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ABSTRACT: We report here a facile and green synthetic
approach to prepare magnetite (Fe;O,) nanoparticles (NPs)
with magnetic core and polyethylene glycol (PEG) surface
coating. The interaction of the bare and PEG-coated Fe;O,
NPs with cytochrome c¢ (cyt ¢, an important protein with
direct role in the electron transfer chain) is also reported in
this study. With ultrasonication as the only peptization method
and water as the synthesis medium, this method is easy, fast,
and environmentally benign. The PEG coated NPs are highly
water dispersible and stable. The bare NPs have considerable
magnetism at room temperature; surface modification by PEG
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has resulted in softening the magnetization. This approach can very well be applicable to prepare biocompatible, surface-modified
soft magnetic materials, which may offer enormous utility in the field of biomedical research. Detailed characterizations including
XRD, FTIR, TG/DTA, TEM, and VSM of the PEG-coated Fe;O, NPs were carried out in order to ensure the future applicability
of this method. Although the interaction of bare NPs with cyt ¢ shows reduction of the protein, efficient surface modification by

PEG prevents its reduction.
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1. INTRODUCTION

Magnetic iron oxide NPs, especially magnetite (Fe;O,) and
maghemite (y-Fe,0;), have gained considerable attention
because of their biocompatibility and use in MRI contrast
enhancement” tissue repair,> immunoassay,” detoxification of
biological fluids,® hyperthermia,6 targeted drug delivery,7’8 cell
separation,g_11 and so on. As a result, several commercial
products based on iron oxide NPs are currently available for
human diagnostics. However, the use of magnetite NPs may
accompany risks and deleterious effects associated with their
increased usage particularly when they are used without
appropriate characterization as biological agents.">™'* It has
been known for long that iron, when present in excess in
human body, can be associated with carcinogenesis. The
presence of iron has also been implicated in the generation of
reactive oxygen species (ROS), which can cause direct damage
to DNA, proteins or lipid molecules.">™'® Although iron oxide
NPs are generally well-tolerated in vivo, appropriate surface
modification, particles size, and core—ligand comgposition can
play definite roles in physiological responses."” For these
reasons, magnetite NPs are typically surface-modified or coated
with biocompatible polymer molecules (e.g., polyvinyl alcohol,
dextran, etc.), which improves their colloidal stability in
physiological media, reduces toxicity, and significantly increases
the blood circulation half-life by minimizing the protein
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absorption on the NP surface.”®™>* Especially polyethylene
glycols (PEGs) of long polymeric chains being highly water-
soluble and nontoxic to large extent, have found significant
applications in the structure stabilization and delivery of drug
biological molecules, which is very much necessary in drug
research field.*>% Therefore, fabricating any route for an easy
and time saving strategy for the synthesis of PEG coated iron
oxide NPs would be of utmost importance. Although large
number of coating strategies have been applied and appreciated
for the PEG-based modifications of magnetic NPs, the synthesis
pathway remains more or less complicated so far, requiring the
use of special atmospheric conditions.>****° For example, other
functionalizations of PEG with folate receptor, carboxylic acid,
or poly(TMSMA-r-PEGMA) modifications have been reported
as efficient surface modifiers, where the use of stringent
reaction condition as well as nitrogen atmosphere is an essential
requirement.>' ~>° Literature is also available where a reflux
temperature (above 200 °C) has been applied for the synthesis
of PEG-coated magnetite nanoparticles.”” The surface mod-
ification procedure described in this paper, on the other hand,
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can be performed in water at room temperature and without
requiring any stringent condition.

It is known that larger NPs with diameter greater than 200
nm have short circulation time. In contrast, very small NPs
(with diameter well below 10 nm) are removed rather quickly
through renal clearance from the body systems. Therefore, a
size between 10 to 200 nm should be optimal to achieve
maximum stability as well as longer circulation time.*® In fact it
has been shown in the literature that a size range below 150 nm
in diameter of NPs can be safely used for intravenous
administration.”’

