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Abstract:

We have developed a core alloying and shell gradient doping strategy for the
controlled surface modification of nanoparticles, realized by a coupled
competitive reducing-nucleation and precipitation reaction controlled in
microfluidic channels. Here it is extended in surface modification Fe and CoFe
nanoparticles by doping zinc oxide and aluminum oxide to form well-dispersed
stable ultra-small Fe(.oZny@Zn .y Fe,0-(OH), and (CoFe)ixAL@Al;-
y)(CoFe),0-(OH), nanohybrids as contrast agents for magnetic resonance imaging
(MRI). They exhibit greatly enhanced T; weighted spin echo imaging and T,
weighted spin echo imaging effects. Particularly, (CoFe)xAlLk@Al(.y)(CoFe),O-
(OH), nanohybrids give a T, relaxation rate (R;) of 0.156 (ug-CoFe/mL)"-s™" and
a T, relaxation rate (Ry) of 0.486 (pg-CoFe/mL)"-s’, much higher than the
commercial gadopentetate dimeglumine (R; = 0.022 (ug-Gd/mL)™"s™"; R, = 0.025
(ug-Gd/mL)"s™). The R; of (CoFe) oAl @Al (CoFe),0-(OH), nanohybrids
is also higher than superparamagnetic iron oxide (SPIO) nanoparticles (R; = 0.121
(ug-Fe/mL)"-s™"). SPIO nanoparticles still show an excellent negative MRI
contrast agent by the highest R, (5.07 (ug-Fe/mL)'l-s'l) and Ry/R; ratio (42)
among these reagents.

Keywords: Nanohybrid, Microfluidic, Magnetic property, Surface modification,
Magnetic resonance imaging
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1. Introduction

With materials size decrease, surface and interface become more and more
prominent for their properties, particularly in nanoscale materials and devices in
which the quantum effect is more significant than that in bulk materials or single
atoms.'" Composition and structure controlled hybridization at nanoscale has
become an effective approach for realizing multi-function, stability and/or
embarking novel physicochemical properties of nanomaterials due to the surface
and interface enhanced properties and the synergistic effect among
components.4’5’7'10’13 1630 This innovative approach not only provides varieties of
hybrid nanostructures for better understanding the surface enhancement and
interface-coupling effects, but also offers a route for overcoming undesired
conflicts between structures and performances that accompany size reduction, and
even breaking down the quantum mechanical rule at nanoscale.*”*'%-13% With
the advancement of science and technology promoted by nanohybrids, controlled
surface and interface modification of nanoparticles (NPs) has also become more
and more urgent to fulfill their academic and industrial perspectives.****34
Synthesis of these hybrid NPs based on surface and interface modification
requires a precise control over microstructures of each component and
overcoming lattice mismatch or incompatibility among components,*'*202%3¢%
PControlled successive coating on preformed cores is an effective and versatile
method, but still challenging, particularly for ultra-small nanohybrids with feature
sizes less than 5 nm due to their large curvatures.'>**°

Microfluidic approaches have achieved lots of success in the NPs synthesis
due to their reduced scaling up risk and the precise control of thermodynamic and
kinetic parameters in desired reaction stages along the microchannel®**!. Since
the first synthesis of CdS by microfluidics in 2002, great progresses have been
obtained in the morphology and structure control of NPs at large scale and
4,23,40-

sketching the formation mechanism of nanoparticles spatiotemporally.

346315356 we developed a general strategy for nanohybrids synthesis via coupled
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competitive reactions controlled by a hybrid microfluidic and batch-cooling
process.”””” Owing to their abilities in spatiotemporally splitting the formation
stages of NPs, nanohybrids of well-defined microstructures can be realized, as
evidenced by the synthesis of varieties of magnetic NPs and metal-metal oxide
NPs with unique magnetic or optical properties.””****" Herein, we extend this
strategy in the surface/interface engineering of ultra-small magnetic nanoparticles
for enhanced magnetic resonance imaging (MRI). Well-dispersed ultra-small
magnetic-alloys@metal-oxides (i.e., Fe.oZny@Zn(.yFe,O-(OH), and (CoFe).
HAL@Al)(CoFe),O-(OH),) nanohybrids are synthesized. They exhibit
integrated T; weighted spin echo imaging (T, WI) and T, weighted spin echo
imaging (T, WI) effects at much lower dosages by comparing with the commercial
Gd-based reagents. In addition, the (CoFe)xAli@Al.y)(CoFe),0-(OH),
nanohybrids show superior T;WI effects than Fe;O4 NPs. Reasons that they
preserve excellent mode-integrated MRI effects are analyzed according to their

unique magnetic properties and surface/interface features.

2. Experiment Section

2.1 Assembly of the mixed microfluidic and batch-cooling process (hybrid
process).

The hybrid process was designed and assembled by connecting preheating
stainless steel tubing coils, a transparent polymer tubing (e.g., Teflon) a Y
connector (e.g. PEEK), the thermostatic tank 1 and 2 and the cooling tank 3 for
product receivers, as shown in Fig. sl of the supporting information (SI).*>**’
This setup entails: one syringe pump for the metal-salt solution (e.g., FeCl, and/or
CoCl, in N-methyl-2-pyrrolidone (NMP) or H,O mixed with polyvinylpyrrolidone
(PVP)) (1); one syringe pump for the reducing-agent solution (e.g., NaBH4 in
NMP) (2); two preheating stainless steel spirals (3-4) immersed in the
thermostatic tank 1 (inner diameter (ID) = 127 um, length (L) = 15 cm) for the
heating of the metal-salt solution and the reducing-agent solution from 20 °C to

200°C; one Y-mixer (ID = 250um or more, L = 4~5mm) for the reactants to react
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to form precursors and then to initiate nucleation (5); one microtubing spiral (ID =

127~500pum, L = 25~50 cm) in the thermostatic tank 2 with temperature from

20°C to 200°C for finishing nucleation and growth of nanoparticles (6); and one

product receiver (7) protected by inert gas (i.e., N;), with temperature controlled

from -15°C to 10°C by chilling or heating thermostatic tank 3.

