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Recently lots of efforts have been taken to develop superparamagnetic iron oxide nanoparticles (SPIONs) for
biomedical applications. So it is utmost necessary to have in depth knowledge of the toxicity occurred by this
material. This article is designed in such way that it covers all the associated toxicity issues of SPIONs. It mainly
emphasis on toxicity occurred at different levels including cellular alterations in the form of damage to nucleic
acids due to oxidative stress and altered cellular response. In addition focus is been devoted for in vitro and in

vivo toxicity of SPIONs, so that a better therapeutics can be designed. At the end the time dependent nature of
toxicity and its ultimate faith inside the body is being discussed.

1. Introduction

Superparamagnetic iron oxide nanoparticles (SPIONs) have been
found promising candidate in nanobiotechnology for wide range of
applications such as magnetic separation, drug delivery, magnetic re-
sonance imaging (MRI) and magnetic hyperthermia (MH) [1-4]. Most
importantly the site-specific drug and diagnostics agent delivery by
using SPIONs is the most exciting applications in cancer theranostics
[5,6]. The wide ranges of potential bio-applications of SPIONs are in-
fluenced by its physical, chemical, and magnetic properties along with
its shape and size. The toxicity of SPIONs towards normal cells are
hindering its successful implication as therapeutic agent. High degree of
nonspecific binding to cell components and biological fluids by SPIONs
as well as colloidal instability of SPIONs during their delivery into
biological media are the main cause of the toxicity [7]. The response of
these particles to living system both in terms of acute and chronic
toxicity is main concern in terms of clinical activity [8]. Moreover the
degradation and it's accumulation inside the body of this nanoparticles
following administration is very important point of study. Currently the
most trusted and easiest approach to study the In vitro cytotoxicity
studies of nanoparticle is by using different cell lines varying their in-
cubation times and evaluating by colorimetric assays [9,10]. This ap-
proach has gained lots of publicity. However, the main drawbacks of

* Correspondence to: D.Y.Patil University, Kolhapur, India.
E-mail address: raghvendrabohara@gmail.com (R.A. Bohara).

https://doi.org/10.1016/j.bbrep.2017.12.002

these studies include a wide range of nanoparticle concentrations and
exposure time [11,12].

In addition, various researchers used different cell lines with
varying culturing conditions which made things more difficult, as direct
comparisons between the available studies and their own results are not
validated. It is to be note that while working on SPIONS, the reported
toxicity taken into consideration includes, inflammation, diminished
mitochondrial activity, the cellular stress mediated generation of re-
active oxygen species (ROS) and chromosome condensation [13-18].

This article is designed in such way that it covers all the associated
toxicity issues of SPIONs. SPIONs are manufactured in higher quantities
in order to meet the demands for rapidly growing field of nanomedicine
for biomedical applications. But exposure to human body and eco-
system needs to address. This review mainly aims to collect the tox-
icological in vitro and in vivo data along with major adverse effects of
SPIONs [19]

2. Why toxicity study of SPIONs?

SPIONs are the most preferred candidate in biomedical applications
for diagnostics and therapeutics. Many in vivo toxicity appliances of
SPIONs are needed in most of biomedical applications. Hence it is im-
portant to study the overall toxicity associated with them. SPIONs are
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very small in size, comparable with the biomolecules. Such a small size
can cause sequestration of these moieties into various body systems and
can interfere with their normal functioning. They might cross blood-
brain barrier and damage neural functions, also can cross nuclear
membrane and cause mutations. The bare SPIONs have very low solu-
bility which can lead to agglomeration which can obstruct blood vessels
[11].

SPION are coated with a suitable biocompatible material for in-
crease in stability, water dispersibility and biocompatibility.

3. In vitro toxicity studies of SPIONs

In order to confirm the toxicity, different assays are available. Each
assay is based on some different principle, for more accurate results it is
recommended to carry multiple assay for same samples. Some of the
widely used assay are lactate dehydrogenases assay (LDH),
Sulphorhodamine B (SRB) assay, protein assay, neutral red, and 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay.

3.1. Invitro assays for cytotoxicity studies of SPIONs

MTT assay is a widely accepted, non-radioactive, colorimetric based
assay [20,21]. MTT is derivative of a tetrazolium salt, which is con-
verted into purple formazan insoluble complex by enzyme within the
mitochondrial dehydrogenases [22]. Recent reports suggest that that
reduction of MTT can also be facilitated by NADH or NADPH within the
cells and also outside of mitochondria [22]. Therefore further mod-
ification of the initial protocol by Mossmann was proposed [23,24] in
order to increase the repeatability and the sensitivity of the assay. Only
active mitochondria contain these enzymes; therefore, the reaction only
occurs in living cells [25].

The neutral red uptake assay is based on the ability of viable cells to
incorporate and bind the supra vital dye neutral red. This assay is
widely used cytotoxicity assay used for biomedical and environmental
applications. The principle behind this is the weak cationic dye pene-
trates cell membranes by the mechanism of nonionic passive diffusion
and concentrates in the lysosomes.

The dye binds to lysosomal matrix by electrostatic interaction,
which is then extracted from the viable cells by using an acidified
ethanol solution, and the absorbance of the solubilized dye is quantified
using a spectrophotometer [26].

Another important assay commonly used is, LDH leakage assay
which is based on the measurement of lactate dehydrogenase activity in
the extracellular medium. The silent features like reliability, speed, and
simple evaluation are the major strengths of this assay [27].