We report here the coating of PEG of different molecular
weights (1500, 4000, 10000 and 20000; represented as
PEGI.SK, PEG4K, PEG10K and PEG20K, respectively, in
the text) on Fe;O, NPs of average size 8 + 2 nm using
sonication as the sole peptizing technique with high level of
monodispersity keeping the hydrodynamic radii in the range of
~70—140 nm in aqueous medium. We used sonication because
this technique has been extensively used to generate novel
materials, as a competitive alternative to other time-consuming
preparation techniques.”®*® In addition, we have also shown
here that although the use of bare magnetic NPs can alter the
redox state of cyt c, these PEG-coated NPs do not have any
effect on the protein. We choose cyt c for the protein-NPs
interaction study because it is an important heme containing
metalloprotein and a key component of the electron transport
chain inside mitochondria. Cyt ¢ has been popularly used as a
good model system to study protein-NP interaction®®?’
because of its small size, easy availability, and high stability in
solution. Different aspects of cyt ¢ biochemistry have been
extensively studied using a variety of biophysical and
spectroscopic methods.>®*” The present experiments suggest
that the interaction of bare Fe;O, NPs with the oxidized state
of the cyt c leads to the reduction of the heme group of the
protein, whereas PEG-modified NPs do not show such
behavior. Because any modification in the redox property of
cyt ¢ could potentially affect the energy production balance in
the cell, this observation may have important implications on
the use of magnetic NPs in the physiological systems.

2. EXPERIMENTAL SECTION

2.1. Materials. Ferric chloride hexahydrate (FeCly-6H,0) and all
the PEG polymers were obtained from Sigma-Aldrich, USA. Ferrous
sulfate heptahydrate (FeSO,-7H,0) was purchased from MERCK,
India. NaOH pellets were obtained from Sisco Research laboratory,
India. Horse heart cyt ¢ was purchased from Sigma, USA. Millipore
water was used for the preparation of all the aqueous solutions.

2.2. Synthesis of the Bare and PEG-Coated Magnetic NPs.
PEG-coated NPs were synthesized following a simple two-step
coprecipitation approach. Initially, FeSO,7H,0 and FeCl;-4H,0
were dissolved in water in 1:2 molar ratios under nitrogen protection.
The resulting dark orange solution was stirred for 30 min at 60 °C. An
aqueous NaOH solution (25%) was then added dropwise to the above
hot solution with stirring over a period of 10 min. Instant color change
from dark orange to black was found to occur with particle formation.
Stirring was continued for further 30 min followed by cooling to room
temperature. The solvent was removed by magnetic decantation.
Washing of the particles was done several times with water to make
the iron dispersion free of any residual salts, which was used during the
coprecipitation. The final supernatant was decanted magnetically to
obtain the as-prepared magnetite NPs. A 40 to 50% (w/v) aqueous
solution of PEG of desired molecular weight (PEG1.5K, PEG4K,
PEG10K, and PEG20K) was then added to the above as-prepared wet
magnetic NPs and then sonicated for 1.5 min at room temperature
with an ultrasonic probe (3 pulse of 30 s each, operated between 3—5
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W). The supernatant was removed by centrifugation at 10 000 rpm
and the solid product washed with water to remove unreacted PEG by
magnetic separation. The final product was then dried at room
temperature for several hours. The coated NPs will be represented as
PEGI1.5K-NPs, PEG4K-NPs, PEG10K-NPs, and PEG20K-NPs,
respectively, in the text, for PEG1.5K, -4K, -10K, and -20K coating.
Bare NPs without any PEG stabilization was prepared for comparison,
following a similar procedure without the PEG addition step.

2.3. Preparation of Protein and NP Dispersions in Aqueous
Buffer (pH 7.4). To disperse bare NPs, we adopted a literature
method*® with minor modification. To the freshly prepared solid NPs
200 pL of concentrated perchloric acid was added and then manually
mixed for 10 min to obtain an acidic sol. This step was followed by
peptization with water.*' The water dispersion was then centrifuged at
10000 rpm for 10 min to remove any insoluble particles. The final
sample contained about 25 mg of Fe;O, per ml as determined by
ferrozine assay.** Briefly, 50 uL of the NP samples were diluted with
distilled water to a final volume of 1 mL. NPs were then lysed by
adding 0.5 mL of 1.2 mol HCl and 0.2 mL of 2 mol ascorbic acid. The
reaction mixture was incubated for 2 h at 65—70 °C and then brought
back to room temperature. Two-tenths of a millilter of a mixture of
reagents (made with 6.5 mol of Ferrozine, 13.1 mmol of neocuproine,
2 mol of ascorbic acid, and 5 mol of ammonium acetate) was added to
the above solution. After incubating for 30 min, the optical density of
the sample was measured at 562 nm. Standard samples were prepared
using ferrous ammonium sulfate (instead of NPs) of 0.0, 0.1, 0.2, 0.5,
1.0, 2.0, and 5.0 pg/mL to make the standard plot, from where the
concentration of the NP sample was determined. A separate reaction
mixture containing identical volume of water (without the NPs or the
ferrous salt) was used as the blank.

