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ABSTRACT 

Light-based structuring methods have shown reconstituted silk to be a versatile and appropriate 

material for a range of optical and biomaterial-based applications. However, without an 

understanding of how an unmodified, native, silk responds to photo-processing, the full potential 

of this material cannot be realized. Here, we show that the use of native silk enables the production 

of compound patterns with improved resolution and image quality when quantitatively compared 

to standard reconstituted silk, which we link directly to the influence of molecular weight. Further 

insights into the mechanism behind silk structure development are provided through mechanical 

(rheological) and structural (FTIR) measurements and results show that processing can tune 

properties over several orders of magnitude, enabling potential replication of several soft tissue 

types. Finally, broadening our application perspective, this combination of mask-less lithography 

and native silk resulted in the fabrication of transparent optical elements for data storage and 

labeling.  
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INTRODUCTION 

Silk fibers have been used for centuries in both textile and medical applications1–3. Today, silk 

is finding utility in a wide range of devices, as it can be readily resolubilised and formed into a 

plethora of different structures4–6. This makes silk compatible for applications in diverse research 

areas such as tissue engineering7,8, drug delivery9, optics10,11, electronics12 and surface 

engineering13–15. Yet despite this impressive range of applications, manufacturing processes are 

still largely focused on bulk random structuring in order to achieve functionality. 

Fortunately, the past decade has seen a rapid increase in techniques to facilitate precision control 

of silk structures at the micro and nanoscale, particularly in the area of bio-optics16,17. These 

approaches can be divided into indirect and direct routes. Indirect fabrication routes such as soft 

lithography18,19, nano-imprinting20, and classical photo-lithography21–23, whilst inexpensive, 

require pre-fabrication of fixed templates, masks, and molds to form the final patterns which can 

often constrain the resulting structure and its resolution. Direct routes, including e-beam11,24, laser 

machining25 and multi-photon lithography26,27, allow one to achieve much higher pattern 

resolution; however, these methods usually involve high-cost equipment, small patterning areas, 

prior chemical modification and require longer fabrication times16,28.  

To address such challenges, we present projection micro-stereolithography (PµSL)29–32 as a new 

route for high resolution silk patterning. PµSL is a 3D printing technique based on photocuring a 

(bio)polymer solution33–35. Importantly it utilizes a digital micro-mirror device (DMD)32,36 as a 

dynamic mask, thus replacing the need of a pre-fabricated static photomask37. Furthermore a 

dynamic mask such as this enables much greater control over shape and mechanical properties of 

the projected pattern on a sub-micron resolution and does not require the fabrication of a single-

purpose mask or the time constraints of single pixel fabrication38,39.  
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Creation of a silk based solution prior to patterning is traditionally achieved through 

reconstitution; a process where spun silk is exposed to chaotropic agents to enable 

resolubilisation40. Unfortunately, if reconstitution is not carefully controlled, it can result in a 

certain degree of collateral damage to the fibroin and may lead to a decrease in the molecular 

weight of the protein, which also impacts the properties of the final restructured material41,42. In 

fact, we posit that reconstitution’s degrading effect on the silk protein may explain why current 

silk photo-curing techniques require relatively high silk concentrations (>5 wt%) in order to 

generate stable structures22,27,43.  

Alternatively, it is possible to obtain a soluble, native, silk solution directly extracted from the 

animal’s silk gland44–46. The use of such native silk solutions has previously been shown to be 

advantageous not only in setting the gold standard for biomimetic spinning technologies45,47–50 and 

even perhaps as a model biopolymer51,52 but also recently in creating silk based encapsulation 

devices53 and in the development of silk based biophotonics17 at relatively low silk concentrations 

(~1 wt%). However, the potential of native silks for deployment in photolithographic applications 

have yet to be fully exploited, and hence the impetus for this work.  

In this paper, we present a direct, water-based route, for micro silk patterning using photo-

curable Bombyx mori native silk feedstock solution and PȝSL without prior chemical modification. 