The most widely used assay for viability study is the trypan blue.
The assay is simple method of determining cellular viability [28]. In
this the cells are sedimented onto slides and fixed in a mixture of trypan
blue and paraformaldehyde. The nonviable cells a stain with dark blue
color, whereas viable cells exclude the dye [29]. The major concern
with trypan blue assay is its difficulty to interpret because of staining
artefacts.

A number of techniques for detecting DNA damage (e.g. micro-
nuclei, mutations, structural chromosomal aberrations) have been used
to identify substances with genotoxic activity. The comet assay, also
known as single-cell gel electrophoresis (SCGE), is so named because
damaged cells form a comet-shaped pattern after electrophoresis. It is a
sensitive method to measure genotoxicity and cytotoxicity of chemical
and physical agents. The comet assay has also been used to analyse the
capacity of cellular DNA repair [30].

Continues metabolic process produces reactive oxygen species
(ROS) such as superoxide and hydrogen peroxide. ROS generation is
normally counterbalanced by the action of antioxidant enzymes and
other redox molecules. However, higher levels of ROS can lead to cel-
lular injury and may damage biomolecules such as DNA, lipids and
proteins [31]. This excess reactive oxygen species should be eliminated

64

Biochemistry and Biophysics Reports 13 (2018) 63-72

Receptor  Clathrip
SPION ) mediated  Mediatey et
Pass® o ytosis Endocytygjs "l
ifusion SIS gy, 0
&Lzatiyy

NN

ROS

Nucleus
Cellular stressI - DNA
Damage
5 Gene
Fe+ alteration

%

Fig. 1. Schematic representation of possible mechanism of SPIONs interaction and
SPIONs-induced toxicity at cellular level.

from the cell. The cellular antioxidant enzymes and other redox mole-
cules take care of excessive ROS and counterbalance ROS generated in
the cell [32].

3.2. Mechanism associated with in vitro toxicity of SPIONs

The most beautiful features of SPIONs is they can be easily attracted
and manipulated by using external magnetic field and in addition the
superparamagnetic properties, enables them to work as magnetic
switches. In addition the least toxic effect shown on human body has
attracted researcher to explore this system for maximum biomedical
applications [33,34].

Fig. 1 represents the possible mechanism of SPIONs interaction with
cell and toxicity at cellular level. The figure suggests that SPION can
interact with cell by different mechanisms. The prominent one are, a)
passive diffusion b) Receptor mediated endocytosis c) clatharin medi-
ated endocytosis d) and caveoline mediated endocytosis. After entering
inside the cell SPION are degraded by enzymes present in lysosomes
and breaks the assembly to form ions. This Fe + 2 ions generates re-
active oxygen species (ROS) by altering mitochondrial and other or-
ganelle functions and induction of cell signalling pathways which leads
to activation of inflammatory tells [35,36]. Possible mechanism of
SPIONs interaction and SPIONs-induced toxicity at cellular level is
shown in Fig. 1.

3.2.1. SPION associated plasma membrane toxicity

The SPION also shows toxicity by damaging the plasma membrane
and proteins. In addition to induction of cell signalling pathways,
SPION can stimulates the redox reactions and up regulate plasma
membrane proteins which results in the generation of cellular stress and
ultimately cell death [37,38].

It is observed that the toxicity assay based upon mitochondrial
functionality (e.g., MTT and XTT (2,3-bis-(2-methoxy-4-nitro-5-sulfo-
phenyl)-2H-tetrazolium-5-carboxanilide)), which are based upon re-
ductase enzyme may show large errors [39]. The reason behind this is
the redox active surface of SPIONs could widely impact electron flow
and change the mitochondrial functionality [40-42]. The study done by
Jeng and Swanson [16] showed that SPIONs had a major effect upon
mitochondrial function and maximum concentration tested was
([Fe] = 2.5 mM) at this concentration there was statistically significant
change in the mitochondrial function. In another study done by Au
et al. [40] similar results were observed and the authors have con-
cluded that SPION alters mitochondrial function as well as decreased
cell viability.

The study lead by the Stroh et al. [14] confirmed that citrate-coated
SPIONSs results in a substantial increase in protein oxidation and oxi-
dative stress [14]. The study also concluded that iron was the source to



Biochemistry and Biophysics Reports 13 (2018) 63-72

R.M. Patil et al.

(98pd 1x2u U0 panunuod)

