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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



10

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



TOXICITY OF NANOSTRUCTURES

MIODRAG COLIC,*"%>? SERGE] TOMIC"2

Abstract - Due to their unique size (dimensions of 1 to 100 nm) and
physicochemical properties, nanomaterials have found numerous applications in
electronics, cosmetics, household appliances, energy storage, food industry, phar-
macy and medicine. However, increased production of nanomaterials raises con-
cern about their safety, not only for human beings but also for animals and the
environment. Numerous studies confirmed that nanoparticles (NPs) can exert
toxicity both, in vitro and in vivo, depending on their size, shape, surface area,
surface chemistry, concentration, dispersion, aggregation, route of administration
and many other factors, all of which are also relevant to desired biological proper-
ties of nanostructures. This review summarizes the main aspects of nanotoxicity in
vitro and in vivo, points out relevant tests in order to demonstrate the toxicity and
explains the significance of reactive oxygen species, as the main triggering factor
of NP cytotoxicity and genotoxicity, acting through the complex interplay between
NPs and cellular or genomic components, respectively. Special attention was de-
voted to the immunotoxic and immunomodulatory properties of NPs and their
relevance for production of less immunogenic nanostructures capable of avoiding
undesirable immune responses and the use of NPs as specific nanotherapeutics
for drug delivery and vaccination strategy. Finally, ecotoxicological aspects of NPs
are presented, showing why aquatic ecosystems are the most susceptible to envi-
ronmental contamination and why studies on aquatic organisms are important for
translational nanotoxicology.

Keywords: nanostructures, toxicity, immunomodulation, oxidative stress,
ecotoxicology

INTRODUCTION

With the rapid development of nanotechnology, nanomaterials (dimensions
of 1 to 100 nm) have become important in our everyday lives with numerous
applications in electronics, energy storage, household appliances, food industry,
cosmetics, pharmacy and medicine. They include inorganic and organic nano-
particles (NPs), nanofibers, nanotubes, quantum dots, nanocomposite materials,
and many others. Increased production and intentional usage of NPs (cosmetics,

*Corresponding author: <mjcolic@eunet.rs>; 'University of Belgrade, Institute for Applica-
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drug delivery, implants) or unintentional exposure of NPs in the environment
due to combustion processes (like diesel soot), manufacturing processes (such
as spray drying or grinding), naturally occurring processes (such as volcanic
eruptions or atmospheric reactions) are likely to increase the possibility of their
adverse health effects. Therefore, nanomedicine and nanotoxicology have become
two faces of the same coin. The contamination of aquatic ecosystems, soil and air
by nanostructures and their subsequent uptake by biota is a major concern of en-
vironmental nanotoxicology (1, 2). Two major factors emphasize the importance of
nanotoxicology and dictate the necessity of its rapid development: large-scale pro-
duction of diversified nanomaterials, and remarkable progress in developing new
types of nanomaterials with astonishing physical and chemical characteristics
(3, 4). For instance, the development of graphene-like 2D layered nanomaterials,
transition metal dichalcogenides or boron-nitride nanosheets has led to numer-
ous new applications in nanophotonics. In the field of NPs bioapplications, pro-
tein-based biological machines (nanorobots) have been created in order to repair
DNA damage (4). Medical products based on NPs consist of biological probes,
drug carriers, biological sensors, implants and imaging agents while NPs used
as therapeutics and diagnostic tools (theranostics), whether they are polymers,
inorganic/metallic- or carbon-based or even novel complex nanocompounds,
are of particular interest for nanotoxicology as their in vivo persistence can be
prolonged (5). Examples of such nanomaterials, which illustrate why their appli-
cation as theranostics agents is of particular interest, are noted in the following
paragraphs.

Polymeric NPs, based on chitosan or poly-(lactic-co-glycolic acid)
(PLGA) have been used as nanocarriers for drug delivery across the blood-brain
barrier due to their biocompatibility and biodegradability, thereby ensuring
safe therapy (6). Polystyrene nanospheres, when coated with streptavidin, offer
greater sensitivity for biomarker discovery, compared to classical methods (7).

Inorganic (ceramic) NPs, including Silica (SiO,), Titania (TiO,) and
Alumina (AL O,) have been commonly used for drug administration in cancer
therapy due to their porous nature, however, their applications are limited due
to non-biodegradability (8, 9). Wide-spread use of silica NPs in fields of cosmet-
ics or polishing, has transferred in the field of medicine. Due to the ease of surface
modification, silica is widely used for coating materials in cancer therapy, drug
delivery and DNA delivery (10, 11). Inorganic NPs, including superparamagnet-
ic iron oxide NPs (Fe,O,/Fe,O, or “SPIONs”), gadolinium-based paramagnet-
ic NPs, gold (Au) shell NPs and Titania NPs, are routinely used for magnetic
resonance imaging contrast enhancement and as cancer drug carrier systems,
respectively (1, 12). Silver (Ag) NPs are being explored as antibacterial agents
for treatment of infectious diseases, due to their ability to stabilize nanoparticles
and favorable optical/chemical properties (13). Inorganic NPs such as quantum
dots (QDs), which are essentially semiconductor nanocrystals, display excellent
optical/chemical properties suitable for bioimaging. Although the first generation
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QDs included compounds like CdSe, CdS, CdTe and PbS, due to toxicity of ele-
ments like Cd, a new generation QDs emerged with materials like InAs, InP, ZnSe.
Initially, QDs have been explored for use as fluorescent markers, although recently
they have found applications as contrast imaging compounds, tissue-specific vas-
cular markers and theranostics agents (1).

The most widely recognized carbon nanostructures include nanotubes,
fullerenes and graphene. Carbon nanotubes (CNTs) are tubular structures of
about 0.3nm to 3nm or more in diameter and hundreds to thousands of nm in
length (14). They can be grouped, depending on the number of layers, into single
wall carbon nanotubes (SWCNTSs) and multiwall carbon nanotubes (MWCNTs),
displaying enormous potential for applications in electronics, optics, materials
science, nanotechnology, biology, and medicine (14). These nanostructures have
been widely explored in cancer therapeutics and imaging but can also be used as
vascular stents and for neuron growth regeneration. Fullerenes contain multi-
ple attachment points responsible for tissue binding and therefore can be very
useful as carriers for drugs and biomolecules (15, 16). Graphene, an allotrope of
carbon, is a thin two-dimensional nanomaterial which possesses excellent elec-
tronic, thermal and mechanical characteristics, and hence, has attracted intense
interest in diverse areas such as nanoelectronics, solar energy harvesting, biology
and medicine. In contrast graphene oxide can be exploited as a nanocargo to deliv-
er different biomolecules including hydrophobic drugs, nucleic acids, and others
suitable for therapeutic and bioimaging purposes (1).

The potential exposure routes of NPs in the body are through inhalation,
ingestion, and dermal penetration. Nanomaterials used as theranostics are injected
mostly directly into blood or lymph circulation. In this context, NP size, shape,
surface area, and surface chemistry collectively define both, their desired biolog-
ical effects and toxicity (17). Therefore, it is crucial that these nanomaterials must
be biologically characterized for health hazards in order to ensure their risk-free
and sustainable implementation. However, our knowledge of the harmful effects of
these nanomaterials, starting from manufacturing processes up until their disposal,
or from their entry into the organism up until their elimination, is still very limited.
Currently no specific regulations have been developed for the usage of nanomate-
rials (18), which is the reason why this area is the focus of many research groups.

SCREENING OF TOXICITY OF NANOSTRUCTURES

The tests used for the assessment of cytotoxicity of nanostructures are gen-
erally the same as those designed for studying the toxicity of drugs, as well as
classical biomaterials. They can be generally divided into in vitro and in vivo tests.
Toxicity tests in vitro are necessary in order to assess the cytotoxicity of nanos-
tructures. They are used as general screening systems and can be also very use-
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ful for understanding the mechanisms of cytotoxicity. In vitro tests are ethically
less ambiguous, easier to control and reproduce, and less expensive than animal
studies (19). For example, lactate dehydrogenase (LDH) release, as a quantitative
measure of cell necrosis, is a very common assay employed in current toxicity
studies (20-22). The most popular is the MTT test (termed by the substrate com-
pound 3-(4,5 Dimethylthiazol-2-YI)-2,5 Diphenyltetrazolium Bromide) which
measures the enzymatic activity of mitochondria in living cells. The assay gives
information about cell viability but cannot discriminate between cell death and
reduction of cell proliferation. Therefore, the MTT test should be combined with
other tests, such as morphological cell analysis or specific tests for detection and
quantification of apoptosis, necrosis or autophagy as well as proliferation assays.
The latter assay is based on monitoring of the cell proliferation after several cycles
of division (2-5 days) and subsequent cell analysis by flow cytometry or color-
imetry. These tests are rapidly replacing previous proliferation tests which were
based on incorporation of radioactive thymidine. However, care must be taken
concerning the dyes used, since the degree of accuracy of toxicity assays greatly
depends on the interaction between nanomaterials and dyes such as Alamar Blue
and Neutral Red (19, 23-25). Cell cultures are very often influenced by fluctuations
of external environment (temperature, waste concentrations, pH, etc.), so repeated
experiments are necessary for obtaining accurate results. In addition, the cytotoxic
response to NPs depends on target cell used. The cytotoxic effects of nanostruc-
tures in vitro can be also evaluated through studies of NP entry into cells together
with the tests related to monitoring the integrity of cell membrane. The pathway
of intracellular transport, subcellular localization or intracellular disintegration
of nanostructures can be analyzed by specific morphological methods, including
confocal and electron microscopy, together with measurement of the oxidative
stress, lipid peroxidation mediators and other biochemical parameters associated
with cellular and subcellular damages. When complex mechanisms are necessary
to investigate, such as immunotoxicology or immunomodulation, different co-cul-
ture studies are required.

Compared with in vitro, in vivo tests are necessary for investigating blood
contact response to NPs, biodistribution, toxicokinetic, systemic and local toxicity
(acute, subacute, sub chronic and chronic toxicity), carcinogenicity, reproductive
toxicity, inflammatory response and other reactions caused by NPs. Although an-
imal experiments are costly and time-consuming, they cannot be replaced with in
vitro tests, as a complete animal experiment offers a significant amount of impor-
tant data with regard to the toxicity relevant to the entry of NPs in the organism,
such as dermal and gastrointestinal toxicities or pulmonary accumulation of NPs.
In addition, the toxic effects of nanomaterials on cardiovascular, immune, neu-
roendocrine, hepatobiliary, renal or reproductive systems can be investigated by
specific in vivo studies, as mentioned above. In this context, measurements of spe-
cific biochemical parameters characteristic for the function of each organ together
with histopathological analysis are the most explored methods (17).
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CYTOTOXICITY OF NANOSTRUCTURES - IN VITRO STUDIES

As already mentioned, in vitro studies are the first screening system which
assesses the cytocompatibility of nanostructures. The choice of the test depends
on the general aim of the study, type of nanostructures and their physicochemical
properties. In order to understand the mechanisms of cytotoxicity influenced by a
particular nanostructure, the first step is usually related to the entry of NPs into a
cell, a process which is largely governed by biological mechanisms of endocytosis
(26). This process is based on the receptor-mediated entry, as the most prominent
route, and requires recognition of some cell surface ligands by specific biological
receptors, followed by the most common way of entry in the cell via clathrin- or
caveolin-mediated endocytosis (27, 28). Besides the mentioned way of cell entry,
NPs can also use passive diffusion, pinocytosis, as well as other clathrin- and cave-
olin-independent endocytic mechanisms (i.e. dynamin-independent processes). It
is worth to mention that the interaction between NPs and cell membrane receptors
could be also important for understanding the biological effects of nanomaterials,
independently of their internalization. Endocytic routes of uptake are connect-
ed with the delivery of NPs into endosomes and lysosomes, where they are ex-
posed to high concentrations of hydrolytic enzymes, followed by their degradation
into ions. These ions can potentially pass through the nuclear or mitochondrial
membrane and react with hydrogen peroxide (H,O,) and oxygen produced by
the mitochondria thereby forming highly reactive hydroxyl (OH) radicals (29).
Nanoparticles may also gather around the mitochondria, causing their dysfunc-
tion by breaking the balance between the production and consumption of reac-
tive oxygen species (ROS), which generally includes superoxide anion radicals,
hydroxyl radicals, singlet oxygen and H,O, (30). In most cases, ROS are produced
in the course of synthesis of adenosine triphosphate (ATP), accompanied by the
transfer of protons and electrons in the mitochondria (31). ROS production is a
normal cellular process which is involved in different aspects of cellular signaling,
as well as in the defense mechanism of the immune system. However, when in
excess, ROS cause severe damage to cellular macromolecules such as proteins,
lipids and DNA (32), leading to additional oxidative stress (33, 34). Inactivation of
specific proteins and DNA damage can result in inhibition of cellular proliferation,
cell death (necrosis, apoptosis, autophagy) via various mechanisms and genotoxic
effects. Another mechanism by which NPs contribute to the production of oxida-
tive stress is their direct catalyzing of ROS, through NADPH, which in turn results
in an additional oxidative stress. Cellular and nuclear damage can be also induced
by signaling through different membranous receptors (35, 36). Nanomaterials with
the most potent ability to induce oxidative stress by ROS, nuclear DNA damage
and subsequent cell-cycle arrest, mutagenesis, and apoptosis are Ag NPs, ceri-
um oxide (CeO,) NPs, silica NPs, fullerenes, block copolymer micelles and CNTs
(37). For example, CeO, NPs exert toxicity through oxidative stress, which in turn
brings about Nrf2-mediated induction of heme oxygenase-1 (HO-1) (38). Ag NPs
induce ROS formation, glutathione depletion, and inhibition of superoxide dis-
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mutase (39). Studies with Au NPs have revealed that NPs with smaller diameters
and hence larger surface area produce higher amounts of ROS (40). Studies with
silica NPs indicated that single dose exposure to these nanostructures leads to
ROS induction, and subsequent activation of pro-inflammatory responses (41). A
ROS generation, a decreased mitochondrial membrane potential, increased levels
of lipid peroxide and decreased enzymatic activities of antioxidants were shown
to be induced by both, SWCNTs (42) and MWCNTs (43).

The proposed pathways of ROS induction by nanostructures are simplified,
but the exact mechanisms by which ROS are generated are not fully understood.
The existence of antioxidants can greatly decrease the accumulation of ROS, thus
reducing their cytotoxic and genotoxic potential. Therefore, their quantification
is of importance in studying the cytotoxicity of NPs. Organs like liver and spleen
are the main targets of oxidative stress because of slow clearance of accumulated
nanomaterials and prevalence of numerous phagocytic cells. Additionally, organs
with high blood flow such as kidneys and lungs can also be affected by NPs e.g.
in addition to ROS induction, NPs can induce perturbation of intracellular calci-
um [Ca*'] which is associated with metabolic and energetic imbalance as well as
cellular dysfunction (44). It has been shown that zinc oxide (ZnO) NPs increase
intracellular [Ca**] levels, dependent on the extracellular [Ca*'] entry through
the disrupted membrane, as well as leakage of [Ca*'] from the intracellular stor-
age compartments due to endoplasmic reticulum (ER) stress. The interaction of
[Ca**] and ROS involves various cross-talks, and as a result, amplification of cel-
lular damages occurs. It has been shown that decrease in mitochondrial mem-
brane potential (MMP) does not have to be always associated with the effect of
ROS. A few examples include: the decrease of MMP in human bronchial epithelial
cells (BEAS-2B) and human alveolar adenocarcinoma cells (A549) upon expo-
sure to ZnO NPs (45), the decrease of MMP in neuronal cells (PC12) and A549
cells caused by TiO, NPs (46, 47), the decrease of MMP in human mesenchymal
stem cells (hMSCs) (48) and human hepatoma cells (BEL-7402) (49) caused by
Fe,O, NPs. The binding of NPs such as ZnO, TiO,, SiO,, or FeO to proteins can re-
sult in irreversible binding processes and subsequent damage of those proteins due
to release of metal ions (50). Furthermore, metal ions such as Zn?* and Cu?" re-
leased from ZnO and CuO can inactivate certain metalloproteins by dislodging
metal ions within them (51).

Another pathway of nanotoxicity pertains to cell cycle arrest. Such a mech-
anism has been described for TiO, Fe,O, CuO, NiO, ZnO, and AL,O, NPs (52-
54). Cells can be arrested in one or Tore cell cycle phases (most commonly in the
G,/M phase), but this process depends on the type of cells and the type of NPs.
For instance, exposure to NiO NPs resulted in a significant increase in the G /G, in
the BEAS-2B cell line with a simultaneous significant decrease of the G /G, phase
in the A549 cell line (55). It is interesting to note that these NPs significantly sup-
pressed the G,/M phase in the BEAS-2B without significant change of S phase but
have significantly increased the G,/M phase in the A549 cells. On the other hand,
exposure to ZnO NPs caused an increase in the population of cells in the G,/M
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phase in A549 cells but did not affect the cell cycle in BEAS-2B cells (45, 55). The
arrest in cell cycle can also differ depending on the type of NPs. The exposure of
BEAS-2B cells to NiO NPs led to an arrest in the G /G, phase, while exposure
to ZnO and Fe,O, NPs did not affect the cell cycle (45, 55). Upon exposure to
ZnO and CuO NPs human immortal keratinocyte cells (HaCaT) were arrested
in the G,/M phase, while TiO, NPs induced the arrest in the S phase (52, 56, 57).
With A1203 and Fe,O, NPs, an increase in the sub—G0 phase of human MSCs was
reported (48, 58) while A549 cells were arrested in the G,/M phase upon expo-
sure to CuO (53), NiO (55), and ZnO NPs (59), in contrast to Fe,O, NPs which
did not change the cell cycle (45). The most dominant effect of cell cycle arrest is
inhibition of cellular proliferation. However, the fate of such cells could greatly
differ — damage can either be fixed or accumulated enough to undergo apoptosis.
These processes are influenced by different genes, affected by NPs. For instance,
exposure of A549 cells to CuO NPs was shown to downregulate about 90 genes
involved in control of the cell cycle (53). Some of these genes code for proliferat-
ing cell nuclear antigen (PCNA), cell-division cycle protein (CDC2), and cyclin
B1 (CCNB1) (53). ZnO NPs were shown to induce the p53 pathway in NCM460
cells, but not in DLD-1 or SW480 cells. These differences could be attributed to the
differences in mutation of p53 in the cancerous cell lines. These NPs also caused
DNA damage and the downregulation of cyclin B1 and cyclin-dependent kinase 1
(CDK1) in HaCaT, causing G2 arrest and PCNA down-regulation (52). NCM460,
DLD-1, and SW480 cell lines up-regulated the expression of checkpoint kinase 1
(Chk-1), which was followed by cell cycle arrest. TiO, NPs were found to induce
double-strand breaks and a down-regulation of cyclin B1 in A549 cells, leading to
cell cycle arrest in the G,/M phase (59).

Cells in cell cycle arrest can be recovered and continue proliferation upon
removal of NPs. For example, A549 cells, whose proliferation was inhibited by
CuO NPs, could start to proliferate again in culture upon addition of a fresh me-
dium. Reduction of stress can also allow the cells to recover from the cell cycle
arrest. In this context, ZnO NPs exposure induces G,/M arrest in intestinal cell
lines and the addition of antioxidant N-acetylcysteine can reverse this arrest by
approximately 50-70% (32).

One of the mechanisms by which oxidative stress induces cytotoxicity is
up-regulation of pro-inflammatory mediators through NF-kB (Nuclear Factor-
kB), mitogen-activated protein kinase (MAPK) and phosphoinositide 3-kinase
(PI3-K) pathways (60, 61). Oxidative stress supports inflammation by degradation
of kB (IxB) inhibitor and thus allowing subsequent translocation of NF-«B into the
nucleus in order to regulate the transcription of its target genes (62). In support
of this hypothesis, the OH, HOCI, and 'O, reactive species have been shown to
induce nuclear translocation and activation of NF-kB (63). ROS-mediated activa-
tion of NF-kB is directly linked to the production of pro-inflammatory mediators
such as TNF-q, IL-8 and IL-6 (64, 65). Several metal oxide NPs including those of
Zn, Cd, Si and Fe have also been shown to exert the toxicity via the activation of
NF-xB and subsequent production of inflammatory cytokines (66-69). CNTs were
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also shown to promote inflammation by augmenting the secretion of TNF-a and
Monocyte Chemoattractant Protein-1 (MCP-1/CCL-2) (70). Some of their effects
in mesothelial cells are mediated by signaling molecules, such as ARP, AP-1, NF-
kB, p38 and Akt (71).