The method not only allows control over the pattern on a micron resolution level but also produces 

large-scale (1 cm2) repetitive patterns. In addition, we show the influence of molecular weight in 

this structuring approach by comparing native silk feedstock, reconstituted silk protein and a 

tyrosine-rich synthetic protein solution to validate the structuring mechanism. 
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EXPERIMENTAL METHODS 

Protein solution fabrication: Native silk feedstock was extracted from the sericin-free section of 

the dope48,54,55, which is the posterior section of the middle division from final instar B. mori 

silkworms and diluted in Type II water so that the protein concentration was 1 wt%. No further 

purification was required.  Reconstituted silk (RS) solution was prepared in accordance with the 

protocol described elsewhere6. In short, silk cocoons where cut into small pieces and degummed 

in Na2CO3 for 30 minutes. The degummed silk was dried and then dissolved in 9.3 M LiBr solution 

at 60°C for 1 h. The ratio between silk and LiBr solution was 1:10. After full dissolution, the 

solution was transferred into a dialysis membrane (MWCO 12-14 kD, Spectra/por®) and placed 

in DI water to remove the remaining LiBr. The water was changed 10 times over 24 h. The 

resulting RS solution was diluted to 2 wt%. Poly(Glu-co-Tyr) (Sigma-Aldrich) was diluted in Type 

II water to 5 wt%. After preparation, all solutions were stored at 4°C and were used within 1 week 

to avoid any age-related degradation of the polymers. 

Photo-curable solution fabrication: Photo-curable protein solution was produced by the addition 

of 0.02 wt% of riboflavin 5ƍ-monophosphate (Sigma-Aldrich). All solutions were kept in the dark 

prior to use to avoid initiation of the crosslinking reaction.   

Silk patterning: The patterns were fabricated by projection-based lithography using a digital 

micro-mirror device (DMD). Light from a violet diode laser (405 nm, Vortran laser technology 

Inc, Sacramento, CA, USA) was expanded to a 5 mm diameter beam and was reflected from a 

DLP® 0.55 XGA DMD with 5.4 µm mirror size (Texas Instruments Incorporated, TX, USA). The 

reflected image was directed by a silver coated mirror and projected onto a glass slide covered 

with photo-curable protein solution, located below the mirror. The solution was confined in a 

frame to ensure a flat surface area and covered during the photo-curing process to avoid water 
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evaporation. The laser power was 250 mW and projection time varied from 10 s to 10 min for all 

types of samples. 

Post-fabrication treatment: After fabrication, dry samples were immersed in 9.3 M LiBr solution 

for 10 min at 60°C and then in DI water for 10 min at room temperature. This eluted non-structured 

protein solution prior to any mechanical analysis. To induce silk crystallization, the patterns were 

immersed for 1 min in MeOH/DI solution at concentration range from 10 to 100 (v/v %). The 

samples left to dry and rehydrated with DI water prior to any measurements.  

Imaging: Optical images of the structures were collected by Diaphot TMD300 microscope 

(Nikon Instruments, Japan) using a Moticam 5MP camera (Motic instruments, Spain) and Stemi 

305 microscope (Zeiss, Germany) using an Axiocam 105 color camera (Zeiss, Switzerland). 

Optical profilometry images were collected by ContourGT-X 3D (Bruker, USA). All images were 

analyzed by ImageJ (1.48v). 

Characterization of the crosslinked patterns: All spectral data was acquired at room temperature 

(25±2°C). Samples were characterized by Fourier-transform infrared spectroscopy (FTIR) using a 

Nicolet 380 spectrometer (Thermo Scientific, Madison, USA) equipped with a Golden Gate 

attenuated total reflection (ATR) device (Specac, UK). Spectral data were collected between 800 

and 4000 cm-1, using 64 scans, at 4 cm-1 resolution. UV-VIS absorption spectra were collected 

(using Spectronic Unicam, UV 330, UK), in the spectral range between 230 nm and 600 nm. Peaks 

in the spectra were fitted using MagicPlot Student Version 2.7.2. All peaks were fitted as 

Gaussians.   