[18] Iouueu JuspuUadap-9s0p B UT PIseardsp ANIqeIA [[92 yvg Tu/8W 00 T-10°0 LLA 1edeH
[08] JouuRwW JUSpUIdap-9S0p B UT PIseIddP ANIqRIA [[9D Tu/31 o8 03 dn LIIN pIoe dLme| J0 pe d1n VSN (ewoueppw uewny) /&-TAIN-)S
JTowk[odod
[64] ‘SNOIAS paieod-1ouwik[od uey) d1x0) 10w sem) suofe rowkjod Yz pue g /S gzl pue ‘19 ‘¢l LILIN  ourue [Auia/[oyodle [AUIA pue YA (uewny)) ewoueR
[84] S[[2D JO ANIqEIA 3Y) UT 9DUIHIP JUBIYIUSIS OU qve Tw/3uw LN 109418 sualAtd (upisaioy vewny) g§9SH
[£22] £)1D1X0) U} UI SDUIYIP JuedYIuSIs ou yzL wdd gg-0 LIIN (esnowr) €1€
[94] punoj sem AJ191X0) 9[qeAISSqO ON uve LIN [OH UreIaq/pe de[0 (esnowr) 6261
[s4] punoj sem AJ121X0) 9[qeAI2SqO ON qve LIN SpAyap[e-IeIN[H/ URSOIYD (esnour) 6261
[oz] punoj sem A)IX0} A[qeAISSGO ON ysy 1IN uesoyyd (ssnow) 6267
[ss] punoy sem AJ1DIX0) A[QRAISO ON ysy LIN vvd (esnowr) 6261
padeuwrep aq 0] Jou pareadde s[[2d pue
[¥£]  Arqelou sadeys [[22 2y} 23ueYD 10U PIP W (8@ UONELNUIIUOD YzL+T W 008 (4N) so4p a93d (ssnow) 6261
[P£T4] £y11x0) Juapuadap azis pue A3ojoydiour ygLbe W9 T-+0 LIN VAd pue 498d (asnowr) 6761
[e4] £y121%0) Juapuadap az1s pue £3ojoydiow [E%4 W Z°0 LLIN VAd (9snowr) 62671
(391012
[2212] S[[9D 9PISUT s9[21s2A sk Jo dduasaid o) pauLIyuod yzL W 008 [B1s£10) sakp VAd (asnowr) 67671
Pa1e0D UBIXSpP pUE dIeq 0]
[04£] poaredwod se AI[IqeIA [[92 10w UMOYS s9[onIed pajeod-urumqry Yz, +T Tur/8w G0°0 (npag) sakp PaZNneALISp -UTWNg[e pue uenxsp (wewny) [rg-L9ALY
sueIquUIDW
1129 913 03 paydene SNOIJS paieod urwise[do[niad 10 ULLIJOIIR]
[2¥] U033[9¥S034d> paidnisip umoys SNOIJS 1eq [ 74 Tu/31 0001-0 LIIN 91830 WNIPOs (uewnyy) s1Se[qoIqY [RULIDP
(;wo/3r 9g) pareneas asop
[69]  3s9y31y ay3 38 AN[IqRIA [[90 UI UORINPAI %G ‘I-dV JO UOHRALOR '§74 (Jwd/319z-0  eniq Iewere ‘LLIN uenxa( (+d 94r) s[[e2 [eutraprds suLmMN
*DIX0}034d Jjou
S1om sapnIed WU OG pue G Yl A[IYM ‘AI[IGRIA [[9 UI 9SBaIDP B
[69] umoys pey sopnted wu O "U3s U] sey AI121x0) papuadap 3zIs yve NEu\m1 9Z-0 °njq Iewee ‘LN uenxaqg MHH
(Tw/3w ) payeod-Hid 103 ANIQRIA %66
[89°29] {(Tw/31 0Gz) sapnred areq 1oy AN[IQEIA UT 9SEIIIP 9%605-GT uve Tur/3w 1-0 LILN urmsur ‘D (ueumy) sjse[qoiqy [eurIap uns
[99] Pa199319p A3101X0) ou W S0'€Z-2°0 LIN (Ao>juour) £-s0D Koupny
[s9] SI9[SI [OIIUOD I} 0} JB[IWIS dIIM SII[ST PA[[2qE[ JO ANIqRIA Tu/31 082 (1d) se4p uenxaq 19[ST URWINY sealdueq
uo
[£9] pPa1e0D 01 paredwod se AJI[IeIA [[90 PISEaIdIP PaMOYSs SINIA Ieq Tu/31 25 €21-0 LILIN uesoyD) (reny[edoieday uewny) 1Z/ZL-DININS
[g9] SAN Jo Tenuajod ©19z 9y} YIIM PIJRID0SSE SI AIDIX0) YT, sfep G 01 4+ Tur/81 000€-€0°0 D dWOIY0ILD) QoeJINS-dUTWE (wewny) godoy
T
[€9] Tw/81 00ST = 8£2-OIdSV-[eD JO 0SA'T skep g /3w g 0} Tw/31 €0°0 LIN ddejmSs-ourwe (uewny) goday
[29] £191X030145 Jo uonEdIpUl OU LLN OIdsn q-laeeq (ueuny) goday
[sT] portodar sem Tui/3rl 0Gg 1B 19349 dIX0) 144 Tuw/31 052-0 HAT (e ve Tad
iis
[Z1] /81 0Gg e LI[IqRIA UI 95BIIIIP 9,0S PUk JUSpUdop UOHRIUIDU0D 844 Tw/31 052-0 LIN (er) ve Tdd I2ATT
[19] Quo a1eq 0) paredwod se PAIQIYXd sem AJ11x0) IDYSTH %4 Tu/31 00Z-1 LIN uenxaq (ureiq asnour) 1921
Sleourdspunourure
[09] £3191%0) Juapuadop UOIBNUIDIUOD vZ Tu/31 00T-1°0 -1 TWNIUOWW BIAT}aWERID) BUWOID
[6S] Aqiqera (2 ur a8ueydp oN b Tui/Sur 03 dn (1d) se4p uenxaq 1[99 uuemyds
uonoduny [erpuoydojrur ur uorjerale
[o¥] pareaaa1 uononpoid SN paseanul (10°0 > d) Apueoyruldis 9 Tu/3M o1 HAT pue SLIN - (S[[9 9AION UBUINY) SIIAd0IISE SND
G} SNOIdS
sy uoneAldsqQ awrn ainsodxy JO uonenuladU0) pasn Aessy SNOIdS Uo [eLRew 3uneo), 2d£y 12D, uediQ

*[85] 7oy woiy paydepy sAesse 21x01014 JuaINIp Suisn sadA) [[90 JUSISIIP UO (PaJe0d Sk [[om Se aIeq) SNOIAS JO AIIDTX0] OMIA UT JO JUNOIIE JOLI]

1 9IqeL

65



Biochemistry and Biophysics Reports 13 (2018) 63-72

R.M. Patil et al.

