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FASCINATING WORLD OF NANOSCIENCE
AND NANOTECHNOLOGY

Researchers whose work has led to significant discoveries, looking much
further, beyond the immediate resolution of technical problems, are asking them-
selves important questions such as: why individual phenomena occur, how they
develop, and why they work. In order to enhance our knowledge about the world
around us, and to see pictures of worlds that elude the human eye, through histo-
ry many experimental and theoretical methods have been developed and are still
being improved, including the development of telescopes and microscopes, which
enable us to see "very large" and "very small" things.

Researchers involved in the "big things" (the universe, galaxies, stars and
planets) have found that a galaxy of an average size of about 100.000 light-years
has, on average, around one quadrillion (10'°) stars. Researchers involved in the
"little things" (nanostructures, molecules, clusters of atoms, individual atoms,
atomic defects, etc.) have discovered that 1 cm3 of aluminum alloys also contains
approximately one quadrillion (10"°) nanoparticles that strengthen these alloys in
order to be utilized as a structural material for aircrafts, without which modern
transport is unimaginable. How do we count the number of stars in a galaxy or the
number of nanoparticles in an aluminum alloy? Relatively easy, because we can
see the nanoparticles in aluminum alloys using electron microscopes, and stars in
a galaxy using telescopes. Scientific discoveries form the basis for scientific and
technological progress, and one such example are the discoveries in the fields of
nanosciences and nanotechnologies.

Why is this monograph dedicated to nanosciences and nanotechnologies?

To answer this question, we must first answer the question: what are nano-
science and nanotechnology? In the inevitable Wikipedia, Encyclopedia Britannica
(and any other encyclopedia), dictionaries as well as internet sources, the terms
"nanoscience” and "nanotechnology" are related to the study, understanding,
controlled manipulation of structures and phenomena, and the application of
extremely small things, which have at least one dimension less than 100 nm.
Modern aspects of nanosciences and nanotechnologies are quite new and have
been developing intensively in the last twenty to thirty years, but the nanoscale
substances have been used for centuries, if not millennia. Particulate pigments, for
example, have been used in ancient China, Egypt, etc., several thousands of years
ago. Artists have decorated windows in medieval churches using silver and gold
nanoparticles of various sizes and composition, without understanding the origin
of the various colors. Nanoparticles that strengthen alloys of iron, aluminum and
other metals, have been used for over a hundred years, although they have not
been branded with a prefix "nano", but rather called "precipitates”. Scientific disci-



plines, involved in significant research activities related to nanoscience and nano-
technology, are: physical metallurgy, materials science and materials engineering,
chemistry, physics, biology, electrical engineering, and so on.

Where does the prefix "nano" come from? "Nano" comes from the Greek
words vavog, which means a dwarf, indicating a dimension of one nanometer
(1 nm), which represents one-billionth (10°) of a meter; Similarly, "nanosecond"
(ns) denotes a billionth of a second, and so on. This sounds a bit abstract to many;,
but to put things into context with which we are familiar, we can mention that the
diameter of a human hair, for example, is on average about 100.000 nm (10° nm
=100 microns = 0.1 mm), which is roughly the bottom threshold of human eye
detection; Thickness of newsprint on average is also about 100.000 nm = 100 pm =
0.1 mm; Person of 2 m height is 2.000.000.000 (2x10°) nm high. For comparison,
if we assume that the diameter of a children's glass marble was 1 nm, then the
diameter of the Earth would be 1 m.

When we talk about the structures of inorganic, organic and bio-nanosys-
tems, their dimensions are as follows: Diameter of carbon atom is in the order of
0.1 nm, or one-tenth of a billionth of a meter; Single-wall carbon nanotubes have
a diameter of around 2 nm, or 2 billionth of a meter; The width of the deoxyribo-
nucleic acid (DNA) chain is also about 2 nm, or 2 billionths of a meter; Proteins,
which can vary in size, depending on how many amino acids they are composed
of, are in the range mainly between 2 and 10 nm, or between 2 and 10 billionths
of a meter (assuming their spherical shape); Diameter of individual molecules of
hemoglobin is about 5 nm, or 5 billionths of a meter.

Indeed, these are small sizes, but why should they be important, or why
does size matter? When analyzing physical systems on the nanoscale, their funda-
mental properties change drastically. Consider the example, melting point of gold:
transition temperature of solid to liquid for gold nanoparticles ~4 nm in size, is
about 400°C, while the melting temperature of bulk (macroscopic) gold is 1063°C.
The same can be said for other properties: mechanical properties, electric conduc-
tivity, magnetism, chemical reactivity, etc., also may be drastically changed, which
means that nanosystems deviate from the laws of classical physics that describe the
motion of the planets, the direction of movement of a rockets which carry satellites
to explore space, etc. The base of this fascinating behavior of nanostructures are
bonds between the atoms. As structures become smaller, more atoms are present
on the surface, hence the ratio of the surface area to volume for these structures
increases dramatically. It results in a dramatic change of physicochemical prop-
erties of nanostructures from the bulk, as well as possible appearance of quantum
effects: nanoscale structures become stronger, less brittle, demonstrate enhanced
optical and catalytic properties, and generally, are very different compared to the
usual, macroscopic system dimensions to which we are accustomed to in everyday
practice.

This monograph comprises a number of contributions which illustrate the
sparkling and fascinating world of nanoscience and nanotechnology.



Nanoporous organometallic materials, that can mimic the properties of
muscles upon outside stimuli, are ideal actuators, thereby offering a unique com-
bination of low operating voltages, relatively large strain amplitudes, high stiff-
ness and strength. These phenomena are discussed in the manuscript of J. Th. M.
DeHosson and E. Detsi.

Drugs in nanodimension range will become much more efficient with re-
duced adverse effects. A typical example are drugs, carried by various types of
nanoparticles which have been previously functionalized, so as to only recognize
diseased cells which is a highly selective medical procedure on a molecular level.
Besides drugs, functionalized nanoparticles can carry radioactive material or a
magnetic structure, which in a strong magnetic field develop high temperatures,
and destroy cancer cells. Some aspects of electron microscopy utilized in the study
of biological nanostructures are discussed in the paper of A. E. Porter and I. G.
Theodorou.

Increased production of nanomaterials raises concern about their safety, not
only for humans but also for animals and the environment as well. Their toxicity
depends on nanoparticle size, shape, surface area, surface chemistry, concentra-
tion, dispersion, aggregation, route of administration and many other factors. The
review by M. Coli¢ and S. Tomi¢ summarizes the main aspects of nano-toxicity in
vitro and in vivo, points out relevant tests of demonstrating toxicity and explains
the significance of reactive oxygen species, as the main mechanism of nanoparticle
cytotoxicity and genotoxicity through the complex interplay between nanoparti-
cles and cellular or genomic components.

Carbon nanomaterials are a large group of advanced materials that are in
focus of extensive research, due to their interesting properties and versatile appli-
cability, especially carbon nanostructures doped by covalently bonded heteroa-
toms (N, B, P, etc.) which leads to improved properties. This topic is discussed in
the manuscript by G. Ciri¢-Marjanovi¢.

Combinations of optical, magnetic and photocatalytic properties of nano-
materials, especially those with large energy gaps, are of great interest for nano-
science and nanotechnology. One of such systems are TiO2 nanostructures with
different crystal lattices and shapes (spheres, nanotubes, nanorods), either pure or
hybrid, in the form of nanocomposites with matrices based on conducting poly-
mers, which is presented in the work of Z. Saponji¢ and coauthors.

Design and manufacturing of multifunctional nanomaterials is one of the
most important trends in materials nanoscience, where combining nanomaterials
of various characteristics, such as ferroelectrics, ferromagnetics and ferroelastics
can lead to achieving adequate multifunctionality, a good example of which are
multiferroic nanomaterials, presented in the work of V. Srdi¢ and coauthors.

Materials containing crystal grains of nanodimensions can demonstrate
dramatically improved properties. Theoretically as well as experimentally, it has
been shown that metallic nanostructures can attain a high percentage of theoret-
ical strength, which questions the classical definition of material strength, stated
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until recently by textbooks that does not depend on size of a tested sample. Some
aspects of mechanisms of formation, growth and shrinking of crystal grains are
discussed in the paper of T. Radeti¢.

Computational methods, including first principal calculations, have been
proven to be a powerful tool in allowing investigations of systems of various com-
plexities, spatial and temporal scales. This allows for screening of a large number
of systems, which is not experimentally feasible, and also the understanding of
general trends which is of great importance for both theoreticians and experimen-
talists. The use of this concept in applications of metallic and oxide nanoparticles
is described in manuscript of I. A. Pasti and coauthors.

Being aware of the importance of nanosciences and nanotechnologies and
their global impact on humanity, in the autumn of 2017, Serbian Academy of
Sciences and Arts launched a series of lectures dedicated to these topics from
which this monograph arose. We hope that this monograph will be of interest to
the reader and can serve as a motivation for creating opportunity for research to
those who want to find out more about these fascinating fields of sciences and
technologies.

Velimir R. Radmilovi¢
Serbian Academy of Sciences and Arts

Jeff Th. M. DeHosson
Royal Netherlands Academy of Arts and Sciences



OACHVMHAHTHNM CBET HAHOHAYKA I
HAHOTEXHOJIOTUJA

VcTpaskuBauu uuju je paj; 0Beo 10 3Ha4ajHUX oTKpuha Iiefiajy MHOTO fiajbe,
M3BaH HeIIOCPEIHOT pelllaBarba TEXHIYKIMX IIPOodIeMa, HOCTaB/bajy cedu BaXkKHa M-
Tama, Kao ILITO Cy: 3alITO ce flelllaBajy ofpeheHe mojase, kako ce OHe pasBujajy u
Ha Koju HauuH ¢pyHkumonuury? Kpos ucropujy je passujex Benuku Opoj ekcrepu-
MEHTA/IHUX Vi TEOPUjCKMX METOfIa, Koje ce 1 aH-fAaHac yHanpebyjy, kako ducmo
odoraTim 3Hame 0 CBETY KOjJ Hac OKPY)Kyje ¥ MOIVIM Jja BUAVMO C/IMKe CBETOBA
KOjJ MI3MIYY JbYZICKOM OKY, YK/by4yjyhu Ty 11 IIpOHa/Ia3aK Te/ieckora 1 MUKPOCKO-
Ia, Koju HaM oMmoryhaBajy fa BUJMMO ,,BeOMa BeJlKe” U ,,BeoMa Majie” CTBapH.