As-prepared PEG-NPs were dispersed in buffer by vortexing
thoroughly. In the case of PEG coated NPs the pH of the solution
was maintained at 7.4 using sodium hydroxide to meet physiological
limits. Five pmol cyt c solution was used for all the protein—NP
interaction studies. The concentration of horse heart cyt c¢ was
determined using an extinction coefficient of 29 mmol™" cm™ at 550
nm of the reduced protein. The protein was reduced using trace
amount of sodium dithionite.

2.4. Characterizations. X-ray diffraction patterns of the solid
powders were recorded with a Rigaku SmartLab X-ray diffractometer
operating at 9 kW (200 mA x 45 kV) using Cu Ka (4 = 1.5406 A)
radiation. TG/DTA analyses of the solid samples were performed
using a NETZSCH 409 C thermal analyzer. Samples were loaded in
alumina crucible and measured at a rate of $ °C min™' between 40 to
600 °C. FTIR spectra of the solid samples were recorded by KBr pellet
method using a Nicolet 380 FTIR spectrometer. Transmission
electron microscopic (TEM) measurements were carried out using a
Tecnai G 30ST (FEI) operating at 300 kV. Minimal amount of solid
sample was dispersed in water—ethanol mixture (1:9 v/v) and small
drops were placed on a carbon-coated copper grid. The grid was dried
for 2—3 h in an air oven at 40 °C prior to the TEM studies. Magnetic
measurements of the solid samples were performed using a Lakeshore-
7407 vibrating sample magnetometer (VSM). UV—visible absorption
spectroscopy measurements were performed in aqueous buffer using a
Thermoscientific UV-10 spectrometer. Absorbance scans were taken
from 200—800 nm using a quartz cuvette of 1 cm path length.
Dynamic light scattering (DLS) measurements were performed with
aqueous dispersions of PEG coated NPs using a Malvern Zetasizer
Nano (model ZEN 3600). Far UV-CD spectra were recorded using a
Jasco J71S spectropolarimeter (Japan Spectroscopic Ltd.). CD
measurements were carried out with S uM protein using a 1 mm
path length cuvette and a scan speed of SO nm min~". Ten spectra
were collected in continuous mode and averaged. A baseline correction
with corresponding buffers was conducted for all the experiments.

3. RESULTS AND DISUSSIONS

3.1. General. PEG-coated Fe;O, NPs samples are dark
brown hygroscopic solids, and are readily dispersible in water to
form stable and monodisperse solutions as confirmed by DLS
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measurements. This result, at a first instance, gives an evidence
of PEG coating, because bare Fe;O, NPs are completely
insoluble in water. The hydrodynamic diameters of the
dispersed particles were found to be in the range between 70
and 140 nm. The size of the particles remained monodispersed
(single DLS peak) up to 30 days (Figure 1), without any visible
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Figure 1. Change in hydrodynamic diameter for the PEG coated NPs
in aqueous medium with respect to time (as measured by DLS). The
molecular weights of PEGs are mentioned in the corresponding
sample names. The error bars are calculated using three independent
measurements. The particle sizes appeared to be almost unchanged up
to 30 days in the dispersions.

precipitation. This reveals the highly stable nature of the PEG
coated NPs in dispersions, which would be beneficial for
biological studies where the NPs are needed to be stable in
aqueous medium for longer time periods. NPs with PEG
coatings of different molecular weights have shown magnetic
property at room temperature. They are found to be readily
attracted to a piece of magnet placed next to the powdered
samples (Figure Sla, b in the Supporting Information). The
aqueous solutions also show magnetic response at room
temperature, the particles being attracted to the magnet from a
homogeneous aqueous dispersion (Figure S1 ¢d in the
Supporting Information).

