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anocrystals have attracted wide at-
N tention for their unique physical

and chemical properties.' Among
different nanocrystals, magnetic nanoparti-
cles (MNPs) are of particular significance
and exhibit great potential for numerous
applications, such as catalysis,>> data
storage,” magnetic resonance imaging,>®
magnetism-induced cellular mechanotrans-
duction,” drug delivery,®® cell and protein
separations,'®'" and environmental remedia-
tion.'? Different compositions and phases of
MNPs have been synthesized, including iron
oxides (Fe30y, y-Fe,0s), pure metals (Fe, Co),
and alloys (FePt, FeCo)."*~"® Various magnetic
nanocrystalline structures have been fabri-
cated, for instance the core—shell MNPs and
heterodimer MNPs.'®'” However, synthesiz-
ing stable and biocompatible MNPs and
avoiding nonspecific binding are still challeng-
ing and important. Different strategies have
been developed to solve this issue. Streptavi-
din, small surfactants, and polymer molecules
were utilized to functionalize MNPs and im-
prove particle biocompatibility.'®2° Recently
silica, precious metals, and carbon-coated
MNPs have also been explored, and showed
great opportunities.'>*' 2> More attention
has been received by carbon-coated MNPs
due to high chemical and thermal stability, as
well as biocompatibility of carbon-based
materials. Moreover, carbon-coated nano-
particles are usually in the metallic state,
and compared to the corresponding oxides,
they have a higher magnetic moment.®*
Different carbon coating strategies have
been developed, such as sonochemical pro-
cedures, pyrolysis of iron stearate, and va-
por deposition approaches.>?>~%” Herein,
we synthesized graphite-coated, highly mag-
netic FeCo core—shell MNPs by a chemical
vapor deposition (CVD) method, and solu-
bilized them in aqueous solution through 1,
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Graphite-coated, highly magnetic FeCo core—shell nanoparticles were synthesized by a
chemical vapor deposition method and solubilized in aqueous solution through a unique
polymer mixture modification, which significantly improved the biocompatibility and stability
of the magnetic nanoparticles (MNPs). Such functionalized MNPs were proven to be very stable
in different conditions which would be significant for biological applications. Cell staining,
manipulation, enrichment, and detection were developed with these MNPs. Under external
magnetic manipulation, the MNP-stained cells exhibited directed motions. Moreover, MNPs
were printed on substrates to modulate the magnetic field distribution on the surface. Capture
and detection of sparse populations of cancer cells spiked into whole blood has been explored
in a microarray fashion. Cancer cells from hundreds down to only two were able to be simply
and efficiently detected from 1 mL of whole blood on the MNP microarray chips. Interestingly,
the cells captured through the MNP microarray still showed viability and adhered to the MNP
spots after incubation, which could be utilized for cancer cell detection, localized growth, and
proliferation.
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MNPs were printed on substrates to modulate the
magnetic field distribution on the surface. Capture
and detection of sparse populations of cancer cells
spiked into whole blood has been explored in a
microarray fashion.