2.2 Sequenced in-situ reduction of metal ions and precipitation of metal
oxides for hybrid nanoparticle synthesis.

To realize multi-functionalization and/or robust surface protection in single
NPs, alloyed core-shell NPs or nanohybrids with core alloying and shell gradient-
doping are expected to work.***** To this aim, a new synthesis strategy, or in-
situ reduction of mixed-metal ions and precipitation of second-metal oxides by
forming oxide-doping alloys as cores and oxide alloys as shells or surface-coating,
was developed by directly introducing the second-metal salts with low standard
electrode potential (i.e., Zn>": Vo =-0.763V; AI’": Vo =-1.662V) into the primary-
metal-salt solutions (i.e., FeCl, or mixed FeCl, and CoCl,). The following is the
brief mechanism to form gradient core-shell structures using Fe-Zn based

nanoparticles as example (Reaction 1-4 and Scheme 1) according to our previous

study 9,29,56
2+ 2+ _ _

Fe +Zn +BH +HO — [FeqyZn]  -PVP+BO ~+H, (1)
2+

Zn' +2BH,"+2H 0 — Zn(OH), + 2BH, + 2H, ()
2+

Fe' +2BH_~+2H 0 — Fe(OH), +2BH_ +2H, 3)

[FeqoZn]_ . ‘PVP+Zn(OH), + Fe(OH), — [Fe(.yZn,]@[Zn(.yFe,0-(OH),]-PVP + H O (4)

According to their standard electrode potential, the primary-metal salts will
be reduced together with some second-metal salts (Reaction 1) to form Fe and Zn
atoms and/or Fe-Zn atom clusters, which is faster than the precipitation of the
metal ions into metal hydroxides (Reaction 2 and 3), leading to the pre-formation
of the second metal (Zn) doping Fe tiny nanocrystallites as initial cores after a
transient nucleation (Step 1 in Scheme 1). Some of the surface atoms may be
oxidized again to form very thin surface metal oxides. These second-metal ions
and some of the primary-metal ions can play roles as precursors of shells or
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surface coatings on these preformed nanocrystallites (i.e., Zn alloyed Fe NPs) by
producing hydroxide species via precipitation in the basic medium (Reaction 2
and 3, Step 2 in Scheme 1). Then the surface coatings grow thicker and thicker by
co-absorbing the metal hydroxides and some of the metal atoms/clusters through
the reducing (Reaction 1) and precipitation (Reaction 2 and 3) of the metal ions
(Step 3 in Scheme 1). As the surface coatings grow up, some of the atoms will
diffuse through the coatings into the cores and some of metal hydroxides will
diffuse through the coating into the surfaces. Simultaneously, these molecules and
atoms can self-arrange into different doping crystal structures during diffusion to
form gradient structures (Step 4 in Scheme 1). These hydroxide species can be
further changed into oxides by dehydration, as oxide shells or surface coatings in
the coming drying process (Reaction 4). Consequently, hybrid magnetic-
alloys@metal oxides (i.e., Fe(1Zny(@Zn(;.y)Fe,0-(OH),) with the primary metal
doped ZnO-(OH), as surface coatings can be obtained. In addition, as they are re-
dispersed into aqueous solution, hybrid gradient nanoparticles with more
hydroxide groups can be formed. The detailed synthesis mechanism is described

in our recent publication.29

Reaction (1) Reaction (2) +(3)  Reaction (1) + (2) +(3) Reaction (4)
Atom and molecule diffusion
l l l and re-arrangement, and then
surface partial dehydration

—— -

[Feq. van] @ [Zn(l »Fe;0-

[l-'e(u@g\{]t M-PVP cores with
partially-oxidized surface (OH),]-P

® Fe or Zn atoms or Feq.yZn; clusters; © Zn(OH); or Fe(OH): molecules or Zn.jFe-(OH); clusters

Scheme 1 Cartooned formation process of gradient core-shell nanostructures by
coupled competitive reducing-precipitation reaction.

Synthesis of Fe.xZn@Zn.,Fe,0-(OH), nanohybrids. Briefly, PVP of 0.5 g
(Mw = 10000), ZnCl; of 0.097 g (0.71 mmol) and FeCl,-4H,0O of 0.370 g (1.86
mmol) were dissolved into 50mL NMP to form the metal-salt solution. NaBHy4 of
0.373 g (9.8 mmol) was dissolved into 50 mL NMP to form the reducing solution.
Then, the microfluidic synthesis was performed at 110°C under inert atmosphere

5



Journal of Materials Chemistry C

(nitrogen) protection using the following procedure: 20 mL of metal-salt solution
and 20 mL of reducing solution were sucked into each of the syringes and fixed in
the platform of the syringe pump, which was introduced into the Y mixer (5) to
fullfill the nucleation by the syringe pump at a flow rate of 1.5 mL/min per pump,
and then the solution enters into the microchannel (6) to finish the growth of NPs.
The obtained fresh NP solution was collected in the product collector (7). The NPs
were precipitated using centrifuge at a speed of 12500 rpm for 10 min and the top
supernatant was decanted. The precipitated NPs were dissolved into the same
volume of NMP. The centrifuge process was repeated twice and the final black
slurry in the bottle was dried under vacuum and kept in the desiccators for future
use. Part of the sample was stored in the air or re-dispersed into deionized (DI)
water for the long-term stability evaluation.

