Silk of Bombyx Mori
S. Putthanarata; R. K. Ebya; W. W. Adamsb; G. F. Liuc

a Department and Institute of Polymer Science, The University of Akron, Akron, Ohio, USA b Wright
Laboratory, Materials Directorate Wright-Patterson Air Force Base, Ohio, USA c Zhejiang Institute of
Silk Textiles, Hangzhou, People's Republic of China

To cite this Article Putthanarat, S. , Eby, R. K. , Adams, W. W. and Liu, G. F.(1996) 'Aspects of the Morphology of the Silk
of Bombyx Mori', Journal of Macromolecular Science, Part A, 33: 7, 899 — 911
To link to this Article: DOI: 10.1080/10601329608014640
URL: http://dx.doi.org/10.1080/10601329608014640

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.

http://www.informaworld.com/smpp/title~content=t713597274
http://dx.doi.org/10.1080/10601329608014640
http://www.informaworld.com/terms-and-conditions-of-access.pdf


J.M.S.-PURE APPL. CHEM., A33(7), pp. 899-91 1 (1996) 

ASPECTS OF THE MORPHOLOGY OF 
THE SILK OF BUMBYXMURI 

S .  PUTTHANARAT and R. K. EBY* 

Department and Institute of Polymer Science 
The University of Akron 
Akron, Ohio 44325-3909, USA 

W. W. ADAMS 

Wright Laboratory, Materials Directorate 
Wright-Patterson Air Force Base, Ohio 45433-7702, USA 

G. F. LIU 

Zhejiang Institute of Silk Textiles 
Hangzhou, People’s Republic of China 

ABSTRACT 

Atomic force microscopy was used to examine the exterior surface 
of as-spun cocoon silk, raw silk, and degummed silk as well as the 
interior surface of peeled degummed silk of Bombyx mori. The images 
yielded a broad variety of features with a wide range of dimensions. 
They are qualitatively similar to those of the dragline silk of Nephila 
clavipes. Examination of the surface roughness, the surface profiles, and 
the Fourier transforms of the profiles showed the surface of the de- 
gummed silk to be quantitatively similar to the silk of N. clavipes. The 
average roughness is 4 nm. The average dimensions of the features are 
approximately 100 to 150 (>2000 in peeled samples) nm axially and 50 
to 300 nm laterally. They appear to emerge from and to enter the surface, 
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to vary in width, and to  twist about one another in an irregular manner. 
In the peeled degummed silk they extend more regularly for long dis- 
tances in approximately the axial direction. In some cases they appear to 
be oriented at different small angles with respect to the fiber axis in 
different layers. Taken together with other data, they suggest the pres- 
ence of large fibrillar structures. The same suggestion also applies to 
similar structures in N. clavipes. 

INTRODUCTION 

We are investigating the structuraVmorphologica1 bases of the properties of 
the dragline silk of Nephila clavipes [l-41. Such an investigation is facilitated by 
related examinations of other silks including that of Bombyx mori which has been 
used for more than 5000 years [ 5 ] .  There have been studies made by optical micros- 
copy of spider silks [6-101 as well as by atomic force microscopy (AFM), scanning 
electron microscopy (SEM), and transmission electron microscopy (TEM) [ 1, 3 ,  
10-141. There also have been some microscopic investigations of shadowed or 
stained samples of the silk of B. mori obtained by digestion and/or mechanical 
fragmentation [15-181 of the fibers. Both types of fibers also have been examined 
by x-ray diffraction over many years [2, 4, 16, 18-22]. There has been little detailed, 
higher-resolution examination of the exterior surface of the silk of B. mori. In this 
note we report the initial results of our investigation of the exterior and interior 
surface morphology of B. mori using AFM. 

EXPERIMENTAL METHODS AND MATERIALS 

Samples of cocoon silk of B. mori were pulled from the outer surface of dry 
cocoons. Others were obtained from “raw” silk which had been reeled from cocoons 
held in water at about 45 OC after first having been placed in boiling water for a few 
minutes. A third set was taken from degummed silk which had been obtained by 
“degumming” raw silk to remove the sericin (a term first used in 1865 [23]). This 
was done by washing the fibers for 30 minutes in a 1 wt% solution of marseille soap 
in water at about 96OC and then rinsing. The process was repeated several times 
with fresh solutions at successively lower temperatures. A few samples were pre- 
pared from degummed silk by peeling to  expose areas below the surface. They were 
mounted on a glass holder with a 3% solution of collodion in amyl acetate and cut 
part way (ideally) through. The cut segment was then pulled away from the uncut 
part. (This was not always successful.) Both “halves” were examined. All materials 
were stored in vacuum at ambient temperature and away from ultraviolet light. 