C-Jun NH2-terminal kinases (JNK) and p38 mitogen activated protein ki-
nases (MAPK) from the MAPK signaling pathway are known to regulate respons-
es to cellular stresses (72). In this context, TiO, NPs were shown to mediate tox-
icity in a human bronchial epithelial cell line by augmenting the IL-8 production
via the p38 MAPK pathway. Furthermore, Ag NPs induced the toxicity in vivo by
increasing ROS formation and subsequent expression of p38 MAPK and hypox-
ia-inducible factor (HIF-1) (73). Similar results were published for of SiO, NPs,
whose toxicity was associated with the activation of JNK, p53 and NF-«B pathways
and the increased production of pro-inflammatory cytokines such as IL-6, IL-8
and MCP-1 (74). On the other hand, ZnO NPs caused an overexpression of Cox-2,
iNOS, pro-inflammatory cytokines (IL-6, IFN-y, TNF-qa, IL-17) and unexpectedly,
IL-10, a regulatory cytokine, in macrophages through the PI3-K signaling pathway
(75). Furthermore, SiO, NPs were shown to induce inflammation and activate au-
tophagy via the PI3-K/Akt/mTOR pathway (76). The inflammation and ROS are
tightly connected processes. As already mentioned, ROS are potent inducers of
inflammation. On the other hand, inflammation has been shown to directly cause
toxicity and promote cell death through the induction of ROS production (77). A
simplified view of the NP cytotoxicity, including the main mechanisms involved,
is presented in Fig. 1.
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Figure 1. The simplified view of the NP cytotoxicity
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NPs enter cell membrane through different mechanisms, but the most com-
mon route involves the endocytic pathway. Once localized intracellularly, NPs
interfere with different organelles and induce ROS production by dysregulating
mitochondria, lysosomes and endoplasmic reticulum (ER). These processes were
followed by an increase in intracellular [Ca2*] from the ER stores and by the flux
of [Ca2*] from extracellular spaces. ROS can be also generated by a direct effect of
NP to the membranous NADPH. Cellular damages can be also generated through
interactions of NPs with particular membranous receptors. ROS together with
[Ca2*] generates different signaling pathways leading to transcription of different
genes, including those for pro-inflammatory cytokines. These cytokines may stim-
ulate inflammation and more ROS production. NPs can damage DNA and stimu-
late genotoxic mechanisms, directly or indirectly via ROS. In a complex cross-talk
between NPs and different biomolecules, cells undergo to cell cycle arrest or death
by different mechanisms such as apoptosis, necrosis or autophagy.

INFLUENCE OF PHYSICOCHEMICAL PROPERTIES OF
NANOSTRUCTURES ON THEIR CYTOTOXICITY

It is of considerable importance to perform physicochemical characteri-
zation of NPs, in terms of their surface properties, surface charge, size, shape,
structure, composition, crystalline, and other parameters, since these characteris-
tics influence the interaction of nanostructures with cells and, thus, their overall
potential toxicity. Understanding these properties can lead to the development of
safer NPs from the same source.

The most important property of NPs contributing to their cytotoxicity is
particle size. The size plays a critical role in cellular uptake of nanomaterials, effi-
ciency of NP processing in the endocytic pathway and physiological response of
cells to NPs (33, 78-83). Given the same mass, smaller NPs have a larger specific
surface area (SSA) and thus more available surface area to interact with cellu-
lar structures such as nucleic acids, proteins, fatty acids, and carbohydrates. It
has been shown that smaller sized NPs enter the cell more easily than the larger
ones. In contrast, larger sized NPs may absorb different proteins on their surface,
making the reactivity of NPs with cells in a specific manner. An example how
the size of NPs influences their cytotoxicity was published by Kim et al. (84). The
authors investigated cellular toxicity of Ag NPs using three different characteristic
sizes on several cell lines. They demonstrated that the toxicity was clearly size-
and dose-dependent in terms of cell viability, intracellular ROS generation, LDH
release, induction of apoptosis and ultrastructural changes in cell morphology.
Smaller sized Ag NPs were much more cytotoxic than the larger-sized NPs. Pan et
al. (85) demonstrated that Au NPs sized from 0.8-1.8nm induced toxicity in HeLa,
SK-MEL-26, 1929 and ]J774A1 cells unlike larger (>15nm) Au NPs. We showed
that Au NPs were not cytotoxic for L929 cells, but decreased their growth, whereas
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Au NPs smaller in size had a stronger effect (86). Other papers also suggested that
chemically reduced Au NPs larger than 4nm did not reduce viability significantly
in the array of cells tested, but could reduce cellular proliferation (87-91), and
confirmed once again that smaller nanoparticles had stronger anti-proliferative
effects (88). Regarding the mechanisms involved, it has been shown that non-toxic
Au NPs can reduce cellular proliferation by inducing a transient oxidative stress
(92), affecting cytoskeleton architecture (93) or interacting with negatively charged
DNA (94).

Dey et al. (95) also showed that hydroxyapatite (HAp) NPs were more cy-
totoxic to HCT116 cells than the micron-sized HAp particles. Similar results were
published by Yuan et al. (96) who showed that HAp NPs induced apoptosis in
tumor HepG2 cells, which was strongly size-dependent. For some NPs, toxicity
was found to be a function of both size and SSA. For instance, the size of TiO, was
shown to correlate with ROS production when comparing the amount of ROS
produced per surface area within a certain size range (97). It is interesting that
TiO,NPs below 10 or above 30 nm in size produced similar levels of ROS per sur-
face area. However, there was a dramatic increase in the ROS production per unit
surface area when the size of these NPs increased from 10 to 30 nm. In line with
these findings, Yin et al. (98) examined the effects of particle size and surface coat-
ing on the cytotoxicity of nickel ferrite in vitro using the Neuro-2A cell line as a
model. They concluded that nickel ferrite NPs without oleic acid coating, induced
cytotoxicity independently of particle size within the given mass concentrations
and surface areas. However, nickel ferrite NPs coated with oleic acid, induced
cytotoxicity that increased significantly when one or two layers of oleic acid were
deposited. It is interesting that large NPs with coatings of oleic acid, showed a
higher cytotoxicity than smaller particles.

In addition to size, the structure and shape of nanomaterials are two addi-
tional crucial factors that influence their toxicity. NPs may have different shapes
and structure, such as tubes, fibers, spheres, planes, and polyhedral shape. These
distinctions may lead to differences in their toxicity effects. An example is the ef-
fect of different carbon-based NPs on mouse keratinocytes, published by Grabinski
et al. (99). The carbon materials tested included carbon nanofibers, MWCNTs,
and SWCNTs. The authors concluded that carbon nanofibers did not significant-
ly affect cell viability. However, MWCNTs and SWCNTs reduced cell viability
in a time-dependent manner, due to the ROS production, so that cells exposed
to MWCNTs produced three times higher levels of ROS than those exposed to
SWCNTs. Zhang et al. (100) compared the cytotoxicity of graphene and CNTs.
They found that both graphene and SWCNTs induced cytotoxic effects, which
were concentration-dependent and shape-dependent. The finding that graphene
induced a stronger metabolic activity than that of SWCNTs at low concentrations,
suggests the importance of shape on cellular toxicity. In this context rod-shaped
Fe O, NPs were found to produce much higher cytotoxic responses than sphere-
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shaped Fe,O,NPs in a murine macrophage cell line (RAW 264.7), including high-
er levels of LDH release, inflammatory response, ROS production, and necrosis
(101). Amorphous TiO, was found to generate more ROS than anatase or the
rutile forms of similar structure (97). It is likely that amorphous TiO, has more
surface defects, and therefore more active sites that are capable of causing ROS.
The anatase form of TiO, was also significantly more toxic to PC12 cells than the
rutile form (47). Rod-shaped CeO, NPs produced significant LDH release and
TNF-a in RAW 264.7 cells, while neither octahedron nor cubic forms induced
significant responses. Different toxicity behavior has also been shown for TiO2
NPs with different crystal structures (102). Gold nanorods are reported as more
toxic than spherical Au NPs (103), but the mechanism of toxicity seems to include
toxic contaminants from the nanorod synthesis, rather than a direct toxicity (104).
In contrast to spherical Au NPs, the data on cytotoxicity of gold nanocages and
gold nanostars in vitro is quite scarce. Why the physical shape of a nanoparticle
influences cytotoxicity remains to be elucidated.

The concept of “nanomaterial surface” includes different aspects, such as
surface area, pore, surface chemical bond, potential (charge) and surface changes
by covalent attachment of different molecules or chemical groups (functional-
ization). Of them, particle surface charge was mostly investigated. The surface
charge may affect the cellular uptake of particles, their interaction with organelles
and biomolecules as well as the degree of cytotoxicity. The surface charge is also
a major determinant of colloidal behavior, which influences the cellular response
by changing the shape and size of NPs through formation of aggregates or ag-
glomerates. An example is the experiment when three similarly sized iron oxide
particles with different charges were shown to have differential toxicities on a hu-
man hepatoma cell line (BEL-7402) (49). The toxicity of oleic acid-coated Fe,O,,
carbon-coated Fe, and Fe,O, NPs increased with an increase in surface charge.
This suggests that the higher positive charge the NPs have, the greater electro-
static interactions they have with the cell, which is followed by greater endocytic
uptake. Another example is the experiment showing that positively charged ZnO
NPs produce stronger cytotoxic effects in A549 cells than negatively charged NPs
of a similar shape and size (105). The phenomenon can be explained, in part, in
the context of cellular membrane composition. It is known that negatively charged
glycosaminoglycans are abundant on the cell surface and could interact electro-
statically with positively charged NPs (106). If the electrostatic interactions are
higher, the more likely NPs could be internalized (107). Shahbazi et al. (108) eval-
uated the impact of mesoporous silicon NPs surface chemistry on immune cells
and human erythrocytes both in vitro and in vivo. They concluded that negatively
charged hydrophilic and hydrophobic mesoporous silicon NPs caused less ATP
depletion and genotoxicity than the positively charged amine modified hydro-
philic mesoporous silicon NPs, thus proving the significance of surface charge on
the cytotoxicity of examined cells.
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The same was true for positively charged NPs, which interact with nega-
tively charged DNA, leading to DNA damage (17). It is interesting that negative
charged PLGA NPs led to a higher inflammatory response, which is associated
with their higher uptake by immune cells (109). Moreover, Calatayud et al. (110)
studied the effect of the surface charge of functionalized Fe,O, nanoparticles on
protein adsorption and cell uptake. It was demonstrated that the functional groups
on the magnetic NP surface determined the formation of protein-magnetic NP
clusters. This experiment suggests the ability to modify the surface of magnetic
NPs in order to control the non-specific protein adsorption. El Badawy et al. (111)
studied the various factors that influence toxicity of Ag NPs and concluded that
the surface charge was one of the most important parameters. Furthermore, it was
shown that Ag NPs exhibited an obvious surface charge dependent toxicity on the
different bacillus species.

For NPs with the same composition, surface properties may also affect
their cytotoxicity. It was demonstrated that CNTs, fullerenes, Au NPs, and silica
NPs could be modified with diverse surface chemistry. This may alter cytotoxicity
both in vitro and in vivo. In this context, functionalized MWNTs induced different
levels of protein binding, cytotoxicity, and immune responses (112). The modi-
fication of MWCNTs significantly inhibited NF-xB activation and reduced
immunotoxicity of MWCNTs in BALB/c mice (113). We showed that the
surface functionalization of MWCNTs with amino groups via chemical modi-
fication of carboxyl groups introduced on the nanotube surface exhibited much
better dispersibility and biocompatibility than non-functionalized, row MWCNTs.
Functionalized MWCNTs, at the concentrations between 1 and 50 pg/ml, were
not cytotoxic for the fibroblast 1929 cell line. However, the concentrations of
MWCNTs greater than 10 pg/ml reduced cell growth and this effect correlated
positively with the degree of their uptake by L929 cells (114). MWCNTs func-
tionalized with polyethylene glycol (PEG) induced less generation of ROS
and cytotoxicity in macrophages than MWCNTs-COOH, which correlated
with the lower cellular uptake of MWCNTs-PEG (97). Silica NPs (70 nm)
induced strong inflammation in mice after intraperitoneal administration, but
this reaction was dramatically suppressed by surface modification by carbox-
yl groups (115).

IMMUNOTOXICITY AND IMMUNOMODULATORY
PROPERTIES OF NANOSTRUCTURES

The term immunotoxicity refers to the cytotoxic effect of different substanc-
es on the immune system components. Immunotoxicity can be considered to-
gether with general cytotoxicity, but some specific characteristics of the immune
response to NPs, may significantly modify their cytotoxic potential. Under cer-
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tain circumstances, NPs could not damage or kill immune cells, but modulate
their functions towards down-regulation (immunosuppression), or up-regulation
(immunostimulation). Therefore, it is important to consider immunotoxicity and
immunomodulation as two complementary phenomena (116).

When applied in vivo, NPs may be recognized as foreign antigens by the
immune system and provoke the immune response. Usually, NPs are not immuno-
genic themselves, but act as haptens when attached to large molecules, such as se-
rum albumin. Certain nanostructures, like Au NPs, have been used as adjuvants to
potentiate the production of antibodies to small antigens with low immunogenic-
ity (hormones, peptides, antibiotics, vitamins, etc.) (117). Such properties of gold
nanostructures may have a role in vaccination strategy. NPs may suppress general
immune responses without manifesting cytotoxicity, by interfering with complex
signaling pathways regulating both inflammation and immune responses (118).
Certain NPs could have specific immunotolerogenic properties, a phenomenon
which has been described recently by our research group (119). So, it is important
to consider all these effects very carefully because they could bring unexpected
side effects in the clinical treatment. These facts are also relevant for the prepara-
tion of less immunogenic or tolerogenic NPs and for the adequate modifications
of existing NPs to reduce their proinflammatory, immunosuppressive and immu-
notoxic properties (118). In addition, understanding the effects of NPs on immune
cell functions is essential in designing safe and effective NP-based in vivo drug
delivery systems. There are many research papers related to the immunotoxic and
immunomodulatory properties of different NPs and our research group provided
additional evidence on the complex immunomodulatory mechanisms of CNTs,
Au NPs, graphene quantum dots (GQD) and nanocellulose fibrils (91, 119-121)

CNTs have been shown to induce systemic immunosuppression in mice
after inhalation (122-124), including production of prostaglandin E2 (PGE2) and
IL-10 (122, 124) and T cell dysfunction (123, 125). Subcutaneous administration
of MWCNTs in BALB/c mice was followed by the activation of complement, aug-
mented production of proinflammatory and Th2 cytokines (124) and increased
number of CD4* and CD8" T cells in the spleen (126). In other studies, MWCNTs
showed allergy adjuvant effects in OVA sensitized mice, induced fibrosis in lungs
and aggravated asthma (70, 127). Laverny et al. (128) showed that MWCNTs in-
creased the release of a series of cytokines in peripheral blood mononuclear cells
(PBMCs) from healthy donors after stimulation with toll-like receptor (TLR) ag-
onists or T-cell mitogen. However, the nanostructures suppressed the immune
responses in PBMCs from mite-allergic subjects.

Dapsone is an anti-microbial and anti-inflammatory drug with low solu-
bility. We showed that MWCNTs conjugated with dapsone (dap-MWCNTs) were
highly soluble, and they were rapidly ingested by rat peritoneal macrophages
(PMOQ) as were the control, oxidized o-MWCNTs. Neither dap-MWCNTs, nor
o-MWCNTs, at lower concentrations (up to 50pg/ml), affected the viability of
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PM®, while higher concentrations triggered apoptosis. Apoptosis of PM® in-
duced by o-MWCNTs was higher than apoptosis induced by dap-MWCNTs and
it correlated with the induction of oxidative stress in PM@ (121). It is interest-
ing that equivalent concentrations of soluble dapsone induced oxidative stress,
possibly due to its low solubility in non-conjugated form, but not apoptosis of
PM@. A number of excellent review articles have addressed the toxicity of Au NPs,
including immunotoxicity (89, 129-131). It has been shown that bulk gold and
many synthesized Au NPs are not toxic in vitro (1) and in vivo (132). However,
cytotoxicity of some Au NPs samples observed in vitro vary greatly with several
key parameters, such as their purity, size, shape, charge, stabilization agent, incu-
bation conditions, type of cells used, and interference with the assay readout (131).
Furthermore, the presence of cytotoxic contaminants during synthesis of Au NPs
appears fundamental for their toxicity profile (104, 133). In our previous studies
(86, 134) we showed that the synthesis of Au NPs from the gold scrap precursor
by ultrasonic spray pyrolysis (USP) provided 5 fractions of Au NPs with increasing
amounts of alloying contaminants. Two fractions (1 and 2) of Au NPs composed
of pure gold were not toxic for rat thymocytes and splenocytes, even after 3 days
of culture with up to 100 pg/ml of Au NPs, as assessed by MTT and cell viability
assays. Other three fractions were cytotoxic.

Au NPs have a strong adjuvant effect on the immune response, however, the
mechanisms involved are not yet fully understood. Some experiments have sug-
gested that Au NPs can stimulate B cells directly, as demonstrated in a study with
a CH12.LX B cell line, which increased NF-kB expression after Au NPs treatment
(135). Additionally, Au NPs were shown to up-regulate blimp1 and down-regulate
pax5 expression in B cells, leading to secretion of IgG by these cells (136). It has
been suggested that innate immunity cells, such as macrophages and dendritic
cells (DCs), are also involved in the adjuvant effect of Au NPs.

Innate immunity cells, such as granulocytes, monocytes, macrophages and
DCs, are the first cells to interact with NPs upon their entry into the body, each
having a specific tissue distribution and a set of functional responses at its dis-
posal. The reported immunological effects of Au NPs vary greatly, and their ef-
fects were described as adjuvant (stimulation of the innate immune response),
proinflammatory (activation of phagocytes to produce IL-1f, IL-6, TNF-q, etc.)
(137), immunosuppressive due to immunotoxicity or down-regulation of the im-
mune response (138), immunomodulatory (139), neutral or anti-inflammatory
(91, 140). The critical parameters for different immunological effects of Au NPs
on macrophages and DCs seem to be their size and coating. Upon placement into
biological solutions, Au NPs immediately receive corona made of a dozen different
proteins, predominantly albumin, apolipoprotein, immunoglobulins and fibrin-
ogens (141, 142). Walkey et al. (143) showed that the composition of corona on
PEG-coated Au NPs depends on PEG density and Au NPs size. This subsequently
determines the predominant mechanism of Au NPs uptake by macrophages, pos-
sibly via involvement of different receptors. It has been suggested that the uptake
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of Au NPs via scavenger receptors by macrophages does not induce release of
proinflammatory cytokines (144). In contrast, Au NPs coated with mannose-con-
taining polysaccharides are able to trigger the activation of mannose receptors
on macrophages, leading to proinflammatory response, which can be harnessed
for development of Au NPs-based vaccines (145). Similarly, coating of Au NPs
with TLR agonists, such as TLR-9 agonist cytosine-phosphate-guanosine (CpG)
oligonucleotide (ODN), was shown to induce immunostimulatory effects in mac-
rophages, observed as an increased production of TNF-a and IL-6 by these cells
(146). Interestingly, un-conjugated Au NPs impaired CpG-induced production
of TNF-a and IL-6 (147) and LPS-induced production of NO and IL-6 (139) by
RAW?274.7 murine macrophages in a size-dependent manner. We showed that
Au NPs made of pure gold inhibited proliferation of splenocytes stimulated with
Concanavalin A (Con-A), and that smaller Au NPs had a stronger effect (134).
These results correlated with a decreased production of IL-2, and an increased
production of IL-10 in Con-A-stimulated cultures treated with smaller Au NPs.
An increased IL-10 production upon Au NPs treatment was also observed by
Liptrott et al. (148) in an equivalent model of phytohemagglutinin-activated hu-
man lymphocytes cultures. IL-10 is a known anti-inflammatory cytokine with
anti-proliferative effects, produced by both regulatory T cells and antigen-pre-
senting cells (APC) with tolerogenic potential (predominantly M2 macrophages
and tolerogenic DCs) (149). Devanabanda et al. (150) investigated the immuno-
modulatory potential of Au NPs and Ag NPs in vitro using murine splenic and
human peripheral blood lymphocytes (PBL) in terms of effects on viability and
mitogen-induced proliferation. They reported that lymphocyte proliferation was
significantly inhibited by Au NPs (25-200 pg/ml) and Ag NPs (12.5-50 ug/ml) in
a dose-dependent manner.

Monocytes represent a major APC population in blood, which give rise
to both macrophages and DCs upon extravasation (151), both of which are re-
sponsible for the regulation of inflammatory responses to different nanostruc-
tures in tissues (118). There are three functionally different subpopulations in
human blood, classical CD14*CD16, inflammatory CD14*CD16" and regulatory
CD14"*CD16" monocytes. Regulatory monocytes do not extravasate into tissues,
and they were shown to regulate blood vessel repair upon damage (152, 153). We
showed that citrate-stabilized Au NPs of different sizes produced by USP (~10nm
and ~40nm, both at 50pg/ml) were internalized by human monocytes after 24h
in culture, without eliciting any toxic effects. However, phenotypic analysis of
monocytes revealed that the percentage of inflammatory CD14*CD16* subpopu-
lation was reduced significantly compared to non-treated monocytes, whereas the
CD14"*CD16" population was not affected. Furthermore, both Au NPs reduced
significantly the expression of key molecules responsible for antigen-presentation
and costimulation (HLA-DR and CD86, respectively), as well as proinflammatory
cytokines (TNF-a) and p40 subunit (IL-12/IL23) by monocytes. Again, smaller Au
NPs exhibited a stronger effect. These results suggested for the first time that citrate
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capped Au NPs exhibited anti-inflammatory effects on human blood monocytes
(154). Considering that TNF-a, IL-12 and IL-23, as well as increased expression of
HLA-DR and CD86 are considered proatherogenic (155), the down-modulatory
effects of Au NPs could be beneficial for further development of theranostics for
atherosclerosis.

In contrast to Au NPs, Ag NPs seem to be more immunotoxic and pro-in-
flammatory, partly owing to the stimulation of ROS production in immune cells
(156, 157). As per other mechanisms involved in the modulation of the immune
system, it has been shown that Ag NPs (22 nm) exposure caused the downregu-
lation of Maltl and Sema7a expression. The inhibition of these gene products is
associated with immune cell dysfunctions, such as aberrant T cell differentiation
(158).

