-

View metadata, citation and similar papers at core.ac.uk brought to you byji CORE

provided by Repository of the Academy's Library

This document is the Accepted Manuscript version of a Published Work that appeared in final form in
Nanotechnology, copyright © IOP Publishing after peer review and technical editing by the publisher.

To access the final edited and published work see http://iopscience.iop.orq/0957-4484/24/24/245701/

Programming nanostructur ed soft biological surfaces

by atomic layer deposition

Imre Miklés Szilagyt®, Georg Teuchér Emma Héarkoénen Elina Farni; Timo Hatanpah
Timur Nikitin®, Leonid Khriachtchely Markku RasanenMikko Ritald, Markku Leskel&

!Department of Chemistry, University of Helsinki, Isiaki, P.O. Box 55, FI-00014, Finland;
*Technical Analytical Chemistry Research Group of tHungarian Academy of Sciences,
Department of Inorganic and Analytical Chemistryyd@pest University of Technology and
Economics, Budapest, Szt. Gellért tér. 4., H-11Hyngary; *Chemnitz University of
Technology, Faculty of Natural Sciences, 09107 GtimnReichenhainer Stral3e 70, Germany

EMAIL: imre.szilagyi@mail.bme.hu
KEYWORDS: ALD, Biomimetic, Lotus, Photocatalysigjgrhydrophobic
ABSTRACT

Here we present the first successful attempt tograrame the surface properties of
nanostructured soft biological tissues by atomigedadeposition (ALD). The nanopatterned
surface of lotus leaf was tuned by 3-125 nm ;Tifin films. The lotus/Ti@ composites were

studied by SEM-EDX, XPS, Raman, TG-DTA, XRR, watentact angle and photocatalysis
measurements. While we could preserve the superplgdbic feature of lotus, we managed to

add a new property, i.e. photocatalytic activitye Villso explored how surface passivation


https://core.ac.uk/display/19563357?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

treatments and various ALD precursors affect thbikty of the sensitive soft biological tissues.
As we were able to gradually change the amounanbpatterns of lotus, we gained new insights
into how the hollow organic nanotubes on the sarfatlotus influence its superhydrophobic
feature.



INTRODUCTION

The more we understand living systems, the moradae the fascinating intelligence behind
them. Mimicking the special morphologies, propestibunctions and systems, which can be
found in all creatures, is a hot field of scienRanging from optics [1], sensors [2], medicine
[3], solar [4], self-assembly [5], to catalysis.[&]c, the biomimetic approach has proven to be a
fruitful guide in many research areas. A major segnof biomimetics is to modify, coat or copy
the surface of biological material. In this wayplbgical surfaces can be tailored for new
applications or the working principles of their sjaé features can be elucidated, and based on
this artificial systems can be built, which modw® desired properties of the biological surfaces
[7,8].

Lotus leaf Nelumbo nucifera) is one of the best-known examples in biomimetarsg it has
inspired a whole industry of self-cleaning surfafsOwing to the specially designed structures
on its surface, i.e. microbumps covered with holloanotubes (Figure la-c), lotus leaf is the
most superhydrophobic among all plants [10]. Re$esas have tried both to make copies of its
surface using lotus leaf as a template [11,12]tartglild artificial models of it [13]. When lotus
leaf was used as a template, first a negativeaeplias prepared by electroplating [11], or by
nanoscale polymer casting [12]. Then this replies Wiled with a polymer to provide a copy of
the original lotus. A common feature of these teatgimethods was that the copies exhibited
almost the same extreme contact angles as lotdisdetthese methods were not sensitive
enough to be able to copy the hollow organic namedwn the lotus leaf surface. Therefore, a
suitable method was still missing, which could ctipy nanostructured surface of soft biological
tissues with high precision.