An optical lever type AFM, TopoMetrix 2000, was used in the repulsive mode 
at ambient conditions. It was mounted on a heavy stone plate hung from bungee 
cords in order to  reduce unwanted motions of the tip relative to the sample. The 
samples were mounted on a holder with wax and examined without surface modifi- 
cation. Images were obtained with a constant force of approximately N which 
was maintained by the appropriate vertical displacements of the scanner. A 7- 
micron scanner was used for the 1- and 2-micron images. A l-micron scanner was 
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used for the 0.5-micron images. Two types of silicon nitride tips were used. One 
had a pyramidal geometry with an aspect ratio of one-to-one and a tip radius of 
approximately 50 nm. The radius of the other tip was approximately 10 nm, but it 
had an extended geometry with an aspect ratio of 10-to-1. A line scanning frequency 
of 2 to 3 Hz was used. Unless noted otherwise, the images taken to  be shown contain 
200 by 200 data points and have the right-hand edge approximately parallel with the 
fiber axis. 

RESULTS 

Figure 1 is a typical image of the cocoon silk. There is a considerable amount 
of undulation of the sericin in both the axial and lateral directions. While there is 
some evidence of “extrusion” lines in the axial direction, they are not very pro- 
nounced. The curved surface is typical. An atypical image in Fig. 2 has a less 
curved and more irregular surface. It exhibits more defined “extrusion” lines. The 
somewhat periodic and larger axial and lateral surface undulations are also more 
clearly defined. Portions of other images of the cocoon silk exhibit features that 
appear to be the result of the sericin-coated fibers having been either pushed or 
rubbed against other fibers during the making of the cocoon. These also are not so 
typical. 

Surfaces similar to the latter type were found more often in the fibers of raw 
silk. A typical image is shown in Fig. 3. It is relatively flat but exhibits some 
irregularity in the lateral direction and lines with less interruption in the axial direc- 
tion. These surfaces may be the result of the interaction between fibers from the 
interior of the reeled cocoon. They also might be enhanced by the sericin-coated 
fibers having been immersed in heated water. Features somewhat similar to  others 

FIG. 1. A typical AFM constant force image of the surface of cocoon silk. Note the 
undulations in the lateral and axial directions. 
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902 PUTTHANARAT ET AL. 

FIG. 2. An atypical AFM constant force image of the surface of cocoon silk. Note 
the “extrusion” lines and the more prominent, somewhat periodic and larger undulations. 

FIG. 3. A typical AFM constant force image (300 by 300 data points) of the surface 
of raw silk. Note the relatively “smooth” nature in the axial direction. 
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FIG. 4. AFM constant force image of the surface of raw silk. The features are 
somewhat similar to those found on exterior cocoon silk. 

found on the exterior cocoon silk were also observed (Fig. 4). In general, fewer 
curved surfaces were found. 

The surface of the degummed silk is more consistently uniform in texture. It is 
also qualitatively similar t o  that of the dragline silk of N. cluvipes [ 11. The curvature 
in Fig. 5 is typical, but other flatter and more irregular surfaces were observed also. 

FIG. 5 .  A typical AFM constant force image (300 by 300 data points) of the surface 
of degummed silk. The features are qualitatively similar to those found on the dragline silk 
of N. clavipes. 
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The features running parallel to the fiber axis are also typical. Perspective views of 
these are shown at higher magnification in Figs. 6 and 7. A top view at higher 
magnification is shown in Fig. 8. The last three exhibit similar elongated features 
that appear to emerge from and to  enter the surface at somewhat irregularly located 
different places on the image. In some areas they vary in width and appear to twist 
irregularly about one another. Figure 7 is rather similar to the image of the surface 
of dragline silk of N. clavipes given in Fig. 7 of Ref. 1. In general, the features in 
Figs. 5-8 bear some resemblance to  those in some of the images of the dragline silk 
of N. clavipes [ l ,  111. 