3.2. X-ray Diffraction Studies. The XRD measurements
were performed with the dried powder samples of bare and
PEG coated NPs to identify the crystal phases present in the
samples. Figure 2 (panel A) shows the XRD pattern of a
representative PEG coated Fe;O, sample (PEG10K-NPs)
(Figure 2A, curve a) along with bare (Figure 2A, curve b)
Fe;O, NPs and free PEG10K (Figure 2A, curve c). The pattern
of the PEG10K-NPs (Figure 24, curve a) showed all the major
peaks corresponding to Fe;O,. The 26 = 30.1, 35.5, 43.2, 57.2,
62.7, and 743 can be assigned to the (220), (311), (400),
(511), (440), and (533) planes, respectively, of the Fe;O,
(JCPDS#19—-0629), as also observed in case of bare NPs
(Figure 2A, curve b). Additionally, one sharp peak around 26 =
23° along with small peaks due to the PEG polymer are
observed in the case of the PEG10K-NP (Figure 2A, curve a).
This result confirmed the surface modification of the Fe;O,
NPs with PEG.

3.3. FTIR Measurements. To know about the modifica-
tion of the NPs by the PEG molecules FTIR spectra were
performed as solids dispersed in KBr matrix. The spectra of
bare Fe;O, free PEG20K and PEG20K-NPs are shown in
Figure 2 (panel B). The bare Fe;O, NPs showed characteristic
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Figure 2. (A) XRD patterns of PEG10K-NPs (a), bare Fe;0, NPs (b),
and PEG10K (c). The symbol ‘%’ represents the strongest PEG peak.
(B) FT-IR spectra of the bare NPs (a), PEG20K (b), and PEG20K-
NPs (c). The characteristic Fe—O stretching is shown by arrows. Y
axes have been shifted for clarity.

bands related to the Fe—Q vibrations near 618 (shoulder) and
569 cm™' (Figure 2B, curve a).%% Similar peaks have been
observed in the spectra of the PEG20KNPs (at 633 and 569
cm™'; Figure 2B, curve c), but not observed in that of solid
PEG20K (Figure 2B, curve b).* Apart from that, a broad —O—
H stretch around 3450 cm™, a sharp —C—H stretch around
2885 cm™ and a sharp —C—O stretch around 1105 cm™" are
observed in both PEG and the PEG coated NPs (Figure 2B,
curves b, c), revealing the presence of PEG residue in the final
product. However these peaks are not observed in the spectrum
of bare Fe;O, NPs. These results clearly showed surface
modification of Fe;O, NPs with PEG.

3.4. TG/DTA Measurements. The presence of the PEG
polymer in the final product has been further confirmed from
the thermal analysis studies. The thermogravimetry (TG)
curves of two PEG coated samples PEG20K-NPs and PEG4K-
NPs and one differential thermal analysis (DTA) curve of
PEG4K-NPs are shown in Figure 3 as representatives. The TG
curves of PEG4K-NPs and PEG20K-NPs (Figure 3a,b) showed
a small endothermic weight loss of about 1% within the first
125 °C. This can be correlated to the loss of the water
molecules. The next small weight gain (~1%) in the
temperature range of 125—15S °C (this portion of TG curves
are shown in the inset with magnified scale) could be attributed
to the thermal conversion of Fe;O, to y-Fe,0,.* This small
weight gain is due to the increase in oxygen content during the
thermal conversion of Fe;O, to Fe,0; (2 Fe;0, — 3 y-Fe,0;).
For this conversion the DTA of PEG4K-NPs shows an
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Figure 3. Thermal studies showing the TG curves for PEG4K-NPs
(a), PEG20K-NPs (b); and DTA curve of PEG4K-NPs (c). Inset
shows the mass loss of a and b in expanded scale in the temperature
range 40—200 °C. The % mass losses are consistent with the molecular
weight of the PEG molecule.

exothermic peak at ~150 °C (Figure 3c). In addition, a
multistep exothermic weight loss has been observed (between
175 and 350 °C) because of the decomposition of PEG
fractions. This large weight loss step accounts for ~60 and 80%
mass loss for the PEG4K-NPs and PEG20K-NPs, respectively.
Relatively large weight loss in the latter case is due to the high
molecular weight of the PEG20K. After 350 °C, there was
practically no change in weight throughout the temperature
range up to 600 °C (Figure 3ab).