Presently atomic layer deposition (ALD) seems toadhmost the only choice, which could
replicate exactly the nanopatterns of biologicdisstates. ALD is an ideal candidate to copy and
program biological surfaces, as it allows depositd uniform thin films on any 3D objects with
thickness control of sub-nanometer precision [14,8D is based on successive, surface
controlled reactions from the gas phase to prothicefilms in the nanometer range with perfect
conformality and process controllability [16]. HencALD allows for new strategies in
controlling the chemical and physical propertiesmahoscale materials and synthesis routes to
novel nanostructures [15,17]. One of the most stjgaited fields, where ALD can be used in



nanotechnology, is coating biological samples wlitih films in order to tailor the properties of
their nanostructured surfaces. The sensitive bickdgsamples require low temperature ALD
reactions, and only few such pilot studies havenbsenducted, e.g. ALD coating of tobacco
mosaic virus and protein sphere (ferritin) [18]idep silk [19], butterfly wing [20], water strider
leg [21], eye of the household fly [22], paper gklse [23] and cotton [24] fibers. As a common
feature, all these samples were dry, with a redgtivobust structure. Rose petal [25] and legume
[26] are the only examples, where plants were cblayeALD, however, these substrates were far
from being nanopatterned, as the surface structuees in the micrometer range with only a few
submicron features. Therefore, coating of nanostrad soft biological tissues by ALD has not
been demonstrated, and the effect of ALD precursarghe stability of these soft biological
substrates has not been investigated yet.

In this study, we present the first successfulnapteto programme the properties of a truly
nanostructured soft biological surface by depagitifew nm thick film on it by ALD. We have
selected lotus leaf as an example for nanostruttsodt biological tissues, and coated it with
TiO2 nanofilms by ALD. Our aim was to add a new propeire. photocatalytic activity, while
maintaining the superhydrophobic nature of lotas. [n this way, we could prepare a biological

alternative of self-cleaning inorganic surfacesggnwindows, windscreens, building walls, etc).
EXPERIMENTAL

Preparation of lotus leaf composites. Lotus leaves were received from the Botanical &arof
the University of Helsinki and needed special cdiging the measurements (Supporting
information). The 5x5 clotus leaf samples were put into the ALD reacRic¢sun Sunale R-
150) as received. THOALD films were grown at 65 °C using titanium isopoxide, TitOPr)4
(60 °C evaporation temperature) angoH The pulse and purge (purging gas) Bequences for
both Ti(OPr)y and HO precursors were two times 0.5 s pulse/l s puotjewfed by 0.5 s
pulse/15 s purge. ADs; ALD film was grown using trimethylaluminium (TMAand HO at 65
°C. The pulse and purge (purging gas) Bequences for both TMA and,® precursors were
five times 0.4 s pulse/l s purge followed by Opukse/15 s purge. 10” Si wafers were put under
the lotus leaves for reference, and the film theder was measured on them by X-ray
reflectometry (Bruker D8 Advance). The ALD cyclenmoers and film thickness for the TiO



films were 100, 950, 2550 cycles and 3 nm, 45 n&% Am, respectively, while for the 3 nm
Al ;O3 film 30 cycles were used. The same growth ratee wssumed for films on lotus leaf. The
reference Si/TiQ samples were used also in water contact anglepaotbcatalytic studies.
Selected lotus leaves were fixated by immersing &6 % glutaraldehyde solution (Sigma
Aldrich, Grade I, 50 %) and 0.1 M Na Cacodylatef@u{pH = 7.4) for 24 h, and then rinsing
with water.

Characterization. The morphology and composition of the samples stadied by a Hitachi S-
4800 FESEM equipped with an Oxford INCA 350 EDX. XRpectra were measured by a
Physical Electronics Quantum 2000 instrument ugihg a X-ray source (calibrated against the
carbon 1s line at 248.8 eV). Raman spectra wererded with a LabRam HR confocal
microscope (Horiba Jobin Yvon) using excitatiot&8 nm of an Ar-ion laser (0.1-1 mW at the
sample), 100x objective, and spectral resolutiom?. TG and single DTA curves of pure lotus
leaf were measured in air (70 ml n)nwith a Mettler-Toledo TGA850 device (10 °C nfin
heating rate, 2 mg sample massu¥r8l,0; crucible).