VcTpaxxnBauu Koju ce daBe ,BeIMKMM CTBapuMa’~ (yHUBEP3yMOM, Tajak-
cMjaMa, 3Be3[jaMa I IIaHeTaMa) YCTAaHOBWIM CY fia jefHa Tajakcuja, oko 100.000
CBeT/IOCHMX TOIMHA, ¥ IPOCEKY CafApK! OKo jegHy dmmmjappy (10'°) 3Besna.
VcTpaknBaun Koju ce daBe ,ManuM CTBapuMa’ (HAHOCTPYKTYpaMma, MOJIEKY/IN-
Ma, KJTacTepyMa aToMa, Moje;HaYHIM aTOMIMa, aTOMCKUM JedeKTuma 1T.)
YCTaHOBWMIN CY Aa 1 cm® Jierype anyMuHmjymMa capyku oko jenHy dmnmjapay (10%)
HAHOYeCTHUIIA KOje 0jadyaBajy Ty /IeTypy, Kako Ou MOIJIa fia ce KOPMCTI Kao Mare-
pujas 3a u3pajiy Ba3gyxoIIoBa, de3 KOjiX je CaBpeMeH! TPAHCIIOPT He3aMUCTINB.
Kaxo MoxeMo 1pedpojatu 3Besie y jefHOj rajlakCyjy VI HAHOYECTHUIIE Y jeTHO]
JIeTypu aTyMuHUjymMa? PelaTuBHO J1aKo, 3aTO IITO y3 TOMOh e/IeKTPOHCKUX MU-
KPOCKOIIa MO>KEMO BIJIeTY HAaHOYeCTHUILIe Y JleTypaMa alyMUHIjyMa, a 3Be3jie y
rajlakcujama y3 nomoh reneckomna. Hayuna otkpuha mpepcraB/bajy 0oCHOBY Ha-
YYHOT ¥ TeXHOJIOIIKOT HAIIPETKa, a jeflaH TaKas IpumMep cy oTkpuha y odmactu
HaHOHAyKa M HAHOTEXHOJIOTHja.

3amTo je oBa MoHOrpaduja mocsehena HaHOHayKaMa ¥ HAHOTEXHOIOTMjaMa?

[la d1cMo ofroBOPM/IM Ha OBO NMUTaMe HajIpe MOPaMO /Ia YCTAHOBMMO
IITa Cy TO HAHOHAayKe U HaHOTexHosnoruje? Ilpema HemsdexxHoj Bukunennjn,
Ennuxnonenyjun bpurannim (may dumo Kojoj Apyroj eHIMKIONej), pedHM-
IVIMa, Kao ¥ M3BOPMMA Ca UHTEPHETa, II0jMOBU ,HAHOHAyKa M ,,HAHOTEXHOJIO-
ruja” ce OfHOCE Ha IIpOydYaBambe, pa3yMeBambe, KOHTPOIMCAHO MaHUITY/INCAE
CTPYKTYypaMa M I10jaBaMa, Kao U Ha IPUMEHY U3Y3€THO MaJINX YeCTUIIA, YNja je
HajMarbe jeffHa fuMeHsuja y oncery go 100 nm. Jako ¢y caBpeMeHu aclieKTy Ha-
HOHayKa M HaHOTEXHOJIOTHja CAaCBMM HOBM Y MIHTEH3MBHO C€ pa3Bujajy y IOC/IEN-
BUX IBajieceT 10 TPUeceT TOAMHA, OONNIM MaTepyje Ha HAaHO CKa/lu KOPNCTe
ce Beh BexoBNMMa, ako He 1 MwIeHrjymMmuMa. Ha nmpumep, oppebenn nmurmentn
kopuihenu cy jom y gpeBHoj Kuay n Erunry, mpe HeKOMMKO X1/bajia TOAMHA.
YMeTHMIIM Cy YKpalllaBa/iu IIpo30pe Ha CPehOBEKOBHIM LIpKBaMa KopucTtehn
cpedpHe I 37TaTHe HAHOYECTHIIE PA3/IMUNTe BeNIMHE VM CAcTaBa, P 4eMy HUCY
3HaJIM OfjaKje MoTu4y pasHe doje. HaHodecTuile kojuMa ce ojauyapajy yerype
reoxxba, anymMuHujyMa 1 Ipyrux MeTana, Kopucrte ce seh Buie oy cTo roguHa,
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MaKO Y HJUXOBOM Ha3MBY HUje cafpykaH npeduxc ,,HaHo , Beh ce odu4yHO Hasu-
Bajy ,Tano3n . HayuHe AMCUMIUINHE KOje Cy YK/bydeHe Y 3Ha4ajHe ICTPaXKMBauKe
aKTUMBHOCTY y 0O/IaCTM HAHOHAYKe U HAHOTEeXHOJIOTHje CY: pU3nIKa MeTalypruja,
HayKa 0 MaTepujaauMa ¥ MH>KelhepPCTBO MaTepujaa, XeMija, pusnuka, duonoruja,
€NIEKTPOTEXHIKA, U TAKO JaJbe.

Opaxie motnde npedukc ,HaHO ¢ IIpedukc ,HaHO” TOTNYE Off TPUKe pednt
VA&V0G, LIITO 3HAYM MATy/bakK, YKa3yjyhu Tako Ha IMEeH3Mjy Off jefHOT HAaHOMeTpa
(1 nm) xoja npencras/ba MuMjapauTH geo Merpa (10° m). Crmyao ToMe, ,HaHO-
ceKyHzia” (ns) 03Ha4YaBa MWIMjapANUTH [ieo ceKyHze. OBO MHOTMIMA MO>Ke 3By4aTH
IIOMaJIO aIlCTPAKTHO, MelyTuM, cTBapy MO>KeMO fia IIOCTaBUMO Y KOHTEKCT KOju
je HaMa II03HaT, U JlJa IOMEHEMO, Ha IIpPUMep, a IPEeYHMK BIACH JbyCKe KOCe y
npoceky n3uocu 100.000 nm (10° nm = 100 muxpona = 0.1 mm), IITO OTIIPUINKE
IpefiCTaB/ba IIpar OHOr'a IIITO MOXKE Jja Ce OIIa3) TOIMM OKOM. [led/b1iHa HOBUH-
CKOT mamupa y mpoceky takohe nsnocu oxo 100.000 nm = 100 um = 0.1 mm.
Ocoda BucuHe 2 m Bucoka je 2.000.000.000 (2x10°) nm. ITopebhewa pagn, ako
IPeTIIOCTaBUMO JIa je IPeYHMK Jednjer KIuKepa 1 nm, oHja Oy IpeYHNK [IaHeTe
3em/be M3HOCKO 1 m.

Kaza roBopuMo 0 cTpyKTypaMa HEOPTraHCKMX, OPTaHCKUX U IPUPOFHUX
HAHOCHICTEMA, BJIXOBE IMMeH3uje Cy crefiehe: mMpeyHNK aToMa yI/beHMKa je pefa
BenmyuHe 0.1 nm, a TO je jefiHa leceTMHA MUIUjapAUTOT Jje/la METPa; jeHO3MHE
yI/beHMYHe HaHOLIeBY MMajy IIPEeYHMK Off OKO 2 nm, a TO Cy AiBa MUIMjapAUTa
flena MeTpa; MMpUHA TaHIa Je30KcupudonyknenHcke kucenune (JTHK) Takobe
M3HOCK OKO 2 N, a TO CY IBa MUIMjapANTA ie/la MeTpa; IPEYHNK IIPOTENHA, YNja
Be/IMYMHA 4YeCTO Bapypa y 3aBYCHOCTH O} TOTa Off KOJIMKO Ceé aMMHO KICe/IMHA ca-
cToje, pena je BemuumHe 2—-10 nm, v nsMely fBa 1 feceT MUMMjapaUTHX JieT0-
Ba MeTpa (IIOf IPeTIIOCTaBKOM Jja Cy CepHOT 0d/MKa); IPEYHNK M0jeTHAaYHIX
MOJIEKY/Ia XeMOITIOSHA M3HOCK OKO 5 M, WIN 5 MWIMjapAUTHX [e/I0Ba MeTpa.

