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3D electron-beam writing at sub-15 nm resolution
using spider silk as a resist
Nan Qin1, Zhi-Gang Qian 2, Chengzhe Zhou1, Xiao-Xia Xia 2✉ & Tiger H. Tao 1,3,4,5,6,7,8,9✉

Electron beam lithography (EBL) is renowned to provide fabrication resolution in the deep

nanometer scale. One major limitation of current EBL techniques is their incapability of

arbitrary 3d nanofabrication. Resolution, structure integrity and functionalization are among

the most important factors. Here we report all-aqueous-based, high-fidelity manufacturing of

functional, arbitrary 3d nanostructures at a resolution of sub-15 nm using our developed

voltage-regulated 3d EBL. Creating arbitrary 3d structures of high resolution and high

strength at nanoscale is enabled by genetically engineering recombinant spider silk proteins

as the resist. The ability to quantitatively define structural transitions with energetic electrons

at different depths within the 3d protein matrix enables polymorphic spider silk proteins to be

shaped approaching the molecular level. Furthermore, genetic or mesoscopic modification of

spider silk proteins provides the opportunity to embed and stabilize physiochemical and/or

biological functions within as-fabricated 3d nanostructures. Our approach empowers the

rapid and flexible fabrication of heterogeneously functionalized and hierarchically structured

3d nanocomponents and nanodevices, offering opportunities in biomimetics, therapeutic

devices and nanoscale robotics.
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Human thrive to harness materials—including both natural
and synthetic ones—with modern technologies to find
new technological opportunities. Many of these new

opportunities and discoveries are inherently grounded in manu-
facturing innovations. Three-dimensional (3d) manufacturing is
particularly intriguing and has recently been investigated inten-
sively in the past two decades. With synergetic progresses in
materials development, many applications have greatly benefited
from the high-resolution manufacturing of 3d structures and
devices at micro-/nanoscale such as microfluidics, refractive/dif-
fractive optics, photonic and mechanical metamaterials1–13.
However, technical challenges—in terms of applicable manu-
facturing and materials—become more prominent when the
features get smaller, especially reaching the deep nanometer scale
(i.e., <100 nm). Resolution, structural stability, and shape accu-
racy are the key factors. For biomedical applications such as cell
scaffolds and therapeutic micro-/nanorobotics, biocompatibility,
physiochemical stability, and ease of functionalization of 3d-
fabricated structures need to be systematically assessed.

Lithography-based methods (such as mask-less multi-photon
lithography, MPL, and mask-projection stereolithography, SL) are
capable of creating 3d structures using synthetic polymers (i.e.,
resins) and natural ones (e.g., keratin, silk fibroin, and sericin,
where chemical modifications are usually needed for photo-
sensitivity) as photoresists. However, these photolithographic
methods fundamentally suffer from diffraction-limited resolution
(~100 nm)9,12,14–24. Strategies have been proposed to create
pseudo-3d structures at deep sub-diffraction scale, but usually
with limited design flexibilities25–33. By contrast, electron beam
lithography (EBL) and ion beam lithography (IBL) are renowned
to provide fabrication resolution in the nanometer range, but the
major limitation of these techniques is their incapability of
arbitrary 3d nanofabrication34–36. For example, Kim et al.
reported EBL of 2d periodic nanostructures (i.e., hole and dot
arrays with minimum feature size of 30 nm) by using naturally
extracted silk fibroin proteins as a resist34. We reported that EBL
and IBL can be used in combination—a precise alignment
between these two nanolithography processes at nanoscale is
necessary and technically demanding—to generate simple 2d and
3d nanostructures (i.e., one-layer lines and two-layer blocks with
minimum feature sizes of 13 and 50 nm, for 2d and 3d patterning,
respectively) in silk proteins but IBL inevitably etches the top
layer and tends to induce ion contamination37. Despite intensive
efforts, current 3d nanomanufacturing technologies suffer from
drawbacks including the innate paradox between lithographic
resolution and structural complexity as well as restrictions in
functionalization. New strategies and innovations in both mate-
rials and manufacturing technologies have yet to be explored.