Similarity analysis of the patterns: A similarity index was defined to evaluate how similar the 

fabricated patterns were to the original projected pattern. To achieve this, a photo of each pattern 

was collected by an optical microscope. Then the image was transferred to ImageJ software for 
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further analysis. For each image (original projected image and the resulted pattern), a threshold 

was adjusted to 70 % and a binary function was applied. Then any noise or contamination in the 

image, outside of the pattern, was removed by coloring the relevant pixel in black, assuring that 

no pixel from the pattern was removed. The fabricated pattern was tinted in grey to introduce color 

contrast. Then the binary images of the fabricated pattern (grey) and the original image (white) 

were overlaid to evaluate the correlation between the images (see Figure 3S in supplementary 

data). The histogram of the overlay image was plotted, containing 4 peaks corresponding to pixel 

counts of the following regions on the image: Black - background (no pixels in original and 

fabricated images); Dark grey- no correlation (pixel present in fabricated pattern but not in the 

original image); Light grey – correlation (pixel present in both images); White - original pattern 

(pixel present in original image but not in the fabricated pattern). The similarity percent was 

defined as the number of correlating pixels between the original image and the received pattern 

divided by the original image. For each sample type, at least 3 images were analyzed, and similarity 

values were averaged. 

QR code, image analysis: Optical images of the QR code pattern were collected by Diaphot 

TMD300 microscope (Nikon Instruments, Japan) and analyzed by ImageJ (1.48v). Minimal image 

processing was applied, to enhance the contrast between the pattern and the background (binaryĺ 

invertĺ erode). The codes were scanned by a QR Scanner app (version 0.52) installed on a mobile 

phone (Sony Xperia Z3 compact). 

Rheological measurements: A sample’s elastic modulus (Gމ) was recorded using AR 2000 and 

Discovery HR-2 rheometers (TA Instruments, New Castle, DE, USA).  The latter was equipped 

with the modular microscope accessory, with a transparent lower plate and a 405 nm LED light 

source (minimum power output 870 mW), to enable in situ photo-curing experiments. The 
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geometry for all measurements was an 8 mm parallel plate. All rheological data was acquired at 

room temperature (25 ± 2°C).  To avoid water evaporation, wet tissue was placed around the 

sample and the sample was covered with a customized environmental chamber which was not in 

contact with the geometry of the rheometer at any time.  The experiments were performed in two 

stages, an oscillatory frequency sweep (20 to 0.1 Hz) followed by a fixed frequency time ramp (1 

Hz), both of which were conducted within the sample’s linear viscoelastic region (target strain 

0.01). For the oscillatory test, presented modulus values were calculated as the average G’ value 

in the range between 1 to 10 Hz. The 405 nm LED light source was turned on and off during the 

experiment at given intervals to explore the change in elastic modulus upon irradiation.     

Protein analysis by gel electrophoresis: A small portion of each solution (1 wt%) was mixed 

with an equal volume of a solution containing sodium dodecyl sulfate (SDS, 4 %, to disrupt non-

covalent bonding) and 2-mercaptoethanol (4 mM, to reductively cleave disulfide bonds in the 

proteins). 20 µL of each solution was loaded onto on a 4–20 % polyacrylamide (PA) gradient gel 

and the protein components were separated by electrophoresis (GE) (90 minutes, 160 V, 100 mA). 

The gel was immersed for 30 minutes into a fixation solution (400 mL ethanol, ethanoic 100 mL 

acid, 500 mL water) and protein bands were stained by Coomassie blue.  The gel was imaged using 

a Perfection 2450 Photo scanner (Seiko Epson Corp. Suwa, Japan) at 1200 DPI.  Molecular weights 

of the proteins were evaluated by comparing their movement with reference standards (HiMark™ 

Pre-stained High Molecular Weight Protein Standard).  

RESULTS AND DISCUSSION 

When dealing with native silk proteins, it is important to keep in mind the high sensitivity of 

these materials to their environmental conditions. Various parameters such as temperature 

change56, variations in pH57–59, mechanical shear48,50,60,61, the presence of solvents62 and time63, 
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are known to induce gelation/solidification in silk protein solutions. Therefore, in order to achieve 

control over our fabrication process we opted to keep this process as simple as possible, 

introducing the minimum amount of chemical reagents into the silk solution.  