Synthesis of (CoFe)q.yAl @Al.y)(CoFe),O-(OH), NPs. Briefly, PVP of 0.2193
g (Mw = 10000), CoCl,-6H,0 of 0.074 g (0.311 mmol), FeCl,-4H,0 of 0.072 g
(0.362 mmol) and AICIl; of 0.059 g (0.554 mmol) were dissolved into 50 mL
NMP to form the metal-salt solution. NaBH,4 of 0.2 g (5.26 mmol) was dissolved
into 50 mL NMP to form the reducing solution. Then, the microfluidic synthesis
was performed at 85°C under inert atmosphere (nitrogen) protection using the
following procedure: 20 mL of metal-salt solution and 20 mL of reducing solution
were sucked into each of the syringes and fixed in the platform of the syringe
pump, which was introduced into the Y mixer (5) to finish the nucleation by the
syringe pump at a flow rate of 0.8mL/min per pump, and then the solution entered
into the microchannel (6) to finish the growth of NPs. The obtained fresh NP
solution was collected in the product collector (7). The NPs were precipitated
using centrifuge at a speed of 12500 rpm for 10 min and the top supernatant was
decanted. The precipitated NPs were dissolved into the same volume of NMP. The
centrifuge process was repeated twice and the final black slurry in the bottle was
dried under vacuum and kept in the desiccators for future use. Part of the sample
was stored in the air or re-dispersed into DI water for the long-term stability

evaluation.
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Synthesis of Fe;O4 NPs. The Fe;O4 NPs were synthesized according to our
previously invented modified co-precipitation method.”® The reactions were
carried out in a 3-necked glass bottle under nitrogen bubbling that also plays a role
of stirring the solution. The PVP-dispersed iron salt solution was prepared by
mixing PVP (3.333 g, 1.10 mmol), FeCl;-6H,O (0.225 g, 0.83 mmol), and
FeCl,-4H,0 (0.114 g, 0.58 mmol) in DI water (100 mL). The mixture was heated
to 60°C. NH4OH solution (19 mL, 16 vol.%; concentration of original NH4OH:
25%) was added dropwise using a constant pressure funnel for about 5 min and
then the sodium citrate (TSC) solution (66.7 mL, 3.333 g, 11.33 mmol) was added
dropwise for about 18 min. Subsequently maleic anhydride (MAH) solution (16.7
mL, 0.100 g, 1.03 mmol) was added dropwise at the same speed. After addition of
the MAH solution, the mixture was heated to 95°C and lasted for 2 hours and then
stop heating to let the temperature drop to room temperature. The resulting black
solution was centrifuged at 12500 rpm to permit the Fe;04 NPs to settle out of the
solution. The supernatant was decanted, and the same volume of DI water was
added into the bottle, which was sonicated to form a uniform solution of NPs. The
centrifuge process was repeated twice and the final black slurry in the bottle was
dried under vacuum and kept in the desiccators for future use. Part of the sample
was stored in the air or re-dispersed into DI water for the long-term stability
evaluation.

Composition and structure characterization of nanohybrids. Morphologies,
compositions and lattice fringes of nanohybrids were characterized by
transmission electron microscopy (TEM; JOEL 2100F, 200kV) equipped with
energy-dispersive X-ray spectroscopy (EDS). Powder X-ray diffraction (XRD)
data of samples were collected on a D/max2200PC diffractometer (Cu Ko
radiation, A= 0.15418 nm, Rigaku, Japan). The X-ray photoelectron spectroscopy
(XPS) was used to determine the elemental composition as well as chemical and
electronic state of the related elements in NPs by detecting their thin films. XPS
measurements were carried out on an ESCALAB 250 Thermo Electron
Corporation with an Al Ka X-ray source (1486.6 ¢V). The core-level signals were
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obtained at a photoelectron take-off-angle of 45° (with respect to the sample
surface). The X-ray source was run at a power of 300 W. The samples were
mounted on the standard sample studs by means of double-sided adhesive tapes.
The pressure in the analysis chamber was maintained at 2 x10"° mbar during each
measurement. To compensate for surface charging effects, all binding energies
(BE’s) were referenced to the C 1s hydrocarbon peak at 284.6 eV.
Characterization of magnetic property. The magnetic properties were evaluated
by room temperature hysteresis loop (RMHL) and/or thermo-magnetism (ZFC:
zero-field cooling; FC: field cooling) curves measured by MPPS (SQUID)
(Quantum design) using an applied magnetic field of 1000e.

Characterization of magnetic resonance imaging (MRI) effects. MR scans for
nanoparticle aqueous solution of different concentrations were carried out on a 3.0
tesla MR scanner (Signa Excite; GE Medical Systems, Milwaukee, WI), using an
8-channel head coil (GE Medical Systems). T,-weighted spin-echo sequence with
an echo time (TE) of 65 ms and pulse-repetition time (TR) of 3,000 ms and T;-
weighted spin-echo sequence with TE of 11 ms and TR of 300 ms were scanned.
In order to measure longitudinal (T;) and transverse (T,) relaxation time of
protons in aqueous nanoparticle solutions in a 3.0 T magnetic field, T,-maping
scanned by multi-echo spin-echo (SE) sequence and T;-maping scanned by multi-
flip angle 3-dimensional spoiled gradient-recalled acquisition (3D-SPGR) were
obtained. Metal contents in the nanoparticle solutions for MRI measurements
were determined by the inductively coupled plasma atomic emission spectroscopy

(ICP-OES, Optima 7000 DV, PerkinElmer).