YucTtuny, 0BO Cy CBe MaJie AMMeH3uje, ajIi 3alITO O OHe yomuTe Tpedao
ma dymy BaxkHe, WM 3amITO je BenmnmunHa dutHa? Kaja ce anamsmpajy dpusmd-
KJ CHCTEMM Ha HaHO CKa/lM, BbJMX0Ba OCHOBHA CBOjCTBA Ce NPacTUYHO MEmHajy.
PasmoTpumo, Ha mpuMep, TauKy TOIbeIba 3/1aTa: TEMIIEpaTypa Ha KOjoj HaHOYe-
CTHLIE 371aTa pefja BeIMUMHe ~4 nm Ipenase U3 YBPCTOT Y T€YHO CTalbe M3HOCU
oko0 400°C, 10K je TeMIlepaTypa TOI/bebha MaKPOCKOIICKNX y3opaka 3nara 1063°C.
Ha ety HaumH Memajy ce U Heke pyre 0coOuHe: MeXaHU4Ke 0COOMHE, eleKTpud-
Ha IIPOBOJ/bMBOCT, MarHETU3aM, XeMIjCKa PEaKTUBHOCT UTJ,. MOTY IpaCTUYHO fia
ce IIPOMeHe, IITO 3HAYM JIa HAHOCKCTEMM OACTYIIajy Off 3aKOHa K/IacuHe QU3NKe
KOj! OINCYjy KpeTambe IIJIaHeTa, IpaBall KpeTama paKeTa Koje HoCe caTe/InTe 3a
UCTpaXxKMBambe cBeMupa nth. OBo GacuyHAHTHO OHAIIAkbe HAHOCTPYKTYpa I10-
Tide off Beza uaMeby aroma. IlITo cy cTpyKType Mame, TO je BUIIIe aToMa IIPUCYT-
HO Ha IIOBPILNHIY, YC/Ief] Yera ce OHOC IIOBPIINMHE I 3allpeMIHe OBUX CTPYKTYpa
npactu4Ho nosehasa. Kao mocmennia jaBpa ce pamariyHa npomeHa puamdko-
-XeMMjCKIX CBOjCTaBa HAHOCTPYKTYpa Yy OGHOCY Ha CTPYKTYpe MaKpOCKOIICKMX
AMMeH3Mja, Kao 1 Moryha rmojaBa KBaHTHMX edeKara: CTPYKType Ha HaHO CKaJIi
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nocrajy uBpirhe, Marmbe KpTe, IOKa3yjy do/ba ONTHYKA U KaTaTUTUYKa CBOjCTBA,
U, YOIILITEHO, BEOMa Ce PA3/IMKYjy Ofi CTPYKTYpa yodudajeHnx, MaKpOCKOIICKIX
[VIMEeH3Mja, Koje cycpeheMo y cBaKOJHEBHOj IIPaKCH.

OBa MoHOrpadmja cafipKyt HU3 pajjoBa KOji WIYCTPYjy daclMHaHTaH CBET
HaHOHayKa I HAHOTEXHOJIOTja.

HanonoposHu opranoMeTaaHM MaTepHjay, KOju MOTY [ja OIIOHAILAjy 0CO-
dune mymmha M3/10)KeHNX CIIOJbAIIBYIM MOACTUIAMMA, MJeA/THN Cy TIOKpeTadn,
KOju HyJie jeAMHCTBeHy KOMOMHAIN]y Ma/INX PajIHNX HAIIOHA, PeTIATVBHO BE/INKe
aMIUIUTYJle HAaIlpe3arba, BEMMKY KPyTOCT 1 cHary. OBe IlojaBe Cy OIMCaHe y pafy
unju cy ayropu I1. T. M. leXocon un E. [lercn.

JlexoBu y odnacTu HaHOfUMeH3uja he moctaTu MHOrO edpuKacHMju U ca
CMameHNM IITeTHUM edekTrMa. TummyaH npuMep cy JIeKOBU Koje IpeHoce
PasIMYNTU TUIIOBY HAHOYECTUIA, & KOje Cy MPEeTXOAHO (PYHKIMOHA/IN30BaHe
TAaKo fla Ipeno3Hajy camo odosesne henmje, mMTO MpefcTaB/ba BUCOKO CENEKT-
BaH IIOCTYIIaK Ha MOJIEKY/IapHOM HUBOY. [Iopen ekoBa, PyHKIMOHATM30BaHe
HAaHOYeCTHIle MOTy fa Oyly HOCauyl pafilOaKTVBHOT MaTepujaja My MarHe THIUX
CTPYKTYPa, KOjU Y jAKOM MarHeTHOM I10/bYy Pa3BUjajy BMCOKE TEMIIEPATYPE U TAKO
yHumTaBajy hennje paka. Onpehenn acrexTn eeKTpoHCKe MUKPOCKOIje KOju
ce KOPNCTe y IPOy4aBarby OMOJIOIIKIX HAHOCTPYKTYpa OIMCAHM Cy Y PafloBUMa
uyju cy ayropu A. E. Iloptep u 1. I. Teomopy.

IToBehaHa mponsBozba HAaHOMAaTepUjaIa N3a3MBa 3adPUHYTOCT Be3aHy 3a
BIXOBY de30eJHOCT, He caMo IO 37ipaBibe JbYAY, Beh 1 3a )KUBOTUIbE 1 )KMBOT-
Hy cpepiuHy. IbrxoBa TOKCMYHOCT 3aBMCHU Off BENMYMHE HAHOYECTUIIA, IUXOBOT
o0/1Ka, BeIMYMHE U XeMMje TIOBPIIIHE, KOHIIeHTpalluje, AUCIep3nje, CKTOHOCTH
Ka CTBapamy arjioMepara, Ha4lHa IIpYIMeHe, Kao ¥ MHOTUX Ipyrux ¢akropa. Pax
uuju cy ayropu M. Honnh n C. Tomuh faje mperieq rmaBHUX acrieKata HAHOTOK-
CMYHOCTH MH BUTPO U UH BUBO, yKa3yje Ha pelleBaHTHe TeCTOBe 3a yTBphusa-
€ TOKCUYHOCTH, II0jalllbaBa 3Ha4aj peaKTMBHOCTY MOJIEKY/Ia KMCEOHNKa, Kao
ITTABHOT MEXaHM3Ma IUTOTOKCMYHOCTH U TEHOTOKCUYHOCTY HAHOYECTUIIA KPO3
cnoxxeHo MehynejcTBo HaHOUecTHIIA 1 henmmjcKuX mmm reHCKMX KOMIOHEHTH.

YreHrYHY HAaHOMATEePUja/u IPEICTaB/bajy BEMMUKY IPYITy HAIIPEIHUX Ma-
Tepyjaja, Koju 300T CBOjUX 3aHUM/BUBMX CBOjCTaBa I MIMPOKe HPUMEHBUBOCTI
3ay3¥Majy LIEHTPATHO MECTO Y OIICEXKHMM MCTPAKMBAKMIMA, HAPOYUTO Kajja Cy Y
NUTalby YI/beHMYHE HAHOCTPYKType JONMPaHe PasHOPOJHUM aTOMMMA, ITOBE3a-
HMX KoBajleHTHMM Be3ama (N, B, P utz.), mto goBoau 0 modospluama BIXOBYX
cojcraBa. OBy Temy odpabyje pax uuju je ayrop I. Rupuh-Mapjanosuh.

KomOuHanuje onTUYKNX, MarHeTCKMX ¥ (OTOKATAIMTUIKIX CBOjCTaBa
HaHOMarepujaja, HAPOYUTO OHMX Ca BEIMKMM €HEPIUjCKUM IPOLEIIOM, Of Be-
JIMKe Cy BaYKHOCTH 32 HAHOHAyKe Ml HAHOTEXHOJIOTHje. JeflaH Off TAKBUX CUCTeMa
cy TiO, HaHOCTPYKTYpe ca pasMU4INTUM KPUCTaTHUM peleTKama 1 0dmniuma
(HaHOCepe, HAHOLEBY, HAHOWITANINAMK), Y YUCTOM WM XUOPUTHOM OONUKY, Y
00Ky HAaHOKOMIIO3MTA Ca OCHOBaMa Koje Cy Ha das3y MpOBOJTHMX MOMMepa,
IITO je IpeficTaBbeHo y pany 3. lllamomnha u capagnuka.
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[TpojexToBamwe 1 MPOU3BOAIbA MYITUDYHKIMOHATHIX HaHOMAaTepujaa
NPeJCTaB/bajy jeflaH Off HajBAKHUjUX TPEH0BA Yy HAHOHAYLM O MaTepujalnMa,
I7ie KOMOMHOBabe HaHOMaTepljaia Koji MOCeAyjy pasndnuTa CBOjCTBA, IOy T
depoenexTpruHocTy, Ppepomarnetnsma u GpepoeracCTUIHOCTH, MOXKe JOBECTH
JI0 IIOCTM3ama OAroBapajyhe MyITHQYHKIMOHATHOCTY, YUji CY Bodap mpumep
MynTrdeporyHy HaHOMATepujan, Koji Cy mpefcTaBbenn y pangy B. Cpauha n
capaJIHMKa.

Marepujanu Koju cafprKe KpUCTa/lIHa 3pHa HAHOAMMEH3Mja II0Ka3yjy 3HaT-
HO 1odosplraHe ocodyHe. Teopujckim 1 eKCIIepyMEeHTATHO je OKa3aHo Jja MeTaJl-
He HAaHOCTPYKTYype MOTY fia JOCTUTHY BUCOK IIPOLieHaT Teopujcke 4Bpcrohe, ITO
JIOBOZIM Y INTabe KIAcU4Hy AedrHMINjy uBpcTohe MaTepujaa, KojoM ce, 10 CKO-
PO, Y yIIOeHI[MMa HaBOAMIIO fla He 3aBUCHU Of Be/IMYMHe VICIIUTYBAHOT Y30pKa. Y
pany T. Pagetuh pasmarpanu cy Heku acrieKTu MexaHusama popMmpama, pacTta
U CMambMBamba KPUCTATHNUX 3PHA.