In this work, photo-curable native silk was obtained solely by the addition of a water-soluble 

formulation of riboflavin to act as a photo-initiator. Riboflavin, also known as vitamin B2, is 

naturally present in the body64,65 and is thus biocompatible and suitable for in vivo applications66. 

Due to its biocompatibility, this photo-initiator is widely used in protein photo-crosslinking67–70, 

and is shown to be suitable for light-patterning of reconstituted silk22. A key advantage over other 

photo-initiators is that the riboflavin chromophore absorbs strongly in the violet-blue part of the 

visible spectrum (between 400-500 nm)69, enabling visible light to be used as opposed to previous 

works where UV light was utilised16,71 which may result in further damage to the proteins72,73.  

After incorporation of riboflavin into the native silk solution and subsequent laser exposure, as 

described in the experimental section, a semi-solid pattern was obtained (Figure 1a,b). However, 

there is also the appearance of a secondary, sub-pixel, pattern with features below 5 µm in size 

(Figure 1c). This sub-pattern is most likely a result of the DMD mirror geometry and their spacing 

in the optical setup 74. Interestingly these features produced a diffraction pattern under direct laser 

illumination (Figure 1d). This can be achieved by changing the distance between the elements of 

the pattern to generate specific diffraction patterns as a function of the light wavelength 11.  One 

potential use of such reflective patterns is for the fabrication of biocompatible implantable 

photonic devices 75 which can be used as specific sensors or electrodes 76, light delivery systems 

77 and optical elements 78. To investigate the potential of the native silk diffraction grids in similar 

applications, the glass slide with the photo-responsive solution was placed precisely at the focal 

point of the laser (0 mm), 8 mm below the focal point (-8 mm) and 8 mm above the focal point 
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(+8 mm). Fast Fourier Transform (FFT) performed on the images of the patterns indicated a shift 

with the variation in sample position. This confirms that precise sample alignment in PȝSL allows 

to control the spacing of the sub-pixel patterns (Figure 1e). Since the total area of the projected 

patterns was about 1 cm2, and the spacing between the sub-patterns was below 5 ȝm, this technique 

can be defined as being suitable for micro-patterning of silk on the micron scale.  

This combination of silk’s mechanical, biological and optical properties, combined with 

process/manufacturing flexibility and speed, make silk-PµSL fabricated patterns an idea candidate 

for range of applications.  As the images are projected directly, there is practically unlimited design 

flexibility and elaborate silk-based photonic components can be realized in a few seconds (Figure 

1f). Examples of such areas would be for the labelling of implants and medical devices79–81 or in 

packaging in food industries82. As proof of concept, silk QR codes83 were fabricated and after 

minimal image processing to enhance the contrast between the pattern and the background (Figure 

S1), the codes were readable by a commercially available QR Scanner installed on a mobile phone. 

Finally, pattern topography was analyzed by optical profilometry confirming that the patterns are 

raised above the surface with an average height of ~5 µm (Figure 1h). 
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Figure 1: (a, b) Photograph and optical image of native silk patterns fabricated using projection 

micro stereo-lithography. (c) Secondary sub-pattern on the main pattern. (d) The patterns are 

transparent with light diffraction properties. (e) Optical microscopy image of the sub-patterns that 

were fabricated when the sample located at the focal point (top right), 8 mm above the focal point 

(top left) and 8 mm below the focal point (bottom left) of the laser. Inset show the FFT image of 

each sub-pattern. Overlay of the FFT images indicating that sample alignment allows control over 

the sub-patterns. (f) Optical images of native silk photonic components. (g) Silk QR code as 

fabricated and as appear after minimal image processing to make them suitable for scanning by 

QR code readers (bottom right). (h) Optical profilometry images of pattern topography.  
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Mechanism 

Moving our attention towards investigating the mechanism behind this structuring process, 

previous studies have shown that protein solidification in the presence of light and photo cross-

linker is usually attributed to chemical crosslinking of the protein84. Riboflavin, in particular, has 

been reported as a suitable photo cross-linker for many natural materials including 

collagen67,68,85,86, alginate87,88 and silk22. Such studies suggest that the key mechanism for 

riboflavin photo-gelation in silk and other proteins is attributed to the formation of di-tyrosine 

bonds22,67,68,86. This is because riboflavin absorbs UV, violet or blue light (350-500 nm) and acts 

as a type II photo-initiator where it extracts a proton from the hydroxyphenyl ring of the tyrosine89 

resulting in a cross-linking of 2 tyrosine moieties via the formation of a di-tyrosine bond90. 