3.5. TEM Study. Transmission electron microscopy
(TEM) was performed for both bare and PEG-coated NPs to
learn the details of the structure. TEM images of the bare Fe;O,
NPs are shown in Figure S2 in the Supporting Information.
The low-resolution image (see Figure S2a in the Supporting
Information) shows existence of spherical NPs of about 8—10
nm in size. The corresponding high-resolution image (see
Figure S2b in the Supporting Information) shows clear lattice
fringes corresponding to magnetite (Fe;0,). The EDX and
SAED patterns (see Figure S2¢,d in the Supporting
Information) are also in consistent with the presence of
(Fe;0,). TEM images of one representative PEG coated
sample (PEG4K-NPs) are shown in Figure 4a—d. It was
observed from the low-resolution bright field image (Figure 4a)
that the PEG-encapsulated NPs are mostly spherical with an
average size around 8 nm, similar to bare NPs. However, there
are multiple numbers of NPs present as the core inside large
PEG encapsulations. It seems that several NPs remain attached
together as aggregates by mutual magnetic attractions to form
the cores. It is difficult to achieve the high-resolution image of
the individual NPs through the thick PEG encapsulation and
also the lattice fringes on the particles and the surroundings.
However, one major crystal plane for both magnetite (220) and
PEG could be identified from the high resolution TEM, and are
marked in the Figure 4b. The EDX (Figure 4c) has shown the
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Figure 4. TEM of PEG4K-NPs showing (a) bright-field image, (b)
HRTEM of the circled part of a, (c) EDX, and (d) SAED pattern.

presence of Fe, O, C and Cu. The Cu peaks are from the
copper grid used for TEM studies. O and a part of C are from
the PEG of the sample. The SAED pattern (Figure 4d) is
complicated with large number of spots indicating aggregations
in various places. Although most of the rings/spots from Fe;O,
could be identified, identifications of PEG could not be
achieved from the SAED because the strongest PEG line
appears closer to the central bright zone of SAED (Figure 4d).

3.6. Magnetic Property Measurements. PEG-coated
NPs have exhibited good magnetic response and are easily
attracted to a magnet placed beside as shown in Figure S1 in
the Supporting Information. The magnetization curves for two
representatives PEG coated NPs are shown in Figure S.
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Figure S. Magnetization response with increasing and decreasing
applied magnetic field for PEG-coated NPs at 300 K. Top and bottom
insets show the hysteresis loops at 80 K and the FC/ZFC curves with
increasing temperature, respectively.

Corresponding magnetization curves measured in similar
experimental conditions for the bare NPs are provided in the
Supporting Information for comparison (Figure S3). The
magnetic field vs moment (M—H) measurements of the solid
samples are performed at both 300 K (room temperature) and
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80 K with the magnetic field swept back and forth between +20
and —20 kOe. The saturation magnetic moments obtained are
50 and 43 emu g~' at 300 K, and 60 and 46 emu g~' at 80 K,
for PEG4K-NPs and PEG20K-NPs respectively, as shown in
the Figure 5. However, the saturation magnetic moment values
for the bare NPs are found to be 140 and 160 emu g~" at 300
and 80 K, respectively. The hysteresis loops of the samples are
shown in the top insets of Figure S and Figure S3 in the
Supporting Information). Although the coercivity value
obtained for bare Fe;O, at 300 K is ~330 Oe, no hysteresis
loop is observed in either of the coated NPs (Figure S).
However, at 80 K, the PEG4K-NPs show a value of ~260 Oe,
whereas PEG20K-NPs show a very low coercivity (~42 Oe)
(Figure S; top inset). In contrast, bare NPs have shown a high
coercive field of ~650 Oe at 80 K (Figure S3, top inset, in the
Supporting Information). Therefore, a significant softening of
magnetic property has occurred because of the PEG-coating
onto the Fe;O, NPs. It is known that any change in the
magnetic properties of NPs primarily depends on two major
factors: (i) change in size and (ii) change in the surface state.**
Since no significant size change has occurred due to PEG
coating (as observed from both TEM and XRD results,
discussed in the previous sections), the changes in the magnetic
properties can be attributed to the surface modifications by
large PEG polymer molecules. The bottom inset of Figure S has
shown the temperature dependence of the magnetization for
the field-cooled (FC) and zero-field-cooled (ZFC) curves for
the PEG4K-NPs and PEG20K-NPs. It is observed from the
figure that FC and ZFC magnetization curves are split below
the block temperature (T, the transformation temperature
from ferromagnetism to superparamagnetisam), and they
merge each other above Ty In all our samples, the Ty lies
above the room temperature (~351 K for PEG4K-NPs and
PEG20K-NPs and 362 K for bare Fe;O, NPs; see bottom insets
of Figure S and Figure S3 in the Supporting Information),
which further explains the room temperature ferromagnetism of
these NPs. It can be also said from the Ty point of view that
softening of magnetic property has occurred from bare to
coated NPs.