The surface of the peeled silk was quite variable. Figure 9, which is rather flat, 
exhibits features with a quite large lateral extent and flattened surfaces which extend 
the full length of the image in the axial direction. The flatness might be the result of 
peeling. Images akin to  this were not seen on the exterior surface of the degummed 
silk. Another image of a type not seen on the exterior surface is shown in Fig. 10. It 
is flat and exhibits fibril-like features of about 100 to 400 nm in lateral extent. These 
too extend the full 2000 nm length of the image in the axial direction. The small 
features which cross some of the fibrils in a “helical” manner are about 60 nm wide 
and 3 nm high. Figure 11 also shows fibril-like features extending the full 2000 nm 
length of the image in the axial direction. They are about 100 to 200 nm in the 
lateral direction. It also shows fibrils on a lower level (A) and at about 30° to those 
on the upper. Some of these can be “traced” from one side to the other of the 
approximately axial fiber at the left. They appear to  have some influence on the 
surface shape of the upper fiber. Possibly this image represents a layer near the 
exterior surface with only a few fibrils removed. Many images akin to Figs. 9-11 
were seen as well as others that were relatively featureless. 

Since the surface contour information is digitized, it is possible to perform 
various types of image analysis. The mean value of the absolute vertical displace- 

FIG. 6 .  AFM constant force image (300 by 300 data points) of the surface of de- 
gummed silk. Note the apparent twisting of the elongated features. 
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FIG. 7.  AFM constant force image (300 by 300 data points) of the surface of de- 
gummed silk. Note the irregular nature of the elongated features that are parallel to  the fiber 
axis. This image is similar to  the image of N. clavipes given in Fig. 7 of Ref. 1. 

FIG. 8. A top view AFM constant force image of the surface of degummed silk. Note 
the variations in width of the elongated features and their apparent entering and leaving the 
surface. 
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FIG. 9. A typical AFM constant force image of a peeled surface. Note the very wide, 
flat features extending the full axial length. 

FIG. 10. A typical AFM constant force image of a peeled surface. Note the wide 
range of lateral widths of the fibril-like features extending the full axial length. 
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MORPHOLOGY AND THE SILK OF BOMBYX MORl 907 

FIG. 11. A typical constant force image of the peeled surface. Note the fibrils (A) 
which are a t  about 30° to  the upper layer of fibrils and which run under the single axial fiber 
on the left. 

ment of the surface from the mean height of the surface over the area of an image 
was calculated for a large number of surfaces as a measure of the roughness. (Note 
that the average difference between measurements made with the two tips described 
above was less than the standard deviations of the measurements and, therefore, the 
results were averaged together.) This number is affected by both the curvature and 
the large-scale irregularities described above as well as the morphological features 
of interest. Therefore, the surface was “flattened” by fitting a second-order function 
to the surface contour and subtracting the function from it. The procedure does not 
perfectly remove the unwanted effects. The apparent roughness was, therefore, 
extrapolated as a function of scanned area to zero scanned area. This yielded aver- 
age roughnesses of 4 nm for the cocoon silk, raw silk, and degummed silk. (The peeled 
silk was not analyzed since the surface reflects the effects of peeling as well as 
the inherent morphology.) A standard deviation of * l  nm for each reflects the 
considerable variability of the roughness even on the same fiber. Examples can be 
seen in the images given above. Further, the nature of the surface of the raw 
silk (discussed above) limited the number of samples which could be measured. 
Nevertheless, the three values of roughness are effectively the same. It is not clear 
whether this equivalence results from different morphological entities in the fibroin 
and sericin coincidentally having the same dimension or from another origin. An 
equally plausible explanation is that the relatively thin layer of sericin is simply 
replicating the underlying features of the fibroin. However, the idea should be 
considered in light of the fact that degumming can cause an increase in the lateral 
dimensions of the crystals [24]. This could have an effect on the comparison of 
roughness. Finally, it can be noted that the roughnesses above are of the same order 
as that for the outer surface of the dragline silk of N. clavipes, 9 f 6 nm [ 11. 