(98pd 3x2u U0 panunuoI)

93Ukl UONBNUIDUOD pauruLIa)apaid 9y Ul S[[ad

[+9] @1 01 L191X01014> Ae[dsIp 10U PIP SNOIAS PazI[IqeIs-1ouWlpuap skep Tw/3w 08-0 LIX €D pue IWVINVd (ewoupied uewny) gy
Ppioe druronsoyded-oWIp pue
[+0T1] PaIRYY APURDdYIUSIS J0U Sem INI[ND [[3D Jo AN[Iqera qve Tw/3W §'0-50°0 LLN ‘upreday ‘UBIIXOp-OUIWE ‘URIIXOP ([ed1A19D URWINY) BTOH
SNOIdS Jo uoneiodiodur [eUIOSOpUD Y}
£q pajodyyeun 21oMm S[[92 pI[[eqe[ Y3 JO SADIPUI
[¥6] onoydode pue ‘9er yymoid ‘Afiqera urs)-3uof skep ¢p—1 LIN T1d (Teo1A190 veuwmny) ePH XIAIDD
[e0T1] x0(J 9015 03 d]qeredwod sem AJIDIX0J0IAD sy Tu/Sw 170 LIIN SNOIdS-TD.L (ere3soxd uewny) €0d  Spue[S 91eIs0Id
AW < SUONRNUIIUOD
[zo1] e (%18) Podnpar sem AN[IqeIA [[29 Y 8t 1o)je qve W G-T LIX OIND (3sea1q 9snowr) 014914
(190ueDd ISBAIq
uewny) qZy.L pue ‘LSTdIN ‘(Iseiq
[to1] ANIqQeIA [[90 Ul d3URYD I[qRAISSGO OU yzsz WM 00T pue ‘0T ‘T ‘T°0 SLIN [eutiou) 4GS ‘0TIN/SASIYSTH
S[[2 JUBISISAI SSNIP ISDUBDIUE PUB SANISUIS UT BLIPUOYDOITW
£q aye1dn uadAxo Jo aseardap pue uoneziuedio
[eINIONI)SENN BLIPUOYDOIIUW UI SUOTIRIdI[R [01231S9[0D
[001] 0] P9 WNIpaW 21M[Nd ul SNOIJS Jo dduasaxd skep ¢-1 Tu/30 001 LIIN /auroyd [Apneydsoyd pue suenxap (3sea1q uewny) £-IDN
s[[92 (aanisod 101dadar jonuod) xoyd/91g [e)y ) (3sea1q
[66] pue (2an1sod 103deda1 SNA) SNA/9Td 03 dIXOIUOU sem OI'TD-SNA 48k W 00T dLV 03 paydene Apusreaod usidey SNA asnowr) xOyd/91d pue SNA/91d searg
[86]  ‘SNOIdS pazifeurajul Aq palodyje A[osIoApe jou sem A[IGRIA [[32 yyz Tu/31 06 Xopal sOAVd 1B
ur/uoir
[£6] £11x0) Juspuadap UoHENUIIUOD qsy 31001 pue ‘05 ‘S SILIN dadaH (ex) DS
[96] a1eq 03 areduwiod se a1ow sem Suneod PIM AN[IqeIA S, yyz Tu/£Q%4-A 31 g1 wnijozenay, VINAd (uewny) DS pue (3ex) DSIAT
[s6] sisoydode a2y 109)5e 30U PIQ HZ/ VT Tu/81 052-05 1Pwod (uewny) DS
[¥6] Ppaloaeun arom sadiput anoidode pue ‘AIiqera uual-3uop sAep gp—1 LIN T1d (wewmy) DSIN RWAYIUISIN
[c6] A121%0} JO UONEIIPUL OU yzi SI[22 (01/31 00T-T LIN (VIADEd -4V WSINL)ATod (ssnow) DTT
(%08 < Limiqera
[z6] 1199) 9[qe1dadoe sem saxa]dwod pajsal Jo AdIKoL, ys8y—tc Tw/31 06 LIN 14d (uewny) TyyH
[16] Tw/3w = 0SDI Tw/3w LLN BOIIS (uewmny) 645V
SNOIdS Tw/31 08 pue Tui/3H of
[06] 0) 2msodxa I9)Je S[[90 64SY PAINIMD UL SUOISI] YN dATIEPIXO qpy qur/8 0g 03 dn Jowo) (ueumy) 645V
[o6] £)121X031 MOJ 10 ou Y81 qu/8n 08 03 dn SOV pue (41) SoAp (uewny) 645V Bun
[68] A191X0) 9[qEIIRIIP OU yzL Tu/31 0601 xopay apnoe[Ajod (en) 0TV SIPSNAL
[88] £3101%0) 9]qeId9)9p Ou qsy 3igr0 wnijozensy, €aDqvyas (3ex) auIf [0 34d0oydwA] I,
(eIUINNI[
[£8] (100°0 > d) Apuedoyrusis uonesdjrjoxd [[22 ygy Tu/Swg o3 Tu/3r oz LLN peredn(uod Wav uBWNY) ZOV/Z9SH PUB TSN
vid
[98] -Ofod WM pajeqndul WL)sAS [[9 3y} 10J 99p = dJel UONIqIYUI yzs Tw/3igg LLN umpuowure -[A1dayenay, (BrwoNno[ uewNy) 9SM
(Tuw/Sur QT JO UOIBIUIIUOD
[s8] oponaed “a°1) aesop pardde 1soy31y a3 Je o1%0) A[p[Iur A[uo sfep 1 01 dn Tur/Sw QT pue [ 14N pue LLIN uenxap a8eydoioeur a14>0uow UBRWINY
uondNpoid SOY pue a8ewrep
[$8] oueiquew Jo 92139p 1PYSIY oY) YI0q YIIM UONIB[DLI0D UT SEMEQTI] HA1 (L' ¥9ZMVY) S[1e0 28eydordewr
[¥8] padeys pox 0} anp SISOIAU Jo 32183p Iay31y 1-LSM SSNON
(prg)
[e8] skep £ 193je d[qela a1om saSeydoroeur Jo 9,0g skep £ Tui/30 001 S?Ap pue SIIN uenxap (uewny)saSeydordewr
o8ewrep juspuadop -awl} pue -UOHENUIIUOD
[z8] ‘yreap pue Amfur [[23 0) Surpes] ‘UoneIUSE SOY padueUY yo-1 Tw/31 00S-SC LLN 08 usdMm[, (surmw) /40 poorgd
W) SNOIdS
sjoy uoneArdsqQ  duwr aunsodxy JO uonenuIdU0DH pasn Aessy SNOIdS Uo [eLRjew 3uneod, a2dfy 119D, uesiQ

