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Today’s program

=1st hour:
 Top-down meets bottom-up (JB)
* From solid to soft materials microfabrication (YZ)

= 2nd hour:
e Q&A



New Opportunities for Ancient Materials:
a brief overview of silk materials in
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1. Introduction
» Biomaterials for bioengineering: benefits and requirements;
» Unique properties of silk fibroin;
» Silk transformation, functionalization and fabrication

2. Biomanufacturing of silk materials An ancient material of ovel i-_.dOO:;"qyearxs oId“
» lon-/electron-beam lithography; e WP

2. Summary and Discussion

@ N

Prior knowledge & relevant courses:
» Microfabrication technologies (NEMS/MEMS)
» Soft microsystems processing and devices
» Introduction to bioengineering
» Biomaterial engineerin
\ JmeErns /




=PFL  Human-machine interface (HMI) 5

» Huge benefits in personalized healthcare and rehabilitation
» From wearable devices to direct interface: high signal-to-noise ratio, multiple modalities,
direct treatments (drug release)...

» Some examples: Minimally invasive / implantable device Wearable bioelectronics ¥+
LOOC

Data storage
Optogenetics E \ OO0
| - |

b Remote healthcare

Vital sign < S N
sensing e R » £\ Wireless

Biocompatibility

1. Suitable mechanical
properties: Young’s
modulus (softness) and
inertia (bending stiffness)
2. Non-toxicity (none
biochemical mismatch) g 7 N Home rehabilitation

N e
communication

Functionalization (e.g.,
electronics) and
Manufacturing

Wearable
energy device

Electricity\
oot e
T ———
Drug——?o._ S
i diffusion ¢ & % ;
ECG recording, .

pacing, ablation Transdermal drug delivery

Adv. Mater. 2016, 28, 4203—4218.
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First requirement: biocompatibility

1. Suitable mechanical properties: Young's modulus (softness) and inertia (bending stiffness)
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Inertia « Thickness?

» Conventional materials: make it thin!

*Low inertia (bending stiffness), more flexible—
easy to deform along with tissues

2. Non-toxicity (none biochemical mismatch)

Implantation surgery

1 day

1week

Corrosion

1
Neuro nal death
1

1 month
1
|

» Foreign-body response

» Failure modes of neural probes manifest as a loss of neural recording capability

Adv. I\;ater. 2020, 32, 1907478; ACS Nano 2017, 11, 9614-9635; Nat. Rev. Mater. 2017, 2, 1-16.



EPFL Common polymers used in microtechniques

= Photoresist = {Polymer + Solvent + Photoinitiator}
- Polyimide (P1), PMMA, SU-8 ...

= PET, rubber, resin...
= Polydimethylsiloxane (PDMS)
= Biopolymers: Cellulose, proteins...
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Bombyx mori

Fibroin
fibril

Cocoons

Nanofibril

Silk fibre
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1. Suitable mechanical properties: tunable from brain to bone
2. Nontoxic, biodegradable, and edible

Nat. Rev. Chem. 2023, 7, 302-318.
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Silk fibroin: a natural, eco-friendly, and biocompatible protein 8

_____

Glycine (45.9%)
[ Alanine (30.3%)
H Other

Serine (12.1%)

Tyrosine (5.3%)

— Chemically active
amino acids

——————————————————

! Threonine (0.9%)

! Glutamic acid (0.6%)
! Aspartic acid (0.5%)
i Arginine (0.3%)

| Lysine (0.2%)

- Cysteine (0.1%)
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Degumming Dissolution Dialysis Aqueous silk
fibroin solution
Boiling Na,CO, LiBr solution LTI

4 Cut HO Semipermeable
1 . . . . . . 2 ——— |
% \ aoconn Insoluble fibroin fibril Fibroin B-sheet K . memb|rane
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=
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issolvi Dissolvin ﬁ \\Water-soluble
Dissolving /1Ssoving C—o fibroi
sericin fibroin ibroin

Leaching Li*Br

Extraction of silk fibroin from cocoons by removal of sericin protein (degumming) and dissolving in lithium
bromide (LiBr) solution to disrupt the H-bonding and to facilitate dissolution. The salt content is removed by
dialysis to generate a regenerated silk fibroin solution.

Nat. Rev. Chem. 2023, 7, 302-318.



EPFL  Engineering the Future of Silk Materials through
Advanced Manufacturing

» Biomaterial engineering

natural silk sources spin-coating V

< »
artificial silk sources g

soft-lithography

liquid silk solution

(water+fibroin)

. nanoimprinti
option to add

dopants
T—

inkjet printing

stenciling

contact
printing

Adv. Mater. 2012, 24, 2824-2837.