3. Results

Figure la is one wide-viewed TEM image of Fe(xZn@Zn .y Fe,O-(OH),
nanohybrids, suggesting that they are homogeneously dispersed with high
uniformity. Histogram of their size distribution (Fig. s2a) gives a mean diameter
of 3.2 + 0.3 nm. Similar as other NPs less than 5 nm studied previously,” their
XRD patterns only show broad and weak peaks (solid triangle: the (110) plane of

8
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bee Fe, JCPDS No, 6-0696; void triangles: mixed multi-plane inflections from the
metal oxides; Fig. 1c¢) even though the HRTEM image of typical single particles
(Fig. 1b) reveals highly crystalline nature of these NPs. Although the wide-viewed
TEM image of Fe(_Zny@Zn.yFe,0-(OH), nanohybrids does not show clear
core-shell morphology due to their small size, the HRTEM image (Fig. 1b)
suggests the core—shell structure according to their Z-contrast and crystal lattice
differences between the inner part and the surface coating. The crystal lattices in
the core and the shell of the Fe(Zn,@Zn.yFe,O-(OH), particle can be indexed
as the Zn doping bce Fe (110) planes (0.203 nm), the (102) plane of Fe-doped
Zn0 (0.193 nm) and the (101) plane of ZnFe,O4 (0.246 nm) by referring to their
formation mechanism and XRD characterization.

The electronic structure of the consisting elements in the NPs can be well-
defined by X-ray photoelectronic spectroscopy (XPS), giving further composition
information of these NPs. The depth of the photo-emitted electrons escaping from
the very top surface of samples excitated by the Al K, X-ray source (1486.6 eV
photons) is usually in the 0.5 - 3 nm range, comparable to the top surface or half
of the diameter of these NPs. Thereby, XPS not only reveals the electronic
structures of elements in cores and surfaces whether they are metallic or oxidized,
but also provides additional evidence for their core-shell morphologies. The full
XPS spectrum for Fe(i.xZni@Zn(.yFe,O-(OH), NPs is plotted in Figure s2b,
confirming the existence of Fe, Zn, O, C, B and N in these NPs. Carbon can be
mainly from the stabilizer, or PVP. Boron can be from the decomposition of some
NaBH, and the reducing reaction. The resulted metallic boron can be used as alloy
element in metallic cores while B,Os can dope in the oxide coatings.23 The
nitrogen can be attributed to the stabilizer (i.e., PVP) and/or the formation of
metal-nitrogen bonds as the formed organometallic intermediates decompose.*

The high-resolution XPS spectrum for Zn of Fe(.\Zn(@Zn.yFe,0-(OH),
nanohybrids (Fig. 1d) shows two asymmetric peaks centered at 1023.3 eV and
1046.3 eV, which can be indexed as Zn 2p3/2 and Zn 2pl/2, respectively. The
peaks at 711.9 eV and 725.3 eV in the high resolution XPS of Fe (Fig. le)

9
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represent Fe 2p3/2 and Fe 2p1/2. ZnFe,04 should exist in Fe(i.Zny(@Zn.y)Fe,O-
(OH), NPs according to the distinct shake up peak at 719.7 eV and the XRD
analysis (Fig. 1c). The asymmetry feature (low energy tails of the peaks) in Figure
1d and the weak peak at 706.6 eV in Figure le suggest existence of metallic Zn
and Fe, which can be mainly attributed to the ultra-small FeZn alloy cores. In
addition, existence of hydroxide zinc and iron cannot be ruled out according to
their XPS characterization. Accordingly to the above XRD, HRTEM and XPS
analysis, it can be reasonably deduced that the Fe-Zn NPs should be made of Zn-
alloyed bcc Fe (Fen.xZng, x<1) as cores, and Fe-doped wurtzite ZnO and
Zn(OH); and/or ZnFe,O4 as shells (Zn(.y)Fe,0-(OH),, y<1).

It is well known that CoFe NPs have superior magnetic proeprties among
various magnetic nanoparticles. Encouraged by the synthesis of Fe(.xZn«(@Zn;.
yFe,0-(OH), NPs, this strategy was further extended to the synthesis of (CoFe) (i-
HAL@A(1)(CoFe),O-(OH), NPs using Co and Fe salts as the primary salts and
AlCl; as the secondary salt. Figure 2a is the wide-viewed TEM image of (CoFe) ;.
HAL@Al)(CoFe),O-(OH), nanohybrids, suggesting that they are
homogeneously dispersed with high uniform and discernable core-shell
morphologies. Histograms of their core and shell size distributions (Fig. s3a, s3b)
suggest that these NPs have a core diameter of 2.4 + 0.3 nm and a shell thickness
of 1.2 £ 0.1 nm. Their powder X-ray diffraction (XRD) patterns (Fig. 2b) only
show several broad peaks due to the small size effect.”” Peaks at 23.7°, 32.9 °,
35.4°, 38.6° 54.5°, 57.0° and 75.1° can be indexed as the (012), (104), (110),
(113), (024), (116) and (119) planes of a-Al,O3; (JCPDS No.: 46-1212), doped by
Co and Fe atoms or ions. Peaks at 44.7° and 62.9° can be indexed as the (110) and
(200) planes of body-centered cubic (bcc) CoFe phase (JCPDS No.: 10-71-7173)
possibly alloyed by Al. In order to observe their core—shell structures more clearly,
high-resolution TEM (HRTEM) images of some single nanoparticles were
characterized. Figure 2c and 2d are two angle-tilted HRTEM images for one
single particle with the diameter of about 5.4 nm that clearly reveal different
crystal lattices in the center and the edge of particles, which represents the (110)

10
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plane of bcc CoFe (0.202 nm) and the (110) plane of a-Al,O; (0.238 nm),
respectively, by recalling their XRD pattern (Fig. 2b).