Here we report all-aqueous-based, high-fidelity manufacturing
of 3d nanostructures and nanodevices using our developed 3d
EBL at a resolution of sub-15 nm with genetically engineered
recombinant spider silk proteins as the resist. We show that as-
fabricated 3d structures have good mechanical strength and
structural complexity at nanoscale. These structures can be
functionalized—biologically or chemically—and activated as
functional devices with controllability of their shape, motion, and
lifetime in space and time domains. As proof-of-concept, we have
designed and manufactured a new class of nanorobotics with
controlled motion in liquid environments powered by bio-fuels at
human physiological levels and light-/pH-/heat-triggered degra-
dation for controlled device lifetime. Our approach can be easily
employed and facilely adapted by our peer researchers with
commercially available EBL tools with simple modifications for a
broad range of applications.

Results and discussion
Experimental setup and manufacturing capabilities. EBL is
renowned for fabricating 2d patterns at nanometer resolution
thanks to the much shorter DeBroglie wavelength of the electrons
compared to photon wavelengths (Supplementary Fig. 1). In
order to achieve 3d EBL at the deep nanometer scale, the key is
the development of appropriate materials which can be regulated
to be cross-linked at controlled different depths by the electron
beam and has superior mechanical strengths so as to maintain
good structural integrity at nanoscale. In this work, we modified a
commercial EBL tool (Hitachi S-4800) to adaptably adjust the
accelerating voltages (0.5–10 kV, typically) on demand during the
exposure based on different structure geometries (Fig. 1a, Sup-
plementary Fig. 2). Recombinant spider silk proteins are syn-
thesized via genetic engineering as the resist with pure water as
the resist developer. Structural transitions between amorphous
(water-soluble) and crystalline (water-insoluble) silk with pre-
cisely directed energetic electrons are well-defined approaching
the molecular level within the protein matrix. The trajectory of
electrons, which defines the exposure spot, is regulated by the
applied accelerating voltage, which allows 3d nanomanufacturing
with extraordinary structure complexity. By this method, we
successfully manufactured a wide set of 3d sophisticated
nanoarchitectures with different geometries and structural com-
plexities (Fig. 1b–i, Supplementary Fig. 3) with a minimum fea-
ture size of 14.8 nm (Fig. 1j) using recombinant spider silk
proteins. As-fabricated structures have excellent mechanical and
thermal stabilities inherited from spider silk, which can be used
directly or serve as polymer masters for replication process of
various materials (Fig. 1k).

This approach combines the advantages of MPL for maskless
direct 3d writing and EBL for unparallel lithographic resolution.
Furthermore, genetic or mesoscopic modification of recombinant
spider silk proteins provides the opportunity to embed and
stabilize physiochemical and/or biological functions within as-
fabricated nanostructures, offering great potential for biological
adaptation and integration. Compared to other 3d micro-/
nanomanufacturing techniques4,7–18,20–24,34–42, our approach
shows important advances and offers key capabilities within
one system (Fig. 1l), including (1) the resolution is significantly
improved by order(s) of magnitudes; (2) high strength, high
fidelity 3d nanostructures enabled by spider silk resists; (3) facile
functionalization homogeneously or heterogeneously, and (4) the
entire lithographic process is toxic-free and operates at room
temperature, namely, no thermal or laser sintering is required and
no hazardous chemicals are used or generated.

Manufacturing mechanism and material optimization. To date,
EBL represents the smallest and finest practical patterning tool
and still remains the method of choice for fabricating nanometer-
scale structures. The resist, typically a thin organic polymer film,
is altered by the passage of electrons. Every incident electron
undergoes multiply inelastic or elastic scattering in the resist
layer. Ultimate lithographic resolution is limited by scattering and
secondary processes within the resist layer. Historically, high
accelerating voltages (≥25 kV) and thin resist layers (≤100 nm)
are used in EBL for 2d fine patterning as etching masks or
photomasks. In this work, we alternatively investigate the inter-
action of electrons at low accelerating voltages (≤10 kV) with
thick resists (in the order of μm), which is yet less explored and is
the key to the success of extending EBL’s current capabilities from
2d nanopatterning to 3d nanomanufacturing. Elastic scattering of
electrons has relatively large scattering with negligible energy
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bionanostructures can be well configured. This offers possibilities
to construct heterogeneous, hierarchical nanostructures in func-
tionalized recombinant spider silk proteins fabricated using 3d
EBL. For example, different types of silk proteins (e.g., the major
ampullate spidroins, MaSp1 and MaSp2) are required for a spider
web to gain important biological functions such as adhesive
properties (spiral line, sticky and stretchy) and toughness (drag-
line & radial lines, strong and tough) to catch prey (Fig. 3a,
Supplementary Fig. 10). As proof-of-concept, we accurately
configured the material distribution and multiscale morphology
of a set of biomimetic 3d nanostructures in lateral (x–y) and
vertical (z) direction for specific functions under the control of