Some in vitro studies showed that iron oxide NPs did not induce inflam-
matory response on human macrophages (159) and aortic endothelia cells (160).
However, high doses of iron oxide NPs may induce ROS production (161). The
immunomodulation of the iron oxide NPs was also seen in vivo. For example,
intratracheally administrated high and intermediate dose of iron oxide NPs with
a diameter of 35 + 14 nm or 147 + 48 nm inhibited the allergic Th2-dominated
response induced by ovalbumin (OVA). The low dose of these larger size NPs
particles had no significant effect, while the low dose of smaller size particles had
an adjuvant effect on the Th2 response to OVA. (162). Another study showed that
intratracheal instillation of AgNPs with a diameter of 52.25 + 23.64 nm induced
inflammation in the respiratory tract by affecting alveolar macrophages and epi-
thelial cells, which generated ROS and produced inflammatory cytokines. (163).

Intravenously injected iron oxide NPs (58.7 nm) shifted the Th1/Th2 bal-
ance towards the Th2-dominant direction and suppressed the delayed-type hyper-
sensitivity in OVA-sensitized mice (164). In addition, repeated administrations of
these NPs suppressed inflammation more strongly than single instillation (165).

Instillation of CeO2 NPs with a diameter of 8 nm in mice was followed
by inflammation in pulmonary system (166). In a similar study the lung toxicity
was accompanied by oxidative stress and up-regulation of IL-1, TNF-a and
IL-6 (167). However, some in vitro studies indicated that CeO2 NPs with a small
diameter (3-5 nm) caused a significant anti-inflammatory effect in a murine mac-
rophage line by scavenging ROS (168). A recent study reported that these NPs, of
the same size, stimulated the production of IL-10, and induced a Th2-dominated
T cell proliferation (117).

Amorphous silica NPs were investigated in PBMCs and purified monocytes.
These NPs could induce inflammatory response by augmenting the production of
IL-1B, IL-8, and ROS through MAPKs (169). However, modification of carbox-
yl groups on silica particles dramatically suppressed the inflammatory responses
(115). Other reports showed that 30 and 70 nm silica NPs induced higher produc-
tion of TNF-a in RAW264.7 cells and stronger immune/ inflammatory responses
than 300 and 1000 nm particles in vivo (117). Intravenous injections of silica NPs
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with a single dose of 50 mg/kg caused hepatic inflammation and oxidative stress
in mice (170). Similarly, Kupfter cells stimulated by 15 nm silica NPs released large
amounts of ROS, TNF-a and NO (117).

Two studies with graphene NPs showed their proinflammatory effects in
macrophage cell lines (171, 172). In this context Yue et al. (172) showed that larger,
micro sized particles (2um) induced stronger inflammation responses compared
to nanosized (350 nm) particles. When graphene oxide NPs were coated with PVP
oxide, the physiological activity of macrophages was enhanced by these NPs (173).
Graphene may stimulate the immune response. In this context, intravenously de-
livered graphene nanosheets induced Th2 inflammatory responses in the lungs via
the IL-33/ST2 axis (126), which was a phenomenon that could be associated with
the exacerbation of allergic diseases. Quantum dots were shown to be immuno-
toxic due to the oxidative stress (174, 175). They can also suppress the immune
response, as demonstrated for CdTe quantum dots on a macrophage cell line, by
reducing NO, TNF-a, KC/CXCL-1, and IL-8 production (176).

Some studies showed that C60 fullerenes have immunostimulatory prop-
erties (177-181). In addition, after instillation, C60 upregulated gene expression
of various proinflammatory cytokines (IL-1, TNF-a, IL-6) and Th1 cytokines
(IL-12, IFN-y) in mice. The carboxyfullerenes could stimulate the extravasation
of neutrophils and enhance their bactericidal activity (181). An interesting study
showed that immunization of mice with a Cg( fullerene conjugated to bovine
thyroglobulin stimulated the production of fullerene-specific antibodies (178).
In vivo studies indicated that polymer-based NPs inhibited inflammation but had
no effect on host immunity (182, 183). On the other hand, some polymer-based
NPs, such as carboxymethyl chitosan were shown to be effective adjuvants in vac-
cination (184) due to the activation of cellular immune responses (185). However,
some polymeric NPs, such as polystyrene, had opposite effects. These NPs induced
T-cell tolerance and ameliorated experimental autoimmune encephalomyelitis by
inactivating pathogenic T cells (186).

The described immunomodulatory effects of different NPs give us just a
simplified view of their complexity, where different cells and different mechanisms
are involved. Therefore, each nanostructure deserves to be thoroughly investigat-
ed, because the response of the immune system to a particular nanostructure may
have unexpected health effects.

DENDRITIC CELLS AS A KEY TARGET OF THE IMMUNOMODULATORY

Effect of nanostructures

DCs are key cells of the innate immunity with antigen-presenting functions
that regulate the immune response on the crossroad between immunity and toler-
ance (187). DCs are of hematopoietic origin and are located as precursors in bone
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marrow and blood, as immature APC in peripheral tissues and as mature state in
peripheral lymphoid organs. In their immature state, DCs take up and process
antigens, but cannot prime T cells efficiently, leading to T cell anergy (188). In con-
trast, the activation of DCs via innate immunity receptors, such as TLR4 by LPS
or dead cells (189), triggers the signaling mechanisms involved in their transition
towards mature DCs, such as the loss of spontaneous Ca** oscillations and nuclear
transportation of Ca**-sensitive transcription factor NF-kB and NFAT (190). This
leads to phenotypic maturation of DCs, increased expression of co-stimulators and
their migration from the periphery into draining lymph nodes. There, mature DCs
induce proliferation of T cells and produce cytokines that are responsible for T cell
differentiation. Some of the cytokines are IL-12p70 which induce differentiation
of IFN-y producing T helper (Th) 1 cells and cytotoxic CD8* T cells (CTLs). IL-
23 is responsible for the expansion of Th17 cells, and IL-10 is the main cytokine
responsible for the induction of regulatory T cell populations (Tregs) and expan-
sion of Th2 cells (187, 188, 191). Th1, Th17 and CTLs are required for pathogen
clearance, efficient anti-tumor response but also for the induction of many auto-
immune diseases. On the other hand, Tregs and Th2 cells suppress inflammation,
leading to repair of damaged tissues, but they also lead to tumor progression and
the establishment of chronic infections (192).

There is a large number of published papers on the effect of different nano-
structures on DCs and their effects may be generally viewed as immunotoxic and
immunomodulatory (117). The cytotoxic response of DCs to NPs is similar to the
response of other cells. However, modulation of DC functions greatly depends on
the type of NPs, their doses and physicochemical characteristics. Our several pa-
pers describe molecular mechanisms involved in immunomodulatory activity of
CNTs, Au NPs, cellulose nanofibrils (CNFs) and graphene quantum dots (GQDs)
and outline their main similarities and differences (91, 119, 120, 193). Some of
these properties, related to the internalization of NPs and their Th polarization
capability, are given in Fig.2 and Fig.3. respectively.

As already mentioned earlier, CNTs have been considered as a promising
tool in delivery of drugs and biomolecules to specific cellular and intracellular
targets. We have studied the response of human monocyte derived dendritic cells
(MoDCs) to MWCNTs functionalized with 7-thia-8-oxoguanosine (7-TOG),
which is a selective Toll-like receptor (TLR) 7 agonist or dapsone, an anti-infec-
tious and an anti-inflammatory drug. Functionalization was performed by cova-
lent attachment of these compounds to oxidized (0)-MWCNTs. Using confocal
laser microscopy and transmission electron microscopy, we showed that MoDCs
efficiently ingested MWCNTs (Fig.2) and that neither control nor functionalized
MWCNTs were cytotoxic. 7-TOG-MWCNTs induced maturation of MoDCs and
potentiated the allostimulatory and Th1 and Th17 polarizing capability of these
cells, similarly as did the soluble 7-TOG at 4-10 times higher concentrations.
These findings could be important for tumor immunotherapy, bearing in mind
that Th1- and Th17-mediated immunity suppress tumor growth and potentiate the
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cytotoxic mechanisms by immune cells. We also showed that dap-MWCNTs in-
hibited maturation of MoDCs and suppressed proliferation of alloreactive CD4+ T
cells as well as T cell-mediated immune responses, more strongly than equivalent
concentrations of soluble dapsone or soluble dapsone combined with o-MWCNTs
(data not shown). Cumulatively, the obtained results show that the interactions
between functionalized MWCNTs and DCs are very complex and they differ from
the effects of non- functionalized MWCNTs and soluble conjugates. The results
also pointed out the possibility to use conjugated MWCNTs in the development
of tumor vaccines or for the treatment of dapsone-sensitive intracellular microor-
ganisms or inflammatory diseases responding to dapsone therapy.

Au NPs o-MWCNTs GQDs CNFs

Y

-

Figure 2. Interaction between human MoDCs and nanostructures

Images show human MoDC:s after the cultures with different NPs (Au NPs,
GQD), nanotubes (0-MWCNTs) or nanofibers (CNFs), prepared for light micros-
copy (upper row-MGG staining) or confocal microscopy (lower row- staining of
MHC class II-green, and nuclei-blue. Nanoparticles were detected by light scat-
tering (Au NPs, GQDs, o-MWCNTs) or after Calcofluor staining (CNFs), and are
marked in red. Scale bars represent 10 um. MoDCs either completely internalized
nanoparticles (Au NPs, o-MWCNTs and GQDs), or just partially (CNFs), due to
large size. The internalized nanostructures were present in the cytoplasm perinu-
clearly, or under the cell membrane depending on their size, surface charge and
intracellular trafficking. Fibrillar nanoparticles (CNFs) interact predominantly via
membrane surface, and small protrusions of CNFs can be seen partially internal-
ized in the cytoplasm of MoDCs. The mechanism of nanostructures internaliza-
tion may point to the signaling molecules involved in the interaction with DCs.
See further discussion in the text.
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Figure 3. MoDCs pre-treated with nanostructures trigger different cytokine responses in
co-culture with T cells

The study model usually involves the treatment of MoDCs in the stage
of maturation or differentiation, with non-toxic concentrations of nanostruc-
tures, followed by thorough washing of DCs from free NPs and stimuli before
the co-culture with T cells. Upon interaction with DCs, T cells differentiate into
IFN-y-producing (Th1), IL-17-producing (Th17), IL-4 producing (Th2), or IL-
10-produing regulatory T cell populations in the process of Th polarization. DCs
treated with nanostructures may reduce inflammation by inhibiting the produc-
tion of pro-inflammatory cytokines (IFN-y and IL-17), by up-regulating the pro-
duction IL-4 and IL-10 by T cells, or both. In our experiments proinflammato-
ry Th subsets (Th1 and Th17) were down-regulated by DCs pre-treated with all
nanoparticles, whereas IL-10 and IL-4 were best induced by GNPs-, GQD- and
CNF-treated DCs.

The studies with other carbon NPs showed that fullerenes may enhance
the production of IL-6, activate NK cells and DCs, which stimulate subsequently
T-cell mediated immune responses (177, 180). Graphene oxide NPs could induce
DCs to differentiate and mature at varying degrees (173) but suppress the anti-
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gen-delivering ability of OVA-loaded DCs to T cells (180). This mechanism was
associated with down-regulation of LMP7 subunit of immunoproteasome in cells,
which is responsible for antigen processing in DCs (180). When coated with poly-
vinilpyrrolidone (PVP), graphene exhibited lower immunogenicity than non-coat-
ed graphene, regarding maturation and differentiation of DCs (173). Similarly,
PVP-coated iron oxide NPs, showed a decreased antigen processing and CD4+ T
cell stimulation capacity of human MoDCs (194).

Graphene quantum dots (GQDs) are atom-thick nanodimensional car-
bon sheets with excellent physico-chemical and biological properties, which
make them attractive for application in theranostics (1). However, their immu-
noregulatory properties are insufficiently investigated, especially in human pri-
mary immune cells. We found that non-toxic doses of GQDs were able to in-
hibit the production of proinflammatory and Thl cytokines, and augment the
production of anti-inflammatory and Th2 cytokines by human PBMNCs. While
unable to affect T cells directly, GQDs impaired the differentiation and functions
of MoDCs, lowering their capacity to stimulate T cell proliferation, development
of Th1 and Th17 cells, and T-cell mediated cytotoxicity (Fig.3). Additionally,
GQD-treated DCs potentiated Th2 polarization, and induced suppressive
CD4*CD25"¢"Foxp3* regulatory T cells. After internalization (Fig.2) in a dynam-
in-independent, cholesterol-dependent manner, GQDs lowered the production of
ROS and nuclear translocation of NF-kB in DCs. The activity of mammalian target
of rapamycin (mTOR) was reduced by GQDs, which correlated with the increase
in transcription of autophagy genes and autophagic flux in DCs. In addition, ge-
netic suppression of autophagy impaired the pro-tolerogenic effects of GQDs on
DCs. Our results suggest that GQD-triggered autophagy promotes tolerogenic
functions in MoDC, which could be beneficial in inflammatory T-cell mediated
pathologies but could be harmful in GQD-based anti-cancer therapy (120).

Several studies investigated the effects of metallic NPs on DCs and most of
them were related to gold. As shown in the studies with macrophages, the effects
of Au NPs on DC functions depend on the physicochemical properties of surfaces
of these particles. For example, positively charged Au NPs were shown to induce
IL-1B and IL-6 production by DCs (195). Au NPs coated with adjuvant molecules
or immunogenic antigens were shown to induce activation and pro-inflammatory
phenotype of DCs. In line with this, Cheung et al. (196) showed that the Epstein-
Barr virus peptide can be delivered successfully to DCs via 15nm Au NPs, leading
to activation of antigen-specific CTLs. Similarly, 13nm Au NPs conjugated with
prostate cancer antigens and Fc fragments of IgG, were internalized effectively by
DCs in an FcyR-dependent manner, leading to their increased capacity to stim-
ulate proliferation of lymphocytes (197). However, different effects of Au NPs on
DCs could be expected when using un-coated Au NPs. Villiers et al. (140) showed
that non-coated 10nm Au NPs did not affect IL-6 production by DCs, but reduced
IL-12p70 production upon LPS stimulation.
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Our study showed that the size of Au NPs could be critical for the selection
of proper nanoparticles for tumor diagnostics and therapy, as well as for the treat-
ment of inflammatory conditions including autoimmune diseases (91). Namely,
using two sizes (10nm and 50nm) of chemically reduced Au NPs at non-toxic
concentrations, we found that smaller Au NPs suppressed phenotypic maturation
of DCs, as judged by a lack of up-regulation of CD86, HLA-DR and CD83 expres-
sion. This correlated with an impaired capacity of 10nm Au NPs -treated DCs to
induce T cell proliferation in vitro. Additionally, DCs treated with 10nm Au NPs,
unlike 50nm GNPs, produced more IL-10, and less IL-12 and IL-23, leading to an
increased Th2 polarization in co-culture with T cells (Fig.1). The question arose
as to why Au NPs with different sizes displayed such different effects on DC mat-
uration, and therefore we observed that smaller Au NPs were taken up by DCs
(Fig. 2) using both dynamin-dependent and dynamin-independent mechanisms,
whereas larger Au NPs entered predominantly in a dynamin-dependent manner.
Additionally, a higher number of smaller Au NPs per DCs was found, as evaluat-
ed by micro particle induced X-ray spectroscopy (91, 198). Smaller Au NPs also
escaped endosomes more often as determined by TEM and focused-ion beam
Scanning Electron Microscopy (91). All of this could lead to stronger alteration of
signaling processes by smaller Au NPs, as well as to activation of additional signal-
ing pathways, such as those involved in dynamin-independent internalization pro-
cesses (199, 200). We also found that DCs internalized GNPs from necrotic cells
that, in the case of smaller GNPs, led to a weaker maturation of DCs, their lower
capacity to stimulate proliferation of T cells, and an increased capacity to induce
Th2 cells' differentiation. Consequently, the internalization of smaller Au NPs
derived from necrotic tumor HEp-2 cells by DCs impaired their capacity to induce
CTLs capable of killing HEp-2 cells. In contrast, larger Au NPs did not impair the
maturation and anti-tumor functions of DCs. These results suggested that smaller
Au NPs could be potentially hazardous if applied for tumor diagnostics and ther-
apy, as they could trigger DC-mediated up-regulation of pro-tumorigenic Th2
cells (201). On the other hand, smaller Au NPs could be potentially beneficial for
the treatment of inflammatory conditions and autoimmune diseases. Our studies
suggest that larger GNPs are safer for cancer therapy and diagnostics, since they
do not induce adverse immune effects. However, further improvement and opti-
mization of their application in cancer therapy will be required, such as function-
alization with agents that possess immunostimulatory effects. In line with these
observations, Lin et al. (202) reported that Au NP delivery of modified CpG (a
TLRY agonist with immunostimulant activity) could stimulate macrophages and
inhibit tumor growth for immunotherapy. Ahn et al. (203) recently demonstrated
that Au NPs enabled efficient tumor-associated self-antigen delivery to DCs and
then activated the cells to facilitate cross-presentation, inducing antigen-specific
cytotoxic T cell responses for effective cancer therapy.

Some polymer NPs were reported to activate the immune system through
modulating the functions of immune cells, such as DCs and T cells (204-206).
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Amphiphilic NPs possessed pathogen-mimicking properties and could activate
DCs similarly as LPS and other agonists of pathogen associated pattern recogni-
tion receptors, such as TLRs (206). Similar effects were published for poly(methyl
vinyl ether-co-maleic anhydride) NPs (149 + 2 nm) which activated DCs through
the TLR stimulation (204). In addition, sulfonate (245 nm) and phosphonate-func-
tionalized (227 nm) polystyrene NPs induced the maturation of DCs, significantly
enhanced their T cells stimulatory capacity, and shifted Th1 response (205).

Other NPs have also been shown to modulate the immune response medi-
ated by DCs. For instance, dendrimers conjugated with maltose have been shown
to stimulate the immune response by activating DCs, suggesting its potential use
as candidates for vaccines (207). Protein NPs exerted immunostimulant properties
as reported in recent studies (143, 208, 209). Some of them, which mimic the effect
of viruses, can facilitate the activation and cross-presentation of DCs. This type
of NPs delivered with peptide epitopes, which are recognized by DCs, showed an
increased and prolonged CD8+ T cell activation (209). Polystyrene NPs (50 nm)
have been shown to inhibit lung inflammation when administrated intratracheally
in a dose of 200 pg/mouse after allergen challenge and this suppression was due to
the modulation of DCs functions. Furthermore, these NPs inhibited the expansion
of CD11c+MHCIIM DCs in the lungs and draining lymph node and allergen laden
CD11b"MHCII® DCs in the lungs (182).

Cellulose nanofibrils (CNFs) are very attractive natural nanomaterials for
wide biomedical applications. Previously, we showed that CNFs possessed good
biocompatibility and anti-inflammatory effects (210). Here we further explored
the effects of CNFs on the immune response, using a co-culture model of human
monocyte derived dendritic cells (DCs) and CD4*T cells. We found that CNFs,
applied at non-toxic concentrations during DC differentiation, impaired up-reg-
ulation of CD1a expression. After a stimulated maturation, CNF-treated DCs ex-
pressed lower levels of co-stimulatory and maturation molecules, possessed weak-
er allostimulatory, T helper (Th)1 and Th17 polarizing capacity, and increased
the frequency of interleukin (IL)-10-producing and Th2 cells. Furthermore,
CNEF-treated DCs were able to expand FoxP3*, IL-10* and transform growth
factor-B*CD4" T regulatory cells that were hyporesponsive to polyclonal stimu-
lation and possessed augmented suppressive capacity. These findings correlated
with an increased immunoglobulin-like transcript-4 and indolamine dioxygen-
ase-1 expression by CNF-treated DCs. Internalization studies revealed predom-
inantly partial internalization of CNFs by DCs, an increased CD209 expression
at the place of contact, and the accumulation of actin bundles around the CNFs.
Cumulatively, our results indicate that CNFs induce an active immune tolerance
by acting on DCs, and that this property is very desirable if CNFs are to be used
as an implantable biomaterial (119). Functionalization of CNFs via oxidation and
subsequent modification with phosphonates provides a good platform for bone
tissue regeneration therapy (211). Using the same model of MoDCs and T cells
coculture we found that CNFs functionalized with 3-Amino Propylphosphonic
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Acid (APA) significantly inhibited down-regulation of CD14 and up-regulation
of CD1a expression during their differentiation, whereas control, oxidised CNFs
(cCNFs) only inhibited the up-regulation of CD1a. APAcCNFs impaired LPS and
IFN-y-stimulated maturation, allostimulatory and Th1/Th17-polarisation capacity
of DCs, more than cCNFs, which correlated with higher capacity of APAcCNF-
treated DCs for inducing IL-10 production and CD8*IL-10" Tregs in an ILT-3
dependent manner (212). These results have opened new perspectives for the ap-
plication of functionalized CNF-based nanomaterials, not only for well tolerated
scaffolds in tissue engineering, but also as scaffolds for controlled DC-mediated
induction of tolerogenic immune response.