A notable feature in case of PEG4K- and PEG20K coated
NPs is that along with the decrease of magnetization with
temperature in the FC curve, the corresponding ZFC curve
displays a maximum around 225 K (Figure 5; bottom inset).
This effect was not observed in case of bare Fe;O,. Probably
due to the absence of the surface polymers the moment value of
bare NPs increases uniformly until it reached T} (see Figure S3,
bottom inset, in the Supporting Information). In the light of
the above discussion the PEG coated NPs can be considered as
moderately soft magnetic materials compared to the bare Fe;O,
NPs. As soft magnetic materials are especially important in the
biomedical fields,** these PEG-coated soft magnetic NPs may
find good applications in the biological studies. In the later
section we shall discuss the interactions of these coated NPs
with an electron transport protein cyt c.

3.7. Interaction of Bare and PEG-Coated Fe;0, NPs
with Cytochrome C. UV—visible absorption spectroscopy
has been used to study the effect of bare and PEG-coated
Fe;O0, NPs on cyt c. Figure 6 shows the UV—visible absorption
spectra of cyt c in the absence and presence of both bare and
PEG10K-NPs. The native state of cyt ¢ (in sodium phosphate
buffer at pH 7.4 in the absence of NPs) is characterized by the
Soret peak at 409 nm and a small peak at 528 nm as shown in
Figure 6 (gray curve). These absorption peaks originates due to
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Figure 6. UV—visible spectra showing the reduction of cyt ¢ in the
presence of bare Fe;O, NPs (red curve). The native oxidized state of
cyt ¢ (gray curve) remains unaffected in the presence of PEG10K-NPs
(olive green curve). The inset shows expanded scale of the region
450—600 nm.

the presence of porphyrin chromophore in the protein and
represent the oxidized state of the protein. Immediately after
the addition of bare NPs, the Soret band shifts to 414 nm
(Figure 6; red curve) and the broad peak at 528 nm disappears
with the evolution of two well-defined absorption peaks at 520
and 550 nm (Figure 6; red curve; also shown in a magnified
scale as inset). The appearance of Soret peak at 414 nm and the
double peaks at 520 and 550 nm in the visible region are the
typical characteristics of the reduced state of cyt ¢ and this
spectral feature match very well with the absorption spectrum
of cyt ¢ reduced using trace amount of sodium dithionite (see
Figure S4 in the Supporting Information). This data suggests
that the interaction of bare NPs with cyt ¢ leads to the
reduction of the protein. Similar experiments (performed in
identical experimental conditions) with PEG10K coated Fe;O,
NPs (PEG10K-NPs) do not show any change in the spectra of
the oxidized state of the protein (like in Figure 6; olive green
curve). To understand if the molecular weight of PEG has any
observable effect, the experiments have been carried out with
Fe;0, NPs coated with different molecular weights (1.5K, 4K,
10K, and 20K). No reduction has been observed in any of these
cases. Rather, PEGs of different molecular weights have been
found very similar in their behavior toward the prevention of
cyt ¢ reduction at least in the time frame of our study (about 30
min for these measurements, Figure SSa in the Supporting
Information). A time-dependent study has also been performed
to determine if the presence of PEG10K coating with the Fe;O,
NPs actually prevents the reduction of cyt ¢, or it merely slows
down the reduction kinetically. The data shown in Figure SSb
(see the Supporting Infomration) confirm the absence of any
significant reduction of cyt ¢ even after incubating the protein
for 2 h in the presence of PEGI0K-NPs. As a matter of fact, no
reduction has been observed when the samples have been
incubated for 24 h at room temperature although the presence
of background scattering is observed presumably because of the
aggregation of cyt c.