(ponunuod) T d1qeL


mycobank:MB157

2
3-7.
86
201

13 (

rts

ics Repoi

ics

d Biophys

an

istry

iochemisi

Bioci

L

il et a

Patil

RM.

a
rted by N
suppor n of a
as atlo
is w inistr
Thi in d
). dm se
(ROS ia co-a he u. t
ies via ich tha
eci oS in wh ed .
en sp of R in bserv e in
Xyg vels tudy as obs reas
ive o e le das It wi s inc was
eact in thes rte ner. eou hich :
the r fon in Iso repo t mann ultan itin w. tion in
e t] S en 1M IT! Ta
rat duc 1 a nd ith s fe ne
ne ic re 43 pe wi as ge
ge atic L[ e-de ion OS w. rode he
m tor. t a in dos idati f R eu t tl
dra hela S e in Xi . [0 to n t a .
c Bo Ns €ro tion d ffec it is
iron n 10 ipid p ra lea e di
1ro de SP lipi ne ich icular il
.- an ted in r ge hic ticu le a me
= 283 v n coa ease tor fo and w s partl ant ro the sa T
< 4 2 g s dextra: as incr key fac omes ting ha igniﬁc17]' At shorte
>°E’§m~ e w he tos coa a sign [ into
LR =B Sz < ther [43]. T t synap face n play toxicity ation o
§E 2 285 Td CE g dose d in ra that su ting ca with degrad xicity. the n
mw>_nu .~l=-'“ e d a ion to into Its
EZE 280 =59 5 g ort e co tio g0 se in su
3 2 - = S5 - o B 80 rep 4]. Serv f a rela de au ter re
3= g £ qﬁ~Eo [4 ob h o or un! dc en ay da-
Ea@&u»E ;:v'E:*- ivo Iso gt ive c ay t an ily ich m S
&g g o El S35 E 38 vi is a len, ativi N m en eas hic use f
~iry °’—==<E«=~ 0500: Iti the eg 10 ironm n dw ca. ©
0 S g = a = X n P on ca n er ng
NI n‘:mo»g hg%mw me ra d S VIr ize A a rth aki
S |EB Ef»“%‘é‘u A';ﬁ:“ eti it bea ate T en e si DN S fu bre
& E QE)TJ oy A F S g 2 sam t it ils co 1lula etr to RO dto £
& = SES R SSEZS g n tha tai ce nom age ed lea o
) 8 T intra in na m: leas y rea
g Eg g 2EE £= ¢ § 3 see nge in in da re ma ta .
£ Efg gE¢ £S5 F £ ime long the ing use the tion tan e fi
8 h<:o_=m HQ—EQ- m ithin bei ca,. a impor es
g 5 5 S8 £ ti ith s ay ion ntr p th 1
> = 4 g E g9 g < g 9 a ils wi ION d m ddit nce ims as ura
= o 5 @ B 5 j b =) tai SP. an a igh co . very . m, uct
5 = 2 s 55 T2 Sa= he ne S. In hig is nfir str in-
g & b G g & = o g T bra ROS. at re. ture co nd to i
m_.<m ..gu:,u em| f d ctu ruc to r a d -
b @2 g 2% g R 5 RS T mem| n o id an tru 1 st eds lula lea TO
=1 273 3} = a, S g s = lea tio ci As ta ne el ON llp
S - ERR- g = & SN D! c era ic a DN kele ON ing ¢ PI ce t
349 2 ES ] ) g 3 = in gen clei in tos SPI ining f S ed tha
EQ um:,;,ﬂ,_g v.:_Ng ing nu ing cy b intain S O eas n
S5 g g 5E g E g R g to ndi to d by ain dose decr how n
o =5 gt - 52 age bo injury ate in m ich in ly s how
E g —Dm‘“,_zﬁ‘-‘ —<‘3<°:o m, en inj re in hig| ing i rly S |
E OE,—E:Q : >"’"3 B g 0g r icity ¢ nt t Iting lea € to
— g 2z 5°°_= dr eo city e tha u 1 cle: som ds
53 e>~5~wl\ u:wuo hy ag xi lem ts res al. o lea
S 3 4:.-5 :gv v%u-‘v"‘ Dam e to ial e es on et tolip ich ed
g g = g g & g2 E & Th ntia ugg let en n hic eas