Contact angle and photocatalytic tests. Water contact angle measurements of the lotus and
lotus/TiO, samples were conducted using a CAM 100 (KSV Insémis, Finland) device. The
samples were irradiated with two parallelly arrah@ipear black lamps (General Electric, 20 W,
UV range: 300-400 nm), and the contact angle vakeys measured again. Water contact angles
of the Si/TiQ and lotus/AdO3; samples were measured on a DSA30 (Kriiss GmbHumsit,
and the consecutive UV irradiation of the samples @one by a circular black lamp (Sylvania,
22 W, UV emission peak at 350 nm).

For photocatalysis, 1x1 énpure or composite lotus leaf samples were put Intb cnf sealed
quartz cuvettes together with 2.9 ml of 0.03 mM gksne blue solution. The samples were
irradiated with the same General Electric blackdamas discussed previously. The UV-VIS
spectra of the methylene blue solutions were medsby a HP 8453 UV-VIS spectrometer. At
each UV-VIS measurement, the cuvettes were openmad,tso that the decomposition product
gases could be released. The relative absorbariég)(Avhich is proportional to the methylene
blue concentrations, was determined at 665 nm.

To study the photocatalytic activity of the plargifTiO, composites, 1x1 chrpieces of these
samples were put into 1x1 érsealed quartz cuvettes together with 3 ml of nietginge
solution (14.286 mg / 1 din The samples were irradiated with the same Sidveincular black



lamp, as discussed previously. The UV-VIS spectrathe methyl orange solutions were
measured by a JASCO V-550 UV-VIS spectrometer. rEtative absorbance (Af\ which is

proportional to the methyl orange concentratiores determined at 464 nm.
RESULTS AND DISCUSSION

Lotus leaves were coated with 3-125 nm thick sTflms using Ti(OPr), and HO as ALD
precursors. The deposition temperature was onRO69 he nanostructures remained intact upon
annealing at 65 °C in vacuum, while only®was pulsed (Supporting information). In contrast,
the chemical reaction with the Ti-precursor damatipednanotubes seriously. When only 3 nm
TiO, was deposited, a great deal of the nanotubes stidrpresent (Figure 1d), and with this
thin TiO, layer it was possible to preserve even the hobtmucture of the organic nanotubes
(Figure 1e). In the case of 45 nm Fi@verlayer, only a small portion of the nanotubdi&atures
were preserved (Figure 1f). When 125 nm JWas deposited (Figure 1g), the nanotubes
disappeared completely, only the microbumps wesihd, and the adhesion and stability of the
TiO film was also reduced as the thick Fifdm started to crack and peel off from the organi
underlayer.

The presence of TiDon the lotus leaf surface was confirmed by severethods. Besides the
usual elements in pure lotus, EDX showed that T$ aigo present on the surface of the lotus
leaf/TiO, composites (Figure 1h) [27]. XPS also detectedofjether with some elements of the
lotus leaf (Figure 1i). The measured binding enargiyies for Ti were 458.0-458.3 eV (Figure
1j), which corresponds to T§J28]. Pure lotus leaf and the lotus leaf/ Ti@mposites had weak
Raman signals (Figure 1k) suggesting that the pssited TiQ film is essentially amorphous.
However, when Raman measurements were done wittetigser energy, which crystallized
TiO,, strong anatase Raman peaks [29] were detected, Raman spectroscopy also confirmed
indirectly the presence of TO

As an attempt to preserve a larger portion of naved, selected lotus leaves were fixated in
glutaraldehyde before the ALD process. Howevegaaly this chemical, which is used to fixate
sensitive biological samples for electron microgcafamaged the nanotubes on the top of the

microbumps (Figure 2a).



To further study the effect of the metal organicDAprecursor, a 3 nm ADs film was grown on

a fixated lotus leaf sample at 65 °C using trimktdyminium (TMA) and HO as precursors.
TMA is considerably more reactive than DPr), and the reaction between TMA andHis
highly exothermic. Thus, already after 30 ALD cycléhe organic nanotubes disappeared
completely, and the microbumps and the valleys betwthem were also severely damaged
(Figure 2b).