It can be noted here that in the presence of bare NPs, the
reduction phenomenon of cyt ¢ occurs without any change in
the secondary structure of the protein. There are several
precautionary measures, which have been taken to make sure

dx.doi.org/10.1021/am201166m | ACS Appl. Mater. Interfaces 2012, 4, 142—149



ACS Applied Materials & Interfaces

Research Article

that the reduction of the protein observed by the addition of
Fe;O, NPs is real, and not an artifact arising from other factors
including solution and buffer conditions. This is particularly
important because perchloric acid has been used for peptization
whose presence at low concentration may result in the decrease
in pH. This decrease in pH may in turn affect the
conformational integrity of the protein and thus leading to its
reduction. In essence, it is important to find out whether the
observed reduction is a true effect of the Fe;O, NPs or is it just
a manifestation of low pH induced conformational change of
the protein. To further address this concern experimentally, we
have carried out far UV circular dichroism measurements (far
UV CD) with cyt c at different pH values between 7.4 and 4.5
by adding perchloric acid and the data are shown in Figure 7.
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Figure 7. Far UV CD spectra of cyt c at different pH solutions (pH
values are mentioned in the Figure), along with the spectrum of the
native protein in the presence of bare Fe;O, NPs at pH 7.4, measured
in identical solution condition. Absence of any significant difference in
all the above CD spectra indicate that there is no appreciable change in
the secondary structure of the protein either in the presence of bare
NPs, or by lowering the pH of the medium. However, the reduction of
heme group takes place in the presence of bare NPs at pH 7.4 (as
shown in Figure 6).

Circular dichroism is chosen for these experiments since it is an
efficient and widely accepted technique for monitoring the
conformation of proteins. Two negative peaks at 222 nm and at
209 nm are observed, which is characteristic of the alpha helical
nature of cyt c. The far UV CD spectra of the protein remain
essentially identical in the pH range studied (between 7.4 and
4.5) (Figure 7) indicating no significant change in the
secondary structure of the protein. The data indicates that
the presence of trace amount of perchloric acid (if any) should
not lead to any major structural or conformational
disorientation of cyt c. Also reported in the same figure
(Figure 7), is the far UV CD of cyt c in the presence of Fe;O,
NPs at identical solution condition where reduction is observed
(as shown in Figure 6, red curve). No change in the secondary
structure has been observed in the presence of Fe;O, NPs,
though the reduction of the protein has taken place
immediately after the addition. These data prove beyond
doubt that the observed reduction is an effect associated with
the presence of NPs without affecting the native conformation
of the protein. It is nevertheless important to point out that all
our experiments have been carried out using buffer solutions
maintained strictly at pH 7.4.

The interaction of cyt ¢ with bare and PEG-coated Fe;O,
NPs is shown schematically in Figure 8. A bioinformatics
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Figure 8. Schematic representation of the interaction of cyt ¢ with the
bare and PEG coated Fe;O, NPs. In the case of bare NPs, the protein
is adsorbed onto the surface of NPs by electrostatic interactions,
followed by immediate reduction of the heme group. The presence of
PEG coating resists cyt ¢ adsorption on the surface and hence the
reduction is not observed. Wine red and pink colors of the native
oxidized and reduced cyt ¢, respectively, were chosen as per the colors
of the actual aqueous solutions of the two forms of the protein.

