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The  potential  of iron oxide-based  nanoparticles  (IONs)  as  theranostic  agents  is believed  to  be  in  a great
part  due to  non-invasive  diagnosis  and  therapeutic  applications.  However,  there  is  still  a lack of well-
recognized  methodology  to assess  bioresistance,  hypotoxicity,  reactivity  toward  pertinent  biomolecules,
as well  as an  eventual  dose  of  IONs  as  prerequisites  for their  clinical  use.  In this  study,  we demonstrate
how  application  of  high-resolution  ICP-MS  in  combination  with  conventional  ultrafiltration  can  address
these  important  issues  in  a simple  and  high-throughput  way.  Based  upon  interference-free  and  sensitive
measurements  of  iron  and  sulfur  isotopes  ensured  by  sector-field  ICP-MS  mode,  the  comparative  testing
nductively coupled plasma mass
pectrometry
agnetic nanoparticles

creening
ltrafiltration
uman serum

of a series  of novel  IONs  modified  by PEG  or PEG  and  an  ionic  liquid,  was  performed.  Satisfactory  stability
(less  than  1 %  of soluble  Fe),  minor  toxicity  (by  virtue  of releasing  a free  iron)  and  transit  into  bioconjugates
in  human  serum,  different  in speed,  proved  the  prospective  of  the tested  IONs  for  in-depth  preclinical
development.

©  2020  Elsevier  B.V.  All  rights  reserved.

tability

. Introduction

There is a growing demand for advanced nanoscale diagnostic
nd therapeutic tools and among these, iron oxide-based nanopar-
icles (IONs) are arguably the most advanced nanomaterials to
fford improved diagnostic imaging, drug delivery and therapeu-
ic applications [1–6]. Specifically, the therapeutic efficacy of IONs
tems from their ability to target the diseased tissue, activate a
rug, locally produce a temperature increase (following, or not,
he application of an external source of energy), modify genes,
eplace diseased cells by stem cells, etc. [7], as well as due to intrin-
ic tumor-inhibiting action [8]. This makes them potentially useful
or treatment of a wide range of different diseases. Furthermore,
umerous in vitro and in vivo studies have demonstrated the safety
f medicinal use of IONs, particularly, in case of polymer-coated
ormulations [9,10].

Nonetheless, despite the appeal of IONs for both diagnostic and

herapeutic applications, there is relatively little progress toward
ranslation to clinical applications. Indeed, while a great variety
f IONs were synthesized and tested in the past decade, includ-

∗ Corresponding author.
E-mail address: andrei.timerbaev@univie.ac.at (A.R. Timerbaev).

ttps://doi.org/10.1016/j.jpba.2020.113479
731-7085/© 2020 Elsevier B.V. All rights reserved.
ing multifunctional materials [8], only a few nanomedicines have
been commercialized for treatment of iron-deficient anemia and
cancer, e.g., Venofer® and Nanotherm®, respectively, as well as
for tumor imaging (Feridex I.V.®, Feraheme®, Endorem®, etc.) [11].
The reasons of the delayed use of IONs for human treatments are
multi-fold. First, it is hard to identify a nanosystem that is better
than others as each research group tries to prove the advantages
of a nanomaterial on which it is working, compared with oth-
ers. Furthermore, in the academic world, the development of ever
new formulations published in high-impact journals is rewarded
much greater than pursuing clinical development of existing for-
mulations. Next, the characterization of new IONs for biomedical
applications usually covers the topics of the dimensionality, chem-
ical composition of the inorganic core and the organic shell, and
the resulting magnetic properties [12] but lacks understanding
of the interactions of these materials in biological media [13,14].
Lastly, screening and preclinical development programs in use
for IONs (as well as other nanomaterials) are not systematically
optimized and for the most part are deficient in assessing phar-
macological properties such as stability in physiological medium,

bioresistance, nontoxicity, an inclination to biotransformations in
human blood serum, etc. Notably, a deficiency in any such qual-
ity would disqualify a nanomaterial yet at the stage of preclinical
examination.

https://doi.org/10.1016/j.jpba.2020.113479
http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jpba.2020.113479&domain=pdf
mailto:andrei.timerbaev@univie.ac.at
https://doi.org/10.1016/j.jpba.2020.113479
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Table 1
Characteristics of IONs prepared using different coatings and ammonium salts.a