We tried to remove the organic underlayer, so ¢hatlf-supported Ti©replica of lotus leaf
might be obtained. Based on the TG data (Figuréen?detail see Supporting information), lotus
leaf decomposed and combusted completely at 538 &&. According to this, we annealed the
lotus leaf/45 nm composite at 600 °C (in this satple TiQ layer was quite thick, but still
some nanotubes were present). The results showeththoriginal micro- and nanostructures of
the lotus leaf were completely destroyed, e.g.Ti@®, film at the microbumps opened up and
broke into pieces (Figure 2d).

The contact angle measurements (Figure 3a-d) watlernwevealed that the lotus leaf/3 nm 71O
composite was almost as superhydrophobic (153puaes lotus (157°). When the thickness of
TiO, was increased and the nanostructures on the sudmsappeared, the contact angles
decreased to 138° and 133° in the case of the leafigl5 nm TiQ and lotus leaf/125 nm TiO
samples, respectively. In a recent study, when nieopatterns of lotus were removed by
annealing and only the microbumps were presentndas decrease in the contact angle was
observed [12]. In order to study further the effeicthe nanopatterns and material of a surface on
the wetting properties, we measured contact angfe8, 45 and 125 nm TiOthin films
deposited on Si substrates by the same ALD proseasaised in the case of the lotus substrates.
The measured contact angles of the JJ8D samples (93.2°, 95.8°, 94.2°, respectively) ewer
close to the ones obtained previously for ALD déedsamorphous Ti@films [30]. Compared

to these, the significantly higher contact angléghe lotus/TiQ composites can be clearly
attributed to the nano- and micropatterns on thtase of the composites. The lotus/3 nm@yl
sample also had a higher contact angle (120.8Mpeoed to planar amorphous Bi@in films.

On this sample the nanopatterns were completelpvethand the microbumps were damaged,
but surface micropatterns were still partially @rets

When the lotus leaf/Ti@composites were irradiated with UV light for 2the contact angles did
not decrease significantly (Figure 3b-d), whichyjsical to ALD deposited amorphous Ti@hin



films [30, 31]. In the case of the planar amorph8u3iO, thin films, the contact angles also
showed only small decrease, i.e. in the case ofSife& nm TiQ sample the contact angle
decreased from 93.2° to 86.8°.

The above results show that when a surface is adielgunanostructured, the nanopattern of the
surface is decisive on the wetting properties astdhe actual material of the surface.

The photocatalytic activity of the lotus leaf/Ti@omposites was tested by decomposing aqueous
methylene blue using UV light, and all compositesravactive photocatalysts (Figure 3e). The
lotus leaf/45 nm composite, in which some nanotuwkere still present but the TiQayer was
thick enough, was the most active photocatalyse [Btus leaf/3 nm composite was almost as
active, while the lotus leaf/125 nm composite, imak only the microbumps were preserved and
had thus lower specific surface, had significaldlyer activity.

The observed photocatalysis with the lotusbT@@mposites was a significant result, as the,TiO
overlayers were essentially amorphous, accordintheoRaman measurements. In contrast to
crystalline anatase or rutile phases, amorphous T&dally have little or no photocatalytic
activity. However, recent results revealed that rugpecial conditions (e.g. hybrid type or
composite TiQ) amorphous Ti® can have also pronounced photocatalytic acti8®].[ The
photocatalytic activity of the lotus/TgOcomposites is supposed to be related to theses,case
though XPS, EDX and Raman data do not show cleigepee of hybridization or composite
materials. To investigate the source of the obskpieotocatalytic activity of the lotus/T3O
composites, the photocatalytic properties of ttieremce planar Si/amorphous Ti€omposites
were studied by decomposing aqueous methyl orasigg WV light. The decomposition rate of
methyl orange was very low in the case of the pl&&iO, samples, which had much smaller
specific surface than the lotus/TiGomposites. However, the results showed that dposition

of methyl orange was somewhat enchanced by theiCgi/€omposites, compared to the
photolysis of methyl orange irradiated by UV liglior details see Supporting information).
Thus, the almost completely amorphous Ji@in films, deposited by low temperature ALD,
already had some photocatalytic activity, which weaseased by growing these Ti@in films

on the nanopatterned lotus substrates.