RESULTS AND DISCUSSION

For the fabrication of the stable and biocompatible
magnetic nanoparticles, iron and cobalt species were
loaded onto silica powder with high surface area by
impregnation in methanol. The metal-loaded silica was
dried and heated to 800 °C for carbon deposition on
the FeCo nanoalloy under methane chemical vapor
deposition (CVD) (see the experimental section). After
cooling to room temperature, hydrofluoric acid was
used to dissolve the silica support and obtain the FeCo/
graphitic magnetic nanocrystals. The graphitic shell
exhibited excellent robustness against chemical at-
tacks in gas and liquid phases, which afforded the
MNPs superior chemical stability against HF etching
and oxidation in air, without any degradation of mag-
netic properties over long periods of time (months).
The Fe and Co metal contents of the nanocrystals were
measured by the calcination-HCI-UV/vis approach?®
and indicated stoichiometries of around 50:45 Fe/Co
molar ratio. The as-made graphite-coated MNPs were
not water-soluble due to the hydrophobic carbon sur-
face. Therefore, surface modification was required to
make this advanced nanomaterial biocompatible. In
this study, we introduced a polymer mixture to modify
the graphite shell and obtain a stable aqueous suspen-
sion of the MNP nanocrystals. DSPE-PEG-NH, and C18-
PMH-mPEG molecules were utilized to noncovalently
functionalize the graphite shells. The van der Waals
and hydrophobic interactions enabled the alkyl chains
of the polymers to adsorb on the graphite shell surface.
The hydrophilic tail of the polymers extended into the
aqueous phase and imparted solubility. Most notably,
the DESP-PEG-NH, moisture on MNP surfaces could be
potentially conjugated with any targeted molecules,
such as antibodies, peptides, or aptamers, and extend
the MNPs to a real clinical setting. The polymer mixture
coated the graphitic shell very well (Figure 1a) and
provided excellent aqueous stability to the MNPs. The
well-functionalized MNPs were found very stable un-
der extreme pH environments and high salt conditions.
As shown in Figure 1b, the MNPs are stable in 1 M HCI
solution, water, PBS buffer, and 1 M NaOH solution,
respectively. To further improve the quality of the
MNPs, sucrose density gradient centrifugation was
used to control the size distribution (see the Support-
ing Information). Ultralarge and small nanoparticles
were removed, and the remainder of the MNPs were
collected and characterized with scanning electron
microscopy (SEM) and transmission electron micro-
scopy (TEM). From the SEM image in Figure 1c, it can
be seen that the MNPs average size was around 18 nm.

CHEN ET AL.

e b) - - --
)\‘

L) o1 ! i
S i, SRR
e ¥ "

o -
va

HCI H:0 PBS NaOH
pH:03 6 7.4 137

w| 092 (200)

Intensity (a.u.)

500 00 1000 1200 1400 1600 1800 2000

20 30 40 50 80 0 80
26 (© Raman Shift (cm™!)

Figure 1. Advanced chemical properties and structural
analysis of MNPs. (a) Schematic diagram of DSPE-PEG-NH,
and C18-PMH-mPEG functionalized graphite-coated mag-
netic nanocrystals. (b) Suspensions of MNPs water solution
diluted in 1 M HCI, water, PBS buffer, and 1 M NaOH,
respectively. SEM (c) and TEM (d) (graphitic shell marked
by the arrows) images of the MNPs after sucrose density
gradient centrifugation separation, scale bar is 100 and
5 nm, respectively. (e) Powder-XRD data for the graphite-
coated MNPs. (f) A Raman spectrum (excitation 663 nm) of
the MNPs with the G and D bands of the graphitic carbon.