Synthesis system
CFe in suspension
(mg L–1)

Soluble CFe

(�g L–1) (%)b

PEG–ammonium sulfate 0.91 ± 0.05 9.6 1.1
PEG–sodium nitrate 0.99 ± 0.08 10.0 1.0
PEG–sodium acetate/carbonate 1.21 ± 0.09 7.0 0.6
PEG–IL–sodium nitrate 1.22 ± 0.08 5.1 0.4
 O.V. Kuznetsova, O.B. Mokhodoeva, V.V. Maksimova et al. / Jou

It is the pharmacological component often being overlooked
hat motivated us to develop an analytical approach which could
elp establish a screening framework for IONs, preferably adapt-
ble in routine bioanalytical laboratories. Sector-field ICP-MS was
hosen as a quantification tool for the principal elements, iron
nd sulfur, as a part of nanomaterial core and pertinent blood
iomolecules, respectively, due to method’s proven ability to cir-
umvent spectral interferences as well as matrix interferences from
omplex biological milieus as human serum [15,16]. By taking
dvantage of its simplicity and adaptability, we applied here com-
on  ultrafiltration to separate the nanoparticulated and soluble

ractions of iron and sulfur and to obtain the filtrates amenable to
irect analysis. The merits of such sample preparation, using 100
nd 30 kDa cut-off filters, have been demonstrated recently using a
ingle sort of IONs [17]. With the objective of promoting the devel-
ped ultrafiltration-ICP-MS assay as a high-throughput screening
latform for medicinal nanoparticles, we prepared a series of novel

ONs by an original method using PEG (or PEG and an ionic liquid,
L)–inorganic salt–water systems [17] and compared them in terms
f appeal to further preclinical testing.

. Experimental

.1. Chemicals and materials

The IONs were synthesized and coated according to a facile
ne-pot procedure reported previously [18]. In more detail, the
odification of this procedure, as well as particle characteriza-

ion, is described in the Electronic supporting information (ESI).
he resultant ION suspensions were diluted with 10 mM phosphate
uffer (pH 7.4) containing 100 mM NaCl (PBS), to give 2 × 10–4 M Fe

n final standard suspension. Amicon Ultracel units with a cut-off
olecular mass of 30 or 100 kDa used for ultrafiltration experi-
ents were purchased from Millipore (Molsheim, France).
All reagents were of analytical grade and products of Sigma-

ldrich (St. Louis, MO,  USA), including human serum (from human
ale AB plasma; total protein concentration 40–90 g/L). High purity
ater obtained from a NANO Pure purifier system (Thermo Fisher

cientific, Waltham, MA,  USA) was used.

.2. Sample preparation

Each standard suspension of IONs was added to an equal vol-
me  of PBS or human serum solution and a mixture, composed of

 × 10–4 M Fe in PBS or 10-fold diluted serum, was incubated at 37
C. Aliquots (0.5 mL)  were periodically taken over 1 h, placed in an
ltracentrifugation unit, and centrifuged for 15 min  at 10 000 rpm
t 0 ◦C. The filtrates were diluted (1:10) with 3 % HNO3 and taken
or further analysis.

.3. Analysis and data acquisition

An Element 2 instrument (Thermo Fisher Scientific) was  used for
CP-MS measurements. The total iron and sulfur in acidified sam-
les were determined using the following instrumental settings:
lasma gas flow, 14 L min–1; auxiliary gas flow, 0.9 L min–1; neb-
lizer gas flow, 0.9 L min–1; analyzed sample flow, 0.8 L min–1; RF
ower, 1200–1300 W;  dwell time, 1 ms.  External calibration was
one against calibration curves prepared using one-element stan-
ard solutions (High-Purity Standards, North Charleston, SC, USA)

n the range of 0.1–100 �g L–1 Fe and 1–1000 �g L–1 S, and In as an
nternal standard to monitor instrumental plasma stability. Work-

ng with diluted serum samples ensured no substantial salt built-up
n sample introduction system or matrix effect on instrumental sen-
itivity. Concentrations of soluble (non-particulated) iron species
nd a total of sulfur-containing serum compounds were calculated
a From 3–5 different syntheses.
b As a part of total particulated iron.

as the iron or sulfur concentration in filtrates, respectively, with due
account for the blank signals of serum (in case of toxicity testing)
and IONs. Although sector-field ICP-MS measurements enable tack-
ling spectral interferences for the monitored iron (57Fe) and sulfur
(32S) isotopes and hence bridging the gaps in resolution and sen-
sitivity distinctive to quadrupole-based instruments, the acquired
results were validated against the data of ICP-optical emission spec-
troscopy analysis (the operating parameters are listed in Table S1).