adjustable cross-linking pathway of energetic electrons in various
spider silk layers (Fig. 3b–e). Figure 3c shows the x–y plane
controllable configuration of spider nanowebs for PMMA nano-
spheres (~250 nm in diameter) adhesion. The images in the upper
row and lower row were the schematics and the corresponding
samples, respectively. We fabricated the radial line (red fluores-
cence) and spiral line (green fluorescence) in sequence to define
the materials and functions of the nanowebs in the x–y plane.
When the nanowebs were immersed into the suspension of
PMMA nanospheres (~250 nm in diameter), more nanospheres
(blue, false color) were adhered to the spiral line (green, false
color) than the radial line (red, false color) with a ratio of 34:16.
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adjust the enzyme activities across the device so as to create
appropriate force gradients, resulting in different motions (e.g.,
move up, down, left, right; rotate clockwise or counter-clockwise)
(Fig. 4b, Supplementary Fig. 13). The light green, bright green,
and dark red fluorescence in nanofishes represented the low
power, full power, and loss power states in kinetics. For triggered
release, the nanofishes can be facilely loaded with therapeutic
molecules together with gold nanoparticles, temperature-sensitive
or pH-sensitive enzymes (such as papain or pepsin) for light-
activated, temperature-regulated, or pH-regulated drug release,
respectively (Fig. 4c). Under the NIR-light illustration, the
nanofishes embedded with gold nanoshells (peak absorbance at
980 nm) exhibited stronger infrared absorption than the back-
ground. With the increase of the temperature from 20 to 50 °C,
papain (pre-loaded in the nanofishes) was activated (optimum
temperature 50–60 °C) and led to the degradation of spider silk
protein. Pepsin is inactive and active in the neutral and acidic
environments, respectively. With the decrease of pH from 7.0 to
5.0 and 3.0, pepsin was gradually activated and broke down spider
silk proteins into smaller peptides. It provides opportunities for
the controllable drug delivery and release in the digestive systems
of humans and many other animals.

Conclusion. In summary, we have developed a precise nano-
manufacturing process using voltage-regulated 3d EBL to create
delicate 3d nanostructures in the deep nanometer scale with high
resolution (minimum features at sub-15 nm), structure com-
plexity, and design flexibility. Voltage-regulated electrons define
the volumetric energy dissipation and exposure depth within the
protein resist. Importantly, recombinant spider silk proteins via
genetic engineering—as the resist—offer superior mechanical
properties that are essential to building sophisticated nanoarchi-
tectures with high aspect ratios and structural stabilities. Our
method using aqueous spider silk resist enables the direct
incorporation, immobilization, and stabilization of physiochem-
ical and biological activities in the printed structures at nanoscale.
Furthermore, as-fabricated 3d structures can be functionalized
and activated for controlled motion and triggered degradation in
bio-environments. The fabrication process is compatible with
most commercially available EBL tools with simple modifications.
Our approach not only allows for the facile, inexpensive, and
flexible fabrication of 3d templates for the replication of delicate
structures in conventional organic and inorganic materials but
also paves the way towards direct production of dynamic func-
tional nanodevices and nanocomponents in bio-friendly and eco-
friendly biopolymers, thus offering opportunities in biomimetics,
molecular devices, nanoscale robotics and beyond.

Methods
Preparation of recombinant spider silk proteins. The recombinant spider silk
proteins were produced by high cell density cultivation of E. coli BL21(DE3)
transformed with the silk expression plasmids. The cells with soluble expression of
silk proteins (MaSp1 4mer, 16mer, 32mer) were lysed by high-pressure homo-
genization. Following centrifugation, the supernatant was purified by the standard
Ni-NTA affinity chromatography. The silk proteins (MaSp1 64mer, MaSp1-RFP,
MaSp2 64mer) expressed in an insoluble form were prepared according to pre-
viously reported protocols47. Cells were suspended and lysed in buffer A (1 mM
Tris-HCl, pH 8.0, 20 mM NaH2PO4) supplemented with 8 M urea and 2M
thiourea. The cell suspension was adjusted to pH 4.0 with glacial acetic acid, and
fractionally precipitated by adding (NH4)2SO4. The precipitate containing target
proteins was solubilised in buffer A containing 8M urea and dialyzed against water
at room temperature for 3 days. Following centrifugation, the supernatant was
concentrated using an Amicon® Ultra-15 centrifugal filter unit.

