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ABSTRACT: The method of proton-induced X-ray emission (PIXE) was first utilized to
analyze the elements in silk. Different kinds of silk from home and the wild were
examined. The results show that every silk, besides C, H, O, and N, contains many
types of elements such as Si, P, S, Ca, Mn, Fe, Cu, Zn, and Sr and different samples
have different relative contents. q 1997 John Wiley & Sons, Inc. J Appl Polym Sci 66: 405–
408, 1997

NMR,6 SEM,6 ESR,6,10 X-rays,8,9,11 TEM,7 Ramam,12INTRODUCTION
and STM13 have been used to investigate the silk fi-
broin structures. However, it has not been reportedSilk has been one of natural macromolecules used for
what elements besides carbon, hydrogen, oxygen, andsome centuries. Bombyx mori silk consists of two types
nitrogen compose silk and how these elements influenceof proteins: fibroin and sericin. Fibroin is the protein
its properties, the mechanism of its forming fiber, andthat forms the filaments of silkworm silk and gives silk
the physiology of the Bombyx mori larvae. It is difficultits unique physical and chemical properties. Sericins
to explore these questions with general methods.are a group of gummy proteins that coat the fibroin

Particle-induced X-ray emission (PIXE) has beenfilaments. Silk has good strength, elasticity, softness,
applied in a variety of research fields including biologyluster, absorbency, and affinity for dyes and is biocom-
and medicine since the pioneering experiment of Jo-patible. Silk fibroin can be used in various forms, such
hansson and colleagues.14 PIXE can provide adequateas gels, powders, fibers, or membranes and can applied
and high sensitivity (0.1–1 ppm) for most elements,to biotechnology and in medicines, and textiles, etc.
good precision (2–10%), simultaneous multielementRecently, silk fibroin membranes were used for the sep-
analysis, and trace analysis.14–20 In this communica-aration of amino acids1 and in water–ethanol separa-
tion, we first report the results of a PIXE analysis oftion.2 We utilized silk fibroin as an immobilization ma-
silk. The detail results will be described in later re-trix for enzymes and constructed several second-gener-
search article.ation amperometric biosensors.3–5

To understand the relationship between its struc-
ture and properties, many methods such as FTIR,6–9 ,
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q 1997 John Wiley & Sons, Inc. CCC 0021-8995/97/020405-04 where.3–5 The gummed silk including fibroin and seri-
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Figure 1 PIXE spectrum of regenerated silk fibroin.

cins was from a Bombyx mori cocoon. The wild gummed HNO3 solution containing an appropriate amount of
yttrium which was previously doped as an internalsilk was from the cocoon of wild larvae. These samples

were rinsed several times with ion-free water and dried standard. Finally, the thin target was made by pi-
petting 10 mL of the resulting solution onto the targetin an oven under the temperature 807C for 4–5 h, then

put into the desiccator overnight and carefully weighed. backing treated previously. After being dried at room
temperature in a clean vessel, the target was ready forThe weighed samples were then placed in a quartz vial

and inserted into a low-temperature oxygen plasma PIXE analysis.
oven for ashing. The temperature reached was at most
1207C, and the total time for reduction to ash was 8 h.
The recovery efficiency for all elements of interest was

Measurementsmore than 90% as checked by an atomic absorption
spectroscopy method. To improve the sensitivity, sam-
ples were preconcentrated using a dry-ashing proce- The PIXE apparatus and experimental methods were

described in detail in our previous articles.21,22 A protondure. The residue was then dissolved in a 4 mol/dm3

Table I Element Contents of Samples

Element Content (ppm)

Element Regenerated Gummed Gummed Gummed
Symbol Silk Fibroin Home Silk Wild Silk-1 Wild Silk-2

Si 93 320 160 203
P 419 449 456 786
S 1498 1282 968 934
Ca 3804 1990 5342 5083
Mn 6 3 177 6
Fe 107 17 23 28
Cu 17 1 5 2
Sr 14 3 11 10
Zn 228 11 30 11
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beam of 2.5 MeV was produced from an NEC 9SDH-2 silk is mainly caused by the fibroin becoming yellow.
Because the color of wild silk is much yellower thanPelletron tandem accelerator, which was installed in

the Nuclear Science Department of Fudan University. that of the home silk, the content of the element copper
in the wild silk is much higher than that in the homeA target chamber made of Lucite was used for a

vacuum PIXE analysis. The X-rays were detected by a silk.
In home silk, the contents of the elements Mn, Fe,28 mm2 1 5.2 mm ORTEC Si (Li) detector with a 165

eV resolution at 5.9 keV. The detector was placed at Sr, and Zn in the fibroin are much higher than those
in the gummed silk, indicating that sericin contains907C to the incident beam to obtain a larger solid angle.

A sheet of 1.2 mg/cm2 Kapton foil was utilized as a much less of these elements than does the fibroin. Espe-
cially, the content of the metal elements Fe and Zn inchamber window for outgoing X-rays. A funnel absorber

made of 640 mm Mylar foil with a small hole of 0.4 mm the fibroin is so much higher. However, the content of
the element Si in the fibroin is much lower than in thein diameter at the center was placed in front of the

detector to attenuate the intense flux of light elements gummed silk. In other words, the sericin contains much
more silicon than does the fibroin. It has not been un-X-ray.

The complex PIXE spectra were analyzed with a derstood that how these elements influence the proper-
ties of the silk. Other work is in study and the otherFORTRAN program AXIL,23 which is based on a nu-

merical correction method for an accurate peak-shape results will be reported in a later article.
description and is incorporated into a nonlinear itera-
tive least-squares fitting procedure. This program gives This work was supported by the National Key Basic
the net area of peak overlap for each element after Topics of China and the National Science Foundation
subtracting the bremsstrahlung background counts. of China.
The net areas of the peak, the relative sensitivity factor
of the detection system, and an internal standard are
used to calculate the elemental concentrations.
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