» Soft material fabrication technologies

» Bioengineering applications

Photonics
Electronics
lontronics
Metamaterials
Skin devices
Implantable devices

Brain-machine interfaces

10



EPFL  Two simple examples

» Replica molding

» Ink-jet printing

(a) Ay
o8

- biological
?;”: [ dopant

Micropatterned
layer of PDMS

l Add prepolymer and cure > Large-scale silk pattern

functional
silk ink

f\"' ! C" fill

cartridge

100 um

» Silk/metal grating

Embossed layer
of polymer

Adv. Mater. 2015, 27, 4273-4279; Small 2018, 1802050; Small 2018, 1802953;




EPFL  Silk functionalization and fabrication 12
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design protein ki protein Pt Protein g Mixture ¥‘Vhlte Recipes You Must
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Molecular Le:vel

Multi-level Modification

Multi-modal Multi-functional

Characterization - ~ Applications
Multi-scale Manufacturing

280nm

40nm

SL Nanoimprintingassembly p?ilxlfgiitg 3D printing Engraving
IBL: Ion-beam lithography EBL: Electron-beam lithography SL: Soft lithography
MPL: Multi-photon lithography UVL: Ultraviolet lithography

Adv. Mater. 2018, 30, 1706983.



cPFL  An example: lon-/electron-beam lithography b

» Direct writing
> Silk as the resist polymer—eco-friendly and biocompatible

HRP RB TMZ /7T oSoosooosossoosooosooosoosoososooooes -
" » A quick reminder: the secondary structures of silk materials
T e “trms | ) - ‘ i

Splder silk 1. Functional doping )
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B-Sheet crystals Amorphous region

3 lon beam 4 Water
patterning development
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; Silk fibroin polymer chain

Adv. Mater. 2018, 30, 1705919.
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» lon-beam lithography: heavy ions & more direct interaction with silk — from top to bottom
» Electron-beam lithography: tunable penetration in silk with different exposure energy — from middle/bottom to top
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Nat. Commun. 2021, 12, 5133.
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Y Crosslinked silk film
- Amorphous silk film
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EPFL  Manufacturing of 3D nanoarchitectures

» Combining IBL and EBL

Protems cross-linked

Amorphous silk film

Proteins cross-linked
from boittom to top

Development in water

Adv. Mater. 2018, 30, 1705919.

16
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> Functionalization of silk nanostructures for cell culture

o

spider silk 'L ¢ l neurons S
+ o)
collagen >
S
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. !' w100 UM Average Patter
1. Spin coating 2. FIB writing 3. Water developing 4. Cells imaging 5.Statistics >

" spider silk | ¢ i' Jr = glioma
|r T™MZ ||
w200 UM

> Fabrication of silk-based nanorobots

0 Average 250

Average Pattern

b Dynamic design - 3d EBL - Directional actuation

Low power

i y  Spider silk + GOD + CAT
B —————- 7

)

Enzyme-catalyzed reactions
In glucose solution

—

i GoD .
. 2CH, 0+ 0,+2H,0— 2 CH,,0,42 H,0, /
CAT /. :
i 2 H,0, O, + 2 H.,0 ’ ,
Microchannel 20; = Osf 2 T

Adv. Mater. 2018, 30, 1705919; Nat. Commun. 2021, 12, 5133.




=PrL

MICRO-331 Microfabrication technologies

Edition 2025 YZ

Take home messages 18

= Biomaterial engineering and microfabrication techniques have
offered various opportunities to silk—an ancient material on earth—in
the area of bioengineering and microengineering.

= The possibilities are only limited by our imaginations.

*Further reading list:

Introduction video:
https://youtu.be/vqqWw3xkMzA

Silk chemistry:

Nat. Rev. Chem. 2023, 7, 302-318.
Silk manufacturing:

Adv. Mater. 2018, 30, 1706983.

Other applications:
Adv. Energy Sustainability Res. 2021, 2, 2100035.
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Other information for preparing the final exam

= Please read the Moodle page for all information

= SLT results are good.

= New updates:
« Guide for SLT questions
« Exam rules (final) and some suggestions
* ‘Cheat sheet template'

19
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Two more Q&A slots on
January 14, 8 to 10 am &
January 15, 8 to 10 am

Please email us to book in advance (before January 13)
juergen.brugger@epfl.ch
yujia.zhang@epfl.ch

MICRO-331 Microfabrication technologies

Edition 2025 YZ




	MICRO-331�Microfabrication technologies
	Today’s program
	Slide Number 3
	Outline
	Human-machine interface (HMI)
	First requirement: biocompatibility
	Common polymers used in microtechniques
	Silk fibroin: a natural, eco-friendly, and biocompatible protein
	Silk transformation
	Slide Number 10
	Slide Number 11
	Silk functionalization and fabrication
	An example: Ion-/electron-beam lithography
	Difference of ion- and electron-beam lithography
	Effect of EBL on silk polymorphism
	Manufacturing of 3D nanoarchitectures
	Applications of the patterned silk structures
	Take home messages
	Other information for preparing the final exam
	Two more Q&A slots on�January 14, 8 to 10 am &�January 15, 8 to 10 am