analysis of the sequence of cyt c using ProtParam,*” suggests
that the protein is positive (total charge of +8), while the
surface of the Fe;O, NPs is highly negative (the zeta potential
is measured as —30 mV) at pH 7.4. Therefore, the interaction
of cyt ¢ with the surface of the Fe;O, NPs at pH 7.4 is
electrostatically favored. However, it is observed that at pH 4.5
cyt ¢ and bare Fe;O, NPs are both positively charged
(measured zeta potentials for cyt c and the bare NPs are +8
and +36 mV, respectively) and hence any interaction between
them, if guided by electrostatics, would be disfavored. To
strengthen our observation, we have designed a control
experiment where the bare Fe;O, NPs are added to a solution
of cyt ¢ at pH 4.5, the result of which is shown in Figure S6 in
the Supporting Information. The UV—visible absorption shows
absolutely no reduction of cyt ¢ at pH 4.5. Hence it can be
assumed that the reduction of cyt ¢ by bare NPs is
electrostatically dependent on the pH of the medium. While
an extensive investigation on the interaction between the
protein and Fe;O, NPs is being worked out in our laboratory
using several biophysical and spectroscopic techniques, the
above experimental observations show that the electrostatics
can play very important roles in the initial adsorption of the
protein on the bare NP surface. As PEG is known to resist
protein adsorption,* no interaction of cyt ¢ with the Fe;O,
core is possible in case of PEG-coated NPs. This effect of PEG
should be responsible for the lack of interaction (or adsorption)
of cyt ¢ with the PEG-coated Fe;O, NPs at pH 7.4.

Although the mechanism of cyt ¢ reduction is not yet
identified, two possibilities could be considered. First, the
reduction of the protein may have originated from the
oxidation affinity of the bare NPs from magnetite (mixture of
Fe’" and Fe’") to maghemite (all Fe’*) giving away one
electron to the protein that is adsorbed on the surface,*’ leading
to its reduction. The second possibility originates from the
numerous reports of magnetic NPs induced generation of
reactive oxygen species including superoxide radicals.>

The first mechanism is expected to be relatively noninvasive
toward the conformation and stability of the protein. This is
because the reduced protein has been shown to have higher
conformational stability compared to its oxidized state.’!
However, there is always a possibility of unfolding as a result
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of protein adsorption on NPs surface. The second mechanism,
on the other hand, may generate conformationally unstable
protein. This is because the generated reactive oxygen species,
besides reducing cyt ¢, may attack the protein nonspecifically
leading to structural and conformational degeneration. Experi-
ments are underway in our laboratory using a number of
biophysical and spectroscopic methods to study different
aspects of conformation and stability of cyt c in the presence
of Fe;0, NPs to identify the relevant mechanism.

With the advancement of nanoparticle -induced drug delivery
methods and nanomedicines, protein—NP interaction has
recently attracted significant attention. A potential therapeutic
application of bare Fe;O, NPs has been reported that shows its
effects to inhibit lysozyme aggregation.*> Also the use of bare
and coated Fe;O, NPs as potential models of peroxidases has
been shown.>> While the biological applications of magnetic
NPs are increasing at a rapid pace, the present study
emphasizes on the potential toxicity of these particles and the
importance of using efficient surface modification systems to
minimize their toxic effects. Moreover, the softer magnetic
nature of the PEG coated particles, compared to the bare Fe;O,
NPs, makes them especially useful for biological studies, where
a stronger magnetic property may be harmful for the system.
Therefore, the present study strongly suggests that the surface
modification of bare Fe;O, by PEG molecules not only reduces
the possibility of oxidation but also softens the strong magnetic
nature of the NPs significantly.

4. CONCLUSION

We report here a fast and easy green synthetic route for the
preparation of Fe;O, NPs coated with PEG molecules of
different molecular weight. The highly water dispersible coated
NPs of suitable hydrodynamic radii are stable in aqueous
medium and possess a moderately soft magnetic nature at room
temperature, which could be an essential feature to use these as
biomedically important magnetic materials. Although the
interaction of bare NPs with horse heart cyt c leads to
reduction of the protein, PEG-coated magnetite NPs do not
show this behavior. This could very well be a protective
measure to be taken while working with magnetic NPs in
biological systems, where the protection of biomolecules will be
necessary from the toxicity generated by the magnetic NPs.
Such a specific protective effect of PEG coatings on magnetite
NPs, toward the redox property of any metalloprotein, has been
experimentally shown for the first time.
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Room-temperature magnetic response of PEG10K-NPs (solid
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