TOXICITY OF NANOSTRUCTURE - IN VIVO STUDIES

In comparison with nanotoxicity in vitro studies, there is a much smaller
number of nanotoxicity in vivo studies, whereas very few studies examine chronic
toxicity. Many of them investigate the local or systemic adverse effects of nano-
materials. In this context, it is very important to choose a suitable study design,
depending on whether potential nanomaterial will enter the human body unin-
tentionally or will be used for theranostic purpose. In any case, the mode of entry
into the body, absorption, biodistribution, accumulation and elimination are very
important parameters.

The possible routes of entry of NPs into the body include inhalation, ab-
sorption through the skin or digestive tract, direct injection into circulation, and
absorption or implantation for drug delivery systems. In particular, inhalation and
ingestion are likely to be the major routes of NP uptake in terrestrial organisms
(213). Inhalation is the most common way of entry of NPs into the organism dur-
ing the manufacturing process and therefore this problem is of specific importance
and concern. Similarly, diesel exhaust NPs, which are very toxic, are one of the
major compounds responsible for air pollution (5). Several studies examined lung
toxicity following inhalation. An example is the demonstration of lung damage by
CNTs in mice and rats followed by the inflammatory granulomatous response (20,
214). Pulmonary toxicity was also shown for TiO, NPs by Li et al. (92), who ex-
amined different biochemical parameters in bronchoalveolar lavage. Some of the
observed parameters of toxicity were also associated with the change of pH value
of the medium with dispersed NPs. An interesting study showed that intranasally
instilled TiO, NPs could be translocated into the CNS, where they may cause some
brain lesions due to the induction of oxidative stress (215). The intratracheally
implanted Fe,O, nanoparticles in rats enter the systemic circulation after cross-
ing the alveolar-capillary barrier and are selectively taken up by spleen, kidney
and testicles (216). The particles induced size- dependent toxicity due to oxidative
stress, implying that more severe lung injury was caused by nanosized particles
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than by submicron-sized particles. Lung injury was followed by fibrosis and one
of proposed mechanisms was related to the pro-inflammatory response triggered
by alveolar macrophages after the phagocytosis of Fe,O, NPs. Furthermore, Fe O,
nanoparticles delay the coagulation process by prolonging the prothrombin time
and activated partial thromboplastin time (216).

NPs can reach the gastrointestinal tract through the ingestion of food, wa-
ter, cosmetics, drugs, and by the use of drug delivery devices (29, 217-219). The
toxicity experiments related to NPs that are administrated via the gastrointestinal
tract are designed to focus primarily on systemic toxicity. In this context, metallic
NPs have been the most thoroughly investigated. It has been shown that Cu NPs
induced both gastrointestinal damage like loss of appetite, diarrhea and vomiting,
but also systemic effects due to the damage of CNS. LD50 in mice for these NPs
was much lower (413 mg/kg) compared with >5000 mg/kg for the bulk Cu (220).
Wang et al. assessed the acute toxicity of Zn powder by gastrointestinal adminis-
tration at a dose of 5 mg/kg body weight in mice that exhibited severe symptoms
of lethargy, anorexia, vomiting, and diarrhea (221). Similar findings were shown
for CdSe quantum dots (QD) on enterocyte-like Caco-2 cells, as a small intestine
epithelial model (222). The authors concluded that Caco-2 cell viability correlated
with the concentration of free Cd2)p ions present in cell culture medium. Exposure
to low (gastric) pH affected cytotoxicity of CdSe QDs, indicating that the route
of exposure may be an important factor in QD cytotoxicity. It is interesting that
selenium, administrated orally, had less toxic effect on liver in mice in the form
of a NP than sodium selenite (223). Orally ingested NPs may cause cardiac cy-
totoxicity. Such a study was conducted in mice, where particles of two different
sizes, Zn NPs and microsized Zn powder, at a dose of 5 mg/kg body mass were
administered via the gastrointestinal tract (18). The obtained results showed that
both types of particles induced fatty degeneration, which can be caused by anemia.
Nevertheless, it was Zn NPs that led to cardiac impairment, not microsized Zn
particles, as judged by an increase in certain biochemical blood parameters, which
eventually suggested that the size of these particles played a major role in toxicity.

Dermal exposure has been hypothesized as one of the most significant route
of exposures to NPs (220). Nevertheless, the literature reports about the absorp-
tion and effects of NPs in the skin are very scarce. Dermal absorption and skin
penetration of NPs need a better evaluation because only a few, contradictory
data are available in the literature, mainly on TiO2 (29, 33, 217, 224). A study on
cultured keratinocytes exposed to the extracts of several types of Ag containing
dressings showed that Ag NPs were the most toxic (225), which might have impli-
cation in infected wound.

The systemic toxicity of nanostructures can be easily evaluated by their di-
rect administration into the bloodstream or lymph circulation. The injected NPs
can damage red blood cells and circulatory immune cells. Administration of nano-
structures into the bloodstream is also an excellent model to examine the accumu-
lation of NPs in different organs, their biodistribution, kinetics and elimination.
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However, such studies are relatively rare and therefore, if conducted in a proper
way, are very valuable. The experiments with Au NPs are one example, which con-
firmed that the size of Au NPs was critical for their biodistribution and cytotox-
icity in vivo. Smaller particles were distributed to several different tissues (blood,
liver, lung, spleen, kidney, heart), while larger particles (200-250 nm) showed very
minute presence in blood, brain and spleen (226-228). Particles larger than 10 nm
were shown to persist in the liver and spleen of mice for up to 6 months without
any consequences (229, 230), but it was not clear whether such a long retention
induced any adverse effects. Other in vivo models suggested that Au NPs could
have a significant impact on the life span and fertility of experimental animals
(231). Based on these and many other in vivo data (130), it could be expected that
Au NPs would not induce an acute toxicity in vivo, nevertheless, some further
research, investigating the long persistence of NPs in the organism, should be
conducted for acquiring a thorough understanding of their safety. In contrast,
exposure of experimental animals to Ag NPs has been shown to cause anemia,
cardiac enlargement, growth retardation and degenerative changes in their liver
(232). Another study with silica NPs showed that intravenous injections of silica
NPs with a single dose of 50 mg/kg caused hepatic inflammation and oxidative
stress in mice (170). Superparamagnetic iron oxide nanoparticles (SPIONs) were
taken up by liver, spleen and lymph node within 24 hours after in vivo administra-
tion and experienced progressive metabolism. In addition, dose-dependent tox-
icity was observed with repeated injection (233). Feng et al. reported that injected
Fe O, NPs induced metabolic abnormalities in spleen and kidney of rats (234).
Other investigators reported that iron oxide NPs can cross the blood-brain barri-
er and may cause CNS toxicity (235). The kidneys, liver and spleen are the main
target organs for QDs toxicity because of the accumulation of QDs within these
vital organs (1). A study by Sadaf et al. (236) showed the significant renal injury of
mice after the intravenous administration of QDs. A noticeable rise in the blood
levels of urea, nitrogen and creatinine indicates the risk of QDs in nephrotoxicity
(236). The toxicity of hematological system was also observed after the intravenous
injection of QDs coated with either carboxyl or amine groups in mice. The inject-
ed QDs were capable to activate the coagulation cascade and induce pulmonary
vascular thrombosis (237). Moreover, exposure of QDs (Cd-Se) to the eyes led to
corneal damage (238).

Wang et al. (239) demonstrated that intravenous administration of graphene
oxide NPs in mice was followed by granuloma formation in the lungs, kidneys,
liver and spleen. Another similar study reported by Zhang et al. (240) on mice
showed the uptake of radiolabeled graphene oxide in the lungs. Furthermore, at
the dose of 10 mg/kg, toxic signs were observed, such as pulmonary edema, in-
flammation and granuloma formation in the lungs. Silica NPs accumulate mainly
in the lungs, liver, and spleen (241-243). After intravenous administration of these
NPs in mice, they are taken up by macrophages, and could potentially cause liv-
er injury (244). Similarly, Hassankhani et al. (245) provided evidence that oral
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administration of silica NPs caused significant changes in the levels of albumin,
cholesterol, triglyceride, total protein, urea, HDL, LDL, alkaline phosphatase and
aspartate aminotransferase.

The mechanisms of toxicity of particular organs (the brain, cardiovascular
system, liver, spleen, kidneys, reproductive system) can be subsequently modeled
using cell lines established from such organs and tissues, including endothelial
cells, astrocytes, glial cells, liver cells and others (18). An example is the paper of
Hussain et al. (246) who observed that the circulatory Ag NPs (15 and 100 nm)
accumulated in the liver and induced cytotoxicity. Based on a complementary in
vitro study on BRL 3A liver cells it can be concluded that Ag NPs-induced oxi-
dative stress in vitro and most probably in vivo contributes to the toxicity (247).

GENOTOXICITY OF NANOSTRUCTURES

Genotoxicity of nanostructures is one of the most important problems in
nanotoxicology, because genotoxic mechanisms, if not reparable, are associated
with carcinogenesis, reproductive toxicity and different chronic diseases (1, 17,
18). Therefore, each nanostructure, regardless of whether it is considered as an en-
vironmental, occupational or intentional hazard, must be thoroughly investigated
in terms of its genotoxic potential. Unfortunately, many nanostructures have been
shown to cause different genotoxic pathways in vitro, which are tightly connected
with ROS production and defect anti-oxidative mechanisms in cells. At the same
time, these findings suggest that overproduction of ROS could be a common caus-
ative factor involved both in cytotoxicity and genotoxicity.

Genotoxicity can be checked by performing different assays, such as those
detecting chromosomal aberrations, DNA strand breakages, point mutations and
increased expression of DNA repair proteins. In this context, metallic NPs have
been the most thoroughly investigated. Using a micronucleus assay, Colognato
and coworkers (248) demonstrated that Co NPs (size range from 100 nm to 500
nm) were genotoxic for human peripheral blood leucocytes. The frequency of mi-
cronucleus formation in these cultures depended on the concentration of applied
Co NPs. Au NPs have been shown to induce DNA damage in embryonic lung
fibroblasts (92). It is important to stress that the applied concentration (25 mg/ml)
of Au NPs (size 20 nm) is significantly above the concentrations causing cytotoxic-
ity (134, 249). Similar genotoxic manifestations were observed with Ag NPs at the
doze of 50 mg/ml (18). Genotoxic mechanisms of Ag NPs were indirectly investi-
gated in mouse embryonic stem cells and embryonic fibroblasts (250). Namely, it
was shown that Ag NPs increased the expression of p53 and its phosphorylation,
as well as the phosphorylation of H,AX protein, and both parameters are very
confirmative that under such experimental conditions, Ag NPs are genotoxic. TiO,
NPs have been described to exhibit genotoxic effects in lung epithelial cells us-
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ing a comet assay (251, 252). Similar phenomenon was described before for TiO,
NPs illuminated with UV light (253). This result is of particular importance when
considering TiO, NPs as a component of sunscreens. The smaller TiO, NPs (less
than 10 nm) had greater genotoxic effect than those that were larger (> 200 nm).

Chromosomal damages (254) or DNA damages (78), associated with nu-
merous cellular and nuclear alterations were documented for SiO, NPs at the con-
centration of 25 mg/ml. These findings are in accordance with the results of other
authors (255, 256) showing oxidative stress-induced cellular alterations by SiO,
NPs. Genotoxicity was also detected using CuO NPs (257), colloidal antimony
pentoxide, a- and - alumina, amorphous ferric oxide, where the induction of
DNA strand breakage was induced upon NPs internalization (18). It is important
to stress that smaller sized NPs and surface coated NPs produce higher reactivity
and induce higher genotoxicity (258-260). Hong et al. (261) reported that positive-
ly charged coatings of iron oxide NPs caused DNA strand breaks, in contrast to the
negatively charged counterparts. The genotoxicity of these NPs also depended on
the type of coating. For example, polyethylene (PEG) coated iron oxide NPs were
mutagenic, whereas solid electrolyte interphase NPs did not exert genotoxicity
(259). Most of these mechanisms correlated with better uptake of NPs and strong-
er oxidative stress—induced molecular changes in examined cells. Other types of
nanostructures have been much less investigated in relation to genotoxicity. For
instance, SWCNTs5, fullerenes and other CNPs are less genotoxic than metallic
NPs (18). However, QDs have been demonstrated to be genotoxic. For instance,
small sized QDs were found to be actively distributed inside the nucleus and dam-
aged nucleoli and nuclear histones (262). Similarly, Hoshino et al. (263) reported
the specific localization of mercaptoundecanoic acid coated QDs in the nucleus
and subsequent modification of DNA methylation. Potential genotoxicity of Cd-
Te QDs was reported in human breast cancer cells (MCF-7) (264). Treatment of
MCE-7 with QDs induces global hypoacetylation with alteration in DNA helix,
implying a global epigenomic response of these NPs (264).

The introduction of NPs into the environment upon their disposal may also
cause genotoxicity in aquatic organisms and therefore, the studies conducted on
aquatic organisms such as Daphnia or zebrafish are important for translational
medicine. Wu et al. (265) showed that Ag NPs induced different malformations in
Oryzias latipes, such as spinal, heart and eye abnormalities. Park and Choi (266)
showed a higher degree of DNA damage in D. magna induced by Ag NPs com-
pared to Ag ions. Coated Ag NPs are also able to penetrate the nucleus of zebrafish
embryo (Danio rerio) and to cause DNA breakage (267). Recent data showed that
TiO, NPs induced omphalocele in chicken embryo by disrupting the Wnt signa-
ling pathway (268).

Even though the number of experiments on the toxicity of NPs in the re-
productive system of animals has increased, this field of study is still in its prelim-
inary stage. In female animals, targeting of the uterus and ovaries is shown for a
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variety of NPs, including TiO,, Cd, and Au, but there is a wide variation among the
obtained results. In males, there is evidence that NPs accumulate in the testes. In
this context, TiOz-based NPs may be more dangerous than other metal NPs, with
an impact on cells in the seminiferous tubules, sperm motility and morphology.
The transplacental transfer of many types of NPs, including Au, TiO,, SiO,, C, and
QDs, has been shown in animal models, suggesting their toxic effects on the fetal
brain and nerve development. In addition, TiO, and Cd-based NPs have been
shown to have fetotoxic effects when inhaled by pregnant animals (269).

ECOTOXICITY

The rapid development of nanotechnology and the large-scale production
of nanomaterials have led to a significant increase in the quantity of NPs that are
released into the aquatic environment. Pollution from nanoparticles originates
from a variety of sources, production facilities, manufacturing processes, waste-
water treatment plants, and accidents during their transport. Aquatic ecosystems
are most vulnerable to environmental pollution because they receive many con-
taminants, sequester them and transport the contaminants further. The fate of
NPs in aquatic ecosystems can be different, depending on the physicochemical
parameters of the environment and biodiversity of the system. For example, NPs
may adhere to algae that may then be consumed by filter-feeders and transfer to
higher trophic levels (270). NPs can be immobilized as a result of their sorption
or binding to other particles or molecules, such as organic matters (271). NPs may
aggregate and sediment and thus their concentrations in the local microenviron-
ment may be significantly increased. In addition, sediments represent porous envi-
ronmental matrices that typically have large specific surface areas. The aggregation
processes as well as the release of NPs from these aggregates and sediments into
the environment depends on the environmental factors such as pH, temperature,
and presence of organic matter. However, these processes are dictated by the type
of NPs. For example, Gilbert et al. (272) showed a pH-driven aggregation and
disaggregation of NPs with larger aggregate radius at higher pH. In contrast, other
reports showed an increased mobility of NPs under increased acidification that is
followed by the change in the surface charge (273).

Temperature is also known to affect aggregation. Walters et al. (274) report-
ed the formation of smaller NP aggregates at higher temperatures that can exert
higher toxicity. Temperature may increase the dissolution of NPs, as reported for
Ag NPs (275). Before analyzing the ecotoxicity of NPs it is important to consider
the routes of their entry in aquatic organisms and target organs. The major routes
of entry are via ingestion or direct passage across the gills and other external sur-
face epithelia, whereas the cellular immune system, gut epithelium, and hepato-
pancreas are the main target (276, 277). Some NPs, which are able to penetrate
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the semipermeable membranes of aquatic organisms, may form aggregates around
the exoskeleton of the organisms (270). The hepatopancreas is of particular im-
portance because it is responsible for metabolism and detoxification and because
NPs, which are taken up via ingestion through the digestive tract, may accumu-
late in the hepatopancreas (278). At the cellular level, endocytosis (<100 nm) and
phagocytosis (100-100,000 nm) represent two processes by which NPs might be
absorbed into eukaryotic cells (279).

There has been extensive research investigating the toxicity of NPs to aquat-
ic organisms with several recent reviews reporting on the ecotoxicology of NPs
(280, 281). The authors, by summarizing the data on the biological effects of NPs,
have shown that NPs can be toxic to bacteria, algae, invertebrates, fish, and mam-
mals. However, the studies remain poorly and unevenly distributed and most
of them have been done on Daphnia magna, the crustaceans, which represent
the food and energy link between algae and fish (282). In this context, Park and
Choi (266) reported increased mortality of D. magna by the influence of Ag NPs,
whereas Asghari et al. (283) showed abnormal swimming of D. magna following
exposure to these NPs. Scown et al. (284) reported size-dependent uptake of Ag
NPs (10-35 nm) and subsequent induction of oxidative stress in the gills of Danio
rerio, while Maria et al. (285) reported reduced levels of enzymes involved in the
anti-oxidative defense in the gills and hepatopancreas of female Carcinus maenas.
Wau et al. (265) recently showed that Ag NPs induced a variety of morphological
malformations such as edema, spinal and fin fold abnormalities, heart malforma-
tions, and eye defects in Oryzias latipes. Ultrastructural changes in the midgut of
D. magna upon exposure to CuO NPs were published by Heinlaan et al. (286).
Significant differences in toxicity, as judged by LC50 after 24 hours of exposure,
between Al,O, NPs (82 mg/L) and bulk ALLO, (153 mg/L) and between TiO, NPs
(80 mg/L) and bulk TiO, (136 mg/L) were also demonstrated (287). Wiench et al.
(288) performed a 21-day chronic reproduction experiment on D. magna using
coated TiO2 NPs and reported that the lethality dose for adults was 30 mg/L, while
the dose for offspring production was 3 mg/L. The 21-day EC10 and EC50 values
for reproductive effects were 5 mg/L and 26.6 mg/L, respectively.

CdTe QDs were shown to significantly decrease the viability of hemocytes,
as well as the number of hemocytes capable of ingesting fluorescent beads in
Elliption complanata mussels (289). The immunosuppressive eftects of these NPs
were also observed in Juvenile rainbow trout. When CdS/CdTe QDs were exposed
to Juvenile rainbow trout, the leukocyte counts, viability, and phagocytic activity
were significantly reduced (282). Size of QDs aggregates may affect the immune
response of QDs. For instance, large CdS/CdTe QDs aggregates (25-100 nm) re-
duced phagocytosis more than smaller NPs (<25 nm) on bivalves (Mytilus edulis
and Elliptio complanata) and fish (Oncorhynchus mykiss) (290).

There have been significant attempts to use nanomaterials to remove toxic
NPs from ecosystems or to construct new NPs that are non-toxic. Some of the
examples have been recently published by our research group using functionalized
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CNTs (114). In addition, a new class of low-cost superhydrophobic materials have
been synthesized (291).

CONCLUSION

Given the increased production and intentional use of NPs (cosmetics, drug
delivery, implants), as well as the exposure to unintentionally released NPs in the
environment (combustion, manufacturing and naturally occurring processes),
their adverse health effects are expected to evolve. The potential exposure routes
of nanostructures in the body are inhalation, ingestion, and dermal penetration,
whereas nanomaterials used as theranostic agents are injected into the blood circu-
lation. In this context, particle size, shape, surface area, surface chemistry, concen-
tration, dispersion, aggregation, route of administration and many other factors
determine both the desired biological effects and the toxicity of nanostructures.
Therefore, it is of the utmost importance to carry out the biological characteriza-
tion of nanomaterials to determine their health hazards and ensure risk-free and
sustainable implementation of nanotechnology. In vitro toxicity studies have been
used as general screening systems and as specific assays to elucidate the mecha-
nisms of NP cytotoxicity. In contrast, in vivo tests are necessary to investigate the
blood contact response to NPs, biodistribution, toxokinetics, systemic toxicity,
carcinogenicity, reproductive toxicity or the inflammatory response. Special tests
have been designed for studying the ecotoxicity of nanostructures. Many pub-
lished reports clearly indicate that NPs exert different levels of toxicity in vitro and
in vivo, which depends on a number of experimental factors originating from NPs
themselves, target cells or tissues and general experimental conditions. Although
the exact molecular mechanisms underlying nanotoxicity are not fully understood
yet, these complex processes are closely associated with increased ROS produc-
tion, changes in intracellular [Ca®'] homeostasis, cell cycle arrest and induction
of a pro-inflammatory response. As a result, cell injury and death, suppression
of cell proliferation or genotoxic manifestations occur. The immunotoxicity and
immunomodulatory properties of NPs are of particular importance, especially
for the preparation of less immunogenic nanostructures capable of avoiding the
undesirable immune responses, so as to minimize the systemic side effects of the
application of NPs in specific nanotherapeutics for drug delivery and in the deve-
lopment of novel vaccine strategies.

Acknowledgments. This work was funded by the Ministry of Education,
Science and Technological Development (project no. 175102), University of
Defense (project no. MF-VMA 7/17-19) and the Serbian Academy of Sciences and
Arts (project entitled “Immunobiology of Dendritic Cells in Health and Diseases”).
The authors are grateful to Prof. Dragana Vucevi¢, Dr. Dusan Mihajlovi¢ and
Marina Beki¢ for their kind help on manuscript preparation.