IToxasao ce ja padyHapcKe MeTOfe, YK/by4yjyhu Ty 1 mpopauyHe Ha dasu
IIPBOT NIPYHLMIIA, NIPeACTaB/bajy MONHY a/aTky koja omoryhasa ncTpaxupame
CHCTEMA Pa3INMYNTUX KOMIIEKCHOCTH, KaKO Ha UMEH3MOHO] TAKO M Ha BPEMeEH-
ckoj ckamm. OHe omoryhaBajy u mperyies; BemKor dpoja cucTeMa, IMTO eKCIIepu-
MEHTAJTHO HMj€ U3BOJI/bUBO, KaO U padyMeBarbe OIIITUX TPEH0BA KOju CY Off Be-
JINKOT 3Hayaja, KaKo 3a TeopeTryape Tako 1 3a eKcrepumeHTarope. Kopunrheme
OBOT KOHIIEIITa y IPMMEHM MeTaTHUX M OKCUJHUX HaHOYeCTHUIIA OIMCaHe Cy Y
pany unmju cy aytopu V. A. Tlamtu u capagauim.

CBecHa 3Hauaja HAHOHAyKa U HAHOTEXHOJIOTH]ja, Kao U HUXOBOT I7100aI-
HOT yTUIIaja Ha YOBe4aHCTBO, CpIICKa aKajieMyja HayKa 1 YMETHOCTH je Y jeceH
2017. rogyHe IIOKpEHYy/Ia Cepujy IpefaBama nocBeheny oBuM TeMama, Ha OCHOBY
KOjUX je HacTaza 1 oBa MoHorpaduja. Hagamo ce na he oBa MoHorpacduja dutn
3aHMM/BMBA YMTAOLY U Aa he MohM #a mOCIyX1 Kao MOTHUBAIVja 3a CTBapambe
IpWINKA 32 MCTPAKMBamba OHMMA KOjI >KeJle [ja Ca3Hajy HeITO BMUIIE O OBUM
dacuMHaHTHMM 00TacTVIMa HayKa M TeXHOJIOTHja.

Benmumup P. Pagmunosnh
Cpiicka akagemuja HAyKa u yMemiHOCTHU

Iledp T. M. leXocon
Kpamescka xonangcxka akagemuja Hayka u yMeimHOCIHU



EMERGING RISKS AND OPPORTUNITIES
FOR ZINC OXIDE-ENGINEERED
NANOMATERIALS

ALEXANDRA E. PORTER*', AND IOANNIS G. THEODOROU'

A bstract - Nanostructures of zinc oxide (ZnO) are at the forefront
of application-driven nanotechnology because of their unique piezoelectric, semi-
conducting and catalytic properties. Despite the fact that the functional properties
of ZnO nanomaterials (NMs) are being exploited and developed, little is known
about their bioreactivity. Inhalation of airborne ZnO nanomaterials (ZnONMs)
represents a key route of human exposure, both from the perspective of intentional
(diagnostic and therapeutic applications) and unintentional scenarios. However,
the toxicology of this class of material to the lung has not been reviewed thoroughly
in the past. The purpose of this review is to discuss the bioreactivity of ZnONMs,
and especially the current status of our understanding of their toxicology in the
lung, in light of ZnO dissolution in biological environments. The ability to better
anticipate hazard and risk will prevent unwanted outcomes, while allowing to effi-
ciently harness ZnONM properties for novel applications.

Keywords: zinc oxide, bioreactivity, inhalation, dissolution, nanobio
interface

INTRODUCTION

In the last three decades, there has been a surge in the application of na-
notechnologies to a wide range of human endeavour. Increasing commercializa-
tion of solid-state particulate material of nanoscale dimension (nanoparticles) in
a growing inventory of biomedical, electronic device, manufacturing, agricultural
and common consumer products has brought many advantages to every-day life.
However, their unique properties, such as nanosize and high surface reactivity -
seized upon or carefully engineered to render their use so advantageous for many
applications — may also increase their toxicity to the environment and confer tox-
icity to humans (through inhalation, ingestion or dermal routes) in the course of
their synthesis, use and disposal. Thus, there is a concomitant need to understand
and quantify the occupational health, public safety and environmental implica-
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Nanotechnology, Imperial College London, Exhibition Road, London SW7 2AZ, United Kingdom



48 Alexandra E. Porter, Ioannis G. Theodorou

tions of these currently ubiquitous material forms. Nanoparticulates are not only
sourced from a variety of familiar naturally-occurring forms but increasingly en-
gineered from targeted materials systems using novel processing routes whose
nanoscale products (e.g. carbon-based materials, including nanotubes, fullerenes
and graphene, as well as rare-earth oxide particulates, nanosilver, nanogold, metal
oxides, and a variety of nanoscale ceramic and polymeric drug-delivery particles)
have not been systematically — or in many cases, never — evaluated for toxic re-
sponses. At issue is nanoparticulate toxicity to human health and to a wide range
of natural and agricultural environments. Due to the enormous number of permu-
tations of nanoparticle (NP) shape, dimensions, composition, and surface chemis-
try, only a fundamental understanding of the critical biological interactions with
such particulates can permit a realistic, practical assessment of the risks associated
with the wide range of possible product types.

Metal oxide nanostructures, specifically, are receiving increasing attention
in nanotechnology research because they offer distinct advantages over their bulk
counterparts in a large variety of applications. Nanostructures of zinc oxide (ZnO),
are attracting particular interest because of their unique piezoelectric, semicon-
ducting and catalytic properties [1]. ZnO is a direct bandgap semiconductor that
is transparent in the visible, has high infrared reflectivity and is chemically and
thermally stable. Additionally, ZnO can easily be doped to provide novel magnet-
ic properties. These distinctive optoelectronic properties of ZnO nanostructures
allow for the development of novel nanosensors, nanotransducers, photocatalysts
and nanogenerators and have made ZnO one of the most important products in
nanotechnology, besides carbon and silicon NMs [2, 3]. ZnO has a rich family of
nanostructures, including particles, rods, wires, plates, dendrites, tubes and hierar-
chical structures. Among them, one-dimensional (1D) ZnO nanostructures, such
as nanowires (NWs), are increasingly being studied due to the novel properties
observed with the formation of high aspect ratio structures [3]. Despite the fact
that the functional properties of ZnO nanomaterials (NMs) are being exploited
and developed, little is known about their bioreactivity.

On the one hand, there has been an increased interest in the use of inor-
ganic NMs, including ZnO, which have demonstrated broad-spectrum antibacte-
rial properties, for the control of microbes. Bacterial infections are a major cause
of chronic infections and mortality, with the rise of multidrug-resistant bacterial
strains representing an emerging challenge. Consequently, metal oxides like ZnO,
with their ability to withstand harsh processing conditions, have attracted atten-
tion for the development of novel antibacterial agents. On the other hand, with
the continuous growth in the production of ZnONMs (particulate and wire forms)
and their implementation in commercial products, occupational and public expo-
sures are expected to inevitably increase. Consequently, there is an urgent need to
address their potential hazards and establish the conditions for their safe use. The
purpose of this review is to discuss the bioreactivity of ZnONMs, and especially
the current status of our understanding of their toxicology in the lung, in light
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of ZnO dissolution in biological environments. Inhalation of airborne ZnONMs
represents a key route of human exposure, both from the perspective of intentional
(diagnostic and therapeutic applications) and unintentional scenarios. However,
the toxicology of this class of material to the lung has not been reviewed thorough-
ly in the past. The ability to better anticipate hazard and risk will prevent unwanted
outcomes whilst enjoying the societal benefits of a dawning nanomedicines era.

ANTIBACTERIAL ACTIVITY OF ZINC OXIDE NANOMATERIALS

Over the last two decades, there has been a growing interest in the use of
inorganic antimicrobial agents, including ZnONMs, for the control of microbes.
For spherical ZnONPs, more detailed reviews on their antibacterial activity al-
ready exist elsewhere [4] but in summary, antibacterial effects have been reported
for both Gram-positive and Gram-negative bacteria [5-7]. Meanwhile, the anti-
bacterial activity of ZnONPs is considered to be greater than that of titania (TiO,)
or silica (SiO,) NPs [8]. However, several inconsistencies still remain in published
results. In most cases, studies have suggested a higher toxicity on Gram-positive
bacteria than on Gram-negative bacteria [7-9]. In contrast, the opposite effect has
also been observed for ZnO nanoparticles capped with poly ethylene glycol (PEG)
[6]. In general, antibacterial activity has been shown to increase only slightly with
decreasing particle size but more prominently with particle concentration [6, 10].
For instance, 13 nm ZnONPs completely inhibited E. Coli and S. Aureus growth
at concentrations higher than 13.4 mM and 1 mM, respectively [9]. On the other
hand, a separate study reported an even stronger antibacterial activity for 93 nm
ZnONPs against E. Coli, at concentrations as low as 1.25 mM [11].

With regards to 1D ZnONMs, ZnO nanorod antibacterial coating ap-
proaches have been investigated for the development of antimicrobial fabrics (e.g.
facemasks or tissues) [12] or implant modifications that reduce bacterial adhe-
sion and viability, and thus implant-associated infection. Wang et al. showed a
decreased survival rate of S. Aureus and E. Coli on ZnONW arrays with different
NW orientations [13]. Jansson et al. evaluated bacterial adhesion and viability of
common implant-associated pathogens, including P. aeruginosa and S. epidermid-
is, on ZnONW surfaces compared to sputtered ZnO thin films and glass substrates
[14]. Adherent P. aeruginosa were reduced on ZnONW surfaces compared to glass
and sputtered ZnO, but the number of adherent S. epidermidis on ZnONW's was
equivalent to glass. Both ZnONW and sputtered ZnO films demonstrated a sig-
nificant bactericidal effect on adherent P. aeruginosa, killing around 2-fold more
bacteria compared to glass. A more pronounced bactericidal effect was observed
against S. epidermidis, with sputtered ZnO and ZnONW substrates killing 20-fold
and 30-fold more bacteria than glass, respectively. More recently, ZnONWs grown
on glass substrates exhibited significant antimicrobial eftects to B. Subtilis and E.
Coli and prevented biofilm formation [15]. B. subtilis was more sensitive to the
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presence of ZnONWSs than E. coli, with a 100% and 95% cell inactivation within 2
hours of exposure to the ZnONWs, respectively.

