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ABSTRACT: It was recently discovered that transparent micro-spheres and cylinders can function as super-resolution 
lens (i.e superlens) to focus light beyond the diffraction limit. A number of high-resolution applications based on these 
lenses have been successfully demonstrated and span nanoscopy, imaging and spectroscopy. Fabrication of these 
superlenses, however, are often complex and require sophisticated engineering processes.  Clearly an easier model candi-
date, such as a naturally occurring superlens, is highly desirable. Here, we report for the first time a biological superlens 
provided by Nature: the Minor Ampullate spider silk spun from the Nephila  spider. This natural bio-superlens can dis-
tinctly resolve 100 nm features under a conventional white-light microscope with peak wavelength at 600 nm, attaining a 
resolution of λ/6 that is well beyond the classical limit. Thus our work opens a new door to develop biology-based optical 
systems that may provide a new solution to integrating optics in biological systems. 
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In 1873, the German physicist Ernst Abbe established 
the resolution limit of optical microscopes: The minimum 
distance, s, between two structural elements to be imaged 
as two objects instead of one is given by s = λ/(2NA), 
where λ is the wavelength of light and NA is the numeri-
cal aperture of the objective lens.1 The physical origin for 
this limited resolution is related to optical diffraction and 
the loss of evanescent waves in the far field that carry 
high-spatial frequency subwavelength information of an 
object and decay exponentially with distance.  

Since the late 1990s, research on super-resolution opti-
cal microscopy grew rapidly, owing to the emergence of 
meta-materials, nanophotonics, and plasmonics. Well-
known examples include the Nobel Prize winning super-
resolution fluorescence microscopy techniques,2-4 the 
Pendry-Veselago superlens,5, 6 and the Super-oscillatory 
lens7. These techniques are based on narrowband-lasers 
and will not operate under broadband white-light sources. 
Recently, it was discovered that small microspheres and 
cylinders can focus incident light beyond optical diffrac-
tion limit, a phenomenon known as ‘photonic nanojet’.8, 9 
Based on this effect, we pioneered the microsphere 
nanoscopy technique which uses superlensing micro-
spheres as imaging lens and a resolution of 50 nm was 
demonstrated for plasmonic samples under white light 
illumination.10-12 For non-plasmonic samples, a typical 
resolution of 100 nm can be achieved.12 This technique is 
label-free and has been verified and advanced since by a 
number of groups across the world, including for example 
the confocal microsphere nanoscopy,12, 13 solid immersion 
microsphere nanoscopy,14, 15  microfiber nanoscopy16 and 

new designs of microsphere superlens.17-19  For an overall 
view of latest development on the technique see a recent 
review 12.  

Superlensing microsphere and microfibers can be man-
ufactured via engineering processes including chemical 
synthesis and photolithography. These processes, howev-
er, are complex and inaccessible for non-professionals. 
Now bio-mining (searching Nature for suitable materials 
and models) led us to look for a naturally occurring 
superlens in spider silks, which are transparent in nature 
and have micron-scale cylinder structure. Our study 
demonstrates that Minor Ampullate spider silk spun by 
the Nephila edulis spider is an outstanding candidate.  
That silk can clearly resolve 100 nm features under a con-
ventional white-light microscope, attaining a resolution 
of λ/6, which goes well beyond the diffraction limit of 
λ/2NA.  

The concept of a natural bio-superlens is thus feasible 
and worthy further exploration. Here we provide our ex-
perimental setup followed by our imaging results and a 
discussion that is further supported by light scattering 
calculations.  

Figure 1 shows the spider, its silk and the corresponding 
imaging experimental setup. The silk used in our experi-
ments were Minor Ampullate glands filaments reeled di-
rectly from Nephila edulis spiders (Fig. 1a). Controlling 
spinning conditions allowed us to control the dimensions 
and mechanical properties of the threads.20, 21 In this study, 
the spun silk filament had a diameter of 6.8 µm and re-
fractive index of 1.55.22 To facilitate manipulation and pre-
cision positioning of the silk at desired location, the silk 
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was top-encapsulated using a transparent cellulose-based 
tape and directly placed on top of the imaging sample 
surface. Isopropyl alcohol (IPA, refractive index 1.377) was 
then injected to fill the gap of silk and sample surface (Fig. 
1b), as to improve the sample-silk contact and imaging 
constant. The sample systems were examined in reflection 
mode under a white light microscope equipped with a 
halogen lamp with peak wavelength at 600 nm (Olympus 
BX60). Two imaging samples were used: a semiconductor 
chip with features about 400-500 nm (above diffraction 
limit), and a commercial Blu-ray disk with 100/200nm 
features (below diffraction limit). The focusing property 
of spider silk was accurately simulated using CST Studio 
software, which is a full wave numerical solver of Maxwell 
equations based on Finite Integral Technique (FIT).23 

 

Figure 1. (a) Nephila edulis spider in its web. (b) schematic 
drawing of reflection mode silk bio-superlens imaging. The 
spider silk was placed directly on top of the sample surface 
by using a soft tape. The gaps between silk and sample was 
filled with IPA which improves imaging contrast. The silk 
lens collects the underlying near-field object information and 
projects a magnified virtual image into a conventional objec-
tive lens (100x, NA:0.9). 