102

[10]

[11]

(12]

[13]

[14]

Miodrag Coli¢, Sergej Tomié

REFERENCES

M. Z. Ahmad, B. A. Abdel-Wahab, A. Alam, S. Zafar, J. Ahmad, F. J. Ahmad, P.
Midoux, C. Pichon, S. Akhter, Toxicity of inorganic nanoparticles used in targeted
drug delivery and other biomedical application: An updated account on concern of
biomedical nanotoxicology. Journal of Nanoscience and Nanotechnology, 16 (2016)
7873-7897.

Y. Wang, M. Tang, Review of in vitro toxicological research of quantum dot and po-
tentially involved mechanisms. Science of The Total Environment, 625 (2018) 940-962.
H. A. Khan, R. Shanker, Toxicity of Nanomaterials, 2015 (2015) 1-2.

A. Shvedova, A. Pietroiusti, V. Kagan, Nanotoxicology ten years later: lights and
shadows, Toxicology and Applied Pharmacology, 299 (2016) 1-2.

C. R. Walters, E. Pool, V. Somerset, Nanotoxicology: a review, InTech, Chapter 3
(2016) 45-63.

C. Fornaguera, A. Dols-Perez, G. Caldero, M. Garcia-Celma, J. Camarasa, C.
Solans, PLGA nanoparticles prepared by nano-emulsion templating using low-en-
ergy methods as efficient nanocarriers for drug delivery across the blood-brain
barrier, Journal of Controlled Release, 211 (2015) 134-143.

M. K. Bhalgat, R. P. Haugland, J. S. Pollack, S. Swan, R. P. Haugland, Green-and
red-fluorescent nanospheres for the detection of cell surface receptors by flow cy-
tometry, Journal of immunological methods, 219 (1998) 57-68.

Y. Chen, H. Chen, J. Shi, Drug delivery/imaging multifunctionality of mesoporous
silica-based composite nanostructures, Expert opinion on drug delivery, 11 (2014)
917-930.

A. K. Cherian, A. Rana, S. K. Jain, Self-assembled carbohydrate-stabilized ceramic
nanoparticles for the parenteral delivery of insulin, Drug development and indus-
trial pharmacy, 26 (2000) 459-463.

C. Hom, J. Lu, F. Tamanoi, Silica nanoparticles as a delivery system for nucleic ac-
id-based reagents, Journal of materials chemistry, 19 (2009) 6308-6316.

J. Lu, M. Liong, Z. Li, J. I. Zink, E. Tamanoi, Biocompatibility, biodistribution, and
drug-delivery efficiency of mesoporous silica nanoparticles for cancer therapy in
animals, Small, 6 (2010) 1794-1805.

W. Zhang, L. Liu, H. Chen, K. Hu, I. Delahunty, S. Gao, J. Xie, Surface impact on
nanoparticle-based magnetic resonance imaging contrast agents, Theranostics, 8
(2018) 2521.

M. Akter, M. T. Sikder, M. M. Rahman, A. A. Ullah, K. E B. Hossain, S. Banik, T.
Hosokawa, T. Saito, M. Kurasaki, A systematic review on silver nanoparticles-in-
duced cytotoxicity: Physicochemical properties and perspectives, Journal of ad-
vanced research, 9 (2018) 1-16.

R. Kumar, M. Dhanawat, S. Kumar, B. N. Singh, J. K. Pandit, V. R. Sinha, Carbon
nanotubes: a potential concept for drug delivery applications, Recent Patents on
Drug Delivery & Formulation, 8 (2014) 12-26.

S. Bosi, T. Da Ros, G. Spalluto, M. Prato, Fullerene derivatives: an attractive tool for
biological applications, European journal of medicinal chemistry, 38 (2003) 913-923.
G. Pagona, N. Tagmatarchis, Carbon nanotubes: materials for medicinal chem-
istry and biotechnological applications, Current medicinal chemistry, 13 (2006)
1789-1798.



Toxicity of nanostructures 103

(17]

X. Li, W. Liu, L. Sun, K. E. Aifantis, B. Yu, Y. Fan, Q. Feng, E Cui, E Watari, Effects
of physicochemical properties of nanomaterials on their toxicity, Journal of biomed-
ical materials research, Part A, 103 (2015) 2499-2507.

G. Pattan, G. Kaul, Health hazards associated with nanomaterials, Toxicology and
industrial health, 30 (2014) 499-519.

X. Li, Y. Huang, L. Zheng, H. Liu, X. Niu, J. Huang, F. Zhao, Y. Fan, Effect of sub-
strate stiffness on the functions of rat bone marrow and adipose tissue derived
mesenchymal stem cells in vitro, Journal of biomedical materials research. Part A,
102 (2014) 1092-1101.

J. Muller, F. Huaux, N. Moreau, P. Misson, J. F. Heilier, M. Delos, M. Arras, A.
Fonseca, J. B. Nagy, D. Lison, Respiratory toxicity of multi-wall carbon nanotubes,
Toxicology and applied pharmacology, 207 (2005) 221-231.

C. M. Sayes, J. D. Fortner, W. Guo, D. Lyon, A. M. Boyd, K. D. Ausman, Y. J. Tao,
B. Sitharaman, L. J. Wilson, J. B. Hughes, J. L. West, V. L. Colvin, The Differential
Cytotoxicity of Water-Soluble Fullerenes, Nano Letters, 4 (2004) 1881-1887.

M. Uo, K. Tamura, Y. Sato, A. Yokoyama, F. Watari, Y. Totsuka, K. Tohji, The cy-
totoxicity of metal-encapsulating carbon nanocapsules, Small, 1 (2005) 816-819.
A. Casey, E. Herzog, M. Davoren, F. M. Lyng, H. . Byrne, G. Chambers, Spectroscopic
analysis confirms the interactions between single walled carbon nanotubes and vari-
ous dyes commonly used to assess cytotoxicity, Carbon, 45 (2007) 1425-1432.

G. Haslam, D. Wyatt, P. A. Kitos, Estimating the number of viable animal cells in
multi-well cultures based on their lactate dehydrogenase activities, Cytotechnology,
32 (2000) 63-75.

J. M. Worle-Knirsch, K. Pulskamp, H. F. Krug, Oops they did it again! Carbon
nanotubes hoax scientists in viability assays, Nano Letters, 6 (2006) 1261-1268.
C.J. Porter, S. M. Moghimi, L. Illum, S. S. Davis, The polyoxyethylene/polyoxypro-
pylene block co-polymer poloxamer-407 selectively redirects intravenously injected
microspheres to sinusoidal endothelial cells of rabbit bone marrow, FEBS letters,
305 (1992) 62-66.

J. Panyam, V. Labhasetwar, Biodegradable nanoparticles for drug and gene delivery
to cells and tissue, Advanced drug delivery reviews, 55 (2003) 329-347.

M. M. Song, W. J. Song, H. Bi, ]. Wang, W. L. Wu, J. Sun, M. Yu, Cytotoxicity and
cellular uptake of iron nanowires, Biomaterials, 31 (2010) 1509-1517.

G. Oberdorster, E. Oberdorster, ]. Oberdorster, Nanotoxicology: an emerging disci-
pline evolving from studies of ultrafine particles, Environmental health perspectives,
113 (2005) 823-839.

J. J. Yin, J. Liu, M. Ehrenshaft, J. E. Roberts, P. P. Fu, R. P. Mason, B. Zhao,
Phototoxicity of nano titanium dioxides in HaCaT keratinocytes-generation of re-
active oxygen species and cell damage, Toxicology and applied pharmacology, 263
(2012) 81-88.

T. Xia, M. Kovochich, J. Brant, M. Hotze, J. Sempf, T. Oberley, C. Sioutas, J. I. Yeh,
M. R. Wiesner, A. E. Nel, Comparison of the abilities of ambient and manufactured
nanoparticles to induce cellular toxicity according to an oxidative stress paradigm,
Nano Letters, 6 (2006) 1794-1807.

N. Singh, B. Manshian, G. J. Jenkins, S. M. Griffiths, P. M. Williams, T. G. Maffeis,
C. J. Wright, S. H. Doak, NanoGenotoxicology: the DNA damaging potential of
engineered nanomaterials, Biomaterials, 30 (2009) 3891-3914.



104

(33]

(34]

[41]
[42]

[43]

Miodrag Coli¢, Sergej Tomié

S. Lanone, J. Boczkowski, Biomedical applications and potential health risks of na-
nomaterials: molecular mechanisms, Current molecular medicine, 6 (2006) 651-663.
S. Moghimi, E. Vega, M. Garcia, O. Al-Hanbali, K. Rutt, Polymeric nanoparticles
as drug carriers and controlled release implant devices, Imperial College Press,
London, UK, 2006.

A. M. Schrand, M. E Rahman, S. M. Hussain, J. ]. Schlager, D. A. Smith, A. E Syed,
Metal-based nanoparticles and their toxicity assessment, Wiley interdisciplinary re-
views: Nanomedicine and nanobiotechnology, 2 (2010) 544-568.

L. Yildirimer, N. T. Thanh, M. Loizidou, A. M. Seifalian, Toxicology and clinical
potential of nanoparticles, Nano Today, 6 (2011) 585-607.

K. Unfried, C. Albrecht, L. O. Klotz, A. Von Mikecz, S. Grether-Beck, R. P.
Schins, Cellular responses to nanoparticles: target structures and mechanisms,
Nanotoxicology, 1 (2007) 52-71.

H.J. Eom, J. Choi, Oxidative stress of CeO2 nanoparticles via p38-Nrf-2 signaling
pathway in human bronchial epithelial cell, Beas-2B, Toxicology letters, 187 (2009)
77-83.

A. Avalos, A. I. Haza, D. Mateo, P. Morales, Cytotoxicity and ROS production of
manufactured silver nanoparticles of different sizes in hepatoma and leukemia cells,
Journal of applied toxicology, 34 (2014) 413-423.

M. Misawa, ]. Takahashi, Generation of reactive oxygen species induced by gold
nanoparticles under x-ray and UV Irradiations, Nanomedicine: Nanotechnology,
Biology and Medicine, 7 (2011) 604-614.

E. J. Park, K. Park, Oxidative stress and pro-inflammatory responses induced by
silica nanoparticles in vivo and in vitro, Toxicology letters, 184 (2009) 18-25.

J. Wang, P. Sun, Y. Bao, J. Liu, L. An, Cytotoxicity of single-walled carbon nanotubes
on PC12 cells, Toxicology in vitro, 25 (2011) 242-250.

E. Zhornik, L. Baranova, A. Strukova, E. Loiko, I. Volotovski, ROS induction and
structural modification in human lymphocyte membrane under the influence of
carbon nanotubes, Biophysics, 57 (2012) 325-331.

C. C. Huang, R. S. Aronstam, D. R. Chen, Y. W. Huang, Oxidative stress, calcium
homeostasis, and altered gene expression in human lung epithelial cells exposed to
ZnO nanoparticles, Toxicology in vitro: an international journal published in associ-
ation with BIBRA, 24 (2010) 45-55.

X. Lai, Y. Wei, H. Zhao, S. Chen, X. Bu, E Lu, D. Qu, L. Yao, J. Zheng, J. Zhang, The
effect of Fe203 and ZnO nanoparticles on cytotoxicity and glucose metabolism in
lung epithelial cells, Journal of applied toxicology, 35 (2015) 651-664.

Y. Wang, H. Cui, J. Zhou, E Li, ]. Wang, M. Chen, Q. Liu, Cytotoxicity, DNA dam-
age, and apoptosis induced by titanium dioxide nanoparticles in human non-small
cell lung cancer A549 cells, Environmental science and pollution research interna-
tional, 22 (2015) 5519-5530.

J. Wu, J. Sun, Y. Xue, Involvement of JNK and P53 activation in G2/M cell cycle
arrest and apoptosis induced by titanium dioxide nanoparticles in neuron cells,
Toxicology Letters, 199 (2010) 269-276.

V. S. Periasamy, J. Athinarayanan, M. Alhazmi, K. A. Alatiah, A. A. Alshatwi, Fe3
04 nanoparticle redox system modulation via cell-cycle progression and gene ex-
pression in human mesenchymal stem cells, Environmental toxicology, 31 (2016)
901-912.



Toxicity of nanostructures 105

[49]

W. Kai, X. Xiaojun, P. Ximing, H. Zhenqing, Z. Qiqing, Cytotoxic effects and the
mechanism of three types of magnetic nanoparticles on human hepatoma BEL-
7402 cells, Nanoscale research letters, 6 (2011) 480.

S. R. Saptarshi, A. Duschl, A. L. Lopata, Interaction of nanoparticles with pro-
teins: relation to bio-reactivity of the nanoparticle, Journal of Nanobiotechnology,
11 (2013) 26.

Y. N. Chang, M. Zhang, L. Xia, J. Zhang, G. Xing, The toxic effects and mechanisms
of CuO and ZnO nanoparticles, Materials, 5 (2012) 2850-2871.

E Gao, N. Ma, H. Zhou, Q. Wang, H. Zhang, P. Wang, H. Hou, H. Wen, L. Li, Zinc
oxide nanoparticles-induced epigenetic change and G2/M arrest are associated with
apoptosis in human epidermal keratinocytes, International journal of nanomedi-
cine, 11 (2016) 3859.

N. Hanagata, F Zhuang, S. Connolly, J. Li, N. Ogawa, M. Xu, Molecular responses
of human lung epithelial cells to the toxicity of copper oxide nanoparticles inferred
from whole genome expression analysis, ACS nano, 5 (2011) 9326-9338.

P. Patel, K. Kansara, V. A. Senapati, R. Shanker, A. Dhawan, A. Kumar, Cell cycle
dependent cellular uptake of zinc oxide nanoparticles in human epidermal cells,
Mutagenesis, 31 (2016) 481-490.

L. Capasso, M. Camatini, M. Gualtieri, Nickel oxide nanoparticles induce inflam-
mation and genotoxic effect in lung epithelial cells, Toxicology Letters, 226 (2014)
28-34.

X. Gao, Y. Wang, S. Peng, B. Yue, C. Fan, W. Chen, X. Li, Comparative toxicities of
bismuth oxybromide and titanium dioxide exposure on human skin keratinocyte
cells, Chemosphere, 135 (2015) 83-93.

C. Luo, Y. Li, L. Yang, Y. Zheng, J. Long, J. Jia, S. Xiao, J. Liu, Activation of Erk and
p53 regulates copper oxide nanoparticle-induced cytotoxicity in keratinocytes and
fibroblasts, International Journal of Nanomedicine, 9 (2014) 4763-4772.

V. S. Periasamy, J. Athinarayanan, A. A. Alshatwi, Aluminum oxide nanoparticles
alter cell cycle progression through CCND1 and EGR1 gene expression in hu-
man mesenchymal stem cells, Biotechnology and applied biochemistry, 63 (2016)
320-327.

K. Kansara, P. Patel, D. Shah, R. K. Shukla, S. Singh, A. Kumar, A. Dhawan, TiO2
nanoparticles induce DNA double strand breaks and cell cycle arrest in human
alveolar cells, Environmental and molecular mutagenesis, 56 (2015) 204-217.

J.]. e. Li, S. Muralikrishnan, C. T. Ng, L. Y. L. Yung, B. H. Bay, Nanoparticle-induced
pulmonary toxicity, Experimental biology and medicine, 235 (2010) 1025-1033.
M. Poljak-Blazi, M. Jaganjac, N. Zarkovi¢, Cell oxidative stress: risk of metal nan-
oparticles, Handbook of Nanophysics Nanomedicine and Nanorobotics, CRC Press
Taylor, 2010.

R. Allen, M. Tresini, Oxidative stress and gene regulation, Free Radical Biology and
Medicine, 28 (2000) 463-499.

J. Ye, X. Zhang, H. A. Young, Y. Mao, X. Shi, Chromium(VI)-induced nuclear fac-
tor-kappa B activation in intact cells via free radical reactions, Carcinogenesis, 16
(1995) 2401-2405.

J. D. Byrne, J. A. Baugh, The significance of nanoparticles in particle-induced pul-
monary fibrosis, McGill journal of medicine : MJM : an international forum for the
advancement of medical sciences by students, 11 (2008) 43-50.



106

[65]

[66]

(67]

(72]

(73]

[76]

(771

(78]

Miodrag Coli¢, Sergej Tomié

C. Monteiller, L. Tran, W. MacNee, S. Faux, A. Jones, B. Miller, K. Donaldson, The
pro-inflammatory effects of low-toxicity low-solubility particles, nanoparticles and
fine particles, on epithelial cells in vitro: the role of surface area, Occupational and
environmental medicine, 64 (2007) 609-615.

A. K. Hubbard, C. R. Timblin, A. Shukla, M. Rincon, B. T. Mossman, Activation
of NF-kappaB-dependent gene expression by silica in lungs of luciferase reporter
mice, American journal of physiology-Lung cellular and molecular physiology, 282
(2002) 968-975.

E. Kahn, M. Baarine, S. Pelloux, J. M. Riedinger, E Frouin, Y. Tourneur, G. Lizard,
Iron nanoparticles increase 7-ketocholesterol-induced cell death, inflammation,
and oxidation on murine cardiac HL1-NB cells, International journal of nanomed-
icine, 5 (2010) 185-192.

L. Pujalte, I. Passagne, B. Brouillaud, M. Treguer, E. Durand, C. Ohayon-Courtes, B.
L'Azou, Cytotoxicity and oxidative stress induced by diffe rent metallic nanoparti-
cles on human kidney cells, Particle and fibre toxicology, 8 (2011) 10.

W. Wu, J. M. Samet, D. B. Peden, P. A. Bromberg, Phosphorylation of p65 is re-
quired for zinc oxide nanoparticle-induced interleukin 8 expression in human
bronchial epithelial cells, Environmental health perspectives, 118 (2010) 982-987.
U. C. Nygaard, J. S. Hansen, M. Samuelsen, T. Alberg, C. D. Marioara, M. Lovik,
Single-walled and multi-walled carbon nanotubes promote allergic immune re-
sponses in mice, Toxicological sciences, 109 (2009) 113-123.

M. Pacurari, X. J. Yin, J. Zhao, M. Ding, S. S. Leonard, D. Schwegler-Berry, B. S.
Ducatman, D. Sbarra, M. D. Hoover, V. Castranova, V. Vallyathan, Raw single-wall
carbon nanotubes induce oxidative stress and activate MAPKs, AP-1, NF-kappaB,
and Akt in normal and malignant human mesothelial cells, Environmental health
perspectives, 116 (2008) 1211-1217.

M. Torres, H. J. Forman, Redox signaling and the MAP kinase pathways, BioFactors,
17 (2003) 287-296.

D. Lim, J. Y. Roh, H. J. Eom, J. Y. Choi, J. Hyun, J. Choi, Oxidative stress-related
PMK-1 P38 MAPK activation as a mechanism for toxicity of silver nanoparticles
to reproduction in the nematode Caenorhabditis elegans, Environmental Toxicology
and Chemistry, 31 (2012) 585-592.

X. Liu, J. Sun, Endothelial cells dysfunction induced by silica nanoparticles through
oxidative stress via JNK/P53 and NF-kappaB pathways, Biomaterials, 31 (2010)
8198-8209.

R. Roy, V. Parashar, L. K. Chauhan, R. Shanker, M. Das, A. Tripathi, P. D. Dwivedi,
Mechanism of uptake of ZnO nanoparticles and inflammatory responses in mac-
rophages require PI3K mediated MAPKs signaling, Toxicology in vitro: an interna-
tional journal published in association with BIBRA, 28 (2014) 457-467.

J. Duan, Y. Yu, Y. Yu, Y. Li, ]. Wang, W. Geng, L. Jiang, Q. Li, X. Zhou, Z. Sun, Silica na-
noparticles induce autophagy and endothelial dysfunction via the PI3K/Akt/mTOR
signaling pathway, International Journal of Nanomedicine, 9 (2014) 5131-5141.

D. Wallach, T. B. Kang, A. Kovalenko, Concepts of tissue injury and cell death in in-
flammation: a historical perspective, Nature reviews Immunology, 14 (2014) 51-59.
M. Chen, A. von Mikecz, Formation of nucleoplasmic protein aggregates impairs
nuclear function in response to SiO2 nanoparticles, Experimental cell research, 305
(2005) 51-62.



Toxicity of nanostructures 107

[79]

B. D. Chithrani, W. C. Chan, Elucidating the mechanism of cellular uptake and
removal of protein-coated gold nanoparticles of different sizes and shapes, Nano
Letters, 7 (2007) 1542-1550.

X. Li, H. Liu, X. Niu, Y. Fan, Q. Feng, E. Z. Cui, F. Watari, Osteogenic differentiation
of human adipose-derived stem cells induced by osteoinductive calcium phosphate
ceramics, Journal of biomedical materials research. Part B, Applied biomaterials, 97
(2011) 10-19.

X. Li, Y. Yang, Y. Fan, Q. Feng, E Z. Cui, F. Watari, Biocomposites reinforced by
fibers or tubes as scaffolds for tissue engineering or regenerative medicine, Journal
of biomedical materials research. Part A, 102 (2014) 1580-1594.

