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v Biomimetic fabrication of micro-/nanostructure on polypropylene
surfaces with high dynamic superhydrophobic stability’

e Huang et al. 2 F ™8l &= F (electroless plating) 2f ™ 7| = &
(electroplating)= 0| 23510 HY! (lotus leaf)2| nickel templateE &SI,

o MNZ& npEE2 7HESHY MM o=z ME Jhsdtn CiEA A0 Thset (=4l
LA =X = (nickel replica)2 A0 FH5f =adF 7] === o0 H=E
XA =AY HEE LA BHZ20|E(nickel template)E ALESH AHE 8¥

-

(injection molding)0il 2|sif PP EHO| A HE{O| X7t BH=0{E.

« NEE PP =M= (replica)y= AXC| OO|AE F X (micro structure)=
da3do=z MaASIR D, Lte F+ & (nano structure)2 42, 9
nanotubel| HEHE 7}Zl nanohair FEHE LD UZS. == T2 H| (high
aspect ratio)2} E7t22 tip FEZ 7HEl nanohaire F7H& Q1 ™ D EO[L}
2ot JE Qi0| =& =0 AUC| micro-/nano-structureg £ ot
S ESEis



- PP SXZ22 EHE 4-uL dropletOf CHSHA] contact angle 157 + 2°, run-off
angle 7t 5°0| S}, CA hysteresis 5 + 4°0|§, “contacting-compressing-

releasing” testOf M= SH=0| 2| HENZ FAISHHA water adhesionO|
AR X gt= EFE2 =olg
— S = = -

- 100 °Col 20 A PP HHES EJAS O, AL
(cantact angle)OI 159° 0] A 112 2 U4AS
152°2 2450 12 |*‘| % H Lt ‘| &2 AACls 252 =elg droplet
impact testoﬂ*‘lf = Eol |mpact rebound77f X Zel= AlZto] PP
SX=0] 8ms=E EO'Oﬂ HIS 3ms& A Z2[HM PP SX|=2| nanohair
TZ7t thermal durability2t dynamic super-hydrophobic stability Z ™ 0j| A

oLl EMO OO
FEY S3= E0FRU=S.

(®) Natural lotus leaf (b) Conductive (©) 'l:hid"e"ﬂl (d) Nickel replica
Electroless nickel layer . mickel layer X Peeling off
g plating 28 \ Electroplatmg i o  lotus leaf \
= 1_" = r— e

Moving mold half Nickel replica

(h) (2) (f) (e
PP replica Cooling and . Melt
; demolding Compression injection
~edo==—m g g
PP melt Fixed mold half

Fig. 1. Schematics of fabrication process for biomimetic PP replica with lotus leaf-like micro-/nanostructure. (a) 3D model of natural lotus leaf, (b) conductive layer
deposition, (¢) nickel deposition on conductive layer surface, (d) nickel replica, (e, f, g) u-ICM process and (h) final PP replica.



Fig. 2. (1) SEM micrographs and (2) 2D surface topography images of (a) lotus leaf template, (b) nickel replica, and (<) PP replica surfaces.
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Fig. 3. Digital images of water droplets placed
on (a) PP replica and (b) lotus leaf surfaces
(Insets show wetting state of 4-ul. water dro-
plets); (¢) representative snapshots of water
droplet (4 puL) (1) suspending on needle, (2)
slightly and (3) tightly contacted with lifting
PP replica surface and (4, 5) departing from
lowering surface (Arrows represent moving
direction of PP replica).
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Fig. 4. Contact angle on thermally annealed lotus leaf and PP replica versus thermal annealing time curves. Insets show wetting state of droplets.

Fig. 5. Typical snapshots of PP replica (a) before, (b) during, and (c) after being immersed in methyl red-dyed water.
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Fig. 6. Time sequence images of droplet (~3 mm in diameter) free falling on (a) lotus leaf and (b) PP replica surfaces (Impact velocity: 1.98 m/s; Scale bar: 2 mm).
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v' Biomimetic Nanostructure Fabrication to Increase Light
Transmission Efficiency in Optoelectronic Devices?

