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Supplementary Figure 1 Formation of a coffee ring pattern on the substrate. a, Schematic of
the formation of a coffee-ring-pattern made of nanomaterials on a substrate. b, Optical microscope
image of a coffee ring after dropping and drying 2 μL Au NPs aqueous solution (≈4 mg mL-1) on
a silane-treated substrate.
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Supplementary Figure 2 a, b, SEM images of a hollow microsphere assembled with BaTiO3
(a) and a cube-shaped microscaffold assembled with Fe3O4 (b) for different
immersion/retraction cycles.
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Supplementary Figure 3 SEM images of Au NPs assembled microscaffold before and after
600 immersion/retraction cycles in pure 90% IPA/H2O solution (no nanoparticles
contained). The morphology basically remains unchanged on the structure after immersing,
indicating that the assembled particles are robust enough to resist the redispersion in the following
immersing process.
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Supplementary Figure 4 Zeta potentials (red circle) and hydrated dimeters (black diamonds)
of Au NPs dispersed in 90% IPA/H2O solutions with different concentrations of NaCl. Source
data are provided as a Source Data file. These data points are shown as mean ± s.d. with at least
4 independent measurements. (n≥4).
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Supplementary Figure 5 SEM image of Au NP-assembled IPS line scaffolds with different
widths. As the strategy is based on template-assisted fabrication, the resolution of this method thus
depends on that of the 2PP-printed scaffolds (which could be further down to ≈100 nm).
Considering the weak trapping capability of lines, the experiment was conducted by dropping and
drying 5 μL 90% IPA/H2O solution with ≈4 mg mL-1 Au NP and 0.01 mM PBS for 12 cycles on
the silane-treated substrate. Source data are provided as a Source Data file.
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Supplementary Figure 6 Roughness characterization of nanomaterial-assembled structures.
a, b, AFM measurement (a) and SEM image (b) of an Au NPs (40 nm) assembled surface after
900 immersion/retraction cycles.
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Supplementary Figure 7 Optical images showing the contact angle measurements of
solutions containing 0.01 mM PBS solutions with different IPA/H2O ratio on an IPS film
(cross-linked) without any surface treatment.
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Supplementary Figure 8 SEM images of a honeycomb-like microscaffold assembled with
Fe3O4 NPs after 1600 immersion-retraction cycles in toluene. Different solvent systems, such
as the non-polar solvents, can be employed to achieve similar results.
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Supplementary Figure 9 8-bit optical images of a microscaffold coated with Au NPs in
solutions with and without salts. These experiments are performed in 90% IPA/H2O solutions
with ≈1.2 mg mL-1 Au NP for 600 immersion-retraction cycles.
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Supplementary Figure 10 The formation of NaCl crystals in micro-scaffolds during the
immersion/retraction process. a, b, Optical image (a) and SEM image (b) of a microscaffold
treated in 90% IPA/H2O solution for 600 immersion/retraction cycles. c, d, EDS mappings of Cl
(c) and Na (d) elements distribution correspond to the sample of (b).
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Supplementary Figure 11 Removable NaCl crystals on the nanomaterial-coated micro-
scaffolds. a, b, EDS spectrum (a) and SEM images (b) of a microscaffold coated with Au NPs
before the remove of NaCl crystals. c, d, EDS spectrum (c) and SEM images (d) of a microscaffold
coated with Au NPs after the remove of NaCl crystals. The samples are treated in 90% IPA/H2O
solutions with ≈1.2 mg mL-1 Au NP and 0.01 mM PBS for 600 immersion/retraction cycles, and
then immersed in water for 10 min to remove NaCl. Scale bars in (b, d) are 40 μm.
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Supplementary Figure 12 Optical images of a microscaffold trapping solutions with 0.01 mM
PBS solutions and different IPA/H2O ratios (10%, 30%, 50%, 70%, and 90%). These
experiments are performed in a Zeiss, Axio Imager 2 microscope. 30 µL solution is first dropped
on the substrate to cover the micro-scaffold, the excess solution is then removed by a pipette. These
images are all captured at the time when the trapped solution is separated from the bulk solution.
The eventual volume of trapped solution by a microscaffold is obtained by averaging the results
of 4 dependent tests.
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Supplementary Figure 13 Optical images of micro-scaffolds coated with Au NPs in solutions
with different NaCl concentrations. The samples are treated in 90% IPA/H2O solutions with ≈

1.2 mg mL-1 Au NPs and 0.01 mM PBS for 600 immersion/retraction cycles, and then immersed
in water for 10 min to remove NaCl.
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Supplementary Figure 14 Optical images of micro-scaffolds coated with Au NPs for different
immersion/retraction cycles. The solution is comprised of ≈1.2 mg mL-1 Au NP, 0.01mM PBS,
and 90% IPA/H2O.