K. W. Powers, S. C. Brown, V. B. Krishna, S. C. Wasdo, B. M. Moudgil, S. M. Roberts,
Research strategies for safety evaluation of nanomaterials. Part VI. Characterization
of nanoscale particles for toxicological evaluation, Toxicological sciences: an official
journal of the Society of Toxicology, 90 (2006) 296-303.

J. Rejman, V. Oberle, I. S. Zuhorn, D. Hoekstra, Size-dependent internalization
of particles via the pathways of clathrin- and caveolae-mediated endocytosis, The
Biochemical journal, 377 (2004) 159-169.

T. H. Kim, M. Kim, H. S. Park, U. S. Shin, M. S. Gong, H. W. Kim, Size-dependent
cellular toxicity of silver nanoparticles, Journal of biomedical materials research.
Part A, 100 (2012) 1033-1043.

Y. Pan, S. Neuss, A. Leifert, M. Fischler, E. Wen, U. Simon, G. Schmid, W. Brandau,
W. Jahnen-Dechent, Size-dependent cytotoxicity of gold nanoparticles, Small, 3
(2007) 1941-1949.

R. Rudolf, B. Friedrich, S. Stopi¢, I. Anzel, S. Tomi¢, M. Coli¢, Cytotoxicity of gold
nanoparticles prepared by ultrasonic spray pyrolysis, Journal of biomaterials appli-
cations, 26 (2012) 595-612.

E. E. Connor, J. Mwamuka, A. Gole, C. J. Murphy, M. D. Wyatt, Gold nanoparticles
are taken up by human cells but do not cause acute cytotoxicity, Small, 1 (2005)
325-327.

R. Coradeghini, S. Gioria, C. P. Garcia, P. Nativo, F. Franchini, D. Gilliland, J. Ponti,
E Rossi, Size-dependent toxicity and cell interaction mechanisms of gold nanopar-
ticles on mouse fibroblasts, Toxicology letters, 217 (2013) 205-216.

L. Fratoddi, I. Venditti, C. Cametti, M. V. Russo, How toxic are gold nanoparticles?
The state-of-the-art, Nano Research, 8 (2015) 1771-1799.

C.J. Murphy, A. M. Gole, J. W. Stone, P. N. Sisco, A. M. Alkilany, E. C. Goldsmith,
S. C. Baxter, Gold nanoparticles in biology: beyond toxicity to cellular imaging,
Accounts of chemical research, 41 (2008) 1721-1730.

S. Tomic, J. Ethokic, S. Vasilijic, N. Ogrinc, R. Rudolf, P. Pelicon, D. Vucevic, P.
Milosavljevic, S. Jankovic, I. Anzel, J. Rajkovic, M. S. Rupnik, B. Friedrich, M. Colic,
Size-dependent effects of gold nanoparticles uptake on maturation and antitumor
functions of human dendritic cells in vitro, PLoS One, 9 (2014) €96584.

J. J. Li, L. Zou, D. Hartono, C. N. Ong, B. H. Bay, L. Y. Lanry Yung, Gold nanopar-
ticles induce oxidative damage in lung fibroblasts in vitro, Advanced Materials, 20
(2008) 138-142.

N. Pernodet, X. Fang, Y. Sun, A. Bakhtina, A. Ramakrishnan, J. Sokolov, A. Ulman,
M. Rafailovich, Adverse effects of citrate/gold nanoparticles on human dermal fi-
broblasts, Small, 2 (2006) 766-773.



108

[94]

[95]

[96]

(971
(98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

Miodrag Coli¢, Sergej Tomié

J. G. Railsback, A. Singh, R. C. Pearce, T. E. McKnight, R. Collazo, Z. Sitar, Y. G.
Yingling, A. V. Melechko, Weakly charged cationic nanoparticles induce DNA
bending and strand separation, Advanced materials, 24 (2012) 4261-4265.

S. Dey, M. Das, V. K. Balla, Effect of hydroxyapatite particle size, morphology and
crystallinity on proliferation of colon cancer HCT116 cells, Materials science and
engineering. C, Materials for biological applications, 39 (2014) 336-339.

Y. Yuan, C. Liu, J. Qian, J. Wang, Y. Zhang, Size-mediated cytotoxicity and apoptosis
of hydroxyapatite nanoparticles in human hepatoma HepG2 cells, Biomaterials, 31
(2010) 730-740.

J. Jiang, G. Oberdorster, A. Elder, R. Gelein, P. Mercer, P. Biswas, Does Nanoparticle
Activity Depend upon Size and Crystal Phase?, Nanotoxicology, 2 (2008) 33-42.
H. Yin, H. P. Too, G. M. Chow, The effects of particle size and surface coating on the
cytotoxicity of nickel ferrite, Biomaterials, 26 (2005) 5818-5826.

C. Grabinski, S. Hussain, K. Lafdi, L. Braydich-Stolle, J. Schlager, Effect of par-
ticle dimension on biocompatibility of carbon nanomaterials, Carbon, 45 (2007)
2828-2835.

Y. Zhang, S. E Alj, E. Dervishi, Y. Xu, Z. Li, D. Casciano, A. S. Biris, Cytotoxicity
effects of graphene and single-wall carbon nanotubes in neural phaeochromocyto-
ma-derived PC12 cells, ACS nano, 4 (2010) 3181-3186.

J. H. Lee, J. E. Ju, B. I. Kim, P. J. Pak, E. K. Choi, H. S. Lee, N. Chung, Rod-shaped
iron oxide nanoparticles are more toxic than sphere-shaped nanoparticles to
murine macrophage cells, Environmental Toxicology and Chemistry, 33 (2014)
2759-2766.

J. R. Gurr, A. S. Wang, C. H. Chen, K. Y. Jan, Ultrafine titanium dioxide particles in
the absence of photoactivation can induce oxidative damage to human bronchial
epithelial cells, Toxicology, 213 (2005) 66-73.

C. S. Yah, The toxicity of Gold Nanoparticles in relation to their physiochemical
properties, Biomedical Research, 24 (2013).

A. M. Alkilany, P. K. Nagaria, C. R. Hexel, T. J. Shaw, C. J. Murphy, M. D. Wyatt,
Cellular uptake and cytotoxicity of gold nanorods: molecular origin of cytotoxicity
and surface effects, Small, 5 (2009) 701-708.

M. Baek, M. Kim, H. Cho, J. Lee, J. Yu, H. Chung, S. Choi, Factors influencing the
cytotoxicity of zinc oxide nanoparticles: particle size and surface charge, Journal of
Physics: Conference Series, 304 (2011) 1-7.

Y. W. Huang, H. J. Lee, L. M. Tolliver, R. S. Aronstam, Delivery of nucleic acids and
nanomaterials by cell-penetrating peptides: opportunities and challenges, BioMed
research international, (2015) doi: 10.1155/2015/834079.

C. C. Chusuei, C. H. Wu, S. Mallavarapu, E Y. Hou, C. M. Hsu, J. G. Winiarz, R. S.
Aronstam, Y. W. Huang, Cytotoxicity in the age of nano: the role of fourth period
transition metal oxide nanoparticle physicochemical properties, Chemico-biological
interactions, 206 (2013) 319-326.

M. A. Shahbazi, M. Hamidi, E. M. Makila, H. Zhang, P. V. Almeida, M. Kaasalainen,
J.J. Salonen, J. T. Hirvonen, H. A. Santos, The mechanisms of surface chemistry ef-
fects of mesoporous silicon nanoparticles on immunotoxicity and biocompatibility,
Biomaterials, 34 (2013) 7776-7789.



Toxicity of nanostructures 109

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]
[118]

[119]

[120]

[121]

[122]

N. Grabowski, H. Hillaireau, J. Vergnaud, L. A. Santiago, S. Kerdine-Romer, M.
Pallardy, N. Tsapis, E. Fattal, Toxicity of surface-modified PLGA nanoparticles
toward lung alveolar epithelial cells, International Journal of Pharmaceutics, 454
(2013) 686-694.

M. P. Calatayud, B. Sanz, V. Raffa, C. Riggio, M. R. Ibarra, G. F. Goya, The effect of
surface charge of functionalized Fe304 nanoparticles on protein adsorption and
cell uptake, Biomaterials, 35 (2014) 6389-6399.

A. M. El Badawy, R. G. Silva, B. Morris, K. G. Scheckel, M. T. Suidan, T. M. Tolaymat,
Surface Charge-Dependent Toxicity of Silver Nanoparticles, Environmental Science
& Technology, 45 (2011) 283-287.

H. Zhou, Q. Mu, N. Gao, A. Liu, Y. Xing, S. Gao, Q. Zhang, G. Qu, Y. Chen, G.
Liu, A nano-combinatorial library strategy for the discovery of nanotubes with
reduced protein-binding, cytotoxicity, and immune response, Nano letters, 8 (2008)
859-865.

N. Gao, Q. Zhang, Q. Mu, Y. Bai, L. Li, H. Zhou, E. R. Butch, T. B. Powell, S. E.
Snyder, G. Jiang, Steering carbon nanotubes to scavenger receptor recognition by
nanotube surface chemistry modification partially alleviates NFkB activation and
reduces its immunotoxicity, ACS nano, 5 (2011) 4581-4591.

G. D. Vukovi¢, A. D. Marinkovi¢, M. Coli¢, M. D. Risti¢, R. Aleksi¢, A. A. Perié¢-
Gruji¢, P.S. Uskokovi¢, Removal of cadmium from aqueous solutions by oxidized
and ethylenediamine-functionalized multi-walled carbon nanotubes, Chemical
Engineering Journal, 157 (2010) 238-248.

T. Morishige, Y. Yoshioka, H. Inakura, A. Tanabe, S. Narimatsu, X. Yao, Y. Monobe,
T. Imazawa, S. Tsunoda, Y. Tsutsumi, Y. Mukai, N. Okada, S. Nakagawa, Suppression
of nanosilica particle-induced inflammation by surface modification of the parti-
cles, Archives of Toxicology, 86 (2012) 1297-1307.

S. Hussain, J. A. Vanoirbeek, P. H. Hoet, Interactions of nanomaterials with the
immune system, Wiley interdisciplinary reviews: Nanomedicine and nanobiotech-
nology, 4 (2012) 169-183.

Q. Jiao, L. Li, Q. Mu, Q. Zhang, Immunomodulation of nanoparticles in nanomed-
icine applications, BioMed research international, 2014 (2014).

M. A. Dobrovolskaia, S. E. McNeil, Immunological properties of engineered nano-
materials, Nature nanotechnology, 2 (2007) 469-478.

S. Tomi¢, V. Kokol, D. Mihajlovi¢, A. Mir¢ié, M. Coli¢, Native cellulose nanofibrills
induce immune tolerance in vitro by acting on dendritic cells, Scientific reports, 6
(2016) https://doi.org/10.1038/srep31618.

S. Tomi¢, K. Janjetovi¢, D. Mihajlovi¢, M. Milenkovi¢, T. Kravi¢-Stevovié, Z.
Markovi¢, B. Todorovi¢-Markovié, Z. Spitalsky, M. Micusik, D. Vucevi¢, M. Coli¢,
V. Trajkovi¢, Graphene quantum dots suppress proinflammatory T cell responses
via autophagy-dependent induction of tolerogenic dendritic cells, Biomaterials, 146
(2017) 13-28.

G. D. Vukovi¢, S. Z. Tomi¢, A. D. Marinkovi¢, V. Radmilovi¢, P. S. Uskokovi¢, M.
Coli¢, The response of peritoneal macrophages to dapsone covalently attached on
the surface of carbon nanotubes, Carbon, 48 (2010) 3066-3078.

L. A. Mitchell, E T. Lauer, S. W. Burchiel, J. D. McDonald, Mechanisms for how in-
haled multiwalled carbon nanotubes suppress systemic immune function in mice,
Nature Nanotechnology, 4 (2009) 451-456.



110

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

Miodrag Coli¢, Sergej Tomié

A. V. Tkach, G. V. Shurin, M. R. Shurin, E. R. Kisin, A. R. Murray, S. H. Young, A.
Star, B. Fadeel, V. E. Kagan, A. A. Shvedova, Direct effects of carbon nanotubes on
dendritic cells induce immune suppression upon pulmonary exposure, ACS nano,
5(2011) 5755-5762.

L. A. Mitchell, J. Gao, R. V. Wal, A. Gigliotti, S. W. Burchiel, . D. McDonald,
Pulmonary and systemic immune response to inhaled multiwalled carbon nano-
tubes, Toxicological sciences, 100 (2007) 203-214.

J. Meng, M. Yang, E. Jia, Z. Xu, H. Kong, H. Xu, Immune responses of BALB/c
mice to subcutaneously injected multi-walled carbon nanotubes, Nanotoxicology,
5(2011) 583-591.

X. Wang, R. Podila, J. H. Shannahan, A. M. Rao, J. M. Brown, Intravenously de-
livered graphene nanosheets and multiwalled carbon nanotubes induce site-spe-
cific Th2 inflammatory responses via the IL-33/ST?2 axis, International Journal of
Nanomedicine, 8 (2013) 1733-1748.

J. P. Ryman-Rasmussen, E. W. Tewksbury, O. R. Moss, M. E. Cesta, B. A. Wong,
J. C. Bonner, Inhaled multiwalled carbon nanotubes potentiate airway fibrosis in
murine allergic asthma, American journal of respiratory cell and molecular biology,
40 (2009) 349-358.

G. Laverny, A. Casset, A. Purohit, E. Schaeffer, C. Spiegelhalter, F. de Blay, E Pons,
Immunomodulatory properties of multi-walled carbon nanotubes in peripheral
blood mononuclear cells from healthy subjects and allergic patients, Toxicology
Letters, 217 (2013) 91-101.

H. J. Johnston, G. Hutchison, F. M. Christensen, S. Peters, S. Hankin, V. Stone, A
review of the in vivo and in vitro toxicity of silver and gold particulates: particle
attributes and biological mechanisms responsible for the observed toxicity, Critical
reviews in toxicology, 40 (2010) 328-346.

N. Khlebtsov, L. Dykman, Biodistribution and toxicity of engineered gold nanopar-
ticles: a review of in vitro and in vivo studies, Chemical Society Reviews, 40 (2011)
1647-1671.

S. J. Soenen, P. Rivera-Gil, J. M. Montenegro, W. J. Parak, S. C. De Smedt, K.
Braeckmans, Cellular toxicity of inorganic nanoparticles: common aspects and
guidelines for improved nanotoxicity evaluation, Nano Today, 6 (2011) 446-465.
H. Chen, A. Dorrigan, S. Saad, D. J. Hare, M. B. Cortie, S. M. Valenzuela, In vivo
study of spherical gold nanoparticles: inflammatory effects and distribution in
mice, PLoS One, 8 (2013) e58208.

H. Takahashi, Y. Niidome, T. Niidome, K. Kaneko, H. Kawasaki, S. Yamada,
Modification of gold nanorods using phosphatidylcholine to reduce cytotoxicity,
Langmuir, 22 (2006) 2-5.

J. Doki¢, R. Rudolf, S. Tomi¢, S. Stopié, B. Friedrich, B. Budig, I. Anzel, M. Coli¢,
Immunomodulatory properties of nanoparticles obtained by ultrasonic spray pirol-
ysis from gold scrap, Journal of biomedical nanotechnology, 8 (2012) 528-538.

M. Sharma, R. L. Salisbury, E. I. Maurer, S. M. Hussain, C. E. Sulentic, Gold na-
noparticles induce transcriptional activity of NF-«xB in a B-lymphocyte cell line,
Nanoscale, 5 (2013) 3747-3756.

C.H. Lee, S. H. Syu, Y. S. Chen, S. M. Hussain, A. A. Onischuk, W. L. Chen, G. S.
Huang, Gold nanoparticles regulate the blimp1/pax5 pathway and enhance anti-
body secretion in B-cells, Nanotechnology, 25 (2014) 5103-5111.



Toxicity of nanostructures 111

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

H.J. Yen, S. h. Hsu, C. L. Tsai, Cytotoxicity and immunological response of gold and
silver nanoparticles of different sizes, Small, 5 (2009) 1553-1561.

J. Malaczewska, The splenocyte proliferative response and cytokine secretion in
mice after oral administration of commercial gold nanocolloid, Polish journal of
veterinary sciences, 18 (2015) 181-189.

J. S. Ma, W. J. Kim, J. ]. Kim, T. J. Kim, S. K. Ye, M. D. Song, H. Kang, D. W. Kim,
W. K. Moon, K. H. Lee, Gold nanoparticles attenuate LPS-induced NO production
through the inhibition of NF-kB and IFN-B/STAT1 pathways in RAW264. 7 cells,
Nitric Oxide, 23 (2010) 214-219.

C. L. Villiers, H. Freitas, R. Couderc, M. B. Villiers, P. N. Marche, Analysis of the
toxicity of gold nano particles on the immune system: effect on dendritic cell func-
tions, Journal of Nanoparticle Research, 12 (2010) 55-60.

M. A. Dobrovolskaia, A. K. Patri, J. Zheng, J. D. Clogston, N. Ayub, P. Aggarwal,
B. W. Neun, J. B. Hall, S. E. McNeil, Interaction of colloidal gold nanoparticles
with human blood: effects on particle size and analysis of plasma protein binding
profiles, Nanomedicine: Nanotechnology, Biology and Medicine, 5 (2009) 106-117.
S. H. D. P. Lacerda, J. J. Park, C. Meuse, D. Pristinski, M. L. Becker, A. Karim, J. F.
Douglas, Interaction of gold nanoparticles with common human blood proteins,
ACS nano, 4 (2009) 365-379.

C. Walkey, J. Olsen, H. Guo, A. Emili, W. Chan, Nanoparticle size and surface
chemistry determine serum protein adsorption and macrophage uptake, Journal
of the American Chemical Society, 134 (2012) 2139-2147.

M. A. Dobrovolskaia, P. Aggarwal, J. B. Hall, S. E. McNeil, Preclinical studies to
understand nanoparticle interaction with the immune system and its potential ef-
fects on nanoparticle biodistribution, Molecular pharmaceutics, 5 (2008) 487-495.
B. Arndiz, O. Martinez-Avila, J. M. Falcon-Perez, S. Penadés, Cellular uptake of
gold nanoparticles bearing HIV gp120 oligomannosides, Bioconjugate chemistry,
23(2012) 814-825.

M. Wei, N. Chen, J. Li, M. Yin, L. Liang, Y. He, H. Song, C. Fan, Q. Huang, Polyvalent
Immunostimulatory Nanoagents with Self-Assembled CpG Oligonucleotide-
Conjugated Gold Nanoparticles, Angewandte Chemie International Edition, 51
(2012) 1202-1206.

C.Y. Tsai, S. L. Lu, C. W. Hu, C. S. Yeh, G. B. Lee, H. Y. Lei, Size-dependent atten-
uation of TLRY signaling by gold nanoparticles in macrophages, The Journal of
Immunology, 188 (2012) 68-76.

N.J. Liptrott, E. Kendall, D. J. Nieves, J. Farrell, S. Rannard, D. G. Fernig, A. Owen,
Partial mitigation of gold nanoparticle interactions with human lymphocytes by
surface functionalization with a ‘mixed matrix, Nanomedicine, 9 (2014) 2467-2479.
M. Saraiva, A. O'garra, The regulation of IL-10 production by immune cells, Nature
reviews Immunology, 10 (2010) 170-181.

M. Devanabanda, S. A. Latheef, R. Madduri, Immunotoxic effects of gold and silver
nanoparticles: inhibition of mitogen-induced proliferative responses and viability
of human and murine lymphocytes in vitro, Journal of immunotoxicology, 13 (2016)
897-902.

S. Gordon, P. R. Taylor, Monocyte and macrophage heterogeneity, Nature Reviews
Immunology, 5 (2005) 953-964.



112

[152]

[153]

[154]

[155]

[156]

[157]

[158]

[159]

[160]

[161]

[162]

[163]

[164]

[165]

Miodrag Coli¢, Sergej Tomié

C. Auftray, D. Fogg, M. Garfa, G. Elain, O. Join-Lambert, S. Kayal, S. Sarnacki, A.
Cumano, G. Lauvau, F. Geissmann, Monitoring of blood vessels and tissues by a
population of monocytes with patrolling behavior, Science, 317 (2007) 666-670.
L. M. Carlin, E. G. Stamatiades, C. Auffray, R. N. Hanna, L. Glover, G. Vizcay-
Barrena, C. C. Hedrick, H. T. Cook, S. Diebold, E Geissmann, Nr4al-dependent
Ly6C low monocytes monitor endothelial cells and orchestrate their disposal, Cell,
153 (2013) 362-375.

R. Rudolf, P. Majeri¢, S. Tomi¢, M. Shariq, U. Feréec, B. Budi¢, B. Friedrich, D.
Vucevi¢, M. Coli¢, Morphology, Aggregation Properties, Cytocompatibility, and
Anti-Inflammatory Potential of Citrate-Stabilized AuNPs Prepared by Modular
Ultrasonic Spray Pyrolysis, Journal of Nanomaterials, 2017 (2017).

H. Ait-Oufella, S. Taleb, Z. Mallat, A. Tedgui, Recent advances on the role of cy-
tokines in atherosclerosis, Arteriosclerosis, thrombosis, and vascular biology, 31
(2011) 969-979.

M. E Rahman, J. Wang, T. A. Patterson, U. T. Saini, B. L. Robinson, G. D. Newport,
R. C. Murdock, J. J. Schlager, S. M. Hussain, S. E Ali, Expression of genes related
to oxidative stress in the mouse brain after exposure to silver-25 nanoparticles,
Toxicology Letters, 187 (2009) 15-21.