The silk lens is essentially a microfiber lens. As long as 
the lens is in close contact with imaging object, the near-
field evanescent waves of objects can be picked up by the 
silk and transferred to the far-field objective lens. Such 
near-to-far field conversion leads to optical super-
resolution and only occurs for small sized transparent 
spherical or cylindrical micro-lenses whose optical aberra-
tions are small or negligible.24 Typical diameter of these 
lenses are around 3 to 100 µm, with a best resolution of 50 
nm demonstrated by us in 2011 for 5 – 10 µm micro-
spheres.10 Comparing to the spherical lens, which is an 
isotropic two-dimensional (2D) magnifying device, the 
cylindrical silk lens used in this study is expected to have 
different imaging characteristics - because a cylinder lens 
produces line-shaped focusing rather than the dot-spot 
focusing of a spherical case. Thus the cylindrical lens is 
essentially a 1D magnifying device that only magnifies 
objects along the direction perpendicular to the optical 
axis and hence provides an anisotropic magnifying device.  

This 1D effect is demonstrated in Fig. 2(a-b), in which a 
semiconductor chip sample with line features 400-500 nm 
(Fig. 2a) was imaged with silk lens placed on top (Fig. 2b). 
Here, one can clearly see the silk generates a clear image 

of underlying line objects, but with a twisted angle. This 
twisted angle is the result of anisotropic magnification 
effect of cylindrical lens. Exact twist angle, as shown in 
the labels of Fig. 2(b) is slightly smaller than the twist 
angle of spider silk orientation with respect to the line 
objects, which is resulted by the angular incident beam 
used in the project. In fact, one may easily observe such 
angle-twisting effect at home, using a plastic bottle filled 
with water (as cylindrical lens) and any objects like draw-
ing lines and shapes. The supplementary Material S1 pro-
vides further demonstration of the effect. 

 

Figure 2. A typical imaging example of silk superlens 
nanoscope in reflection mode imaging a surface of an inte-
grated circuit and commercial Blu-ray disk. The 100-µm thick 
transparent protection layer of the Blu-ray disk has been 
removed prior to using the minor ampullate spider silk (di-
ameter of 6.8 µm). Micro dimensional integrated surface 
pattern (a; Optical imaging) is magnified by the spider silk 
(b; Optical Nanoscope image). The sub-diffraction 100 nm 
channels (c; SEM image) are resolved by the spider silk 
superlens (d; Optical Nanoscope image) and correspond to a 
magnification fact of 2.1X. 

After measuring the basic imaging characteristics of 
microfiber lens, we proceeded to test the super-resolution 
imaging performance of the silk. A sub-diffraction Blu-ray 
disk (Fig. 2c) containing 200 nm and 100 nm features was 
used as the imaging objects. As expected, without silk, the 
microscope cannot resolve these features due to the opti-
cal diffraction limit (600/2NA= 333.3 nm, where NA=0.9). 
However, clearly magnified (M~2.1) super-resolution im-
ages could be obtained after carefully adjusting the illu-
mination angle of the lighting; best images were obtained 
at roughly an angle of 20-40 degree measured from the 
vertical axis. This angular illumination effect can be ob-
served in Fig. 2(d) image, on silk’s left side a bright strip 
exists (Zone A) while on right side a dark strip appears 
(Zone C).   Note that only images appearing inside the 
marked viewing windows (Zone B) are ‘true’ images of 
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underlying Blu-ray features, while the line images that 
appear in zone A and C are ‘false’ images.  When a non-
structured sample was used as the imaging specimen, the 
same phenomenon of ‘false’ images in Zone A and C was 
observed.  This supports the hypothesis that ‘false’ images 
are not caused by the surface structures, but by the inter-
ferences between incident light, light scattered by the silk 
and reflection of the scattered light by substrates.25, 26 Ex-
perimentally, the issue of ‘true’ or ‘false’ image can be 
verified by rotating the underlying sample, where the 
‘true’ images will follow the rotation of sample while the 
‘false’ images will not. Artificial images are an issue in 
microsphere/cylinder based super-resolution technology 
and one must pay attention to it in order to avoid wrong 
interpretation of experimental observations. 

We further compared the super-resolution imaging of 
the silk superlens with a microsphere superlens as shown 
in Fig.3. Here, we used a Barium Titanate (BaTiO3) micro-
sphere, with a similar diameter to the spider silk and a 
refractive index of 1.9, which was placed next to the silk 
strand and then encased both spherical and cylindrical 
lenses with a Polydimethylsiloxane (PDMS). BaTiO3 mi-
crospheres have the proven ability to resolve sub-
diffraction patterns when immersed in liquid or PDMS,12, 

14, 15 as shown in Fig.3 where the 200 nm wide channels 
and the 100 nm separation lines are clearly distinguished. 
Because microsphere is an isotropic 2D magnifying lens, 
the image orientation in the central zone of the viewing 
window is perfectly aligned with the object orientations 
and there is no twisting angle effect.  