The surfaces also can be characterized with respect to the axial and lateral 
extent of the features described above. Simple direct measurements of the images 
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TABLE 1 .  Average Dimensions of Surface Featuresa 

Simple measurements Fast Fourier transform 

Silk Axial, nm Lateral, nm Axial, nm Lateral, nm 

B. mori: 
Cocoon 169 * 17 501 f 137 240 f 21 573 f 97 
Raw - 330 f 71 - 518 f 100 
Degummed (lower 

magnification) 119 f 16 168 f 21 148 f 7 284 f 71 
Degummed (higher 

magnification) 91 f 14 66 f 1 1  - - 
N .  clavipes [ 11 98 f 13 113 f 21 342 f 40 220 f 24 

~~ 

aThere is a broad range of features ranging down to tens of nm in size. 

yielded the average results and standard deviations shown in columns two and three 
of rows one to three in Table 1 .  Fast Fourier transforms also can be used to  
characterize the surface dimensions. One-dimensional transforms were made per- 
pendicular and parallel to  the axial direction. The power spectra of these exhibited 
a continuous distribution with a peak at longer wavelengths and a tail extending to  
quite short ones. The minimum number of the highest components required to  
reproduce the prominent features of the original image in the inverse transform 
ranged from four to six. The weighted average and standard deviation of these are 
given in columns four and five of rows one to three of Table 1. Again, the nature of 
the raw silk limited the possibility of making both types of meaurements, and the 
standard deviations of all the data reflect the wide range of dimensions of surface 
features present. There is an apparent tendency for the cocoon and raw silk to 
exhibit larger features than the degummed silk. In any event, all are of the same 
order, and for the degummed fibers are similar to the corresponding ones for the 
outer surface of the dragline silk of N. clavipes [ 11 which are given in the last row 
of Table 1 .  Finally, it should be noted that the overall axial lengths of the features 
on the degummed silk are greater than the numbers in columns two and four. The 
emergence, reentry, twisting, and variation in width of the features tend to limit the 
measured length. 

In the lower magnification images analyzed just above, the larger features 
could be measured readily. However, the finer ones, which are observed especially 
on the surface of the degummed silk of B. mori, could not be measured satisfacto- 
rily. In the higher magnification images such as Figs. 7 and 8, the situation was 
reversed and the simple direct measurements could be made on the finer features. 
These yielded the numbers in the fourth row of data in Table 1 .  As expected, the 
finer features are smaller in lateral extent. Again, the overall axial lengths of the 
features are greater than the number in column two. 

DISCUSSION 

In addition to  the similarities noted above, dimensions in the same range 
have been reported by other workers using a variety of techniques. Thus, AFM, 
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small-angle x-ray scattering (SAXS), TEM, and SEM have been used to investigate 
the degummed silk of B. mori [15-18, 251 and the dragline silk of N. clavipes [ l ,  
11, 14, 251. For both fibers the results from all the techniques taken together 
indicate elongated features of average lateral extent 50 to >250 nm and average 
axial extent of 100 to >2000 nm (somewhat shorter laterally and longer axially in 
the case of most of the electron microscopic observations which examined the inte- 
rior of the fiber). Thus, it seems certain that there are fairly large structures sugges- 
tive of fibrils present in these silks. (The features observed are somewhat similar to 
fibrils observed in both flexible and “rigid rod” synthetic polymers [26, 271.) Fur- 
ther, many details have been observed. However, the finer scale features such as the 
reported pleating, twisting, variation in width, the apparent emerging from and 
entering the surface, as well as the orientation at different angles to the fiber axis, 
are not completely resolved and reconciled. The twisted/helical structures in Fig. 6 
as well as in some others of the degummed and peeled samples might be related to  
the variety of such structures calculated for &sheets [28-301 and grown from a 
solution of the cp fraction of B. mori silk [ 151. The orientation at different angles to 
the fiber axis bears a resemblance to that observed for spider silks 110, 311. The 
location of the crystals with respect to the structures is not so well established. Nor 
is the crystal size and shape fully known. Finally, the overall arrangement of the 
fibrils within the fibers is subject to some uncertainty. 

CONCLUSION 

The surface morphology of the cocoon, raw, degummed, and peeled de- 
gummed silk of B. mori exhibit a broad range of features with a wide range of 
dimensions. They are qualitatively similar to those of the dragline silk of N. clavi- 
pes. In the case of the degummed silk, the similarity is quantitative. It has an 
average surface roughness of 4 nm. It exhibits features that are approximately 100 
to 150 nm ( > 2000 nm in peeled samples) in average axial extent and 50 to 300 nm 
in average lateral extent. They appear to emerge from and enter the surface, to  vary 
in width, to twist about one another in an irregular manner, and to  be oriented at 
different small angles to  the fiber axis. Taken together with SAXS, SEM, TEM, and 
other AFM results, they suggest the presence of large structures akin to  fibrils. The 
same types of data also suggest the presence of such structures in the dragline silk of 
N. clavipes. Questions remain on many aspects of such fibrils and the crystals. 
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