3. Results and discussion

3.1. Characterization of IONs

The size, shape and charge of the IONs stabilized with PEG and
IL have been investigated as described in detail in the ESI using
common characterization techniques. Briefly, these measurements
showed that most IONs are nearly spherical and roughly monodis-
perse with a primary particle size in the range of 10–20 nm and
approximate zeta potential values ranging from –23 to −27 mV  in
PBS (see Figs. S1–S5).

Other key questions to be answered when characterizing novel
nanoparticles include: What is the concentration of iron in a sus-
pension; and how repeatable is the ION preparation in terms of iron
content? The iron concentration in standard suspension is impor-
tant to knowing the amount of material added to human serum (see
below) or animal subjects. In its turn, variations in iron content may
originate from every synthetic/washing-out step (as detailed in the
ESI) and should be minimized, especially if the scalable production
of IONs is the task (the standardization and a large-scale production
remain a bottleneck in their clinical development).

Table 1 gives the concentration figures of interest determined in
suspensions diluted with PBS and acidified right after the synthesis.
In this way, any possible effect of storage or the phosphate medium
on particle stability [17] was avoided. From the data of Table 1, it
is evident that for each type of IONs the synthesis repeatability (in
terms of iron content) is acceptable, as RSDs do not exceed 8 % even
for particles prepared at different days. The ‘best’ case regarding
the deviation of actual Fe concentration from the theoretical value
(as from iron salts taken for synthesis (see the ESI); 1.0 mg  L–1) is
presented by the PEGylated IONs prepared in the nitrate medium. It
is worthwhile to note that for the IONs, originating from the sulfate
medium, the background signal of 32S was too high (0.64 mg  L–1)
to include the material in further biotransformation studies.

3.2. Particle stability in PBS

Previously, it was reported by Jedlovszky-Hajdú et al. [19] and
Kuznetsova et al. [17] that IONs even stabilized with polymers can
exhibit instability effects in PBS and the stability problem is related
to the nature of the buffer. The most plausible explanation is behind

the polymeric structure that does not completely coat the mag-
netite surface, leaving free Fe OH groups to be confronted by the
phosphate groups. Therefore, we  deemed it mandatory to prove
that the IONs under investigation are sufficiently stable against
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Fig. 1. Degradation of IONs, coated with (A) PEG and (B) PEG and IL, in human serum as a function of time. Black and open circles show the traces for low and high molecular-
w ed ser
f

i
m
o
c
l
q
o
o
t
t

3

I
p
e
1
1
(
a
s
t
t
i
n
a
p

c
a
o
i
c
a
t
i
e
b
i
r

eight  iron, respectively. In the latter case, the iron blank signal for untreated dilut
rom  the nitrate system and analyzed in triplicate.

ron leaking yet before introducing them into a harsher environ-
ent of human serum. As can be seen in Table 1, the concentration

f Fe in the filtrates obtained after the filtration through 30 kDa
ut-off filters is in the low �g-per-liter range, comprising thereby
ess than 1 % of total particle-core iron which is quite an ade-
uate stability indicator. It should be mentioned that the amount
f released ionic metal slightly varies over the recorded period
f time (0–30 min; see Table S2) and the values presented in the
able correspond to a maximal release due to the phosphate reac-
ivity.

.3. Bioresistance of IONs

In human serum, aside with becoming enveloped by proteins,
ONs would face a complex serum matrix that might further com-
romise their stability. In experiments designed to verify this
ffect, we applied IONs at a concentration of 1 × 10–4 M Fe (in
0 times diluted human serum) to imitate an average dose of
–2 mg  kg used in in vivo studies on experimental animals [20,21]
see [17]. for calculations). The resulting samples were analyzed
s described in Section 2.2, and Fig. 1 displays time evolution of
oluble iron species. To infer these dependences, it is important
o comprehend that as the IONs degrade into dissolved iron ions,
he latter are sequestered in iron storage proteins [22]. Therefore,
n the case of IONs stabilized only by PEG (Fig. 1A), a more sig-
ificant variation was observed for high molecular-weight iron,
s a result of the formation of iron-containing sequestration com-
ounds.