16

Supplementary Figure 15 a, b, Cross-section SEM images of a FIB-cut microscaffold beam
coated with Au NPs for 600 (a) and 1200 (b) immersion/retraction cycles.
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Supplementary Figure 16 SEM image of a 3D hollow microsphere coated with Fe3O4 NPs in
solution with 0.2 mg mL-1 Fe3O4 and 0.01 mM PBS for 150 immersion/retraction cycles after
annealing treatment (600 ℃ for 2 h).
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Supplementary Figure 17 Optical image of a glass pipette electrode approaching a 600 ℃-
annealed Fe3O4-BaTiO3 3D hollow microsphere.
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Supplementary Table 1 Comparison among different micro/nanofabrication technologies of multi-material.

Resolution Roughness Mechanical
performance#

Mass loading of
desired material Material versatility Printing speed Distribution of desired

material after printing Ref.

Direct-
laser

writing

Cross-linkable
metal

coordinated
compounds,

Cross-linkable
colloidal

nanocrystals

Sub-200
nm

/

≈20 MPa, after
photoresist
removed by
sintering1

<50% Limited by specific chemistries 1 -50,000 μm s-1
Chemically bonded with

other heterogeneous
materials

 1,2

≈12 nm3 >2 GPa, sintered
at 700 oC4 ≈90%

Colloids (size< 30 nm) with
specific surface ligands, e.g.

C-H, Zn-S
1 - 50 μm s-1 Assembly of desired

nanocrystals 3,4

Physically
blending with
nanomaterials

/ 4.5 GPa, sintered
at 1200 °C5 <50%

Transparent nanomaterial with
size< 30 nm

(silica and some ceramics)
1 -50,000 μm s-1 Embedded in the polymer

matrix 5,6

Template-
assisted

fabrication

Adsorption via
hydrogen
bonding

≈ 20 nm ≈5 nm / ≈60% Water dispensable
nanomaterials

Up to 100,000 μm s-1

for the template
printing, the

deposition time of
desired materials

ranges from minutes to
a few hours

Embedded in the polymer
matrix 7

Electrostatic
adsorption

≈100 nm*

/ /

Single
nanoparticle layer

with loosely
discrete

distribution

Limited by the surface group of
nanomaterials, whose surface
charge must be opposite to the

template

Deposited on the surface of
the polymer template

8

Chemical
coating / /

Depends on the
amount of

chemically active
position of

template surface

Limited by specific chemical
reactions, e.g. electroless

plating of metals
9

Atomic layer
deposition ≈1 nm10,11

0.28-2.56 GPa,
after polymer
removed12-14

Accumulate along
the deposition

time

Metal, metal oxide, nitride, etc. 12-14

Physical
deposition
(sputtering,
evaporating

deposition, etc.)

≈1 nm15 / Metal, metal oxide 16

Capillary
trapping
assisted

deposition
 (this work)

≈46 nm
Material- and

structure-
dependent

Accumulate along
the

immersion/retracti
on cycles

Broader material applicability
(polymeric and non-polymeric

nanomaterials)
(size: 5-500 nm,

Without considering specific
chemistries)

#: Engineering compressive strength.
/: No related data reported in literatures.
*: It depends on the resolution of 2PP-printed scaffold, which is around 100 nm17.
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Supplementary Table 2 The physicochemical properties of nanomaterials used in this work.

Nanomaterials Size (nm) Surface group Dispersed solvent
Au NPs 5 - 400 / 0.1 mM PBS

Au nanorods 25×60 CTAB water
Ag NPs <100 / powder
Pt NPs <50 / powder

Fe3O4 NPs 30
Amine, PEG, or
carboxylic acid

water

Fe3O4 NPs 5 / Toluene
BaTiO3 50, 280 / powder

PS 500
Red

fluorescence
water

PLGA 100
Orange

Fluorescent
powder

diamond < 10 / powder
NaYF4 up

conversion NPs
30-35

Polyacryclic
acid (PAA)

water

Cu NPs 25 / powder
TiO2 Nps 25-300 / powder
Au NPs 50 Alkyne water
Au NPs 70 azide water

CdSe/ZnS
Quantum dots

/ carboxylic acid water



21

Supplementary Table 3 Experimental parameters for coating various materials.

Nanomaterials Concentration Immersion-retraction
cycles

Au NPs ≈1.2 mg mL-1 600
Au nanorods ≈0.13 mg mL-1 900

Ag NPs 0.3 mg mL-1 300
Pt NPs 0.5 mg mL-1 300

Fe3O4 NPs 0.2 mg mL-1 300
BaTiO3 2 mg mL-1 100

PS 0.0025 wt.% 300
PLGA 0.125 mg mL-1 400

Quantum dots 0.05 mg mL-1 900
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