Similar as Fe(iZn@Zn(.yFe,O-(OH), NPs, the full XPS spectrum of (CoFe)
(1-0AL@Al(1.y)(CoFe),O-(OH), NPs (Fig. s3c) not only confirms the existence of
Co, Fe, Al and O, but also of C, B and N in the NPs. The high resolution XPS
spectrum for Al element (Fig. 2¢) shows one broad assymetric peak. Shoulders at
73.4 eV, 72.9 eV and 72.7 eV can be referred to the signals from Al 2p1/2, Al 2p
and the binding energy (BE) of metallic Al 2p3/2, respectively. The full XPS
spectrum also reveals the BE of metallic Al, which can be from metallic Al
alloyed CoFe cores. Several shoulders at 75.8 eV and 74.3~74.8 eV can be
indexed as Al 2p BEs from AlOx or AI(OH);, respectively, which can be doped by
Co and Fe in shells. Interestingly, there is a distinct shoulder at 73.9 eV that can be
possibly indexed as Al 2p BE of Al-N bonds formed by the decomposition of Al-
based intermediates. The shoulder at 73.9 eV clearly suggests the existence of Al-
N bonds in these nanohybrids, indicating the formation of strong binding between
NPs and PVP/NMP. The high energy resolution XPS spectrum for Fe element
(Fig. 2f) shows pronounced peaks at 710.2~711.5 eV and 724.5 eV, indexed as Fe
2p3/2 and Fe 2p1/2, which suggests that iron oxides are mainly of Fe;O4 and FeO
mixed with Al,Os in shells by checking the peak position of Ols (531.1 eV, Fig
s3c). A shoulder at 706.6 eV can be observed from the asymmetric feature of the
peak at 710.2~711.5 eV, which can be attributed to the 2p3 BE of metallic Fe. Two
distinct peaks at 781.4 eV and 797.2 eV in the high resolution XPS of Co (Fig. 2g)
can be referred as Co 2p3/2 and Co 2p1/2, respectively, which can be from the Co
and Fe doped AlO. Shoulders at 780.5 eV and 779.3 eV reveal the existence of
Co(OH); and CoO. The distinct shake-up peaks at 803.5 ev and 787.5 eV suggest
the existence of Al,(CoFe)Os. The shoulder at 778.2 eV and the weak peak at
793.4 eV suggest the existence of metallic Co, which can be mainly attributed
from CoFeAl alloy cores. Combination of the Fe 3s BE at 91.0 eV and Co 3s BE
at 101.8 eV from the full XPS spectrum (Fig. s3c) of these NPs, the penetration
depth of XPS (0.5-3.0 nm) and the shell thickness (~1.2 nm), Al alloying bcc

11
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phase CoFe as cores ((CoFe)(.xAlx, x<1) and hydroxide-group functionalized
Co/Fe-doping Al,Os as shells (Al.y(CoFe)yO-(OH),, y<l) can be reasonably
revealed by recalling their HRTEM and XRD characterization.

In order to further confirm their core shell structure, the metal ratios of the
whole particles measured by EDX (Figure s4) and of the top surface parts
measured by XPS were summarized in Table 1. Comparing with the theoretical
values calculated by the metal content used in feeds, Zn matches Fe more than Al
matches CoFe. Clearly, the experimental Fe/Zn ratio (74/26) in the whole Fe(;.
W @Zn( .y Fey,O-(OH), nanohybrids is almost the same as the designed value
(72/28) while the Al content (14%) in the real (CoFe)(-\Alk@Al(.y(CoFe),O-
(OH), particles is far less than the designed value (46 atom%). The Al content (78
atom %) in the top surface of (CoFe)1.x\Alk@Al(.y)(CoFe),0-(OH), nanohybrids
is much higher than that in the whole particles, indicating that these nanohybrids
are indeed made of CoFe-rich cores (i.e., Al doping CoFe) and Al-rich shells
(CoFe doping AlO-(OH),) by recalling their HRTEM, XRD and XPS analysis.
The Zn content (77 atom%) in the top part of Fe(.x)Zn«@Zn(.yFe,O-(OH),
nanohybrids is also much higher than that in the whole particles, indicating that
these nanohybrids are indeed made of Fe rich cores (i.e., Zn doping bce Fe) and
Zn rich shells (Fe doping ZnO) by recalling their HRTEM, XRD and XPS

analysis.

These gradient core-shell nanohybrids preserve unique magnetic properties
that were examined by SQUID. Their room temperature hysteresis loops (RTHLSs)
and thermal-magnetism measurements (zero-field cooling (ZFC) and field-cooling
(FC) curves with an applied field of 100 Oe) are plotted in Figure 3, whose
magnetic parameters are summarized in Table 2. Their RTHLs (Fig. 3a-b) suggest
mono-phase nominal ferromagnetic feature at room temperature. Clearly,
(CoFe)-0Al@Al.y)(CoFe),O-(OH), NPs have higher magnetism sensitivity and
saturation than Fe(_Zn,@Zn(,.yFe,O-(OH), NPs. Their ZFC and FC curves (Fig.

3c) clearly confirm that they are superparamagnetic at room temperature. The

12
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non-zero coercivity and large bias of Fe(Zny@Zn(;.,Fe,0-(OH), NPs (Table 3)
are clearly attributed to enhanced magnetic surface anisotropy due to the strong
pining effect from asymmetric coated Fe doped ZnO layers (Fig. 1b) since the
magnetic dipole interaction among particles in compact-powder samples during
measurements can reduce their coercivities (Hs) and the magnetic anisotropy can

increase the magnetic reverse barrier (or increase coercivity).****’

Clearly, the
coating of Al(.y(CoFe),O-(OH), shells on (CoFe)xAlx cores does not increase
the magnetic anisotropy of (CoFe)(.0Alk@Al(.y)(CoFe),O-(OH), NPs as much as
that of Fe(ixZn«@Zn.yFe,0-(OH), NPs due to their small cores and uniform
thick shells, leading to the almost zero bias and coercivity. In (CoFe) . AL@AL;-
y)(CoFe),O-(OH), nanohybrids, the increased magnetic anisotropy can be
balanced by the increased interfacial magnetic coupling, leading to almost zero
bias and reduced coercivity, by comparing with those in CoFe NPs. However,
there is a discernable vertical magnetism shift in Fe(;xZn«@Zn(.yFe,0-(OH),
NPs by comparing with that in pure Fe NPs*®, suggesting that the interfacial
energy is increased more than the effective Zeeman energy in these NPs by
coating the assymetric Fe doped ZnO shells. These results also indicate that
surface anisotropies and pinning effects, affected by compositions, shell thickness
and uniformity, dominate the coercivities and thermal-magnetism much more in
NPs with small sizes than in large NPs,*!4304354