However, during this process quenching reactions might also occur due to the presence of oxygen 

radicals, resulting in a recovery of the tyrosyl radicals and slowing down the reaction rate91.  

To validate the crosslinking mechanism, for our native silk PµSL system, the native protein 

solution, UV spectroscopy was employed to examine the tyrosine peak (275 nm) of native 

silk/riboflavin samples before and after exposure to laser light. Photo-exposed samples revealed a 

shoulder on the tyrosine peak which was not present in the spectra of the pure native silk solution 

or the riboflavin dye (Figure 2a). It is also interesting to note that the photocured sample does not 

show any peaks between 350-500 nm. This indicates that no direct cross-linking between the native 

silk and the dye has occurred and that the riboflavin was fully removed after washing with DI 

water. This in fact may have future utility in recycling of the photoinitiator or creating dye-free 

silk structures for tissue engineering applications. The shoulder on the main tyrosine peak was 

fitted, using peak fitting software (MagicPlot®) and a second peak was recognized (325 nm), 
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which was attributed to the presence of a di-tyrosine bonds92 (Figure 2b). Those results confirm 

chemical cross-linking of the structure under laser illumination. 

Further analysis of structure development was undertaken using Fourier-Transform Infrared 

spectroscopy (FTIR) to detect if there is any protein secondary structure conversions in the native 

silk after photo-curing. The typical structural conversion in silk associated with spinning can be 

characterized by a shift from the initial amide I peak position (~1650 cm-1)93, indicating the 

formation of antiparallel ȕ-sheet crystalline units which are present in silk fibers94–98. However, 

our FTIR analysis indicated a primarily amorphous structure of the photo-cured native silk 

patterns. This is particularly interesting as it means that structuring without 

conversion/crystallization of the native silk was achieved and our result agrees well with the 

literature22,43, suggesting a different mechanism for silk photo-gelation, compared to native silk 

spinning45 and methanol induced silk gelation62. However, this amorphous state endows additional 

flexibility as it is possible undertake further controlled conversion by washing the sample with 

MeOH (Figure S2). In fact, the level of crystallinity can be controlled by adjusting the 

concentration of MeOH/DI water solution and full conversion was measured after washing with 

MeOH solution above 50% v/v concentration. At concentrations >50% v/v, it was noted that this 

began to affect the gross morphological features of the film, with samples becoming rough and 

cloudy, with reduced optical properties upon exposure to 100% MeOH solution. Therefore, any 

future applications will inevitably have to trade-off optical properties vs. other properties, such as 

stiffness or biodegradability2. A deeper understanding of the microstructural changes of the silk 

upon photocuring and methanol addition can most likely be gained from further detailed analysis 

of the near infrared region93 which will be investigated in the future. 
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As a final confirmation of chemical cross-linking in our system, silk-patterns were immersed in 

LiBr solution for 10 min at 60°C (a chaotropic agent known to solubilize silk through disruption 

of hydrogen bonds40). As expected, the photo-cured pattern remained stable while the non-exposed 

silk was fully dissolved (Figure 2c), confirming our findings regarding the stability of our system.  