« 2 CHO|R E (light emitting diode)?t ZE LCIO|2E 4 (photodiode
pair)2 ZH™ XL &X| (optoelectronic devices)Ofl MA ZH ME DR L
TLZ= (biomimetic sub-wavelength nanostructures)E HZ&CZMN T EX|
ALO|e] HEE S SHAI7|= A0 CHet AT E Engt

o MZ IHE Si substrate 210l PS nanosphereE F7|X S Z HiX|A|Z7|2
O ThAC| reactive ion etching(RIE)2F A Et3} (silanization)& X moth-
eye & Z 2 Ltk F X (hano structure) & ® M Al Z 1,
pondimethyIS|onane(PDI\/IS)E L A2l Bl (nano imprinting)2 <ot
=25 (mold)E T=AZ. UV resint PDMS moldZ 33t moth-eye2t
Z2 TFZ=& YH| 151nm, =0[7} 358nm¢ =7|7} 198nm2| F7|2
2X|MO| HiQOo| A=l

emitting diode2} photodiode &X| EHOf| & dE x| 2
Lt X E EQ F optical device pair®| photodiode 23S §7§§ ok At
=0|X| H2 Z=20| || Photodlode01| S E+& Mean CurrentZt 21.4%

S HICH 2 flat UV resing =2 41, Mean CurrentZt 7.7%
daotes Z2uE HOFRUAS.

Y 2= 2&7|k 457 ot 85 Ar8cts €Al A|I&E S&0|
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Figure 1. Steps to fabricate the moth-eve like structure include a
polystyrene (PS) mask deposition on silicon, reactive 1on etching (RIE).
mold making. and stamping the pattern mto UV curable adhesive on an
optoelectronic device.



Figure 2. A schematic illustration showing the syringe pump with the
cantilever arm slowly lifting the silicon substrate out of the water with the
polystyrene nanosphere momnolayer. d) The nanospheres are initially
distributed across the water surface 1n an unordered monolaver. e) A
dropper introduces a 5% solution of sodium dodecyl sulfate (SDS) that
compacts the monolayer to form a highly ordered colloidal crystal that 1s
deposited on the silicon while 1t 1s withdrawn from the water. f) The
silicon becomes covered with the polystyrene nanosphere momnolayer and
set aside to dry.



Figure 3
bar 100 nm) and b) their long range order (scale bar 1 micron) as

fabricated in optical adhesive.

TABLE I: NANOSTRUCTURE MEASUREMENTS

i

. Examples of the a) biomimetic moth-eye nanostructures (scale

ARLRAS

TABLE 2: COUPLING RESULTS UNDER DIFFERENT CONDITIONS

N | Mean (nm) | Standard Dev.
Height | 84 356 17.6
Width 17 151 10.3
Pertod 14 198 5.1

Pair Type N Photodiode | Standard Percent
(device | (PD)Mean Dev. Difference
pairs) Current Relative to Bare

(nA) Device Pair

Bare 3 15.9 0.3 -

LED/PD

Flat Glue on 2 14.6 - -7.7%

LED/PD

Moth-Eye 3 19.3 3.5 +21.4%

Patterned

on LED/PD




v Biomimicry of multifunctional nanostructures in the neck
feathers of mallard (Anas platyrhynchos L.) drakes?

d=ory AMAHEZ2 AsHo=E AN 2oty fet 7[=4¢
HUO|H, 7|E9 7| HE2 F&Y, 44y, Mz, EXHC HOA

7|=0] O/H|=,

« Anas platyrhynchos drakes®| FX|7f SZo| = ZI&E (neck feathers)

hexagonally distributed melanin rods”?t keratin0l =2 U= FEZ,
S G| wavelengthOf s Eot= XS BIAIA|IZ|H, O|= E= Z L0 2t
|:|-E|.II
= .

iterative size reduction @Al (Mo 2 AJ|E ZLAAA7|& HAHES
A& 3510, Polycarbonate(PC) roddl polyvinyldifluoride(PVDF) 2F PCE = Z 0}
F 8Tt nano wireE polymer sheathOl &0 photonic 2D crystal fiber
N Z=%. photonic 2D crystal fiber2 neck feathers@t FAFSHA ZH=0f Ct2t
HPAE| = S| mEo| HErX|H, =M fiber0 CHSHO unpolarized light
simulationdt SE A7 LX|5t= 248 20 5.