Generally, these nanohybrids preserve unique superparamagnetic properties
due to their alloying effects, the proximity effects among components and the
steric effects (completeness and thickness of coatings, core sizes). Comparing
their magnetic properties with the Fe or CoFe NPs”’, these hybrid NPs with
uniform Al(.y)(CoFe),0-(OH), shells or assymetric Zn(.,FeO-(OH), coatings
preserve more distinct superparamagnetic festures with reduced coercivities,
reduced merging temperature (Ty,), disappearance of ZFC peaks or much-matched
freezing temperature (T¢) and Tp,.

Molecular imaging is one trend of medical imaging in the future due to their

fast, noninvasive, high 3-dimensional spatial resolution and soft tissue sensitive
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58,60-62 Magnetic resonance imaging (MRI) is much adept at

advantage.
morphological imaging and functional imaging.”>*® To achieve molecular imaging
of disease biomarkers, mode-integrated MRI contrast agents with high specificity,
high relaxation and biocompatibility are required.”>**~*! Therefore, magnetic
resonance imaging effects of these two kinds of nanohybrids were evaluated.
Figure 4 gives the effective-metal (Fe, or Co and Fe) concentration dependent
T;-weighted spin echo imaging (T;WI) and T,-weighted spin echo imaging
(T,WI) effects effects and the corresponding T; and T, relaxation rates of Fe.
Ol @Zn( ., Fe,O-(OH), NPs (Fig. 4a: T,"; Fig. 4b: T,') and (CoFe) (-
HAL@Al(1)(CoFe),0-(OH), (Fig. 4c: Tl'l; Fig. 4d: Tz'l). The MR images are
remarkable with very high signal intensity in T;-weighted image (brighter, top
images in Fig. 4a and 4b) and low signal intensity in T,-weighted image (darker,
top images in Fig. 4b and 4d). Their T, relaxations show a rapid linear increase
with the increase of concentration (Fig. 4a, 4c), giving the T, relaxation rates
(slopes) of 0.046 (ng-Fe/ml)"-s™ for Fe(1xZny@Zn(;.yFe,0-(OH), NPs and 0.156
(ug-CoFe/ml) s for (CoFe).yAl@Aly(CoFe),0-(OH),, respectively. Their
T, relaxations also show a rapid linear increase trend with the increase of
concentration (Fig. 4b, 4d) at dosages no more than 25 pg-metal/mL, giving the T,
relaxation rates (slopes) of 0.311 (ug-Fe/ml)"-s™ for Fe(1xZny@Zn(; .y Fe,0-(OH),
NPs and 0.486 (ug-CoFe/ml)":s" for (CoFe) (1.AlL@Al.y(CoFe),0-(OH),,

respectively.

4. Discussion

Results of their application performances as MRI contrast agents indicate that
these nanohybrids show good TWI and T,WI imaging effects. Their linear T, and
T, relaxation rates (Fig. 4) on the effective metal concentrations in the

investigated concentration range are similar to previous results for various contrast

25,48,63

agents, which can be clearly explained by the following equation.**

T Ti,of1 + R,C (5

i,C
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Where, T; ¢ and Ti o (I = 1 or 2) represent the relaxation times of samples at C
concentrations and zero concentration of contrast reagents and Ri denotes the
relaxation rate of magnetic nanoparticles, and C represents the concentration of
nanoparticles homogeneously distributed in the aqueous solution.

Most commonly spin echo (SE) MRI pulse sequence is used for T;- and T,-
weighted spin echo imaging and the signal intensity for SE pulse sequence is

defined as:®
I=1,0- e /Yy o/ h (6)

Intensity (I) of T; weighted spin echo image (T;WI) is purely T;-dependent
while T, weighted spin echo image (T,WI) is purely T, dependent; T;- and T>,-
weighting can be achieved by eliminating the T, term (T, term— 1) for T,
weighting and T, term (T ;term—1) for T, weighting with the selection of the
appropriate combination of T (time of echo) and Tr (time of repetition) value.

In the evaluation of T;WI imaging effects, Tg and Ty are set as 11 ms and
300 ms. Clearly, the T, term (e'TE/ Tz) in equation 6 can be almost 1 due to the
much short T as T, is enough long, leading to the signal intensity increase in T,
weighted spin echo image (brighter, the top images of Fig. 4a and 4c) with the
increase of the incorporated nanoparticle concentration (T; becomes shorter by
equation 5). While in the evaluation of ToWI imaging effects, Tg anf Ty are set as
65 ms and 3000 ms. Correspondingly, the T; term (1 - ¢ TR in equation 6 can be
almost 1 due to the much long Tr as T; is enough short, leading to the signal
intensity decrease in T, weighted spin echo image (darker, the top images of Fig.
4b and 4d) with the increase of the nanoparticle concentration (T, becomes shorter
by equation 5).

Figure 4 suggests that (CoFe)xAli@Al(.y(CoFe),O-(OH), NPs preserve
higher T, and T, relaxation rates than Fe(.\Zny@Zn.,Fe,O-(OH), NPs. The
enhanced T; and T, relaxation rates (Tl'1 and Tz'l) of superparamagnetic NPs
depend upon the involved relaxation mechanism that relys on their microstructure,

surface and magnetic properties. # High magnetism sensitivity and saturation can
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increase the frequency of molecule moving near to that of the proton spins around
the nanohybrids, or an accelerated spin-lattice relaxation (short T;). Recalling to
their magnetic properties, (CoFe)(1.0Al@Al(.y(CoFe),O-(OH), NPs have higher
magnetism sensitivity and saturation, leading to enhanced T; relaxation. The
surface/interface features in Fe(xZn@Zn(yFe,O-(OH), NPs and their high
coercivity can increase the spin-spin relaxation time (or large T,), showing
reduced ToWI imaging effects. Therefore, (CoFe)(.\Al@Al(.y(CoFe),O-(OH),
NPs preserve better T{WI and T;WI effects than Fe(.oZns@Zn(;.,Fe,O-(OH),
NPs at the investigated concentration range.