In earlier studies, the generation of reactive oxygen species (ROS) was
considered as the main mechanism responsible for the antibacterial activity of
ZnONMs [5, 10, 11] but lacked solid supporting evidence. More recently, sev-
eral findings support the notion that antibacterial activity may be attributed to
ZnONM dissolution and release of Zn** ions [16-19]. Since several factors may
affect ZnONM dissolution (e.g. size, shape, pH, organic components) [20, 21],
characterization of ZnONMs at the local point of exposure in cellular microen-
vironment and measurement of dissolution kinetics are essential to resolve the
discrepancies that remain in published results, and be able to effectively harness
the antibacterial properties of ZnONMs. The effects of ZnONM dissolution on
their bioreactivity are discussed in more detail in Section 4.

THE BIOREACTIVITY OF ZINC OXIDE NANOMATERIALS IN THE LUNG
In Vivo effects of Zinc Oxide Nanomaterials in The Deep Lung

In a previous review we discussed the deposition behaviour of silver (Ag)
NPs and NWs in the lung and their interaction with cells, proteins and lipids in
the alveolar unit [22]. For a more detailed description of the behaviour of NMs
in the lung, the reader should refer to this review [22]. In the case of ZnONMs,
epidemiological data on human exposure and health effects are currently lacking
for these materials. Ultrafine ZnO particles are known to reach the alveoli in the
deep lung and cause pulmonary inflammation and symptomatic responses [23,
24]. These responses, for instance, manifest as metal fume fever in welders [25].
However, only a few studies have investigated the in vivo pulmonary toxicity of
engineered ZnONMs.

According to one study, rats exposed to 50-70 nm ZnONPs by intratracheal
instillation expressed potent but reversible pulmonary inflammatory responses
[26]. However, in vivo and in vitro toxicology measurements in this study demon-
strated little correlation, indicating that in vitro cellular systems need to be further
developed and validated in order to provide useful screening data on the rela-
tive toxicity of inhaled ZnONPs. Wang et al. examined the toxic effects of 20 nm
ZnONPs following inhalation [27]. A significant increase in zinc content was ob-
served in liver tissues, while histopathological examination showed that ZnONPs
caused a severe damage in liver and lung tissues. This led to the conclusion that
ZnONPs may be able to translocate from the lung into the blood circulation after
pulmonary exposure. Additionally, the deposition in the lungs and the speed of
penetration were more rapid for ZnO than iron oxide (Fe,O,) NPs [27].

In a work by Cho et al. 10 nm ZnONPs intratracheally instilled into female
Wistar rats were inflammogenic to the lungs both acutely (24 h) and chronically
(4 d) [28]. In a similar study by the same group, ZnONPs induced pulmonary
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eosinophilia, goblet cell hyperplasia, severe fibrosis and airway epithelial injury
[29]. Similar pathologies were also observed with the instillation of dissolved
Zn* into rat lungs, which indicated that one main cause of toxic effects could
be ZnO dissolution in the acidic environments of lysosomes following cellular
uptake. Intracellular dissolution could have caused lysosomal destabilization and
cell death, leading to the subsequent pathogenicity observed. In support of this
paradigm, doping ZnONPs with iron, which decreases the rate of ZnO dissolu-
tion, led to lower acute pulmonary inflammation and cytotoxicity [30]. However,
discrepancies still remain in the published literature regarding the respective role
of particulate and ionic zinc. In a study attempting to separate particulate from
ionic effects, in vitro and in vivo exposures were performed with ZnONPs as well
as the aqueous extracts (ZnOAEs) obtained from their dissolution [31]. ZnOAEs
and ZnONPs had similar toxic and pro-inflammogenic effects on the human alve-
olar type II-like epithelial cell line A549, but the strength of the effects was higher
for ZnONPs [31]. Following pulmonary instillation in rats, both ZnONPs and
ZnOAEs acutely elicited similar profiles of inflammation and toxicity but eosino-
phil recruitment was only observed with ZnONPs. There was also a difference in
chronic effects, as ZnOAEs did not cause any sustained inflammatory effects by
4 weeks whereas ZnONPs caused a chronic eosinophilic infiltrate into the bron-
choalveolar lavage (BAL). These data suggested that the effects of soluble ions
were confined to the acute phase of inflammation, probably because they were
rapidly cleared by adsorption to systemic circulation [32]. The fact that Zn>* ions
produced false-positive effects in vitro that were not borne out in vivo, indicates
the need for more sophisticated in vitro cell culture systems and the designation
of more relevant (chemically, biologically and physiologically) end points to test
for in vitro toxicity [26].

A more recent work has also highlighted the ability of ZnONPs to cause car-
diopulmonary impairments [33]. In this work, Sprague-Dawley rats were exposed
to ZnONPs via either intratracheal (IT) instillation or inhalation of occupationally
relevant concentrations [33]. In contrast to previous findings, instilled ZnONPs
predominantly accumulated in the lungs over 24 h, with only trivial amounts of
zinc measured in the heart, liver, kidneys and blood. Instilled ZnONPs altered zinc
balance and increased the levels of total cells, neutrophils, lactate dehydrogenase
(LDH) and total protein in BAL, and 8-hydroxy-2’-deoxyguanosine (8-OHdG) in
blood after 72 h. Inhaled ZnONPs induced systemic inflammation and oxidative
imbalance. Moreover, cardiac inflammation and development of fibrosis were de-
tected 7 days after exposure, while degeneration and necrosis of the myocardium
occurred after 30 days [33].

In Vitro Bioreactivity of Zinc Oxide Nanomaterials in pulmonary exposure models

Meanwhile, the toxicity of ZnONPs has been reported for various in vitro
mammalian cell systems, as described in a relevant review article [34]. For in-
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stance, exposure of mouse neuroblastoma Neuro-2A cells to 50-70 nm ZnONPs
led to cell death, with half-maximal inhibitory concentration (IC,)) values be-
tween 50 and 100 pg/ml [35]. ZnONPs caused significant decrease in mitochon-
drial function while transmission electron microscopy (TEM) imaging revealed
nanoparticles attached to the cell surface as well as internalized into the cells [35].
The same study also showed that ZnONPs were more toxic than other metal oxide
nanoparticles (TiO,, Fe,O,, AL O, and CrO,) [35]. Similarly, ZnO nanorods (20-70
nm x 100-200 nm) were more toxic than Fe O, and Y,O, NPs on human aortic
endothelial cells [36]. Inflammatory responses of the cells initiated at a threshold
concentration of 10 pg/mL and were dose-dependent above this value, with an
IC,, of 50 pg/ml. Another comparative study revealed that ZnONPs were more
toxic than carbon black, single walled carbon nanotubes (SWCNTs) and SiO, on
primary mouse embryo fibroblast cells [37]. In accordance with other findings,
cell viability decreased in a dose-dependent manner above a threshold exposure
dose of 10 pg/mL and was linked to the generation of intracellular oxidative stress.

Since in vivo work indicates that airway exposure to ZnONPs poses an im-
portant hazard, several in vitro studies have specifically focused on pulmonary ex-
posure models. Along with alveolar macrophages, the human bronchial epithelial
cell line (BEAS-2B) and the human alveolar adenocarcinoma cell line (A549) have
been used most frequently. The cytotoxicity of ZnONPs was mediated through re-
active oxygen species (ROS) generation and oxidative stress [21, 38], apoptosis [39,
40] or genotoxicity [41, 42]. For example, 20 nm ZnONPs induced a concentra-
tion- and time-dependent cytotoxicity in BEAS-2B cells, as well as increased LDH
release, oxidative stress and intracellular [Ca®*] [38]. Moreover, the expression of
four genes involved in apoptosis and oxidative stress were increased. Wu et al. ex-
amined the effect of ZnONPs on the expression of a pro-inflammatory mediator,
interleukin-8 (IL-8), in human bronchial epithelial cells and BEAS-2B cells [43].
ZnO exposure (2-8 pg/mL) increased IL-8 mRNA and protein expression, and
this induction was mediated by p65 phosphorylation and IkBa phosphorylation
and degradation. Furthermore, Ng et al. explored the activation of cellular DNA
damage pathway through the tumour suppressor p53 gene by ZnONPs [44]. They
showed that the p53 pathway was activated in human neonatal foreskin fibroblasts
upon ZnONP treatment, with a concomitant increase in cell death, suggesting
that cellular responses like apoptosis require p53 as the molecular master switch
towards programmed cell death.

The role of particle size on ZnONP toxicity has been investigated with
mixed results. According to one study, the size of ZnONPs influenced mitochon-
drial activity and chemokine production of A549 cells, with smaller particles be-
ing more toxic than larger ones [45]. Lin et al. demonstrated that the exposure
of A549 cells to ZnONPs (70 and 420 nm) induced dose-dependent cytotoxicity
over a narrow concentration range (8-18 pg/ml) [46]. The cells presented elevat-
ed ROS levels, resulting in intracellular oxidative stress, lipid peroxidation, cell
membrane leakage and oxidative DNA damage. However, cell viability and ROS
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levels were not particle size-dependent. Along similar lines, Yuan et al. showed
that ZnONPs of three different sizes (20-40 nm) were toxic to human embryonic
lung fibroblasts in a dose-dependent but not a size-dependent manner [47]. Other
authors have suggested that the secondary aggregate size may be more important
than the primary ZnONP size in determining their toxicity profile [48]. Smaller
secondary aggregates of ZnONPs were found to be more efficient than larger sec-
ondary aggregates in inducing mitochondrial dysfunction, generating elevated
intracellular ROS and eventually leading to cell apoptosis in RAW 264.7 murine
macrophages [49].