Preparation of silkworm silk proteins. Silkworm silk proteins were extracted
using the established protocols36. Bombyx mori cocoons (Sericultural Research
Institute, Chinese Academy of Agricultural Sciences, Zhenjiang, China) were boiled
for various time durations (e.g., 30, 60, and 120 min) in aqueous 0.02M Na2CO3

(Sigma-Aldrich, USA) and then rinsed for 3 × 30 min in distilled water to remove

the Na2CO3 and sericin. The HTP silk was prepared at 121 °C and 15 psi for 3 h.
The degummed cocoons were allowed to dry for more than 12 h and then sub-
sequently dissolved in 9.3 M LiBr (Sigma-Aldrich, USA) solution at 60 °C for 3–4 h.
The solution was dialyzed for 2 days in distilled water using Slide-a-Lyzer dialysis
cassettes (MWCO 3,500, Pierce, USA). The solution was centrifuged for 2 × 20 min
at ~24,000 × g. The concentration was determined by measuring a volume of
solution and the final dried weight.

SDS-PAGE analysis. Protein samples were loaded onto 12% SDS-polyacrylamide
gels. The gels were stained with Coomassie brilliant blue R250 (BioRad) and
imaged using a Microtek Bio-5000plus densitometer (Shanghai, China). The pro-
tein bands were normalized and quantified by Image J 1.52u to estimate purity.

Sample preparation for electron beam nanostructuring. The silk protein solu-
tion was spin-coated on silicon wafers. The film thickness could be tuned by the
concentration of the silk solution and the rotation speed. In general, a 500-nm-
thick silk protein film was generated by spin-coating 7% spider silk protein solution
at a maximum speed of 3000 r.p.m. for 60 s. Then, the sample was soft-baked on a
hotplate at 110 °C for 30 min to remove residual water and enhance the stability.
Cross-linked film (i.e., crystalline) was produced by soaking in pure methanol for
15 min. An electron beam nanolithography system (Hitachi-4800, Japan) was used
to expose the silk protein thin films and observe the morphology. The exposure
dosages varied from 50 to 20,000 μC/cm2 at 0.5–10 kV with a probe current of
1 μA. The exposed samples were then developed by immersion in deionized (DI)
water for 30–300 s and dried at ambient condition.

Polarized micro-Raman spectroscopy. Micro-Raman spectrum of the nanofibers
fabricated using electron beam was obtained using a Renishaw Raman microscope
(UK). The 632.8 nm red line of a He-Ne laser was focused down to a diameter of
~1 μm and gave 5 mW of energy at the surface of the sample. The data were
collected using a ~1000 cm−1 spectral window. Raman spectra were recorded as the
intensity changing with the wavenumber. Each spectrum takes the form of a
background and a series of peaks. No sign of structural deterioration was observed
during the measurement period.

Infrared nanospectroscopy using AFM-IR. NanoIR system (Anasys Instruments,
CA, USA) was used to provide the high spatial and spectral resolution IR
absorption information using a combination of AFM and IR laser source. Due to
the absorption of the IR laser, local thermal expansion of the sample was detected
and thereby mapped as a function of wavenumber. Before the IR spectra mea-
surement of the point of interest, topography images were scanned. The wave-
length of the collected IR spectrum was ranging from 1490 and 1690 cm−1, with a
spectral resolution of 1 cm−1 using multi-region laser power settings to ensure
consistent signal-to-noise ratio. Ten repeated scans on the same spot and five
measurements on adjacent spots were averaged. The protein sample data was
normalized with respect to that of silicon under the same conditions, including
room temperature (25 °C) and humidity (about 18% relative humidity). Subse-
quently, 10-point smoothing algorithm was carried out on each data.

Decomposition of the amide I band. The band decomposition was performed
with the OPUS software package (version 4.2) supplied by Bruker™. As a starting
point for the curve-fitting procedure, four individual absorption bands were pro-
posed at ~1620, 1640, 1658, and 1670 cm−1, defining β-sheets, unordered random
coils, α-helix and β-turn structures, respectively36,37. The curve was successfully
fitted using the damped least squares optimization algorithm developed by
Levenberg-Marquardt and assuming Gaussian band envelopes.