M. E. Samberg, S. J. Oldenburg, N. A. Monteiro-Riviere, Evaluation of silver nan-
oparticle toxicity in skin in vivo and keratinocytes in vitro, Environmental health
perspectives, 118 (2010) 407-413.

H. Y. Lee, Y. J. Choi, E. J. Jung, H. Q. Yin, J. T. Kwon, J. E. Kim, H. T. Im, M. H.
Cho, J. H. Kim, H. Y. Kim, B. H. Lee, Genomics-based screening of differentially
expressed genes in the brains of mice exposed to silver nanoparticles via inhalation,
Journal of Nanoparticle Research, 12 (2009) 1567-1578.

K. Muller, J. N. Skepper, M. Posfai, R. Trivedi, S. Howarth, C. Corot, E. Lancelot,
P. W. Thompson, A. P. Brown, J. H. Gillard, Effect of ultrasmall superparamagnetic
iron oxide nanoparticles (Ferumoxtran-10) on human monocyte-macrophages in
vitro, Biomaterials, 28 (2007) 1629-1642.

A. Gojova, B. Guo, R. S. Kota, ]. C. Rutledge, I. M. Kennedy, A. I. Barakat, Induction
of inflammation in vascular endothelial cells by metal oxide nanoparticles: effect
of particle composition, Environmental health perspectives, 115 (2007) 403-409.

S. Nagvi, M. Samim, M. Abdin, E J. Ahmed, A. Maitra, C. Prashant, A. K. Dinda,
Concentration-dependent toxicity of iron oxide nanoparticles mediated by in-
creased oxidative stress, International Journal of Nanomedicine, 5 (2010) 983-989.
M. Ban, I. Langonné, N. Huguet, Y. Guichard, M. Goutet, Iron oxide particles mod-
ulate the ovalbumin-induced Th2 immune response in mice, Toxicology letters, 216
(2013) 31-39.

H. Liu, D. Yang, H. Yang, H. Zhang, W. Zhang, Y. Fang, Z. Lin, L. Tian, B. Lin, J.
Yan, Z. Xi, Comparative study of respiratory tract immune toxicity induced by
three sterilisation nanoparticles: silver, zinc oxide and titanium dioxide, Journal of
hazardous materials, 248-249 (2013) 478-486.

C. C. Shen, H. J. Liang, C. C. Wang, M. H. Liao, T. R. Jan, Iron oxide nanoparticles
suppressed T helper 1 cell-mediated immunity in a murine model of delayed-type
hypersensitivity, International Journal of Nanomedicine, 7 (2012) 2729-2737.

M. Ban, I. Langonne, N. Huguet, M. Goutet, Effect of submicron and nano-iron oxide
particles on pulmonary immunity in mice, Toxicology Letters, 210 (2012) 267-275.



Toxicity of nanostructures 113

[166]

[167]
[168]
[169]

[170]

[171]

[172]

[173]

[174]

[175]

[176]

[177]

[178]

[179]

[180]

C.J. Wingard, D. M. Walters, B. L. Cathey, S. C. Hilderbrand, P. Katwa, S. Lin, P.
C. Ke, R. Podila, A. Rao, R. M. Lust, J. M. Brown, Mast cells contribute to altered
vascular reactivity and ischemia-reperfusion injury following cerium oxide nano-
particle instillation, Nanotoxicology, 5 (2011) 531-545.

A. Srinivas, P. J. Rao, G. Selvam, P. B. Murthy, P. N. Reddy, Acute inhalation toxicity
of cerium oxide nanoparticles in rats, Toxicology Letters, 205 (2011) 105-115.

S. M. Hirst, A. S. Karakoti, R. D. Tyler, N. Sriranganathan, S. Seal, C. M. Reilly, Anti-
inflammatory properties of cerium oxide nanoparticles, Small, 5 (2009) 2848-2856.
E.J. Yang, I. H. Choi, Immunostimulatory effects of silica nanoparticles in human
monocytes, Immune network, 13 (2013) 94-101.

Q. Chen, Y. Xue, J. Sun, Kupffer cell-mediated hepatic injury induced by silica na-
noparticles in vitro and in vivo, International Journal of Nanomedicine, 8 (2013)
1129-1140.

G.Y. Chen, H.J. Yang, C. H. Lu, Y. C. Chao, S. M. Hwang, C. L. Chen, K. W. Lo, L.
Y. Sung, W. Y. Luo, H. Y. Tuan, Y. C. Hu, Simultaneous induction of autophagy and
toll-like receptor signaling pathways by graphene oxide, Biomaterials, 33 (2012)
6559-6569.

H. Yue, W. Wei, Z. Yue, B. Wang, N. Luo, Y. Gao, D. Ma, G. Ma, Z. Su, The role of
the lateral dimension of graphene oxide in the regulation of cellular responses,
Biomaterials, 33 (2012) 4013-4021.

X. Zhi, H. Fang, C. Bao, G. Shen, J. Zhang, K. Wang, S. Guo, T. Wan, D. Cui, The
immunotoxicity of graphene oxides and the effect of PVP-coating, Biomaterials, 34
(2013) 5254-5261.

J. Lovric, S. J. Cho, E M. Winnik, D. Maysinger, Unmodified cadmium telluride
quantum dots induce reactive oxygen species formation leading to multiple orga-
nelle damage and cell death, Chemistry & biology, 12 (2005) 1227-1234.

A. C. Samia, X. Chen, C. Burda, Semiconductor quantum dots for photodynamic
therapy, Journal of American Chemical Society, 125 (2003) 15736-15737.

K. C. Nguyen, V. L. Seligy, A. F. Tayabali, Cadmium telluride quantum dot nan-
oparticle cytotoxicity and effects on model immune responses to Pseudomonas
aeruginosa, Nanotoxicology, 7 (2013) 202-211.

H. Bunz, S. Plankenhorn, R. Klein, Effect of buckminsterfullerenes on cells of the
innate and adaptive immune system: an in vitro study with human peripheral blood
mononuclear cells, International Journal of Nanomedicine, 7 (2012) 4571-4580.

B. X. Chen, S. R. Wilson, M. Das, D. J. Coughlin, B. F. Erlanger, Antigenicity of
fullerenes: antibodies specific for fullerenes and their characteristics, Proceedings
of the National Academy of Sciences of the United States of America, 95 (1998)
10809-10813.

E. J. Park, H. Kim, Y. Kim, J. Yi, K. Choi, K. Park, Carbon fullerenes (C60s) can
induce inflammatory responses in the lung of mice, Toxicology and applied phar-
macology, 244 (2010) 226-233.

A. V. Tkach, N. Yanamala, S. Stanley, M. R. Shurin, G. V. Shurin, E. R. Kisin, A. R.
Murray, S. Pareso, T. Khaliullin, G. P. Kotchey, V. Castranova, S. Mathur, B. Fadeel,
A. Star, V. E. Kagan, A. A. Shvedova, Graphene oxide, but not fullerenes, targets
immunoproteasomes and suppresses antigen presentation by dendritic cells, Small,
9(2013) 1686-1690.



114

[181]

[182]

[183]

[184]

[185]

[186]

[187]

[188]

[189]

[190]

[191]

[192]

[193]

[194]

Miodrag Coli¢, Sergej Tomié

N. Tsao, T. Y. Luh, C. K. Chou, J. J. Wu, Y. S. Lin, H. Y. Lei, Inhibition of Group
A Streptococcus Infection by Carboxyfullerene, Antimicrobial Agents and
Chemotherapy, 45 (2001) 1788-1793.

C. L. Hardy, J. S. LeMasurier, G. T. Belz, K. Scalzo-Inguanti, J. Yao, S. D. Xiang, P.
Kanellakis, A. Bobik, D. H. Strickland, J. M. Rolland, Inert 50-nm polystyrene nan-
oparticles that modify pulmonary dendritic cell function and inhibit allergic airway
inflammation, The Journal of Immunology, 3 (2011) 1431-1441.

R. A. Roberts, T. Shen, I. C. Allen, W. Hasan, J. M. DeSimone, J. P. Ting, Analysis
of the murine immune response to pulmonary delivery of precisely fabricated na-
no-and microscale particles, PloS one, 8 (2013) doi: 10.1371/journal.pone.0062115.
B. Sayin, S. Somavarapu, X. W. Li, D. Sesardic, S. Senel, O. H. Alpar, TMC-MCC
(N-trimethyl chitosan-mono-N-carboxymethyl chitosan) nanocomplexes for mu-
cosal delivery of vaccines, European journal of pharmaceutical sciences : official
journal of the European Federation for Pharmaceutical Sciences, 38 (2009) 362-369.
A. K. Shakya, K. S. Nandakumar, Applications of polymeric adjuvants in studying
autoimmune responses and vaccination against infectious diseases, Journal of the
Royal Society, Interface, 10 (2013) doi: 10.1098/rsif.2012.0536.

D. R. Getts, A.J. Martin, D. P. McCarthy, R. L. Terry, Z. N. Hunter, W. T. Yap, M. T.
Getts, M. Pleiss, X. Luo, N. J. King, Microparticles bearing encephalitogenic pep-
tides induce T-cell tolerance and ameliorate experimental autoimmune encepha-
lomyelitis, Nature biotechnology, 30 (2012) 1217-1224.

M. Rossi, J. Young, Human Dendritic Cells: Potent Antigen-Presenting Cells at
the Crossroads of Innate and Adaptive Immunity, Journal of Immunology, 3 (2005)
1373-1381.

R. M. Steinman, D. Hawiger, M. C. Nussenzweig, Tolerogenic dendritic cells,
Annual review of immunology, 21 (2003) 685-711.

S. K. Pathak, A. E. Skéld, V. Mohanram, C. Persson, U. Johansson, A. L. Spetz,
Activated apoptotic cells induce dendritic cell maturation via engagement of Toll-
like receptor 4 (TLR4), dendritic cell-specific intercellular adhesion molecule 3
(ICAM-3)-grabbing nonintegrin (DC-SIGN), and B2 integrins, Journal of Biological
Chemistry, 287 (2012) 13731-13742.

M. Vukeevic, E Zorzato, G. Spagnoli, S. Treves, Frequent calcium oscillations lead
to NFAT activation in human immature dendritic cells, Journal of biological chem-
istry, 285 (2010) 16003-16011.

C. A. Hunter, New IL-12-family members: IL-23 and IL-27, cytokines with diver-
gent functions, Nature Reviews Immunology, 5 (2005) 521-531.

S. V. Schmidt, A. C. Nino-Castro, J. L. Schultze, Regulatory dendritic cells: there is
more than just immune activation, Frontiers in immunology, 3 (2012) doi: 10.3389/
fimmu.2012.00274.

M. Coli¢, T. Dzopali¢, S. Tomié, J. Rajkovi¢, R. Rudolf, G. Vukovi¢, A. Marinkovié,
P. Uskokovi¢, Immunomodulatory effects of carbon nanotubes functionalized with
a Toll-like receptor 7 agonist on human dendritic cells, Carbon, 67 (2014) 273-287.
E Blank, P. Gerber, B. Rothen-Rutishauser, U. Sakulkhu, J. Salaklang, K. De Peyer, P.
Gehr, L. P. Nicod, H. Hofmann, T. Geiser, A. Petri-Fink, C. Von Garnier, Biomedical
nanoparticles modulate specific CD4+ T cell stimulation by inhibition of antigen
processing in dendritic cells, Nanotoxicology, 5 (2011) 606-621.



Toxicity of nanostructures 115

[195]

[196]

[197]

[198]

[199]

[200]

[201]

[202]

[203]

[204]

[205]

[206]

[207]

M. Bartneck, H. A. Keul, M. Wambach, J. Bornemann, U. Gbureck, N. Chatain,
S. Neuss, E. Tacke, J. Groll, G. Zwadlo-Klarwasser, Effects of nanoparticle sur-
face-coupled peptides, functional endgroups, and charge on intracellular distribu-
tion and functionality of human primary reticuloendothelial cells, Nanomedicine:
Nanotechnology, Biology and Medicine, 8 (2012) 1282-1292.

W. H. Cheung, V. S. E. Chan, H. W. Pang, M. K. Wong, Z. H. Guo, P. K. H. Tam,
C. M. Che, C. L. Lin, W. Y. Yu, Conjugation of Latent Membrane Protein (LMP)-2
Epitope to Gold Nanoparticles as Highly Immunogenic Multiple Antigenic Peptides
for Induction of Epstein— Barr Virus-Specific Cytotoxic T-Lymphocyte Responses
in Vitro, Bioconjugate chemistry, 20 (2008) 24-31.

L.]. Cruz, E Rueda, B. Cordobilla, L. Simén, L. Hosta, E Albericio, J. C. Domingo,
Targeting nanosystems to human DCs via Fc receptor as an effective strategy to
deliver antigen for immunotherapy, Molecular pharmaceutics, 8 (2010) 104-116.
N. Ogring, P. Pelicon, P. Vavpeti¢, M. Kelemen, N. Grlj, L. Jeromel, S. Tomi¢, M.
Coli¢, A. Beran, Quantitative assay of element mass inventories in single cell biolog-
ical systems with micro-PIXE, Nuclear Instruments and Methods in Physics Research
Section B: Beam Interactions with Materials and Atoms, 306 (2013) 121-124.

W. S. Garrett, L. M. Chen, R. Kroschewski, M. Ebersold, S. Turley, S. Trombetta, J.
E. Galan, I. Mellman, Developmental control of endocytosis in dendritic cells by
Cdc42, Cell, 102 (2000) 325-334.

S. Mayor, R. E. Pagano, Pathways of clathrin-independent endocytosis, Nature re-
views Molecular cell biology, 8 (2007) 603-612.

A. Ziegler, R. Heidenreich, H. Braumiiller, H. Wolburg, S. Weidemann, R. Mocikat,
M. Rocken, EpCAM, a human tumor-associated antigen promotes Th2 develop-
ment and tumor immune evasion, Blood, 113 (2009) 3494-3502.

A.Y. Lin, J. P. M. Almeida, A. Bear, N. Liu, L. Luo, A. E. Foster, R. A. Drezek, Gold
nanoparticle delivery of modified CpG stimulates macrophages and inhibits tumor
growth for enhanced immunotherapy, PloS one, 8 (2013) e63550.

S. Ahn, I. H. Lee, S. Kang, D. Kim, M. Choi, P. E. Saw, E. C. Shin, S. Jon, Gold
Nanoparticles Displaying Tumor-Associated Self-Antigens as a Potential Vaccine
for Cancer Immunotherapy, Advanced healthcare materials, 3 (2014) 1194-1199.
A.I. Camacho, R. Da Costa Martins, I. Tamayo, J. de Souza, . J. Lasarte, C. Mansilla,
I. Esparza, J. M. Irache, C. Gamazo, Poly(methyl vinyl ether-co-maleic anhydride)
nanoparticles as innate immune system activators, Vaccine, 29 (2011) 7130-7135.
S. U. Frick, N. Bacher, G. Baier, V. Mailander, K. Landfester, K. Steinbrink,
Functionalized polystyrene nanoparticles trigger human dendritic cell maturation
resulting in enhanced CD4+ T cell activation, Macromolecular bioscience, 12 (2012)
1637-1647.

L. K. Petersen, A. E. Ramer-Tait, S. R. Broderick, C. S. Kong, B. D. Ulery, K. Rajan,
M. J. Wannemuehler, B. Narasimhan, Activation of innate immune responses in
a pathogen-mimicking manner by amphiphilic polyanhydride nanoparticle adju-
vants, Biomaterials, 32 (2011) 6815-6822.

E. V. Cordoba, M. Pion, B. Rasines, D. Filippini, H. Komber, M. Ionov, M.
Bryszewska, D. Appelhans, M. A. Munoz-Fernandez, Glycodendrimers as new tools
in the search for effective anti-HIV DC-based immunotherapies, Nanomedicine, 9
(2013) 972-984.



116

[208]

[209]

[210]

[211]

[212]

[213]

[214]

[215]

[216]

[217]

[218]

[219]

[220]

[221]

[222]

[223]

Miodrag Coli¢, Sergej Tomié

M.E . McCoy, H. E. Golden, T. A. Doll, Y. Yang, S. A. Kaba, X. Zou, V. R. Gerbasi, P.
Burkhard, D. E. Lanar, Mechanisms of protective immune responses induced by the
Plasmodium falciparum circumsporozoite protein-based, self-assembling protein
nanoparticle vaccine, Malaria journal, 12 (2013) 136.

N. M. Molino, A. K. Anderson, E. L. Nelson, S. W. Wang, Biomimetic protein nan-
oparticles facilitate enhanced dendritic cell activation and cross-presentation, ACS
nano, 7 (2013) 9743-9752.

M. Coli¢, D. Mihajlovi¢, A. Mathew, N. Naseri, V. Kokol, Cytocompatibility and
immunomodulatory properties of wood based nanofibrillated cellulose, Cellulose,
22 (2015) 763-778.

S. Gorgieva, V. Vivod, U. Maver, L. Gradis$nik, J. Dolensek, V. Kokol, Internalization
of (bis) phosphonate-modified cellulose nanocrystals by human osteoblast cells,
Cellulose, 24 (2017) 4235-4252.

S. Tomi¢, N. Ili¢, V. Kokol, A. Gruden-Movsesijan, D. Mihajlovi¢, M. Beki¢, L.
Sofroni¢-Milosavljevi¢, M. Coli¢, D. Vuéevi¢, Functionalization-dependent ef-
fects of cellulose nanofibrils on tolerogenic mechanisms of human dendritic cells,
International journal of nanomedicine, 13 (2018) 6941.

I. Brigger, C. Dubernet, P. Couvreur, Nanoparticles in cancer therapy and diagnosis,
Advanced drug delivery reviews, 54 (2002) 631-651.

D. B. Warheit, B. R. Laurence, K. L. Reed, D. H. Roach, G. A. Reynolds, T. R. Webb,
Comparative pulmonary toxicity assessment of single-wall carbon nanotubes in
rats, Toxicological sciences, 77 (2004) 117-125.

J. Wang, C. Chen, Y. Liu, E Jiao, W. Li, E. Lao, Y. Li, B. Li, C. Ge, G. Zhou, Potential
neurological lesion after nasal instillation of TiO2 nanoparticles in the anatase and
rutile crystal phases, Toxicology letters, 183 (2008) 72-80.

M. T. Zhu, W. Y. Feng, B. Wang, T. C. Wang, Y. Q. Gu, M. Wang, Y. Wang, H.
Ouyang, Y. L. Zhao, Z. E. Chai, Comparative study of pulmonary responses to na-
no-and submicron-sized ferric oxide in rats, Toxicology, 247 (2008) 102-111.

W. L. Hagens, A. G. Oomen, W. H. de Jong, E. R. Cassee, A. ]. Sips, What do we (need
to) know about the kinetic properties of nanoparticles in the body?, Regulatory tox-
icology and pharmacology, 49 (2007) 217-229.

I. Bergin, F. Witzmann, Nanoparticle toxicity by the gastrointestinal route: evidence
and knowledge gaps, International journal of biomedical nanoscience and nanotech-
nology, 3 (2013) doi: 10.1504/IJBNN.2013.054515

C. Medina, M. J. Santos-Martinez, A. Radomski, O. I. Corrigan, M. W. Radomski,
Nanoparticles: pharmacological and toxicological significance, British journal of
pharmacology, 150 (2007) 552-558.

K. Riehemann, S. W. Schneider, T. A. Luger, B. Godin, M. Ferrari, H. Fuchs,
Nanomedicine-challenge and perspectives, Angewandte Chemie, 48 (2009) 872-897.
B. Wang, W. Y. Feng, T. C. Wang, G. Jia, M. Wang, J. W. Shi, E Zhang, Y. L. Zhao, Z.
E Chai, Acute toxicity of nano- and micro-scale zinc powder in healthy adult mice,
Toxicology Letters, 161 (2006) 115-123.

L. Wang, D. K. Nagesha, S. Selvarasah, M. R. Dokmeci, R. L. Carrier, Toxicity of
CdSe nanoparticles in Caco-2 cell cultures, Journal of nanobiotechnology, 6 (2008)
doi: 10.1186/1477-3155-6-11.

J. Zhang, H. Wang, X. Yan, L. Zhang, Comparison of short-term toxicity between
Nano-Se and selenite in mice, Life Sciences, 76 (2005) 1099-1109.



Toxicity of nanostructures 117

[224]

[225]

[226]

[227]

[228]

[229]

[230]

[231]

[232]

[233]

[234]

[235]

[236]

[237]

[238]

[239]

[240]

J. Curtis, M. Greenberg, J. Kester, S. Phillips, G. Krieger, Nanotechnology and nano-
toxicology: a primer for clinicians, Toxicological reviews, 25 (2006) 245-260.

J. E. Paddle-Ledinek, Z. Nasa, H. J. Cleland, Effect of different wound dressings
on cell viability and proliferation, Plastic and reconstructive surgery, 117 (2006)
110-120.

M. Abdel Halim, The Influence of size and exposure duration of gold nanoparticles
on gold nanoparticles levels in several rat organs in vivo, Journal of Cell Science and
Therapy, 3 (2012) doi: 10.4172/2157-7013.1000129.

W. H. De Jong, W. I. Hagens, P. Krystek, M. C. Burger, A. J. Sips, R. E. Geertsma,
Particle size-dependent organ distribution of gold nanoparticles after intravenous
administration, Biomaterials, 29 (2008) 1912-1919.