Although the main paradigm explaining the toxicity of ZnONPs appears
to be their dissolution and release of Zn?** ions, many studies were unsuccessful
in clarifying whether ZnO dissolution occurred extracellularly, intracellularly or
both. One study showed that virtually all human mesothelioma MSTO-211H and
rodent 3T3 fibroblast cells died after incubation with 19 nm ZnONPs at concen-
trations higher than 15 pg/mL [50]. The authors inferred that this sharp concen-
tration dependence of the cytotoxic response might be due to the presence of a
critical Zn?* concentration in the tissue culture medium and the subsequent toxic
effects of aqueous Zn** [51]. In an attempt to quantify the role of dissolved Zn**
ions to the cellular toxicity, Xia et al. measured the solubility of 13 nm ZnONPs in
water and two cell-free tissue culture media (MDEM and BEGM) [21]. ZnONPs
readily dissolved in the culture media, with more than 80% of the maximum dis-
solved Zn** concentration reached within 3 h. They also showed that non-dis-
solved ZnONPs entered caveolae in BEAS-2B cells, whereas in RAW 264.7 murine
macrophages they entered lysosomes, where the acidic pH could possibly facilitate
their further dissolution. However, the concentrations of Zn?**ions were not deter-
mined under the experimental conditions and their contribution to cytotoxicity
was not clear. Song et al. studied the dissolution of ZnONPs in RPMI-1640 tissue
culture medium and found that the Zn?* equilibrium concentration was around
10 pg/mL when 40 pg/mL of particles were used [52]. Their results implied that
dissolved Zn*" in the tissue culture medium or inside cells played the main role in
ZnONP toxicity. Deng et al. demonstrated that ZnONPs of several sizes (10, 30, 60
and 200 nm) were toxic to mouse neural stem cells at concentrations higher than
12 ug/mL in a dose-dependent manner, and that the same concentrations of ZnCl,
- which is highly soluble in aqueous solutions and therefore often used as a control
for free Zn?* ions —had similar toxic effects [48]. Iron doping of ZnONPs, which
changes the material matrix to slow Zn** release, decreased ZnO cytotoxicity [53].
Correspondingly, coating 32-95 nm ZnONPs with a TiO, shell reduced mitochon-
drial activity (MTT reduction), membrane damage (LDH release), IL-8 produc-
tion and ROS generation in A549 cells [54]. ZnONPs with thicker shells were
less cytotoxic, presumably because of a lower rate of Zn** release by ZnONPs.
Similarly, encapsulation of ZnO nanorods in a nanothin amorphous SiO, coating
resulted to slower dissolution kinetics and significantly lower DNA damage in
lymphoblastoid cells [55].
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To further investigate the role of extracellular vs. intracellular zinc, high res-
olution X-ray spectromicroscopy and high elemental sensitivity X-ray microprobe
analyses have been used to determine the fate of ZnO and iron-doped ZnONPs
following exposure to BEAS-2B cells [56]. The cells accumulated zinc from the cell
culture solution and only organic-complexed, ionic Zn** was present intracellular-
ly one hour following exposure. Although this finding indicates that ZnONP tox-
icity is caused by free or complexed Zn** ions within cells, the study did not direct-
ly show whether the uptake of Zn**ions or ZnONPs was the dominant pathway for
internalizing zinc. Other reports have indicated that the cytotoxicity of ZnONPs
was independent of the amount of extracellular soluble Zn** in the tissue culture
medium and that direct NP contact with the cells was required [30, 57, 58]. A
study performed by our group, showed that the toxicity of ZnONWSs (100-300 nm
X 2-10 um) on human monocyte macrophages (HMMs) was similar to equivalent
concentrations of ZnCl, [59]. Quantification of the amounts of Zn** released in
simulated bodily fluids (SBFs) of extracellular pH (ex-SBE, pH 7.4) and lysosomal
pH (lyso-SBE pH 5.2) by inductively coupled plasma mass spectrometry (ICP-
MS), revealed that ZnONWs are expected to be relatively stable extracellularly but
dissolve rapidly in lysosomal environments. Confocal laser scanning microscopy
(CLSM) and transmission electron microscopy showed that HMMs had taken up
ZnO nanowires by phagocytosis and that the acidic pH of the lysosomes triggered
ZnONW dissolution. Intracellular ZnO dissolution was measured by CLSM of
live HMMs and revealed that an increase in intracellular Zn** concentrations was
followed by cell death, which had features of both apoptosis and necrosis. The
role of ZnONP dissolution in their toxicity against mammalian cells is further
discussed in Section 4.

Finally, the effect of shape on ZnONM bioreactivity with alveolar cells has
not been completely elucidated. ZnO nanorods (6 x 8 nm and 7 x 19 nm) were
more toxic to A549 cells than spherical ZnONPs (6, 25, and 38 nm) [45]. The
authors suggested that the contact area between a single NP and a single cell may
be more important in determining toxicity than the total surface area of a NP.
Exposure of A549 cells to ZnO nanorods (50 x 140 nm) induced cytotoxicity,
ROS generation, oxidative stress, and activation of caspase-3 and caspase-9 in a
dose- and time-dependent way [39]. ZnO nanorods induced apoptosis involving
the p53, survivin, bax/bcl-2 and caspase pathways. Some studies have attempted
to examine the effect of 1D ZnONMs using ZnO nanorod-coated substrates. Li
et al. investigated the biocompatibility of ZnO wire surfaces (1 um x 200 um) on
HeLa (cervical cancer) and L-929 (subcutaneous connective tissue) cell lines [60].
Cell viability at 48 h was reduced only for concentrations higher than 100 ug/mL,
and was 75% for HeLa and 50% for L-929 cells. HeLa cells phagocytosed some
fragments of ZnO wires. In contrast to previous findings where mesenchymal stem
cells were able to survive on silicon NWs for several days [61], the total number
of adherent cells and adherent live NIH 3T3 fibroblasts, human umbilical vein
endothelial cells and bovine capillary endothelial cells decreased significantly after
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24 h on ZnO nanorod (50 nm x 500 nm) surfaces [62]. The authors suggested that
the engulfment of ZnO nanorods and delivery of toxic material into the cell could
be the source of toxicity. In a similar study, murine macrophages initially settled
and spread on ZnO nanorod and flat ZnO surfaces [63]. However, a significant
degree of necrosis was apparent after 6.5 h of incubation. After 16 h, the number
of live cells adherent on flat ZnO was 52% but only 12% on ZnO nanorods, in-
dicating the effect of both nanotopography and material on cell viability. Apart
from these studies, investigation of the pulmonary toxicity of freestanding high
aspect ratio ZnONWs are generally lacking from the literature. In our own work,
the cellular toxicity of ZnONWs with two different lengths (“short”: S-ZnONWs,
30nm x 1 pm; and “long”: L-ZnONWSs, 30 nm x 3 um) was studied in relation to
cell viability of human alveolar epithelial type 1-like cells (T'T1 [64]) [65]. Alveolar
epithelial type 1 cells cover 95% of the total alveolar surface making them sus-
ceptible to inhaled NPs, and may govern uptake and potential translocation of
inhaled NPs across the pulmonary epithelial barrier. To compare with the effects
of Zn*ions, ZnCl2 was used as a source of soluble ionic zinc. We demonstrated
similar time- and concentration-dependent decrease in cell viability following ex-
posure of TT1 cells to all Zn compounds. The median lethal doses (LD,) after
24h were estimated to be 10.13 ug/mL for ZnCl,, 10.90 ug/mL for S-ZnONWSs and
11.18 pg/mL for L-ZnONWs, in terms of ionic Zn** concentration. Therefore, both
lengths of ZnONWSs exhibited similar effects on the viability of TT1 cells, in ac-
cordance to similar dissolution kinetics measured in vitro in pH7 and pH5 buffers.
Using confocal laser scanning microscopy imaging of live TT1 cells, we showed
that cellular damage correlated with an increase in intracellular ionic Zn?* follow-
ing uptake and dissolution of ZnONWs inside cells. As discussed in more detail in
Section 4, our study also highlighted that detailed characterization of ZnONM:s at
the local point of exposure in cellular microenvironment is paramount for allowing
accurate conclusions about their bioreactivity in situ.

THE ROLE OF ZINC OXIDE NANOMATERIAL
DISSOLUTION ON THEIR BIOREACTIVITY

Zinc is an important element in biological systems. As an essential trace
element, it is involved in a wide number of biological processes such as metabo-
lism, cell proliferation and differentiation, signal transduction and control of gene
expression [66-68]. Zinc is a component of over 300 enzymes, as either a catalytic
or regulatory cofactor or in a structural capacity [66]. A severe zinc deficiency
in humans may lead to a range of conditions such as dermatitis, anorexia, neu-
rosensory disorders and cell-mediated immune dysfunction. A genetic disorder
that affects enteral zinc absorption, acrodermatitis enteropathica, can be fatal if
left untreated [69]. Oral zinc supplementation has proven beneficial in a number
of infectious diseases, particularly in acute lower respiratory infections, leprosy
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and tuberculosis [68], while topical application of ZnO has been shown to facili-
tate the healing process of chronic and surgical wounds [70]. It is also becoming
increasingly clear that Zn?*, similar to Ca*, is an essential signalling molecule for
a number of physiological processes, with cellular zinc homeostasis being tightly
controlled. Alterations in brain zinc levels are now thought to contribute to neuro-
generation in conditions such as Alzheimer’s disease, amyotrophic lateral sclerosis
and ischemia [71-73].