Structure parameters (243 XI4==(Lattice constants), rod diameters)Oi| [zt
AO| H2tX|O, band-structure calculations map2 2 RHdt= AMO| fiberE
C|XQl o= AL 7hsT EEBF Neck feathers@t photonic 2D crystal fibers=
SASE &R0 oA ™E2ZE (contact angle)O| E|Ci 160°2 = A

EMS

(super-hydrophobic) E4& 20 &.



g 0.8 LU I T

| 1.0 -
07 —— Measurement |
—— Simulation
06 250 08 -
s £ oy
& 05 1300 £ 2
L) - 5 06F B
& 04 o L 13
c c c
3 03 9 s S 04
1 [&] 4 - A=
g 3 M g
L 02 > | l 1
0.1 _IEJ! P " ]
. B - o0 1 J
Keratin ® o. "m‘w
- 0.0 L 1 . L L I . L L 0.0 | il ‘4 |
0.0 0.2 0.4 06 0.8 1.0 I M X F: 400 500 600 700 800
Reflectance (a. u.) Wavevector Wavelength (nm)

Figure 1| Investigation of A. platyrhynchos feathers. (a), Mallard neck feathers are investigated for their structural properties (Photographed by Jacob S.
Spendelow). Optical microscopy images of mallard neck feathers reveal that higher magnifications result in a change of coloration from (b), green to (¢),
blue, which suggests the presence of iridescence. Hexagonal arrays of rods are observed from (d), longitudinal and (e), cross-sectional SEM images of
feather barbules to be distributed throughout the barbule periphery. (f), Scheme representing the distribution of melanin rods embedded in the keratin
matrix. The associated lattice constants (a) and diameters (d) are observed to be around 150 nm and 130 nm, respectively. (g), Reflection simulation of
neck feather barbules is performed using the above-mentioned values. (h), Band structure calculations show that directional band-gaps exist in the green
and UV regions of the spectrum. (i), Experimental and simulation results associated with the optical features of mallard feathers are in good agreement.
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Figure 2 | Functional biomimetics of mallard drake feathers. A low temperature, multimaterial fibre drawing method is used for the iterative reduction
of a macroscopic preform down to microscale photonic crystal. (a), The first step preform is obtained by successively wrapping PVDF and PC polymer
films around a PC rod. The outer layer of step I fibres removed prior to the second step of fabrication. (b), In the second step, a rectangular formation is
used in order to increase the aspect ratio of the final result, so as to resemble the design observed in A. platyrhynchos feathers. PVDF embedded PC
microwires with lattice constants of several microns are produced at the end of step I1. (¢), Step III is performed by repeating previous fabrication
procedures, and permits the precise control of the lattice constant in the 100-300 nm region. (d—f), Cross-sectional SEM images of produced fibers after
steps I, IT and III, respectively.
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Figure 3 | Characterization of biomimetic all-polymer photonic crystal structures. (a), A diverse array of 2D photonic crystal nanostructures can be
engineered from a unique macroscale preform. (b), The vivid green hue observed under light microcopy confirms the presence of photonic crystal effects.
(¢), Biomimetic photonic crystal fibres appear iridescent as the magnification of light microscope is increased. The green color is transformed into blue as
aresult of the photonic crystal effect. (d—e), SEM images reveal the ribbonlike photonic crystal formation and hexagonal distribution of PC rods inside the
PVDF matrix, with lattice constants around 200 nm. (f), Reflection and (g), bandstructure calculations are performed using the optical and size
parameters of the material components. (h), Reflection measurements from green colored photonic crystal structures are consistent with FDTD

modelling results.
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Figure 5 | Enhanced hydrophobicity in feather and feather-inspired photonic crystal structure. (a), Neck feathers exhibit superhydrophobicity due to
presence of structural hierarchy. (b), Contact angle measurement of a single mallard feather. (¢), Our photonic crystal surface enhances the intrinsic
hydrophobicity of PVDF film (see Figure S5) by increasing surface roughnesses. (d), The nanoscale surface pattern observed on step Il structures and the
alignment of the fiber arrays both contribute to surface superhydrophobicity. (e), The water contact angle is measured to exceed 165" for this particular
array.