G. Sonavane, K. Tomoda, K. Makino, Biodistribution of colloidal gold nanoparti-
cles after intravenous administration: effect of particle size, Colloids and Surfaces B:
Biointerfaces, 66 (2008) 274-280.

J. Hainfeld, D. Slatkin, T. Focella, H. Smilowitz, Gold nanoparticles: a new X-ray
contrast agent, The British journal of radiology, 79 (2014) 248-253.

X. Huang, I. H. El-Sayed, W. Qian, M. A. El-Sayed, Cancer cells assemble and align
gold nanorods conjugated to antibodies to produce highly enhanced, sharp, and
polarized surface Raman spectra: a potential cancer diagnostic marker, Nano letters,
7 (2007) 1591-1597.

P. P. Pompa, G. Vecchio, A. Galeone, V. Brunetti, S. Sabella, G. Maiorano, A. Falqui,
G. Bertoni, R. Cingolani, In vivo toxicity assessment of gold nanoparticles in
Drosophila melanogaster, Nano Research, 4 (2011) 405-413.

K. S. Butler, D. J. Peeler, B. J. Casey, B. J. Dair, R. K. Elespuru, Silver nanoparticles:
correlating nanoparticle size and cellular uptake with genotoxicity, Mutagenesis, 30
(2015) 577-591.

P. Bourrinet, H. H. Bengele, B. Bonnemain, A. Dencausse, J. M. Idee, P. M. Jacobs,
J. M. Lewis, Preclinical safety and pharmacokinetic profile of ferumoxtran-10,
an ultrasmall superparamagnetic iron oxide magnetic resonance contrast agent,
Investigative radiology, 41 (2006) 313-324.

J. Feng, H. Liu, K. K. Bhakoo, L. Lu, Z. Chen, A metabonomic analysis of organ
specific response to USPIO administration, Biomaterials, 32 (2011) 6558-6569.

J. Li, X. Chang, X. Chen, Z. Gu, E Zhao, Z. Chai, Y. Zhao, Toxicity of inorganic
nanomaterials in biomedical imaging, Biotechnology advances, 32 (2014) 727-743.
A. Sadaf, B. Zeshan, Z. Wang, R. Zhang, S. Xu, C. Wang, Y. Cui, Toxicity evaluation
of hydrophilic CdTe quantum dots and CdTe@ SiO2 nanoparticles in mice, Journal
of nanoscience and nanotechnology, 12 (2012) 8287-8292.

J. Geys, A. Nemmar, E. Verbeken, E. Smolders, M. Ratoi, M.F. Hoylaerts, B. Nemery,
PH. Hoet, Acute toxicity and prothrombotic effects of quantum dots: impact of sur-
face charge, Environmental health perspectives, 116 (2008) 1607.

T.R. Kuo, C. E. Lee, S. J. Lin, C. Y. Dong, C. C. Chen, H. Y. Tan, Studies of intracor-
neal distribution and cytotoxicity of quantum dots: risk assessment of eye exposure,
Chemical research in toxicology, 24 (2011) 253-261.

K. Wang, J. Ruan, H. Song, J. Zhang, Y. Wo, S. Guo, D. Cui, Biocompatibility of
Graphene Oxide, Nanoscale research letters, 6 (2011) 8-8.

X. Zhang, J. Yin, C. Peng, W. Hu, Z. Zhu, W. Li, C. Fan, Q. Huang, Distribution and
biocompatibility studies of graphene oxide in mice after intravenous administra-
tion, Carbon, 49 (2011) 986-995.



118

[241]

[242]

[243]

[244]

[245]

[246]

[247]

[248]

[249]

[250]

[251]

[252]

[253]

[254]

[255]

[256]

Miodrag Coli¢, Sergej Tomié

H. Nabeshi, T. Yoshikawa, K. Matsuyama, Y. Nakazato, A. Arimori, M. Isobe, S.
Tochigi, S. Kondoh, T. Hirai, T. Akase, Size-dependent cytotoxic effects of amor-
phous silica nanoparticles on Langerhans cells, Die Pharmazie-An International
Journal of Pharmaceutical Sciences, 65 (2010) 199-201.

L. Tang, J. Cheng, Nonporous Silica Nanoparticles for Nanomedicine Application,
Nano Today, 8 (2013) 290-312.

N. T. Vo, M. R. Bufalino, K. D. Hartlen, V. Kitaev, L. E. Lee, Cytotoxicity evalua-
tion of silica nanoparticles using fish cell lines, In Vitro Cellular ¢ Developmental
Biology-Animal, 50 (2014) 427-438.

N. Kiyosawa, Y. Ando, S. Manabe, T. Yamoto, Toxicogenomic Biomarkers for Liver
Toxicity, Journal of Toxicologic Pathology, 22 (2009) 35-52.

R. Hassankhani, M. Esmaeillou, A. A. Tehrani, K. Nasirzadeh, F. Khadir, H. Maadi,
In vivo toxicity of orally administrated silicon dioxide nanoparticles in healthy
adult mice, Environmental science and pollution research international, 22 (2015)
1127-1132.

S. Hussain, K. Hess, J. Gearhart, K. Geiss, J. Schlager, In vitro toxicity of nanoparti-
cles in BRL 3A rat liver cells, Toxicology in vitro, 19 (2005) 975-983.

S. Takenaka, E. Karg, C. Roth, H. Schulz, A. Ziesenis, U. Heinzmann, P. Schramel,
J. Heyder, Pulmonary and systemic distribution of inhaled ultrafine silver particles
in rats, Environmental health perspectives, 109 (2001) 547-551.

R. Colognato, A. Bonelli, J. Ponti, M. Farina, E. Bergamaschi, E. Sabbioni, L.
Migliore, Comparative genotoxicity of cobalt nanoparticles and ions on human
peripheral leukocytes in vitro, Mutagenesis, 23 (2008) 377-382.

P. Majeri¢, D. Jenko, B. Budi¢, S. Tomi¢, M. Coli¢, B. Friedrich, R. Rudolf, Formation
of non-toxic au nanoparticles with bimodal size distribution by a modular rede-
sign of ultrasonic spray pyrolysis, Nanoscience and Nanotechnology Letters, 7 (2015)
920-929.

P. Rajanahalli, C. J. Stucke, Y. Hong, The effects of silver nanoparticles on mouse
embryonic stem cell self-renewal and proliferation, Toxicology reports, 2 (2015)
758-764.

S.J. Kang, B. M. Kim, Y. J. Lee, H. W. Chung, Titanium dioxide nanoparticles trigger
p53-mediated damage response in peripheral blood lymphocytes, Environmental
and molecular mutagenesis, 49 (2008) 399-405.

H. L. Karlsson, P. Cronholm, J. Gustafsson, L. Moller, Copper oxide nanoparticles
are highly toxic: a comparison between metal oxide nanoparticles and carbon na-
notubes, Chemical research in toxicology, 21 (2008) 1726-1732.

R. Dunford, A. Salinaro, L. Cai, N. Serpone, S. Horikoshi, H. Hidaka, J. Knowland,
Chemical oxidation and DNA damage catalysed by inorganic sunscreen ingredi-
ents, FEBS letters, 418 (1997) 87-90.

J. J. Wang, B. J. Sanderson, H. Wang, Cytotoxicity and genotoxicity of ultrafine
crystalline SiO2 particulate in cultured human lymphoblastoid cells, Environmental
and molecular mutagenesis, 48 (2007) 151-157.

W. Lin, Y. W. Huang, X. D. Zhou, Y. Ma, In vitro toxicity of silica nanoparticles in
human lung cancer cells, Toxicology and applied pharmacology, 217 (2006) 252-259.
C. M. Sayes, K. L. Reed, D. B. Warheit, Assessing toxicity of fine and nanopar-
ticles: comparing in vitro measurements to in vivo pulmonary toxicity profiles,
Toxicological sciences, 97 (2007) 163-180.



Toxicity of nanostructures 119

[257]

[258]

[259]

[260]

[261]

[262]

[263]

[264]

[265]

[266]

[267]

[268]

[269]

[270]

X. Zhu, E. Hondroulis, W. Liu, C. z. Li, Biosensing approaches for rapid genotoxici-
ty and cytotoxicity assays upon nanomaterial exposure, Small, 9 (2013) 1821-1830.
Y. S. Kim, J. S. Kim, H. S. Cho, D. S. Rha, J. M. Kim, J. D. Park, B. S. Choi, R. Lim,
H. K. Chang, Y. H. Chung, I. H. Kwon, ]. Jeong, B. S. Han, I. ]. Yu, Twenty-eight-day
oral toxicity, genotoxicity, and gender-related tissue distribution of silver nanopar-
ticles in Sprague-Dawley rats, Inhalation toxicology, 20 (2008) 575-583.

Y. Liu, Q. Xia, Y. Liu, S. Zhang, F. Cheng, Z. Zhong, L. Wang, H. Li, K. Xiao,
Genotoxicity assessment of magnetic iron oxide nanoparticles with dif-
ferent particle sizes and surface coatings, Nanotechnology, 25 (2014) doi:
10.1088/0957-4484/25/42/425101.

C. Ordzhonikidze, L. Ramaiyya, E. Egorova, A. Rubanovich, Genotoxic effects of
silver nanoparticles on mice in vivo, Acta Naturae (anenosisviunas sepcus), 1 (2009)
99-101.

S. C. Hong, J. H. Lee, J. Lee, H. Y. Kim, J. Y. Park, J. Cho, J. Lee, D. W. Han, Subtle
cytotoxicity and genotoxicity differences in superparamagnetic iron oxide nanopar-
ticles coated with various functional groups, International Journal of Nanomedicine,
6(2011) 3219-3231.

I. Nabiev, S. Mitchell, A. Davies, Y. Williams, D. Kelleher, R. Moore, Y. K. Gun’ko,
S. Byrne, Y. P. Rakovich, J. E Donegan, A. Sukhanova, J. Conroy, D. Cottell, N.
Gaponik, A. Rogach, Y. Volkov, Nonfunctionalized nanocrystals can exploit a cell’s
active transport machinery delivering them to specific nuclear and cytoplasmic
compartments, Nano Letters, 7 (2007) 3452-3461.

A. Hoshino, K. Fujioka, T. Oku, M. Suga, Y. F. Sasaki, T. Ohta, M. Yasuhara, K.
Suzuki, K. Yamamoto, Physicochemical properties and cellular toxicity of nano-
crystal quantum dots depend on their surface modification, Nano Letters, 4 (2004)
2163-2169.

A. O. Choi, S. E. Brown, M. Szyf, D. Maysinger, Quantum dot-induced epigenetic
and genotoxic changes in human breast cancer cells, Journal of molecular medicine,
86 (2008) 291-302.

Y. Wu, Q. Zhou, H. Li, W. Liu, T. Wang, G. Jiang, Effects of silver nanoparticles
on the development and histopathology biomarkers of Japanese medaka (Oryzias
latipes) using the partial-life test, Aquatic Toxicology, 100 (2010) 160-167.

S.y. Park, J. H. Choi, Geno-and ecotoxicity evaluation of silver nanoparticles in
freshwater crustacean Daphnia magna, Environmental Engineering Research, 15
(2010) 23-27.

P. Asharani, Y. L. Wu, Z. Gong, S. Valiyaveettil, Toxicity of silver nanoparticles in ze-
brafish models, Nanotechnology, 19 (2008) doi: 10.1088/0957-4484/19/25/255102.
S. Patel, S. Jana, R. Chetty, S. Thakore, M. Singh, R. Devkar, TiO 2 nanoparticles
induce omphalocele in chicken embryo by disrupting Wnt signaling pathway;,
Scientific reports, 8 (2018) doi: 10.1038/s41598-018-23215-7.

R. D. Brohi, L. Wang, H. S. Talpur, D. Wu, E. A. Khan, D. Bhattarai, Z. U. Rehman,
F. Farmanullah, L. J. Huo, Toxicity of Nanoparticles on the Reproductive System in
Animal Models: A Review, Frontiers in Pharmacology, 8 (2017) 606-627.

A. Baun, S. N. Sorensen, R. FE Rasmussen, N. B. Hartmann, C. B. Koch, Toxicity
and bioaccumulation of xenobiotic organic compounds in the presence of aqueous
suspensions of aggregates of nano-C(60), Aquatic toxicology, 86 (2008) 379-387.



120

[271]

[272]

[273]

[274]

[275]

[276]

[277]
[278]

[279]

[280]

[281]

[282]

[283]

[284]

[285]

[286]

Miodrag Coli¢, Sergej Tomié

K. L. Chen, M. Elimelech, Influence of humic acid on the aggregation kinetics of
fullerene (C60) nanoparticles in monovalent and divalent electrolyte solutions,
Journal of Colloid and Interface Science, 309 (2007) 126-134.

B. Gilbert, G. Lu, C. S. Kim, Stable cluster formation in aqueous suspensions of
iron oxyhydroxide nanoparticles, Journal of colloid and interface science, 313 (2007)
152-159.

N. W. Adams, J. R. Kramer, Silver speciation in wastewater effluent, surface waters,
and pore waters, Environmental toxicology and chemistry, 18 (1999) 2667-2673.

C. Walters, E. Pool, V. Somerset, Aggregation and dissolution of silver nanoparticles
in a laboratory-based freshwater microcosm under simulated environmental con-
ditions, Toxicological & Environmental Chemistry, 95 (2013) 1690-1701.

J. Liu, R. H. Hurt, Ion release kinetics and particle persistence in aqueous nano-sil-
ver colloids, Environmental science & technology, 44 (2010) 2169-2175.

C. Jayaseelan, A. A. Rahuman, R. Ramkumar, P. Perumal, G. Rajakumar, A. V.
Kirthi, T. Santhoshkumar, S. Marimuthu, Effect of sub-acute exposure to nickel
nanoparticles on oxidative stress and histopathological changes in Mozambique
tilapia, Oreochromis mossambicus, Ecotoxicology and environmental safety, 107
(2014) 220-228

M. N. Moore, Lysosomal cytochemistry in marine environmental monitoring, The
Histochemical Journal, 22 (1990) 187.

R. E Lee, Bioavailability, biotransformation and fate of organic contaminants in
estuarine animals, Coastal and Estuarine Risk Assessment, (2001) 97.

M. Auffan, L. Decome, J. Rose, T. Orsiere, M. De Meo, V. Briois, C. Chaneac, L.
Olivi, J. L. Bergé-Lefranc, A. Botta, In vitro interactions between DMSA-coated
maghemite nanoparticles and human fibroblasts: a physicochemical and cyto-gen-
otoxical study, Environmental science & technology, 40 (2006) 4367-4373.

M. Moore, Do nanoparticles present ecotoxicological risks for the health of the
aquatic environment?, Environment international, 32 (2006) 967-976.

E. Oberdorster, S. Zhu, T. M. Blickley, P. McClellan-Green, M. L. Haasch,
Ecotoxicology of carbon-based engineered nanoparticles: effects of fullerene (C60)
on aquatic organisms, Carbon, 44 (2006) 1112-1120.

M. Farré, K. Gajda-Schrantz, L. Kantiani, D. Barcel6, Ecotoxicity and analysis of
nanomaterials in the aquatic environment, Analytical and Bioanalytical Chemistry,
393 (2009) 81-95.

S. Asghari, S. A. Johari, J. H. Lee, Y. S. Kim, Y. B. Jeon, H. J. Choi, M. C. Moon, L.
J. Yu, Toxicity of various silver nanoparticles compared to silver ions in Daphnia
magna, Journal of nanobiotechnology, 10 (2012) doi: 10.1186/1477-3155-10-14.

T. M. Scown, E. M. Santos, B. D. Johnston, B. Gaiser, M. Baalousha, S. Mitov, J. R.
Lead, V. Stone, T. E. Fernandes, M. Jepson, Effects of aqueous exposure to silver
nanoparticles of different sizes in rainbow trout, Toxicological Sciences, 115 (2010)
521-534.

V. Maria, M. A. Santos, M. J. Bebianno, Contaminant effects in shore crabs
(Carcinus maenas) from Ria Formosa Lagoon, Comparative Biochemistry and
Physiology Part C: Toxicology ¢ Pharmacology, 150 (2009) 196-208.

M. Heinlaan, A. Kahru, K. Kasemets, B. Arbeille, G. Prensier, H. C. Dubourguier,
Changes in the Daphnia magna midgut upon ingestion of copper oxide nanoparti-
cles: a transmission electron microscopy study, Water research, 45 (2011) 179-190.



Toxicity of nanostructures 121

[287] H. Wang, R. L. Wick, B. Xing, Toxicity of nanoparticulate and bulk ZnO, A1203
and TiO2 to the nematode Caenorhabditis elegans, Environmental Pollution, 157
(2009) 1171-1177.

[288] K. Wiench, W. Wohlleben, V. Hisgen, K. Radke, E. Salinas, S. Zok, R. Landsiedel,
Acute and chronic effects of nano- and non-nano-scale TiO(2) and ZnO parti-
cles on mobility and reproduction of the freshwater invertebrate Daphnia magna,
Chemosphere, 76 (2009) 1356-1365.

[289] S. Tedesco, H. Doyle, J. Blasco, G. Redmond, D. Sheehan, Exposure of the blue
mussel, Mytilus edulis, to gold nanoparticles and the pro-oxidant menadione,
Comparative Biochemistry and Physiology Part C: Toxicology & Pharmacology, 151
(2010) 167-174.

[290] I. Fenoglio, M. Tomatis, D. Lison, J. Muller, A. Fonseca, J. B. Nagy, B. Fubini,
Reactivity of carbon nanotubes: free radical generation or scavenging activity?, Free
radical biology & medicine, 40 (2006) 1227-1233.

[291] S. Alexander, J. Eastoe, A. M. Lord, F. Guittard, A. R. Barron, Branched
Hydrocarbon Low Surface Energy Materials for Superhydrophobic Nanoparticle

Derived Surfaces, ACS applied materials & interfaces, 8 (2016) 660-666.

Muogpai Yonuh u Cepiej Tomuh
TOKCMYHOCT HAHOCTPYKTYPA

Pesume

38or cBoje jennHCTBeHe BenuumHe (auMensuje of 1 o 100 um) u pusny-
KO-XeMMjCKMX CBOjCTaBa, HAHOMATepUja/lu Cy HallUIX OpOojHe IPYIMEHe y elIeKTPO-
HULIM, KO3MeTHLM, KyhHMM anapatuma, CKIajUIITe by eHeprije, IpexpaMOeHoj
uHAyCcTpuju, papmaunju u megunyau. MebhyTum, nosehana nponsBogma HaHO-
MaTepyjaa n3a3nBa 3adpMHYTOCT y MOITIEAY HUX0OBE CUTYPHOCTH, HE CaMO 32
pyncka duha, Beh 1 3a )KUBOTUIbE 11 )KUBOTHY CpefiuHy. bpojHa nctpakuBama cy
notepawia fa Hanodectuie (HY) mMory ma ncrospaBajy TOKCMYHOCT, in Vitro U in
Vivo, KOja 3aBUCH Off IJIXOBE Be/IN4He, 0O/IMKa, TOBPIINHE, XeMIjCKOT CacTaBa
MOBPIINHE, KOHILIEHTpaljyje, CTelleHa JucIep3lje 1 arperainyje, HauMHa IpUMeHe
U MHOTUX Apyrux ¢akropa. CBaKkM off BIUX je pe/ieBaHTaH 3a 04eKMBAHO dMo-
JIOLIKO CBOjCTBO ofpehene HaHOCTPyKTYype. OBaj Mper/iefHN YWiaHaK IpuKasyje
Ca)eTO IJIaBHE aclleKTe HAHOTOKCUYHOCTY in Vitro M in vivo M McTude SUTHe Te-
CTOBe KojuMa ce fokasyje TokcuuHocT HY. ITocedHo ce HarmamaBa 3Hayuaj peak-
TMBHUX BPCTa KMCEOHMKA, K0 ITTABHOT IIOKPETAYKOT (PaKTOpa LUTOTOKCUYHOCTH
u reHorokcuyHocty HY, xoje fenyjy y cnoskenoj mebycodnoj nurepaxkunju HY
ca henujcknum, OTHOCHO reHOMCKUM KOMIIOHeHTaMa. [TocedaH acmiekT ce ofHO-
CU Ha MMYHOTOKCMYHA U UMYHOMOZYyIanujcka ceojctsa HY, mTo je ox Benmke
Ba)XHOCTY 3a NPOM3BOAIY Makhe MIMYHOT€HUX HAaHOCTPYKTypa. Ha Taj Haumn
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ce Moxxe n30ehu Hexxe/beHU MMYHCKM OAroBOp 1 oMoryhuru npumena HY kao
cnenUYHNX HAHOTEPAIIEYTHKA 3a JOCTABY JIEKOBA I Pa3BOj HOBMX CTpaTeruja
BakiyHanuje. Ha xpajy cy npukasanmu ekotokcukonomky acrekty HY, ykasano
j€ 3allITO Cy BOEH) €KOCUCTEMI HAjOCET/bUBU)Y Kajla Ce pasMaTpa KOHTaMMHa-
IUja )XMBOTHE CpelVHe HAHOYECTMI[AMaA I 3alITO Cy UCTPAXXKMBAKa Ha BOJEHUM
OpraHM3MMMa BaKHa 32 007IaCT TPaHC/IALMjCKe HAHOTOKCUKOIOTHje.