TEM images further confirmed the average size of the
MNPs, and also showed that one or two graphite shells
were present on the nanocrystal (Figure 1d). The lattice
fringes exhibited in the TEM image combined with the
powder X-ray diffraction (XRD, Figure 1e) also identi-
fied the crystalline body-centered-cubic (bcc) Fe/Co
core of the MNP (d spacing = 2.05 A). The MNPs were
further characterized with Raman spectroscopy, which
revealed a graphitic carbon (G) peak at ~1590 cm™'
and a disordered (D) peak at ~1300 cm ™' (Figure 1f),
providing evidence for the graphitic shell. The high
Raman D peak reflects the high strain of the graphite
shells due to the small size of the nanocrystals.
Biological application of the polymer-coated MNP
nanocrystals has been explored by carrying out cancer
cell magnetic staining and manipulation. The magnetic
nanocrystals were found to be spontaneously inter-
nalized into SKOV3 ovarian cancer cells, after one day
incubation, without the need of any delivery agent. The
mechanism of the internalization of the MNPs is not
very clear right now. It will be our interest to explore in
the future. The cells, after being stained with the MNPs,
could be easily manipulated by a magnet. Figure 2a
indicates the aggregation of the MNP stained cells
under an external magnetic field (see Supporting
Information for a video recording the movement of
the stained cells). PbS quantum dots (QDs) were used
to stain the cells together with the MNPs to visualize
the cells. After several minutes, most of the cells
were enriched around the location of the magnet.
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Figure 2. MNP-stained cells manipulated by the magnet. (a)
Video images of the SKOV3 cells aggregated under the
magnet manipulation. QDs were stained together with the
MNPs to visualize the cells under the near-infrared photo-
luminescence imaging (see the video in the Supporting
Information). (b) lllusion and optical images of cells stained
with and without the MNPs enriched by the magnet or
gravity force, respectively. Cells were diluted in the HBBS
solution during the experiments.
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When there were enough MNPs stained on the cell, the
strong magnetic force would overcome the gravita-
tional force, and attracted the cell around the magnet,
aligned according to the magnet field gradient. As
exhibited in Figure 2b, MNP-stained cells were as-
sembled around the areas of highest magnet field
gradient (Figure 2b top), and formed two lines on the
plastic tube wall. The cells without MNP staining did
not respond to the external magnetic force and sedi-
mented to the bottom of the plastic tube, due to
gravitational forces (Figure 2b bottom). The different
movements of the cells with and without MNP staining
under external magnet provided the possibility to
separate and enrich a few cells from numerous cells.
Figure 3a shows the basic strategy we used to separate
and detect cancer cells from the whole blood. MNP-
stained SKOV3 cancer cells were spiked into whole
blood to test the efficiency of the enrichment and
detection at very low spiking concentration of cancer
cells. To distinguish SKOV3 cells of interest from other
normal cells in the blood, the SKOV3 cells were stained
with a fluorescent dye DiD (1,1'-dioctadecyl-3,3,3",3' -
tetramethylindodicarbocyanine) together with the
MNPs before spiking. The white light optical and fluo-
rescence images of the DiD stained cells without
(Figure 3b) and with (Figure 3c) the MNPs inside were
recorded. No obvious difference was observed in
fluorescence images when the MNPs were introduced,
indicating that MNPs did not interfere with the uptake
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of the DiD fluorescent labels. To realize cancer cell
enrichment, a magnet was first used to enrich the MNP
stained cells around the high magnetic field gradient
areas. At the same time, most of the nonstained cells
from the whole blood sedimented to the bottom of the
plastic tube by gravitation. After several hours of
separation and enrichment, the captured SKOV3 cells
were collected for detection.

MNP microarray patterns were printed on a gold-
coated glass substrate (Figure 3a) to help localize the
MNP stained cells. Only a few minutes after dropping
the collected SKOV3 cells solution on top of the MNP
microarray we were able to see the SKOV3 cells
localized around the MNP spots on the microarray
chip. To improve the wetting and reduce nonspecific
adherence of the cells to the gold surface, a monolayer
of HS-mPEG molecules were coated on the gold sur-
face. The PEG molecules were believed to prevent
nonspecific cell adherence. To further improve the
efficiency of cell capture and localization, an external
magnet was utilized under the 1 mm thick microarray
chip. The strong magnetic force helped the SKOV3 cells
to quickly overcome the gravity and friction forces, and
localize around the high magnetic gradient areas
where the MNP spots were located.

Circulating tumor cells (CTCs) are the cells that have
detached from a primary tumor and circulate in the
bloodstream. Enrichment and detection of few cells
from the whole blood are significantly important for
developing efficient approaches for CTC cells detec-
tion. Enrichment and detection tests of the FeCo/C
MNPs were first explored with less complicated sys-
tems. Figure 4a was the fluorescence image of the
detection of 3000 SKOV3 cells spiked in 1 mL of Hank's
Buffered Salt Solution (HBSS). After 10 min, most of the
cells were enriched around the 3 by 4 MNP microarray
spots. Both the MNPs in the cancer cells and the MNP
microarrays on the substrate were important for the
cell enrichment and detection. Figure 4 panels b and ¢
show the fluorescence images of the cells settling
down from HBSS solution where SKOV3 cells were
not stained with MNPs, or no MNP microarrays were
printed on the substrate, respectively. In these two
control cases, the cells were found to distribute uni-
formly on the substrate without any pattern indicating
localization.