v Biomimetic Magnetic Nanostructures: A Theranostic Platform
Targeting Lipid Metabolism and Immune Response in Lymphoma#*

B-MZ ZZZE MZ (B-cell lymphoma cells)= B-M=Z +=&H| (B-cell
receptor) 0| 2|3 Zoi| AHZ0| 2[ESH0 4 (pro-proliferation)dt ‘d =
M= (pro-survival signaling)& wAX[¢tCt= A7 E0E. O[2st 2&F
N=Zo| BEXNstEl FYAHE 1Z (targeted cholesterol depletion of
lymphoma cells)2 $=¢ot X|2 HE0[2f S U=,

2 %4s N2 X[HEES MK ZEet XH7|Lie # & (high-density
lipoprotein mimicking magnetic nanostructures (HDL-MNSs))E & =0,
HDL-MNSs+& high-affinity HDL receptor, scavenger receptor type B1(SR-
B1)O|| HIQIE & == UL SR-B1 =&H| 2d LT (SR-B1 receptor positive
lymphoma cell) 2] S A2HE FH2A OFHLF (cholesterol flux
mechanism)= 2ol & = J}= X7 Lt X (HDL-MNSs) Q.

£t MNS Z0l= 2F &M FIO5 EE (external radio frequency
field A @2 ZEA 7= SHS flo €8 2 = A2H MNSe| &
2d3t= antigen presenting cell2| 8% & 2+ Efd = =lSt= €

24 CH Al (heat shock proteins)2| Eelg QETIoZM MAHM 3 MY

(
=% MY HZ(innate and adaptive antitumor immune responses)=

HisSE A
3hsth

30 02 of#
I
o 4 nA

0
e



SR-B1 =& X| (SR-B1 receptor) 7  phagolysosome formation =
HEX| S0 HDL-MNSSQ| cellular uptake?t 282 SXTHC= A2 YT E.
=o|aHE 220 € &dd3 S8 7t X=X (combinational
therapeutics)= SR-B1 Eo EIZEF M[XE (SR-B1 expressing lymphoma
cells)of| M X2 255 XN HHAA2H HDL-MNSE= JEHC=
0|8 7tsct ZEHLr Hlusto] A7 58 H (MRI) Stof|A T2 Of 2k
A ZF (T2 relaxation time)2 | O =2 ZtAA|Z 1D, XICH O|O|ANZ
ArESH=H A0 A, SR-B1 receptordi| Ciet HDL-MNS2| £0[|/d2 SR-B1
dd M=ZLr 28 MZ=E Ato[e] & O[O|X| (contrast) AtO|& 1 HSHA

= =< (@)
OHTS?iE.

M= E0|d EXN3| (cell specific targeting) 2= 7tX|1 A= HDL-
MNS= Zf|2HES 2EY = 2, & Y HY 35 =8dl= €
2dsts 7 @ 7 A2, MRIOIM &2 contrastE ZHX| 11 00| &
= A0 EEZF (lymphoma)dA R X=X ZSHZUS RSOt S

SR-B1 receptor

Dual therapy and imaging

Cholesterol Anti-tumor immune response Imaging
efflux 1 after thermal activation under MRI



(b)

—~Size ~PDI
100 - 0.35
e . ——» - 0.3 g
T2 == | ot
E L 0.25
‘g 60 L 0.2 %
2 40 015 8
g - 01 5
20 L 0.05 na’_‘
0 0
0 2 4 6 8
Days

Figure 1. Physicochemical characterization. (a) Transmission
electron microscopy image of HDL-MNS. (b) Stability of the
HDL-MNS over a week in 10% serum containing media.
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Figure 2. Amount of Fe ion taken up by different cells as measured via ICP-MS. (a) A time-dependent study. *p < 0.05; ¥*p < 0.005; ***p <
0.0005, SU-DHL-4 and Ramos vs SR-B1 negative Jurkat cells. (b) Receptor binding study to show the uptake of the HDL-MNSs after exposure
to natural HDL at 48 h. *p < 0.05; **p < 0.005; ***p < 0.0005, HDL treatment vs control cells.