Despite the importance of zinc in biological systems, the role of ZnONP
dissolution on their toxicity against mammalian cells has not been completely
elucidated. As already discussed, zinc has been shown to induce cytotoxicity and
apoptosis in mammalian cells, however few studies have linked this to a mechanis-
tic paradigm such as oxidant injury. Considering the number of cellular processes
and signalling pathways zinc is involved in, it is not surprising that zinc dysho-
meostasis can induce cell death. A rise in the intracellular Zn** concentration is
often associated with high levels of ROS production [21]. These oxygen radicals
could originate at the particle surface but also from biological substrates such as
damaged mitochondria [21]. Several studies in isolated mitochondria have shown
that Zn** inhibits cellular respiration. Moreover, it is possible that Zn** may exert
extra-mitochondrial effects that contribute to ROS generation. Cellular oxidant
injury could promote further Zn?* release, for example from metallothioneins [74-
76]. Increased zinc could also inhibit key enzymes in the glycolytic pathway, lead-
ing to ATP depletion in cells [77, 78]. Finally, high levels of Zn** could contribute
directly to mitochondrial PT pore opening and cytochrome c release, resulting in
apoptosis and/or necrosis in target cells [79, 80].

There is already much discussion in the literature regarding ZnO dissolu-
tion in biological environments and whether ZnONM cytotoxicity arises from
extracellular or intracellular dissolution or both, or from a combination of par-
ticulate and ionic effects. Several attempts have been made to quantify ZnONM
dissolution and link this to the magnitude of cytotoxic effects; however, sever-
al discrepancies still exist between published results. The phase diagram of ZnO
indicates that it is an amphoter, meaning ZnO can dissolve according to either
reaction (1) or (2) depending on the solution pH [81]:

Zn0 + H;0% - Zn?** + OH™ + H,0 (1)
Zn0 + 20H™ - Zn(OH),*~ (2)

The rate of dissolution can also be affected by several factors, such as size,
doping, surface coating or the presence of biological components. Table 1 sum-
marizes the results of dissolution studies performed on ZnONMs in relation to
toxicological studies. Lack of sufficient controls over the particles used and the
cellular systems investigated, however, as well as differences in the analytical meth-
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odologies used, make it hard to compare between experiments performed by dif-
ferent groups.

Table 1. Summary of ZnO dissolution studies reported in the literature.

Analytical
° . .
& Dﬁse(:ll;l:;?n ?;(tih::llgll;s%z Summary of Observations Ref.
Technique
Dialysis - No difference in dissolution rate
§ Aloal test medium membrane  and equilibrium Zn?** concentration 82]
Q & for bulk and nano ZnO particles
ICP-AES (19% dissolution).
g Osterhout’s I;:glng::g - No difference in dissolution
2 medium bacteria (E. coli between nano and bulk ZnO [83]
8' MC10 6i) particles (up to 80% dissolution).
- Dissolution decreased with
é Centrifugal increasing NP concentration
filtration (70% dissolution for starting
[
i Natural seawater concentrations between 0.1-1 mg/L (84]
g ICP-AES and 32% for starting concentration
of 10 mg/L).
g hﬁgﬁﬁge - Dissolution rate decreased with
2 LB Broth increasing NP concentration [85]
%' ICP-AES (~ 3.2% dissolution).
. . . - No significant effect of starting NP
8 3 C;irglgfgga;t;%n concentrations.
,?:; g§ & - Dissolution kinetics not
@ E g Graphite significantly different between
E 2 g Artificial seawater furnac 5 atomic particle sizes or shapes. [86]
O : - 4.1-4.9% dissolution, with highest
— 2 x absorption e s
<2 o equilibrium solubility for smallest
S8 9O spectrometry herical particl dl t f
&M (GEAAS) spherical particles and lowest for

largest rods

- Size dependent dissolution with
equilibrium Zn?* concentrations

Aqueous solutions of 57 mg/L for 4 nm, 22 mg/L for

g g : Centrifugation 15 nm and 10 mg/L for 241 nm
= (varying pH 8
= % and humic acid particles. [20]
< S contents) ICP-AES - pH dependent dissolution
(higher at lower pH).

- The presence of humic acid
increased dissolution.
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4-130 nm

- Dissolution decreased with

HEPES buffer Centrifugal increasing NP size, despite
(pH7.5) . . .
: ; Ultrafiltration ~ the NPs forming aggregates in
with varying . [87]
concentrations solution (~ 1-3 ym).
L ICP-OES - Citric acid significantly enhanced
of citric acid . . .
dissolution for all NP sizes.

20 nm

- No significant effect of starting NP

Deionized water concentrations.
(DI) - Higher solubility in DI compared
to ASW.
Tris buffer with Memb -pH dependelnt dlSSOIthIOIl (higher
varying pH embrane at lower pH).
(pH 7, 8, and 9) filtration - Tris buffer enhanced dissolution, (88]
PEAS, possibly by changing the NP
. GFAAS aggregation state or servin
-Artificial seawater gags aanZ* binding ligand. 8
(ﬁxﬁusl%ﬁ?ge - SRFA decreased the dissolution
(SRFA), cysteine) rate and the total amount of Zn*
¥ released, but cysteine had the

opposite effect.

100-300 nm x
2-10 um wires

-Extracellular - ZnONWs were relatively stable in
simulated body Centrifucal ex-SBE with 4.45% dissolution after
& incubation at 37 °C for 30 min.

fluid SBF Ultrafiltration
(ex-SBE pH 7.4) - ZnONWs dissolved rapidly in ~ [59]
ICP-MS lyso-SBE, with complete dissolution
- Lysosomal SBF after the same incubation
conditions.

(lyso-SBE, pH 5.2)

- Ultrapure water
- Dissolution followed the order:

- DMEM with
.. DMEM (90 uM) > BEGM (80 uM)
0,
g 10% FBS Centrifugation > H,0 (60 pM). o
© . - Organic components enhanced
) Bfo% (fzz?;i;ns ICP-MS dissolution, with up to 80% of total
gc ytokines an d’ dissolved Zn within 3 h.
supplements)

19 nm

- Equilibrium solubility followed
the order: LB (68 mg/L) > MDM
. . (38 mg/L) > NaCl (14 mg/L) > H O
-5 mM PBS ilglgfgﬁg‘;n (6.9 mg/L) > PBS (0.57 mg/L).
- Nano and bulk ZnO dissolution [18]
nearly the same in ultrapure
water. Dissolved Zn increased
with increasing starting ZnO
concentration.

- Ultrapure water
(£ 0.85% v/w NaCl)

- Minimal Davis
medium (MDM) AAS

- LB medium
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- Ultrapure water

- Environmental - Equilibrium solubility followed
2 Protection Agency =~ Membrane  the order: DMEM (34 mg/L) > H,O
S § moderately hard filtration (7.18-7.40 mg/L) > RPMI-1640 [89]
Yo water (5 mg/L) > moderately hard water
Q ICP-AES (0.7-1 mg/L)
- DMEM and - BSA enhanced NP dissolution.
RPMI-1640
(+ BSA)
. - Low concentrations of phosphate
10mM sodium rapidly and substantiallg redgced
nitrate (NaNO,) Centrifuati 70+ rel
solutions gation n°" release.
£ . . and membrane - In the presence of phosphate,
= with varying fltrati il hol h d
S concentrations ration particle morphology changed to [90]
hi of dipotassium anomalous and porous material,
hosphate ICP-OES containing mixed amorphous and
E’K HI;’ 0) crystalline phases of ZnO and zinc
2 4 phosphate.
- Increasing Na,S concentrations
reduced the rate and extent of Zn**
release.
10 mll\/I NaN03 fuoal - Dissolution and reprecipitation
g wist(l)11\11talr(')nij1 U?;ggﬁ;;%ﬁ)n led to the formation of zinc
ha concentrat?ong of sulphide (ZnS) NPs (< 5nm).  [91]
o sodium sulphide ICP-AES - The solubility of partially
(Na.S) sulfidized ZnO NPs is controlled by
: the remaining ZnO core and
not quenched by the formation
of a ZnS shell.
- Ultrapure water
. N - Dissolution followed the order:
g DMEI\I/?[BV;Hh o Centrifugation DMEM (90 uM) > BEGM (80 pM)
£ | > H20 (60 pM). (34]
©  _BEGM (contains ICP-MS - Organic components enhanced

dissolution, with up to 80% of total

growth factors,
dissolved Zn within 3 h.

cytokines and
supplements)

Furthermore, the dissolution of 1D ZnO nanostructures, which represent
an emerging class of commercially relevant NMs, has hardly been investigated. For
ZnO nanorods with the hexagonal wurtzite crystal structure, the top (001) plane
is comprised of either O* or Zn** and is polar. The (110), (100) and (010) side
planes are comprised of an equal number of O*~ and Zn** and are thus electrically
neutral. The surface energies of (100), (110) and (002) faces calculated using an
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ab initio (all-electron) approach were 2.32 J/m? 4.1 J/m? and 5.4 J/m?, respectively
[92]. Thus, the polar faces, having the highest surface energy, are metastable and
may be dissolved preferentially. However, such selective dissolution has not always
been experimentally observed. In one study, ZnO nanorods with diameters of
100 nm or smaller could not be etched in alkaline solutions [93]. This could be
because the energy of the polar faces is only smaller by a factor of 2.3 compared
to the most stable faces. Small electrochemical changes at the interface between
the solution and ZnO may change the surface reactivity. Illy et al. suggested that
the selective dissolution of ZnO nanorods may be explained in terms of both the
anisotropy of the ZnO surface energy as well as diffusion limitations on the dis-
solution reaction as a result of the nanoscale morphology [81]. They described
a mechanism where rod diameter and chloride stabilization of the (002) planes
play a critical role in determining the nanostructure morphology following disso-
lution [81]. Consequently, ZnO rods with a small diameter (<100 nm) dissolved
homogeneously whereas anisotropic dissolution was observed for rods with higher
diameters (>100 nm), which led to the formation of ZnO tubular structures [81].