= = 85T £ h. e s ke en ag w Ccr 1
>‘~EE _19,,’6050"3 g g5 re ess dy 0s So d m. d de a
£3 fg% E i R b 2 eal e study cyt: by lle an n ers
2EE 582 S EE g g ! res ts ar he tin e ca re how rev
- S E3 gsgc® 20 E I & en - T ac don also itectu as s was leton
g g — s a E o9 g I 22 lam logy. the dy es hi 11 h ct ke
- 8% r:u;: mq)::mw ho th tu my rc e ffe 0s e
R “‘VJ':§=‘E .ﬂd‘“":v p wi he s iposo n a dec ee cyt om
£5 ¢ Egqu ﬁ=v[~: mo ce The s lip leto an t th fa e s
R Z = : Q = gE< E en 5]. in ke es ha ion o in ar ially
cwg _.:u,cmm - U_cmi— fer [4 d 0S. lex Is t on tin ial
g o 5] - g O - 55 » s 5 ter: . late yt p. a. t1 -ac TC
873 g 3 E =9 - E Y 5 tion su in ¢ com ve isrup fF me N.
9 2 =] ©g 2 5 & 50 85 % ifera ap ctin ion O re Dis o om 10
S g g8 8 Zu 4 & §5% g8 life enc a esio als 5]. ork is ¢ SP
EL8 EEUS'BV: =~.~°~ N t on dh dy 1[4 hw it i ted ing
e £ o 439 o w 25 g g ? PIO ec 1 a stu al €s OoV1 0a as
=] © = 2 g S S > 2z ] 0 S eff foca The orm ical m Res n c incre _
g S,S“’ ES:EEH < £ OEE irect of ility. to n tica 8]. xtra as i me
§ £H g o 82 g En =S > E dir ion bility mtor corf —4 de was 1 on
g g8 g 227 3 g 2 . =l ati ion a etu ic [46 Xy here vist cle
< 22 E S 29 g5 SR~ 8 & £ S form tion to r nam: N rbo: ist. t SO 11 cy
2 83 & 5 3 g g7 =) = ERS ifera yS dy PIO. ith ca Vist, f Re: ce of
o} 2 o—ﬁ_:%oﬂ hg:—oﬁ oli 7 da: nd f S it] eso o nd ion
g © Humohm o~°““ pr k 7 day a o d wi ith R tudy h a ssi
2 25 e 3 g3 =l Dwa 2 too ulin, cts late it rs wi] re
° e £ S 5 = 535 - nd tub ffe u led w the 1o €Xp
m—mbo_?,d_ﬁggnr a in, d e form belle no 1arg. the in
= 2 S92 g 4 2 <8 2 q otei orte nt Is la In a ellu in se i
2 S EEE =83 g% £5g9 pr rep age el 9]. In : dc ions increa;
] £ s > ) C ifie 1 C
£ : ; E g ,E g, '§ g 8 g S gz other ble MRItic lsletlevels 54ampllﬁby alterat hown lré]
() ped BT |2 ) 2 3 u_ﬂ = .la ea 'Il . . s [4 . TO-
=] - BNEN-ﬂﬁ=Q“"=g°‘ ai Cr li we ed line S ac
E = Q& = g E 2 g5 S av an insu ho ni 11 N. m
3 < 20 —'::mE:*—‘uT<“,_-: p in in s a e PIO on.rS
1) NI Q¥ ! £ < g% © 5 hen A n ells mp Dec S N ou
& Q o X £ g 5 5 s 5] = . B W ion C CCO: 50]. BJ ted PIO hav: f
><5 ;hagozﬁowhka ess: tem S a 'S[ RT- oa fS be i o
= w B == S &9 T T S . a in: E -Cl o r n
E ;: B E = £ g j:g g ,_g 2 g expchymal This V‘; prOtelastS (hT nsferrin effect. cellula: Xpressl(;NF.
g o 8 RS g 3] 38 k= g sen ion. tor, b tra the ein de
s ° AN €538 i ess la ibro to n ng se -0 -
u®>\ l}nﬁo"'c < T u fi e W! ha. €a to ap
.~>a.»E ochwog ! rog reg an ns ho c cr is fac c
- ::c:Uﬁm-*oN.—;' p cle m SO es was s in is tory
8 g gz Z2g e =3 ¢ =8 ¥ 11 cy hu in re hav re wa, Cros ula
g E 2935\,"2\56‘“-0’54: cell ¢y ary ion i ies t the here ne od -
3] > g5 2N S8 g 5] o TIm tio: ud ha ion t or m as
2 E % S 23 5 0 o = % 9 < P ifera st d t! ition tum no P
g g2 £5 8 2oy Z 8 52 olifer itro ale ddi of tum mu xicity