Pigure 3. Transmission electron microscopy showng the nternalzation patter of the HDL-MNSs in SR-BI negative (Jurkat) and postive
(Ramos) cells. (a) Intemmalzaton patern afer 2 h of incubation, (b) Presence of HIDL-MNSs in membrane bound vesices after 24 h of
incubation in Jurka cells and confirmation by EDS analyss, (c) HDL-MNSs are distibuted uniformly throughout the Ramos celafter 2 of
incubation. i) and (i) are representativ images from twio art of the cell resence of Fesigal was confrmed by EDS analysi. Additonal
representative images from both of the cell ines are i Figure §1,
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Figure 4. Fluorescence microscopy showing localization of the
HDL-MNSs. (a) HDL-MNSs can be observed to be colocalized with
lysosome in Jurkat cells and independent of lysosomal vesicles in
SR-B1 positive SU-DHL-4 and Ramos cells. (b) Pearson’s
colocalization coefficient calculated from three different field of
views. *p < 0.05, SU-DHL-4 and Ramos vs SR-B1 negative Jurkat

cells.
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Figure 5. Diagnostic capabilities of the HDL-MNSs. (a) T,-weighted phantom MRI images. (b) T, relaxation times of Jurkat, Ramos, and SU-
DHL-4 cell pellets treated with different concentrations of HDL-MNSs using a 7 T Bruker Biospin MRI instrument. (c) Concentration of Fe ion
uptaken by different cells at similar concentrations as in the MRI study. The quantification has been done by ICP-MS. *p < 0,05, *¥p < 0.005,

SR-B1 positive cells vs SR-B1 negative Jurkat cells.
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Figure 6. Therapeutic effect of the HDL-MNSs. (a) Cell viability study demonstrating the cytotoxic effect of the HDL-MNSs with and without
thermal induction (RF = radiofrequency). ¥p < 0.05; **p < 0.005; **¥p < 0.0005, HDL-MNS treatment vs HDL-MNS+RF treatment. (b)
Apoptosis study showing the effect of the HDL-MNSs with and without thermal induction on SR-B1 negative Jurkat and SR-B1 positive SU-
DHL-4 cell lines. (c) Caspase 3/7 assay in the SR-B1 positive SU-DHL-4 cell line using ApoTox kit. *p < 0.05 and **p < 0.005, HDL-MNS+RF
treatment vs other treatment; #p < 0.05 HDL-MNS treatment vs control.
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Figure 7. Therapeutic capability of the HDL-MNSs on different ymphoma cell lines. (a) Amount of total cholesterol after treatment with the
HDL-MNSs with/without RF. *p < 0.05 and **p <0005, different concentrations of the HDL-MNS treatment vs control. #p < 0.05, HDL-MNS
treatment vs HDL-MNS+RF treatment. (b) Cholesterol efflux results showing the role of the HDL-MNSs to efflux the cholesterol out of the
different SR-B1 positive and negative lymphoma cells. **p < 0,005 and ***p < 0,0005, SR-B1 positive cells vs SR-BI negative Jurkat cells.
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Figure 8. Immunomodulatory responses by the HDL-MNSs after
thermal activation. (a) Expression of heat shock protein 70 in SU-
DHL-4 cells after treatment with the HDL-MNSs with and without
RF induction. (b) Trans-well migration of bone marrow derived
dendritic cells toward conditioned media of SU-DHL-4 cells with
different treatments. (c) Expression of CD80 and CD86 on dendritic
cells exposed to different conditioned media signifying maturation
of dendritic cells. ¥p < 0.05 and *¥*p < 0.005, control vs treatment.
(d) ELISA assay showing the release of IFN gamma in the coculture
of activated dendritic cells with splenocytes. ¥p < 0.05 and **p <
0.005, HDL-MNS+RF vs other treatments.