Complicated systems of few SKOV3 cells spiked into
the whole blood were also used to explore the enrich-
ment and detection efficiency. As shown in Figure 4d—f,
around 200 cells were spiked into 1T mL of whole blood.
After the enrichment and around 2 min of localization,
around 180 cells were detected (Figure 4d). The MNP
spot distance and spot size were believed to play
important roles in the detection efficiency. To explore
how the MNP microarray pattern affected the detec-
tion efficiency, 6 by 8 (Figure 4e) and 3 by 6 (Figure 4f)
MNP spot patterns were utilized for the cancer cells
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Figure 3. Schematic of the strategy for few cells (green dots) enrichment and detection from the whole blood (red dots) (a).
(b and c) White light optical and fluoresce images of the SKOV3 cells stained with the DiD dyes together with and without the

MNPs staining.
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Figure 4. MNPs microarrays for cell enrichment and detection. (a—c) Fluorescence (left) and white light optical overlay with
fluorescence (right) images of DiD stained 3000 SKOV3 cells spiked in HBSS solution, (a) with MNPs both staining the cells and
printed on the microarray chip, (b) no MNPs staining the cells but with MNPs on the chip, (c) with MNPs staining the cells but
not MNPs on the chip. (d—f) Images of 200 SKOV3 cells spiked in 1 mL of whole blood, and detection with the 3 by 4, 6 by 8, and

3 by 6 microarray patterns on the chips, respectively.

detection. The detection efficiency was similar to or
slightly lower than the 3 by 4 pattern.

Encouraged by the capability of utilizing the MNP
microarray for SKOV3 cells enrichment and detection,
we further decreased the number of cells spiked in the
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whole blood and explored the detection limit. Figure
5a shows the reproduced experiment of around 200
SKOV3 cells spiked into 1 mL of whole blood. After the
MNP microarray enrichment, most of the SKOV3 cells
were localized around the MNP spots. Owing to the
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Figure 5. Few-cell enrichment and detection through MNPs microarray chips. Panels a, b, ¢, and d were the fluorescence (left)
and white light optical overlay with fluorescence (right) images of the detection of 200, 150, 60, and 2 MNPs and DiD stained
SKOV3 cells spiked in 1 mL of whole blood, respectively. Panels e and f were the plots of detected cells and MNP microarray

capture efficiency against the spiked cells.

high magnetic field gradient near the edges of MNP
spots, the SKOV3 cells were most likely to aggregate
here. Similar to Figure 4d, around 170 cells were
detected, showing reproduced efficiency. In Figure 5b,
around 150 SKOV3 cells were spiked in 1 mL of whole
blood, and around 135 cells were detected. In Figure 5c,
as low as around 60 cells were spiked in the whole blood,
and there were still 47 cells able to be detected.
Because of the agitation when moving the microarray
chip to the stage of the fluorescence microscope and
the motion of the stage during scanning, some cells
drifted away a little bit from the MNP spots. Designing
an in situ enrichment and imaging method would help
to avoid the cell drifting. More excitingly, when only
two SKOV3 cells were spiked, as indicated in Figure 5d,
we were still able to successfully detect these two cells
on the MNP microarray chip. This demonstrated a great
capability for few cells detection. Figure 5e plotted the
number of detected cells against the number of spiked
cells. Most of the spiked SKOV3 cells stained with MNPs
were detected using the MNP microarray chips (see
Supporting Information for more cells detection data).
As exhibited in Figure 5f, the efficiencies of the detec-
tion of few cells in whole blood were all higher than
75%, regardless of how many cells were spiked.

Cells, after staining with MNPs and microarray sep-
aration and enrichment, were further cultured to
examine the bioactivity. The SKOV3 cells were also
stained with DiD dye together with the MNPs to
visualize and distinguish with other cells in the whole
blood. As shown in Figure 6, after cell enrichment and
incubation overnight, SKOV3 cells were still alive,
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stretching out and adhering to the edge of the MNP
spot. This remaining bioactivity of the spiked SKOV3
cells proved the biocompatibility of the MNPs and will
help to further explore proliferation properties of the
cancer cells from the whole blood.