Major differences in stability can be observed as a function of the
oating from the comparison of panels A and B in Fig. 1. Evidently,
dditional shielding of particle surface by the IL led to protection
f Fe OH groups against serum phosphate (and possibly other
ron-coordinating ligands) and thereby to a greater compositional
onstancy. On balance the iron species released from IONs during

 short residency in human serum (<20 min) constitute only a frac-
ion of original material (≤1.2 %), being in effect at the same level as
n PBS (see Table 1). Physiological importance of such short time is

xplained by the characteristic timescale of ION circulation in the
lood, which comprises only a few minutes (e.g., for commercial-

zed Resovit® and Endorem®, the blood half-lives are 5 and 6 min,
espectively [23,24]).
um (14.7 ± 0.4 �g L–1) is taken into account. Both types of particles were obtained

It should be pointed out that the production of ionic iron species
within serum can be regarded ambivalently for in vivo applications.
On the one hand, there are data showing that iron overload exhibits
toxicity in humans only at a concentration above 60 mg  Fe per kg
[25]. On the other, non-protein bound iron, even when present in
trace amounts, can induce oxidative stress due to its ability to cat-
alyze the formation of reactive oxygen species [26]. Anyway, our
quantitative measurements revealed the existence of the major-
ity of Fe in the nanoparticulated form (≥99 %), and a fairly slow
release of iron converted into protein adducts may  be offset by the
clearance from circulation by endogenous pathways.

3.4. Binding to serum biomolecules

While a well characterized phenomenon (see e.g. [14] and ref-
erences therein), the formation of the biomolecular corona, an
inevitable event for IONs in human serum, has a mixed charac-
ter in terms of biomedical implications. When covered with serum
proteins. IONs exhibit a lower uptake (compared with the ‘naked’
particles), which by one account makes them less suitable for tar-
geted drug delivery or visualization. On contrary, IONs bearing a
protein corona might better escape the immune system, cross bio-
logical barriers and being larger in size, avoid rapid renal clearance
and hence possess enhanced circulation.

In our case, the PEGylated IONs lose their synthetic identity
very fast and after 10-min exposure to serum are covered by
biomolecules (Fig. 2, lower trace; note that our approach does not
distinguish between proteins, lipids, amino acids, etc., all of which
are capable to adsorb on particle surface). This finding is in agree-
ment with a well-accepted concept that a biomolecular corona is
immediately formed when nanoparticles come in contact with a
biological milieu (even though the PEG functionalization is sup-
posed to endow them with improved protein resistance [27,28]).
For IONs coated by PEG and IL, the transformation into biomolec-
ular conjugates takes obviously a longer time (see Fig. 2) and over
the time of observation, the corona formation does likely not reach
the state in which a stationary composition is attained.
Summarizing, by a smart coating, IONs can be enriched with dif-
ferent reactivity toward serum biomolecules and corona formation
degree, with high relevance to the biomedical application. From the
screening viewpoint, it is important that the developed assay is apt
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ig. 2. A decline in the content of serum sulfur-containing compounds due to pro-
ressively enveloping the IONs covered with PEG (black circles) or PEG and IL (open
ircles).

o reliably monitor the transformations of IONs in real biosample
rrespective of their kinetics.

. Conclusion

The results have shown that sector-field ICP-MS offers a versa-
ile tool of quantifying the target elements, iron and sulfur, in the
ionano system under scrutiny (the limits of detection are 0.9 and
1.0 �g L–1, respectively) and in combination with ultrafiltration,
orms the basis of an adaptable screening platform to assess impor-
ant pharmacological properties of engineered IONs. Focused on a
eries of novel IONs, we were able to evaluate relative stability,
oxicity and reactivity in human serum and in this way, to portray
hem as candidates for further preclinical development. While a
iven set of characteristics may  be not comprehensive, the lack of

 single of them could impair the performance of IONs, making the
ifference between success and failure in clinics.
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