g, =S £ 5 EX 2528 Rl ) 11 pr t inv reve In add ition n im toto €204,
- g9 B3 g.ﬁw,ﬂgsawv. ce en dy jon. inhibi t o cy oF.
g P 7 @ Tz WND‘:M,E ec tu S10 n ec itro C als
S8 I\ =} A g8 — 2 - E p 2 R he s res di effe vit 04, eri
£z ° ggagg‘mge‘hcug T! exp: an ial in Fez at s
ov, :IT)Uo‘aZ/S’ &wam.-c ges. ine F-a ent on h as : m ou
S 873 o) g S 3 e 2308 RO ha oki TN ot sly uc ting cer
Ea‘>:=333“”55“'i‘18 ph cyt 10, he p rou Pss coa can
@T;xﬁt’“:“’ <°‘[—'E w a €s ied r r iffer 11
S g g E £ g g = 2 5 4, ugg! die the di ines, e
@foﬁso‘am‘“ = - L-1, ich s tu do ith 11 1i S W
Tl'ae-ob,s g % 5*@2 I hic 53]. Iso stu an wit t ce re a is
o g8 §'y & g g g = A % g = ) W [51- s al rrite icles ifferen (ba ays
Q w«s@:‘om ~<,,;9mgo a,.s ha: fe rtic iffe Ns.aSS
@ macu uu‘==wu>,-‘~ ilitie p nt a d 10 c
= = B © < 9 8 < P Q Q: ili ou iffere op: on SP X1
-y E E E £ g EE‘ R g ig z § & ab Our grith diffe O4 nan assays icity Oft cytoto
b égSGWiﬁ“{R:sﬁﬁg“ iated w ZnFey blue ] toX_ererl
< § 82 2 552 5% : ciat " pan -571.. vitro diff
£ g < %33 53 g <8 S = 50 ZnFe;0 nd try s [54 of in using
2g EEcx =52 5 2 8 Ni- MTTa Il line count types
= o s 5 e = . (S] C
“ %g‘”s 2 ﬁgégﬁ §.§§§ using lrrnalcbriefa t cell
% Egﬂ.gg—'{ggo‘gg%w ndl’lo1 1-Adifferen
s 2 © o) ~ ] ) a el
5 =7 ) £z %z 5k Tab @) on i PIONs SPIONs agnet
g kY £E gz R 81 g . coated in deta dies of § ity of cing e
= 9 = = 5] 5 =5 N8 a: 1 X1 u ic
— mﬂxﬁ« '58c~'°‘7'§ sse tu ivo to. by h to
&) £Eg ';*‘“°m-~8§"3 iscu ity s in vivo issue ion, w. ad
£ e $ 8 g g & 223 2 dis icity ith in tissue tion, le
3 Ex E - = E E L g 2 g tox: ith lar lica ay d to
g Ewﬁw&ﬁquHQ‘”ﬁ ivo iated w icu is app his m lea
g g 3% 5 25 TES R e 32 In vi ciat part sis w ] ay fu-
o) g $8>055283~E?» 4. asso ina iagno N°~hm t on
& 2 f2k E @ % 9 R E & g ism d dia 05]. hic ac ot
-5 19} ;-mo,:,mr;‘:_g ~m~£= anis ate or 1 w. .mp is n
g < E£E g¥ £ 3 22 o 2 ech reg apy rea issue v nt i s i d
S o:gj:‘:zabﬂxwas 1. M age her ta d d ifica ce iate
&) ~.*:.~_.v’ <<¢-'—‘>,m 4.1. are T t in tha se ien m oc
2 ug~wo£ §V.n'c>‘><u Ns fo. in po. sig er SS
Fw::““g"”'aﬁoib‘ PIO cts ions € €x ea in g en a
bm88‘65>>:9~5‘“ge‘6 he S effe ations th hav e be
& : B g S E - tr in T om as
£i: fez 2% ¢ 252 o aximum free Fe ions fead to or 1 hat ion
£ % m. . al
agU%&)x-EE;v %z‘-‘b for hig free can le: o te t
Hmmum(ﬂz'>>~mum2 to of ich idelity no
.ﬁuw_zﬂm NE\O/Z?H * ads Is hi fide be
°98=5o“z,;£°;°°°~>~[- le leve ew the to
hw'ﬁ'sgﬁz.'~:%mm igh mag if also
2 a:'c;s-,:uwgoo? 5 8 hig| da.s It
£ £ g“g 2 25 P .4 z S cellularneratlone,—los]
~ o o—t
F re generator
g - S = .
= £ g%~~ﬁwg~a%v%és intain
- 2 EE&ENH,:.:E'E‘SS ma
EE %ET@@;?%BSEZE@
A o NI < = =1 = 8
£ g s s@-gwga%‘f@gzg
3 |g& e@s@isgaéggwg
= < 25 % g <
S -%zi«é%%:@i%e“
-;;agawgnsé~
L9 =} S L (=%
=) 5 3 ) 20 §
S 3 & 48 g = =
3 25 ) 8 a
£ - < = B
Q o 1) =
5 - g =
O <
" 5 o
= | &
c
s