In order to further evaluate their efficiency as MRI contrast agents, the T{WI
and T,WI effects of one commercial positive MRI contrast agent (e.g.,
gadopentetate dimeglumine, Gddm) for route clinics and the recently-developed
superparamagnetic iron oxide (SPIO) NPs (self-made) were evaluated at the same
condition for comparison. The morphology and size distribution of the
synthesized SPIO NPs are shown in Figure s5, revealing the highly crystalline
magnetite spinel Fe;O4 nanoparticles with a mean diameter of 7.1 = 1.2 nm.
Figure 5a and 5b give the T{WI and T,WI effects of Gddm, respectively. Figure
5c and 5d show the T;WI and T,WI effects of SPIO, respectively. The derived R,
and R, relaxation rates of T{WI and T,WI and the R,/R; ratios of these
nanohybrids were calculated and summarized in Table 3, comparing with the
synthesized nanohybrids.

The concentration dependent image intensities and T; and T, relaxation show
the similar results as (CoFe)nAlL@Al.y(CoFe),O-(OH), and Fe(ixZn@Zn(;-
yFe,0-(OH), NPs. Clearly, (CoFe)ixAlL@Al;.y(CoFe),O-(OH), NPs, Feg.
W2y @Zn( .y Fey,O-(OH), NPs and SPIO show better T;WI and T,WI effects (high
R) than Gddm. A remarkable result is that (CoFe)xAl@Al.y)(CoFe),0-(OH),
NPs exhibit higher R; and lower R,/R; than those of SPIO, indicating that
(CoFe)1-0Al@Al(1.y)(CoFe),O-(OH), NPs can play as a better positive contrast
agent than SPIO. SPIO has the highest Ry/R; and R, values, suggesting that SPIO
is still the best negative contrast agent among these contrast agents. By comparing
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Ry/R; ratios of FexZny@Zn(.yFe,0-(OH), NPs and (CoFe)xAlL@Alq.-

y)(CoFe),0-(OH),, the former can be a better negative contrast than the later.

Since eyes of people are more sensitive to bright signal, the T;WI is preferred
in the disease diagnosis. The mostly used contrast agents for the T WI are made of
gadolinium compounds (e.g., gadopentetate dimeglumine), which is used at a
comparable concentration of about 335 pg-metal/mL, much higher than these
nanohybrids. This high dosage definitely increases the risk of the release of
potential toxic gadolinium into body. Here, the developed nanohybrids for MRI
contrast agents, particularly (CoFe)q.0Al@Al(.y(CoFe),O-(OH), NPs, have
much more excellent T{WI effect (R; = 0.156 (ug/mL)'l-s'l) than the commercial
Gd-based positive contrast (e.g., Gddm: R; = 0.022 (ug/mL)'l-s'l). Overdose of
these nanohybrids can be efficiently avoided for the future clinical applications
due to their low dosages for enough high signals. Therefore, these newly
developed nanohybrids are highly desired as MRI contrast agents.

Conclusions

The developed core alloying and gradient shell doping strategy shows great
potentials in structure and composition controlled design and surface/interface
modification of magnetic nanoparticles. Nanohybrids made of metal alloy as cores
and doped metal oxide as shells, such as (CoFe)xAli @Al (CoFe),0-(OH),
and Fe(.xZn@Zn(.yFe,0-(OH), nanohybrids, have been successfully
synthesized according to this strategy using the programmed microfluidic and
batch cooling process. These nanohybrids exhibit unique magnetic properties due
to the interface magnetic coupling and magnetic anisotropy significantly affected
by the core alloying and the gradient doping of metal oxide shells, and surface

chemical properties (i.e., rich of M-OH, MO-(OH), and /or M-N bonds). The
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combined effects from their unique magnetic properties and surface properties
endow them dual-mode MRI effects with high-sensitivity by comparing with the
Gd-based contrast agent. Particularly, (CoFe)xAlL@Al(.y)(CoFe),0-(OH),
exhibit much better T;WI performance (high R;) than the commercial Gd based
positive contrast agents (e.g., gadopentetate dimeglumine) and SPIO, which shall
be an excellent positive MRI contrast agent. As for SPIO, it is still an excellent

negative MRI contrast agent (high R, and Ry/R; ratio).
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Table 1 Metal element ratio in feeds, in the whole particles measured by EDX and

Journal of Materials Chemistry C

Sample Designed atomic Experimental Top surface atomic
ratio atomic ratio ratio by XPS
(CoFe)q. Al @Al . Co/Fe/Al: 25/29/46 | Co/Fe/Al: 46/40/14 | Co/Fe/Al: 10/12/78

+(CoFe),0-(OH),

Fe(l -x)an@Zn(l-v)FevO'(OH)z

Fe/Zn: 72/28

Fe/Zn: 74/26

Fe/Zn: 23/77

in the surface parts of nanohybrids measured by XPS

Table 2 Magnetic properties of nanohybrids

Sample Size, nm *H,, Oe "M,, emu/g | °T; | °T,
left | right | My, | My, | K K
(CoFe)nAlL@AL;. Core: 2424030, | 09 | 08 ] 007 | 0.05 ] 106 | 106
+(CoFe),0-(OH), Shell: 1.20 +0.12
Fe,_,Zn,@Zn,,.,Fe,0-(OH), | 3.22+0.26 a8 | 27 |o034]-052] <2 | <«
¢CoFe 2.74+0.20 -16 17 0.13 | -0.13 71 125
‘Fe 3.52+0.28 -37 37 0.63 | -0.62 | 141 348