Finally, we gained new insights into the workingnpiples of superhydrophobic lotus leaf. In
our study, we managed to gradually decrease thei@inod organic nanotubes on the surface of

lotus leaves by increasing the Ti@lm thickness. In contrast, when lotus leaf wasealed in a



previous report, the only possibility was to contglie remove the nanotubes [12], which resulted
in the loss of the superhydrophobic feature. Basedur results, we think that possibly there are
more organic nanotubes on the surface of lotus tkah the minimum number required for

superhydrophobicity. When the number of nanotubas decreased by 30-60 % (lotus leaf/3 nm
TiO,), the contact angle (153°) was still similar te ttase of pure lotus leaf (157°). We propose
that the excessive number of organic nanotubestas leaf provides a safety backup, i.e. if the
nanotubes are partly damaged by e.g. excess lwatdunlight, the leaf can still maintain its

self-cleaning feature.

CONCLUSIONS

The obtained results demonstrate a new way of grogning the surface properties of soft
biological tissues. We modified the surface of $oeaves by depositing Ti@n it by ALD, and
obtained a superhydrophobic and photocatalytic @ooomposite. By varying the TiGilm
thickness, we could tailor the wetting and photalgdit properties of the lotus/TiOmaterial.
With a 3 nm TiQ film, even the hollow organic nanotubes on thdama of lotus leaves were
preserved. In addition, as we managed to gradudibnge the amount of hollow organic
nanotubes on the surface of lotus, we increased understanding about how the
superhydrophobic feature of lotus works. The oladimesults demonstrate that the planned
surface modification of nanostructured soft biotagimaterial (e.g. bacteria, various plant and
animal soft tissues) is now potentially in our treac

We have shown the limitations of ALD as well: reacs with the metal-organic ALD precursors
can damage the very sensitive soft biological @ssédditional surface treatments like fixation
do not seem to help the situation. The solutiortoisuse less reactive ALD metal-organic
precursors. We did not succeed in preparing assglported replica of the lotus surface, as the
removal of the organic underlayer damaged sevehalyas-deposited ALD film. However, if
nanopatterned soft biological surfaces are copyee.dp. a polymer template method, a thin ALD
film can be used as a protecting contact layer detwthe sensitive biological surface and the
templating material, which can preserve the ddichtological nanostructures with high

precision.
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Figure 1. Covering lotus leaf with Ti@thin films by ALD. SEM images of pure lotus leéd)
pattern of 5-1Qum bumps on lotus leaf, (b) organic nanotubes cagehe microbumps and the
valleys between the bumps, (c) hollow structurthef50-100 nm thick nanotubes. SEM images
of the lotus leaf/TiQ composites: (d) a microbump of lotus leaf/3 nm Ji@) preserved hollow
nanotubes of lotus leaf/3 nm TiC{f) a microbump of lotus leaf/45 nm TiQ(g) a microbump of
lotus leaf/125 nm Ti@ (h) EDX spectrum of lotus leaf/45 nm Ti@i) Overall and (j) Ti2p XPS

spectra of lotus leaf/45 nm TiQ(k) Raman spectrum of pure lotus leaf (1) antbtfs leaf/45

nm TiO, at normal (2) and increased (3) laser power.
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Figure 2. Additional surface treatments of lotus leaf. SEMagas of a lotus leaf (a) fixated with
glutaraldehyde solution and (b) after covering gample with 3 nm AD;z; by ALD. (c) TG
curve of lotus leaf in air. (d) SEM image of loteaf/45 nm TiQ annealed in air at 600 °C.
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Figure 3. Tailoring the superhydrophobic and photocatalytaperties of lotus leaf/TiQ Water
contact angle measurements of (a) pure lotus(legfotus leaf/3 nm TigQ (c) lotus leaf/45 nm
TiO, and (d) lotus leaf/125 nm TOThe numbers show the contact angles before aed(af
brackets) 2 h irradiation with UV light. (e) Photbalytic decomposition of aqueous methylene
blue by the lotus/Ti@composites under UV light.
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SUPPORTING INFORMATION

Online supplementary data available from stacksorggNano (behavior of pure lotus leaf in
vacuum, thermal decomposition of pure lotus lep&cgal handling of lotus leaf, photocatalytic
activity of planar Si/TiQ samples).
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