v" Biomimetic fabrication and photoelectric properties
of superhydrophobic ZnO nanostructures on flexible PDMS
substrates replicated from rose petal®

 Dai et al.2 nanocasting techniqgues O|&%}0 &0l X% OO[A=Z/Lt
T & (rose petal micro-/nano-structure)E Polydimethylsiloxane(P2) =
Moot 2af, ©EZE (contact angle)O| 43°2HE Z718t 153°2 a4 2
IR B YO, SHL0| HOX[A| ¥= R =1l (petal effect) S 2HOI%H

o FIHo=Z FO| £UO| MHE P2(rose-petal-like P2)R0| ZnOE E=
3 (hydrothermal growth)®t Z 1, PDMS #HO0| o &%t hexagonal
wurtzite structureE 7t%l ZnO nanorod”?t ‘4 E. ZnO nanorodl| 2 ¢,
=0], X[§ 52 8% MEUM 8& At 2E, s 52 240 9|5
A™YE A2 M nanorod?t A& E rose-petal-like PDMSE= & % Z(contact
angle)0| 164°2 2d2[ 50| AL AE EWFAL2LE, run-off angleO]
5°0|5IR o XI7EMI'E (self-cleaning) &2 2. 0|l= BEHO| HE3st ZnO
nanorod 2 nanostructure7t A& (lotus leaf) I} H|=8lAH E O, ZnO9
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Fig.1 Schematic representation of the preparation process for the
superhydrophobic ZnO nanostructures on PDMS substrates replicated
from rose petal. a Rose petal, b PDMS casting on rose petal, ¢ nega-
tive PDMS replica peeled off from the rose petal, d positive PDMS

film replicated from negative PDMS template. e Thermal evaporation
of ZnO seed layer on PDMS, f hydrothermal growth of ZnO nano-
structures on PDMS substrate



Fig.2 a Optical image of fresh rose petal, SEM images of b negative and ¢ positive PDMS replicas. CA measurements of d fresh rose petal, ¢
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Fig.3 a,b SEM, ¢ FESEM and HRTEM images and d XRD pattern of typical ZnO nanostructures grown on the rose-petal-like PDMS substrate
after hydrothermal growth for 8 h with Zn(NO,), concentrations of 25 mM



Fig. 4 SEM images of ZnO nanostructures grown on the rose-
petal-like PDMS substrate after hydrothermal growth for 8 h with
Zn(NOy), concentrations of a 10, b 25, and ¢ 50 mM, respectively
(Scale bar=3 pm). Inscts: high-magnified FESEM images of ZnO
nanostructures oblained on the PDMS micropillars (Scale bar = 3 yjun)
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Fig. 5 SEM images of 200 nanostrociurcs on the rose-petal-like PDMS substrate after bydrothermal growih with 25 mM Zn(NOg), fora, b b,
el 2 h, e T4 b, anad g, b 12 b, respectively, (Scale bar= 50 pm for a, ¢, ¢, g and scale bar=2 pm for b, d, [, h)
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Hierarchical PDMS Zn0 nanostructures on Hierarchical PDMS
Fig.6 CA a of flat PDMS {ilm, CA b und SEM image ¢ of Zn0

nanored armys on flat PDMS, CA d of rose-petal-like PDMS, CA ¢
und SEM image [ of ZnO/PDMS hierarchical structures. The Zn0

nunostruciures were obtained after hydrothermal growih with 25 mM
Zn{NOy), for & h, (Scale bar= 10 pm)

Fig. 7 Schematic representations of contact modes of a drop of water with a rose-petal-ike PDMS and b ZnO/PDMS hierarchical structures
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Fig.8 Typical dark and UV illuminated 1-V characteristics of Zn0/
PDMS hierarchical micro/nano structures. Insets: optical images of
the device based on ZnO/PDMS hierarchical surface
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