67


mycobank:MB157

R.M. Patil et al.

with cancer different researchers has explained various mechanisms for
these effects [109,110].

The physical and chemical characteristics of SPIONs are considered
as crucial factors to determine pharmacokinetics, toxicity and bio dis-
tribution of magnetic nanoparticles [57]. Till date very few studies are
available on humans which can discuss the detail property of SPION.
One such study is done on Ferumoxtran-10, which is a dextran-coated
USPIO (ultra-small SPIONs). It has seen that this NPs have shown to
induce the transient effects including urticaria, diarrhoea and nausea
[111,112]. The same system when it was exposed as commercial con-
trast agent in living system, adverse events from USPIO were reversible
and diminish with the time [113].

Chertok et al. [114] checked the possibility of SPIONs as a drug
delivery vehicle for magnetic targeting of brain tumors. Animals were
intravenously injected with nanoparticles (12 mg Fe/kg), no observable
toxicity was found. Pradhan et al. [115] found no significant changes in
haematological and biochemical parameters and suggested that the
high dose had raised the Serum glutamic pyruvic transaminase (SGPT)
levels suggesting the hepatic toxicity while the detail histopathological
images suggested that there was no morphological changes was noted.

The study done by Liibbe et al. [116] developed a stable nanome-
dicine of magnetic nature and to which different molecules of drugs,
cytokines and other molecules are chemically attached and directed
inside the cells through magnetic field. Various concentrations of the
magnetic fluid were tested in rats and immunosuppressed nude mice.
As a result, the Ferro-fluid did not cause major laboratory abnormal-
ities. Hu et al. [117] coupled PEG-coated Fe;O,4 nanocrystals with a
cancer-targeting antibody, rch 24 mAb as a MRI contrasting agent.
After completion of successful invitro cell line study the assembly was
used for in vivo experiments for identification of human colon carci-
noma After the experiment the nude mice recover anaesthesia and lived
normally for weeks, which demonstrates that the bioconjugates have no
acute fatal toxicity.

4.2. Genotoxicity

It has been seen that the any type of cellular stress has shown to
have expression of different signalling factor. Similarly, the SPIONs
exposure uplifts the expression of genes which are involved in cell
signalling and shows the impact on signalling transduction pathways.
The, uplifted genes includes; tyrosine kinases, integrin subunits mem-
bers of the protein kinase C family, Ras-related protein, extracellular
matrix proteins (ECM proteins) and matrix metalloproteinases [46]. It
is also reported that in vivo administration of dietary iron in rats had
increased number of DNA breaks [118]. Polyaspartic acid-coated
magnetite NPs in vivo study demonstrated a time and dose-dependent
increase in micronucleus frequency [16].

Fig. 1 explain the possible mechanism of ROS after exposure of
SPIONSs following internalization via a number of possible mechanisms
is shown in Fig. 1, [119,120].

4.3. Immunotoxicity

Immunotoxicity is the study of toxicity effect of NPs on immune
cells [47]. Till date very limited data is available which can suggest the
interaction between immune system and SPION [121]. The study done
by Shen et al. [122] shown that administration of iron oxide nano-
particles, in a dose-dependent manner significantly weakened in-
flammatory reactions and delayed the expression of interferon-y, in-
terleukin-6 and tumor necrosis factor-a at the inflammatory site [123].

4.4. Cellular stress
Cellular stress due to SPION is important factor for expression stress

molecules. Gao et al. [124] reported that SPIONs lowers p53 expres-
sion. He also studies the effects of SPIONs on cell cycle regulatory
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proteins [124]. Spindle cell sarcoma and pleomorphic sarcoma in rats
was reported after I/M exposure of iron-dextran complex [125]. Ex-
pression of hepcidin was observed in iron-overload in vivo [126-128].

5. Fate of SPIONs

In the literature, most of work was carried out to study the toxic
effects of SPIONs but a very less data was available on the final desti-
nation of SPIONs after exposure in vitro or after administration in vivo.
It is a prime importance to study the clearance or use of SPIONs after
exposure to body for a particular therapy application such as in drug
delivery, MRI and hyperthermia.

5.1. Fate of SPIONs in vitro

In vitro studies suggested that SPIONs are avidly taken up by fi-
broblasts, macrophages and tumor cells. The surface property of the
SPION has greater impression on the uptake inside the cell. For ex-
ample, the system of carboxydextran-coated SPIONs of size ranging less
than dextran-coated SPIONs had shown the higher percentage inter-
nalization inside the macrophage cell, but this uptake is not associated
with cell activation as no interleukine-1 release is observed [129].
Muller et al. [130] hypothesized that the cell toxicity was only con-
ferred after internalization into the cells [130]. Furthermore, Muller
et al. confirmed particle internalization into the granulocytes by la-
beling the particles with luminal, a chemiluminescent dye, which nicely
correlate with intracellular iron uptake [85].

5.2. Fate of SPIONs in vivo

SPION once administered, the fate inside the body is dependent on
various parameters which include size, shape, and most important
coating done on the surface of the particle. One study has reported that
initially the SPION once administered, enters into liver and spleen
[131,132]. The system developed of oleic acid/pluronic-coated SPIONs
had shown that more than half of the drug were accumulated inside the
liver of rats [133,134]. Similarly one study has reported that following
internalization of dextran coated SPIONS, the particles are accumulated
in lysosomes. The iron oxide is broken into iron ions via change in pH
and ultimately gets incorporated into haemoglobin. The dextranase
further helps to break the dextran coating and facilitate the degradation
[129]. The important question here arise that this degree of degrada-
tion is highly dependent upon the protein corona present on the surface
of SPION.

6. Conclusions

This review discusses the properties of SPIONs that may contribute
to their toxicity as well as some methods of assessing this toxicity in
vitro. The importance of in vitro toxicity testing has increased in recent
times, mainly due to its desirable qualities over in vivo testing.
Specifically, in vitro tests are easier to manipulate, more cost effective
and easier to interpret.

Toxicity of SPIONs is proved to be concentration dependent and it
also depends on exposure time. No observable toxicity is seen at lower
levels of SPIONs as these particles can be cleared from body. While in
the case of high dose exposure, the particles may trigger cellular stress
and altered response. Hence some more studies in this direction are
needed. In addition it is noted that the functionalization of SPION with
biological moiety has shown least toxic effects, but it is critical to design
functionalized SPIONs which are able to meet sufficient internalization
property and are appropriately magnetizable, and also meet the de-
mands of a particular application without compromising on cellular
toxicity. The criteria to define toxicity of SPIONs needs to be redefined,
particularly as studies on SPIONs have begun to highlight aberrant
cellular responses including DNA damage, oxidative stress,
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mitochondrial membrane dysfunction and changes in gene expression
all in the absence of cytotoxicity. Hence terms such as biocompatibility
need to be revaluated when commenting on the safety of these SPIONs.
This will ensure the safer use of SPIONs in nanomedicine and will help
to establish novel targeted therapies with improved design that are able
to deliver their beneficial promises to the medical field.
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