*Hc: coercivity; b My,, and My,,: magnetism at zero field in the top and bottom
cycle of HL;® Tg: the freezing temperature above which the NPs gradually shift
from clusters-glass (CG) like state to the ferromagnetic (FM) state; ¢ Tm: the
merging temperature for zero-field-cooling curves (Mzpc(T)) and field-cooling
curves (Mgc(T)), indicating that the NPs are in the same FM state for ZFC and FC

Sample R, R, R,/ R,
(ng/mL)"s! (ng/mL)"s!
Feq.yZn,@Zn_,Fe,O-(OH), 0.046 0.311 6.76
(CoFe) Al @Al (CoFe),0-(OH), 0.156 0.486 3.1
Gadopentetate dimeglumine 0.022 0.025 1.14
SPIO 0.121 5.066 419

processes above that temperature; © Data from reference: Shen X., et al., RSC Adv.

4(2014)34179.%

Table 3 T, and T relaxation rates R;, R», Ry/R; ratios for Fe(.oZn@Zn(;.y)Fe,O-
(OH),, (CoFe)u-xAli@Al(.y)(CoFe),0-(OH), NPs, gadopentetate dimeglumine

and SPIO

22

Page 22 of 29



Page 23 of 29

Journal of Materials Chemistry C

Figure Captions

Figure 1 TEM image (a), HRTEM image (b), XRD (c), high energy resolution
XPS for Zn (d) and high energy resolution XPS for Fe (e) of Feq.oZny(@Zn.
yFey,0-(OH), nanohybrids. JCPDS No for XRD analysis: bce Fe, 6-0696; wurtzite
Zn0, 89-1397. ¥: the corresponding metallic phases; V: the corresponding metal
oxides.

Figure 2 TEM image (a), XRD (b), angle tilt HRTEM images (c, d), high energy
resolution XPS for Al (e), high energy resolution XPS for Fe (f) and high energy
resolution XPS for Co (g) of (CoFe)(1-x\Alk@Al(.x(CoFe),O-(OH), nanohybrids.
JCPDS No for XRD analysis: bcc CoFe, 10-71-7173; a-Al,Os, 46-1212. V¥: the
corresponding metallic phases; *: the corresponding metal oxides.

Figure 3 The full range (a) and the central part (b) of room temperature hysteresis
loop and the thermo-magnetism curves (c) (ZFC: zero-field cooling; FC: field
cooling) of (CoFe)i.nAlk@Al.x(CoFe)O-(OH), (black curves) and Fe(.
02 @7Zn .y Fe,0-(OH), (red curves) nanohybrids.

Figure 4 Magnetic-resonance imaging (MRI) effects of ultra-small FeZn,(@Zn;.
yFeyO-(OH),  and(CoFe)(.0Al@Al(x(CoFe)O-(OH), hybrid nanoparticle
solutions. (a): the effective metal (Fe) concentration dependent T; relaxation rates
and MR images (top images) of Fe(.gZny@Zn(.yFe,O-(OH), nanoparticles
generated on a Tj-weighted spin-echo sequence with Tg of 11 ms and Tr of 300
ms. (b): the effective metal concentration dependent T, relaxation rates and MR
images (top images) of Fe(.0Zn@Zn(;.yFe,0-(OH), nanoparticles generated on a
T,-weighted spin-echo sequence with an echo time (Tg) of 65 ms and pulse-
repetition time (Tgr) of 3000 ms. (c) the effective metal (Co and Fe) concentration
dependent T, relaxation rates and MR images (top images) of (CoFe)q.oAl@Al.-
x(CoFe)O-(OH), nanoparticles generated on a T;-weighted spin-echo sequence
with Tg of 11 ms and Tr of 300 ms. (d): the effective metal (Co and Fe)
concentration dependent T, relaxation rates and MR images (top images) of
(CoFe)-nAL@Al(1x(CoFe)O-(OH), nanoparticles on a T,-weighted spin-echo
sequence with an echo time (Tg) of 65 ms and pulse-repetition time (Tgr) of 3000
ms. Metal concentrations in solutions are determined by ICP-AES and EDS.
Concentration unit: pg-metal/mL in the top images.

Figure 5 Magnetic-resonance imaging (MRI) effects of gadopentetate
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dimeglumine (M,, =938.1, Beijing BeiLu Pharmaceutical Co.,Ltd.) and
superparamagnetic iron oxide (SPIO) nanoparticle solutions. (a): the effective
metal (Gd) concentration dependent T; relaxation rates and MR images (top
images) of gadopentetate dimeglumine solutions generated on a T;-weighted spin-
echo sequence with Tg of 11 ms and Tr of 300 ms. (b): the effective metal
concentration dependent T, relaxation rates and MR images (top images) of
gadopentetate dimeglumine solutions generated on a T,-weighted spin-echo
sequence with an echo time (Tg) of 65 ms and pulse-repetition time (Tgr) of 3000
ms. (c) the effective metal (Fe) concentration dependent T, relaxation rates and
MR images (top images) of SPIO nanoparticles generated on a T;-weighted spin-
echo sequence with T of 11 ms and Tr of 300 ms. (d): the effective metal (Fe)
concentration dependent T, relaxation rates and MR images (top images) of SPIO
nanoparticles generated on a T,-weighted spin-echo sequence with an echo time
(Tg) of 65 ms and pulse-repetition time (Tr) of 3000 ms. Concentration is based
on Gd or Fe mass contents in solutions determined by ICP-AES. Concentration
unit: pg-metal/mL in the top images.
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Figure 1
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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