Mechanical characteristics  

One of the challenges in many soft materials-based applications is to control mechanical 

properties99–102. Linking these insights into structure development with function, we then explored 

the effect of illumination on the stiffness (storage modulus, Gމ) of the native silk during and after 

the photocuring process. Using a rheometer equipped with an LED light source at the same 

wavelength as our PȝSL setup, we performed in-situ measurements of the elastic modulus during 

constant illumination. All measurements began in darkness and illumination was applied after 

300 s. After an induction period, significant increases in the values of Gމ were recorded during 

illumination periods and the rate of modulus increase was proportional to the light flux irradiating 

the sample (Figure 2d). This suggests that by adjusting the light intensity, the number of riboflavin 

radicals that are being formed can be controlled and, as a result, direct control over the reaction 

rate can be achieved. The presence of an induction period may be attributed to several reasons 

such as crosslinking of other low molecular weight proteins naturally present in the silk duct51, a 

period required for sufficient tyrosine radicals to form or the potential quenching effects of 

dissolved oxygen in the fibroin solution. To investigate the mechanical properties of the pre-

fabricated silk patterns, the samples were exposed to laser light, dried and unexposed silk was 

removed by LiBr. Then, the samples were hydrated again prior to mechanical analysis. Subsequent 

dynamic shear analysis103–106 of the patterns revealed an increase in the storage modulus with 

increase in energy dose projected to the sample. The maximum value was measured to be ~500 Pa 
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making the photo-cured silk significantly stiffer in compared to unexposed silk (~30 Pa) (Figure 

2e). This value for native silk is higher by 200 Pa, compared to previous work when RS was used22. 

Furthermore, when patterns were post-treated with increasing concentrations (v/v) of MeOH 

solution, the storage modulus reached 2000 Pa for 50% and increased up to 16000 Pa for 100% 

solution (Figure 2f). Combining these results indicate that Gމ of native silk/riboflavin patterns can 

be controlled over 4 orders of magnitude, thus replicating the mechanical properties of various 

human tissues such as brain (< 102 Pa), lungs (< 103 Pa), liver (103-104 Pa) and muscles (> 104 Pa) 

107.  

 

Figure 2: (a) UV-VIS spectra of native silk (black), riboflavin dye (yellow) and native silk after 

photocuring and removing of the riboflavin dye (red). Red arrow indicates the shoulder in the 

photocured sample. (b) Peak fitting of the photocured sample indicating the appearance of 325 nm 

peak corresponding to di-tyrosine bonds formation. (c) Silk pattern after wash with LiBr. Only the 

photocured areas remained while the non-exposed silk dissolved. (d) G’ values over time as a 
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function of the light intensity. (Inset d) G’ gradient as a function of the total energy dose. (e) Elastic 

modulus (G’) value as a function of energy dose projected during pattern fabrication. (f) G’ value 

as a function of MeOH concentration used to wash the sample post fabrication. 

 

Protein quality 

A wide range of publications show that photolithography is a suitable approach for protein 

patterning21,86,108–114. However, to unravel the influences of protein processing on pattern quality 

and complexity, we compared the performance of the reprocessed field standard RS protein against 

native silk. Given that the mechanism of the silk photo-gelation is dependent on di-tyrosine 

crosslinking, we hypothesised that to initiate the photo-gelation process, sufficient tyrosyl radicals 

need to be produced and therefore the concentration of the tyrosine in the solution, the light 

intensity applied, and the chain lengths of the polymers combined will ultimately determine the 

crosslinking rate and the final quality of the pattern. As a further means to test this hypothesis we 

introduced a control of a tyrosine-rich polymer which has the potential to form 25 times more di-

tyrosine bonds than silk but is of a lower molecular weight.   

Two different images were projected onto riboflavin containing native silk, RS and poly(Glu-

co-Tyr) solutions. Minimum feature size was tested by a grid pattern with patterns ranging from 

4·4 pixel2 to 100·100 pixel2 squares (Figure 3a-c, top). The quality of the image was tested by 

projecting the pattern of the University of Sheffield logo (Figure 3a-c, bottom). For each sample 

type, the lowest concentration which provided the best pattern was selected. Image quality was 

assessed by a quantitative parameter of Similarity between the original image projected from the 