Despite the fact that the use of ZnONWs is becoming more widespread,
potential adverse effects to human health upon exposure are still unclear [34].
In a previous study within our group, ZnONWs were toxic to human monocyte
macrophages (HMMs) at similar concentrations as ZnCl, [59]. A rise in intracel-
lular Zn** concentrations was correlated to cell death, demonstrating that ZnONW
toxicity was due to dissolution rather than the high-aspect nature of the wires. In
our own work, we have further investigated the bioreactivity of ZnONWs with
the pulmonary epithelium, in order to elucidate the mechanisms that control their
toxicity [65]. Since several complex factors may affect ZnONW dissolution, we
sought to characterize ZnONWs at the local point of exposure in cellular microen-
vironment, in an attempt to draw accurate conclusions about their bioreactivity.
Therefore, we examined the impact of pulmonary surfactant (PS) on the stabil-
ity of ZnONWSs (Figure 1) and the subsequent effects on their interaction with
alveolar epithelial cells. PS covers the entire alveolar region to decrease surface
tension in the alveoli and prevent alveolar collapse, and consists of a mixture of li-
pids and surfactant-specific proteins. PS therefore represents a first line of defense
of the lungs against inhaled NMs. Our results revealed adsorption of PS lipids
on the surface of ZnONWs (Figure 1). This lipid corona delayed the kinetics of
Zn* ion release from ZnONWs at acidic pH, by blocking direct contact between
the ZnONW surface and the aqueous environment. TEM imaging indicated that
surfactant molecules adsorbed and formed lipid bilayers on the surface of the
particles, possibly by virtue of their amphiphilic nature, thus sterically stabiliz-
ing the particles. Dynamic light scattering (DLS) and (-potential measurements
confirmed that PS prevented the agglomeration of ZnONWS, possibly through
contributions of both steric and charge stabilization. Confocal laser scanning mi-
croscopy imaging of live TT1 cells showed that cell damage correlated with an
increase in intracellular ionic Zn* following uptake and dissolution of ZnONW s
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inside cells. Moreover, confocal imaging suggested that the coating of ZnONW s by
a phospholipid corona slowed down their dissolution kinetics intracellularly, also
delaying the onset of cellular damage. Despite delaying this onset of cellular dam-
age, pre-incubation of ZnONW s with PS led to uptake of the ZnONW:s by a higher
percentage of TT1 cells within 24 h; this increase in cellular uptake dominated
over their delayed intracellular dissolution and resulted to a higher reduction in
cell viability after 24 h. This work highlights that combinations of spatially resolved
static and dynamic techniques are required to develop a holistic understanding of
the complex interplay of parameters that govern ZnONM bioreactivity at the point
of exposure and to accurately predict their risks on human health.
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Figure 1. Pulmonary surfactant (PS) reduces the etching of zinc oxide nanowires
(ZnONWs) at lysosomal pH and forms a phospholipid corona around ZnONW s [65].
(a—e) Bright field transmission electron microscopy (BFTEM) images of ZnONWs
incubated in normal saline (NS) at pH7 for 1 h (a) or 24 h (b—e), in the absence (a, b)
or presence of dipalmitoylated phosphatidylcholine (DPPC; the main lipid component
of PS) (c), Curosurf (a natural surfactant from porcine lungs) (d), or 10% newborn calf
serum (NCS) (e). (f-h) BEFTEM images of ZnONW:s incubated in NS at pH5 for 10 s,
in the absence (f) or presence of 10% NCS (g) or DPPC (h). (i) HRTEM image of the
area marked 1 in (h). (j) High-angle annular dark field scanning transmission electron
microscopy (HAADF-STEM) image of S-ZnONWs incubated in NS at pH5 for 10 s (k)
STEM-EDX spectrum collected from the area marked 2 in (j). (I-n) BFTEM images
of ZnONWs incubated in NS at pH5 in the presence of Curosurf for 24 h. (m) is the
magnification of the area squared in (I). In (n) samples were positively stained with
uranyl acetate (UA) to enhance phospholipid contrast and shows multiple phospholipid
bilayers formed on the surface of ZnONWs. (o) Intensity line profile collected from the
line marked 3 in (n).
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Figure 2. Intracellular dissolution of ZnONW:s within live human alveolar epithelial type
1-like (TT1) cells correlates to cell viability, while PS delays intracellular dissolution of
ZnONWSs and the onset of cell damage [65]. (a-j) Live TT1 cells were incubated with

ZnONWs at 37 °C with 5% CO, and imaged by confocal laser scanning microscopy every 20
min (a—j) up to 3 h. Cells were stained with Hoechst 33342 (blue, nuclei) and FluoZinTM-3,
AM (a Zn**-selective indicator, green) prior to exposure to ZnONW:s in propidium iodide-
containing (P, red, necrotic cells) serum free RPMI cell culture medium. (k) The dynamic
intracellular dissolution of ZnONWs (squares, green line) and their effect on cell viability
(circles, red line; PI), were quantified by measuring the mean fluorescent intensity (MFI) of
FluoZinTM-3, AM (I; green in a—j) and PI (m; red in a—j) against time in six cells from one
single experiment. Regions of interest (ROI 1-6, squared in 1, m) indicate the areas where the
fluorescent signals were measured and plotted in k. (n) When live TT1 cells were incubated
with ZnONWs pre-incubated with Curosurf, there was no significant Zn** release (green
line) and no necrotic cell death (red line) was observed within 3 h of exposure. A significant
release of Zn** (p<0.001; n=3 with a total of 21 cells observed) was only observed after 4
h of exposure (green line in n, yellow arrows in o indicate areas of Zn** release), with no
significant necrotic cell death (red line in n). ZnONWs, imaged in reflectance mode (magenta
in o, white arrows) remained intact in the system close to areas of Zn*" release.
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CONCLUSIONS

Inhalation of airborne ZnONMs is being widely investigated, as it repre-
sents a key route of human exposure, both from the perspective of intentional (di-
agnostic and therapeutic applications) and unintentional scenarios. In summary,
ultrafine ZnO is known to cause pulmonary inflammation [24, 25], while ZnONPs
have been shown to cause cardiopulmonary impairments [33]. In vitro, the toxicity
of ZnONPs has been reported for various mammalian systems [34], including
lung epithelial cells and alveolar macrophages [21, 38]. Their cytotoxicity was me-
diated through reactive oxygen species (ROS) generation and oxidative stress [21,
38], apoptosis [39, 40] or genotoxicity [41, 42]. The main paradigm explaining the
toxicity of ZnONPs is their pH-dependent dissolution in the acidic environment
of phagosomes following uptake in cells, and the release of toxic Zn** ions [59,
65]. However, to fully elucidate the mechanisms of biological action of ZnONMs,
additional efforts in particle characterization through all stages of in vitro or in
vivo experiments are required. Clarifying how the physicochemical properties of
ZnONMs evolve as they interact with biological systems (e.g. aggregation state,
morphology, formation of biomolecule coronas), will help to better understand
the characteristics of the system that the cells actually encounter. Further charac-
terization of the particle-cell interface and quantification of ZnONM dissolution
kinetics at this interface may also be useful in drawing accurate links with relevant
mechanisms of cellular damage. Novel approaches based on the correlative appli-
cation of high spatial and energy resolution analytical microscopy techniques, and
the development of new metrology methods to quantify the amount of intracellu-
lar Zn** ions, may offer an improved understanding of the mechanisms by which
ZnONMs interact with cells. The ability to better anticipate hazard and risk will
prevent unwanted outcomes, while allowing to efficiently harness ZnONM prop-
erties for novel applications.
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Anexcangpa E. Ilopinep u Joanuc I. Teogopy

CATJIEDABAE PU3NKA V1 MOT'YRHOCTU 3A
IOVMHK-OKCHMIHE HAHOMATEPUJAJIE

Pesume

Hanoctpykrype 1uHK-okcuaa (ZnO) y caMoM Ccy BpXy HaHOTEXHOJIOT M-
ja OCBOjeHMX yCIef] 3aXTeBa 32 BIXOBOM IIPMMEHOM, 300T CBOjUX jeAHCTBEHNX
0CoOuHa, MMe30eeKTPUYHIX, TIOTYTIPOBOIHIYKNX ¥ KaTanuTnukux. HesaBucHo
of1 unmeHnte fa cy ZnO Hanomarepujamu (NMs) passujern u kopuirhesn, Mano
ce 3Ha O BUXOBOj OMOPeaKTUBHOCTHI. Yaucamwe dectuna ZnO HaHOMarTepujaia
(ZnONMs) npuCyTHMX y Ba3ayXy, IpeACTaB/ba OCHOBHM HAYMH Ha KOjY Cy JbYIN
U3/I0)KEHM BUXOBOM YTHUIAjy, ¥ TO Y 00a C/Tydaja: 3 epCreKTBe HAMEPHOT 13-
Jlarama KOHTAKTY (Kao KO AMjarHOCTMYKIUX M TePANeyTCKMX IPUMEeHa), MM aKO
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TakBe HaMepe HeMa. MebyTum, 3a Tokcunornjy miyha 3a oBy kmacy Matepujana
IO cajia Huje yuubeH nperief. LInp oBor mpuora je aa JUCKyTyje o duopeak-
tBHOCTY ZNONM, 110Ce0HO O TPEHYTHOM CTalby CTBApU U HAllleM Pa3yMeBamby
BIXOBe ITyhHe TOKCUKOJIOTHje, Y CBeT/Iy pacTBapama ZnO y S10/I0MKIM cpefu-
Hama. MoryhHocT dosper carnenaBama xazappa u pusuka nomohnhe cipedaBamy
He)XXe/beHNUX MCXOfa, ToK he ncroBpemeno omoryhnrn epuxacuuje mckopuurha-
Bame ocodnHa ZnONM 3a HOBe IIpUMeHe.