Similar to Fig. 2d, the spider silk in figure 3 can also 
clearly resolve the 100/200nm patterns while under the 
reflection mode.  But the spider silk projects the pattern 
at an angled image, i.e with the twisting effect as dis-
cussed above. The focal lens plane of the spider silk dif-
fers slightly from that of the microspheres, which explains 
why the microsphere images are slightly out of focus. One 
obvious advantage of spider silk is the fact that its viewing 
window is extended along the fiber.  This can easily reach 
centimeters, which makes it potentially attractive for 
large-area super-resolution imaging. In principle, it is 
possible to rotate the encapsulated silk lens and capture 
super-resolution images at different angles (with respect 
to objects) from 0 to 180-deg; and then use a software 
system to process and analyze the images and thus con-
struct a whole super-resolution image over squared cen-
timeters scale. Technically, we may achieve this by attach-
ing the silk superlens to a nano-resolution scanning head 
and integrate it with an optical microscope. Such image 
reconstruction will be the immediate focus of our next 
technical developments following on the present work. 
More complex nanostructures will be used in future stud-
ies. 

 

 

Figure 3. Microsphere positioned beside the minor 
ampullate spider silk in reflection mode, images a commer-
cial Blu-ray disk. The image resolved within the spider silk is 
rotated by approximately four degrees compared to the real 
direct of the sub-diffraction 100 nm channels shown by the 
microsphere. 

 

In our technique, super-resolution arises from the near-
field interaction between the silk and underlying nano-
objects, which leads to the conversion of surface-bounded 
high spatial frequency evanescent waves into propagating 
waves.12, 27. We note that such conversion process is ex-
tremely sensitive to the gap distance between silk and 
object. The technique requires gap distances below 100 
nm with a zero distance gap being ideal.12 In dry condi-
tions, we failed to achieve super-resolution imaging with 
spider silk, most probably due to the poor contacting be-
tween silk and sample for an elongated object. Filling the 
gap zone with IPA helps eliminate the problem; a near-
perfect contacting is formed due to capillary binding force 
occurring in the interfacial zone. Under an angular inci-
dent beam, the cylindrical spider silk lens produces an 
angled focus around 10 µm away from the lens (measured 
from lens centre), as shown in Fig.4. By varying the inci-
dent angle, the distance between object and lens (i.e, d 
and d’ in Fig.4b) can be changed so that magnification 
factor M=f/(f-d) can be tuned. Generally, the magnifica-
tion factor will increase with incident angle (see analysis 
in Fig. 4b) as d increases. However magnifications that 
are too large will cause the rapid decrease of imaging con-
trast, thus imposing a practical limit on the maximum 
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usable angle in experiments. Our tests show that 20-40 
degree angles provide best results. A smaller sized spider 
silk may be used if a higher magnification of imaging is 
required. 

 

Figure 4. (a) Light focusing by the 6.8 µm-diameter minor 
ampullate spider silk immersed in IPA solution under a 600 
nm wavelength illumination incident at 30 degree angle. (b) 
Schematics for magnification factor M calculation, the M 
generally increases with incident angle. 

    Theoretically the optical resonances in spherical cavity 
would cause variation of brightness and resolution in im-
age versus wavelength and particle size.  At some wave-
lengths or particle sizes such resonance could be quite 
sharp. However, these sharp resonances would be 
‘smeared’ out by averaging effect when a broadband light-
ing source is used, such as the white lighting source used 
in our study. Such averaging effect was demonstrated 
previously when we tested wavelength effects using color 
filters, and confirmed the changes in brightness and reso-
lution are not significant for red, green and blue lights 28. 
In most cases such variations are almost negligible. It is 
the incident angle of light, which provided more signifi-
cant conditions for determining the super-resolution im-
age quality. 

Our research reported here provides a solid foundation 
for the development of bio-superlens technology and it is 
the first expose of spider silk in this context. Now we ex-
pect further biological superlenses to be discovered. In-
deed, interesting and important recent work by other 
researchers is heading in that direction. For example, 
Schuergers et al. reported that spherically-shaped cyano-
bacteria Synechocystis cells can focus light like a micro-
lens, which contributes to the cell’s ability to sense the 
direction of lighting source29.  We suspect that these cells 
might work also as a superlens suitable for super-
resolution imaging. 

We conclude that the minor ampullate silk of the 
Nephila edulis spider, has the ability to perform as an op-
tical superlens able to resolve subdiffraction 100-nm ob-
jects and patterns under a white light source illumination. 
This type of lens is the first biological superlens system 
that has successfully overcome the diffraction limit. The 

cylindrical silk lens has advantages in larger field-of-view 
when compared to microsphere superlens. Importantly 
for potential commercial applications, a spider silk 
nanoscope would be robust and economical, which in 
turn could provide excellent manufacturing platforms for 
a wide range of applications.  
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