Nanoscale mechanical properties test. A Multimode VIII scanning probe
microscope (Bruker, USA) was used to measure the mechanical properties of silk
proteins at nanoscale, operating in tapping mode under ambient conditions at a
scan rate of 1 Hz. The microscope was protected with an acoustic hood to hinder
vibrational noise. The AFM cantilevers (Bruker, USA) were calibrated using the
reference samples. The data analysis of the Derjaguin–Mueller–Toporov (DMT)
modulus was performed by the software Nanoscope Analysis.

Monte Carlo modeling. We carried out computation simulation51 with Casino
v2.51 (University of Sherbrooke, freely available) to investigate the 106 electrons
behaviors in the 1-μm-thick spider silk layer coated on a silicon substrate at dif-
ferent accelerating voltages of 0.5–10 kV. The Monte Carlo simulation is a widely
used numerical technique for studying scattering process. It traces individual
particles, following paths that have been stochastically determined based on the
microscopic phenomena and effects that have been modeled theoretically. CASINO
is a well-established Monte Carlo code specializing in simulating electron trajec-
tories and the distribution of the backscattered and the absorbed energies in the
sample.

The core of the CASINO program is the Monte Carlo method, which simulates
the electron trajectories by randomly sampling collision events according to pre-
calculated values of partial elastic cross-section. It is assumed that the diffusing
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atom is represented by Rutherford’s shielded potential, and the deviation of the
trajectory of the penetrating electron at impact is obtained from the differential
cross-section of the elastic scattering. The energy losses experienced by the
penetrating electron along its entire trajectory until its termination or escape are
grouped into a continuous energy loss function.

The program offers a user-friendly graphical user interface that can easily set
specific conditions for the simulation of the exposure process during electron beam
lithography. It is helpful and common to perform simulation experiments in
CASINO, which provides guidance to the optimum process parameters, thus
reducing the trial number of expensive, real experiments. In this work, each
stimulation took about 10 h to complete. The size of raw data output from
CASINO ranges from 3 to 10 gigabytes, depending on the total electron number
and the incident beam energy of the individual simulation.

Although CASINO is an outstanding program in electron beam simulation, it
only provides basic statistical tools for analyzing the raw data, mostly limited to
one-dimensional histograms in depth/radial distance and two-dimensional contour
maps of volume slices. It is not possible to perform customized histogram or
statistical variables in CASINO. For our purpose, the distribution of energy loss
along the electron trajectories is what’s most relevant, however, not natively
available in the program. On the other hand, compression of dimensionality
inevitably causes loss of spatial details in the three-dimensional Monte Carlo
simulation, which are vital to exploring 3d electron beam sculpting at nano-scales.
What differentiates the work here from most users of CASINO is that, our post-
process of the raw data from CASINO (which contains the information of 106

trajectories) directly analyzes the three-dimensional statistics of the Monte Carlo
simulation which was not systematically examined before. As a result, in addition
to the (low-dimensional) electron energy distribution or trajectories commonly
reported in the literature, our analysis highlights the spatial distribution of energy
dissipation, a quantity that directly characterizes electron-specimen interaction
during the scattering process of electron beam exposure. The post-processed data
demonstrated in this work provides a plausible explanation for the penetration
effect observed in our experiments.

We briefly explain the methodology behind depth histogram shown in Fig. 2b.
A typical electron trajectory sðiÞ ¼ xðiÞ0 ; ¼ ; xðiÞN�1 from CASINO’s raw data is

identified with N nodes where xðiÞk ¼ ðxðiÞk ; yðiÞk ; zðiÞk Þ is the coordinates at which the
k-th elastic scattering event takes place. An electron trajectory terminates when its
remaining energy reaches below a minimum threshold, usually around 0.05 keV
where the physical models assumed in CASINO no longer hold. A depth histogram
is an approximation to the continuous distribution of various quantities of interest
through the process of registering events among corresponding depth bins.

Let ΔZ be the uniform bin size of a depth-histogram H over a depth interval
½0; zmax� and Zm ¼ mΔZ be the lower boundary of the m-th bin. We introduce a
bin function bðzÞ which maps depth value z to some unique bin index i such that z
falls into the i-th bin interval Ii
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