DMD and the resulting pattern (see Figure 3S in supplementary data).  
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We report that native silk offered a minimum feature size of 40 µm and the highest Similarity 

of 80% (Figure 3d, e) at just 1 wt% concentration. This concentration was found to be at least 2.5 

times lower than any reconstituted silk solution used for photo-fabrication in the currently reported 

literature26–28,43,115,116 and 6 times lower than the RS/fibroin photocurable resin recently reported 

by Applegate at al.22.  Furthermore, by using native silk we managed to produce images with a 

similarity index >75% at all tested concentrations (0.5-3 wt%). Hence, we conclude that the 

suitability of a protein for a compound image fabrication is not solely a factor of the protein 

concentration. This is also supported by the lower quality image received for poly(Glu-co-Tyr) 

despite the high concentration of tyrosine units in the sample (1.25 mol %) compared to native silk 

solution (0.05 mol %). 

The performance improvement of native silk compared to the other samples is therefore most 

likely a result of its higher molecular weight. To confirm this hypothesis, gel electrophoresis 

demonstrated that the Mw of native silk (≥ 420 kDa) was significantly higher than that of the 

reconstituted silk used (≤ 250 kDa) (see Figure S4).  The degradation of silk proteins during 

reconstitution is attributed not to the LiBr resolubilization step but the degumming process. 

Degumming has been clearly shown to reduce silk’s molecular weight with exposure time and 

concentration of Na2CO3
6,45,117,118, something we confirmed through comparison of image quality 

using silk solutions prepared with differing concentrations of Na2CO3 (Figure 3g). In addition, we 

noticed that chemical degumming significantly reduced the stiffness of our RS material, obtaining 

less than 50% of the values for a non-degummed RS sample (Figure S5). In summary our findings 

are in good agreement with the wider photo-lithography literature which has previously shown a 

decrease in feature size with the increase of the molecular weight of the polymer119,120.  
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These results strongly suggest that process of reconstitution and thus the quality of the resulting 

protein solution, significantly effects the potential applications of photo-patterning and printing in 

silk. However, whilst native silk is a convenient gold standard, it is not really an industrially 

scalable alternative as it has to be manually extracted from the animal, which is both time-

consuming and technically challenging, therefore we are currently placing our efforts towards first 

understanding the nuances and then the development of improved, scalable reconstitution 

protocols.  

 

 

 

Figure 3: Comparison between grid pattern (to evaluate feature size) and University of Sheffield 

logo patterns (to evaluate image quality) as received for (a,g) native silk, (b,f) reconstituted silk 

(RS), (c,g) Poly (Glu-co-Tyr) protein. (d) Minimal visible feature size as a function of optimal 

solution concentration. (h) Similarity value of the fabricated pattern to the projected image.  
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CONCLUSIONS 

In this work, we have demonstrated that native silk is not only suitable for photo-lithography, 

but also enables us to achieve patterns with smaller feature size, better image quality and at lower 

concentrations when compared to a standard reconstituted silk. Patterns down to 40 µm were 

fabricated, presenting an improvement of 20 % compared to previously reported riboflavin/RS 

photocuring 22. By using PȝSL method, photonic components were produced alongside larger 

scale patterns such as readable QR codes. We also introduced, for the first time, the Similarity 

value to assess image quality in addition to feature size, for a better comparison between various 

structuring technique and materials. Furthermore, the mechanism behind native silk photo-gelation 

was explored, with our findings supporting previous studies that suggested the formation of di-

tyrosine bonds and chemical cross-linking of the protein.  

However, we also report that no protein structural conversion (ȕ-sheet formation) occurred 

during the photo-curing of native silk, allowing us to decouple structuring with conversion and 

opening up the possibility to control protein crystallinity and mechanical properties. Finally, by 

comparing native silk to reconstituted silk, we propose that molecular weight is the main parameter 

contributing to the quality of the fabricated image and the mechanical stiffness of a silk patterns. 

As a result, we propose that to allow a fair comparison between various light-based structuring 

techniques in the future, that protein molecular weight should be provided in addition to protein 

concentration.  

In conclusion, we believe that our approach towards silk pattern generation and the insights 

gained into light-based silk structuring can hopefully contribute towards both a fundamental 

understanding of natural silk solidification and potentially find application in food, packaging, 

security marking and medical devices industries in the future. 
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