CONCLUSION

In summary, we demonstrated the utilization of
graphite-coated FeCo nanoparticles for cell enrich-
ment and detection. The magnetic nanocrystal exhib-
ited high magnetism, and the graphitic shell helped to
prevent the magnetic core from oxidation and degra-
dation, which would lead to quenching of magnetism.
Biocompatibility of the MNP was realized through
coating the graphite shell with the DSPE-PEG-NH,
and C18-PMH-mPEG polymers. The functionalized
MNPs proved to be very stable in different conditions
which would be significant for biological applications.
These as-made MNPs were utilized to stain and enrich
cancer cells. Under external magnetic manipulation,
the MNP-stained cells exhibited directed motions. As
one step further, the MNPs were printed on a chip for
cancer cell separation, enrichment, and detection. With
both cell staining of MNPs and MNP microarrays, we
demonstrated cell enrichment and detection with high
efficiencies. Cancer cells spiked into 1 mL of whole
blood from hundreds down to only two were able to be
detected on the MNP microarray chips. This method
was simple and efficient, and exhibited detection effici-
ency higher than 75%. The MNP microarray spatially
tuned the magnetic field distribution on the substrate
and helped capture the spiked cells. Interestingly, the
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Figure 6. Cell bioactivity after the enrichment and separation from the whole blood. DiD and MNPs were stained the SKOV3
cells. The left and right were the fluorescence and white light optical overlay with fluorescence images after cell enrichment

and detection and then cultured overnight.

cells captured through the MNP microarray still showed
viability and adhered to the MNP spots after incubation.
This could be utilized for cancer cell detection, localized
growth and proliferation. The stable and biocompatible
MNPs were proved to be a good tool for cancer cell
enrichment and detection from complex systems, such
as whole blood. Meanwhile, our MNPs will potentially be

METHODS

Preparation of the MNPs. Magnetic nanoparticles were pro-
duced first by impregnating fumed silica (1.00 g, Degussa) with
Fe(NO3)3-9H,0 (3.625 g, Aldrich) and Co(NOs),-6H,0 (2.625 g,
Aldrich) in 100 mL of methanol and sonicating for 1 h. The
methanol was removed, the mixture was dried at 80 °C, and the
powder was ground. Typically, 0.50 g of the powder was used
for methane CVD in a tube furnace. The sample was heated in a
H, flow to reach 800 °C and then subjected to a methane flow of
400 cm® min~" for 5 min. After growth, the sample was etched
with 10% HF in H,0 (80%) and ethanol (10%) to dissolve the
silica. The graphite-coated FeCo solid product was then washed
thoroughly and collected through centrifugation. The stoichi-
ometries and metal contents of MNP were measured by a
calcination-HCI-UV/vis method. The MNPs were first calcined
in the graphite shell in the air to 500 °C, and then the metal
species was dissolved in HCl solution and the ultraviolet—visible
absorbance at peaks of Fe*>* at 362 nm and Co®" at 691 nm was
measured. HCl solutions of dissolved known amounts of Fe,03
(Aldrich) and CoO (Aldrich) were used to calibrate the molar
extinction coefficients of Fe>* and Co®™.

MNPs Surface Functionalization. We added the graphite-coated
FeCo nanocrystals into a water solution of 50% DSPE-PEG-NH,
(M,, ~ 5000, NOF Corp.) and 50% C18-PMH-mPEG (M,, ~ 40 000)
and sonicated for 1 h, which yielded surfactant wrapped, mostly
individual particles. Then a five-layer sucrose density gradient
was used to separate and collect the MNPs with required size
(see the Supporting Information). The C18-PMH-mPEG was
synthesized followed a similar procedure described before.?®
Briefly, C18-PMH was reacted with amine-terminated PEG
methyl ether in DMSO/pyridine for 12 h. Then 1-Ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride (EDC.HCI,
Aldrich) was added and further reacted for 24 h. The as-made
product was purified through the dialysis with 12000—14000
MWCO with distilled water, and then lyophilized to remove the
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good candidates for targeted drug delivery or gene
therapy applications. Most notably for our MNPs micro-
array, cell microarray and stem cell in suit proliferation
and control growth are interesting future applications to
explore. This magnetic nanocrystal and detection ap-
proach may also be extended to other biological and
environmental applications and systems.

solvent. The collected MNPs were thoroughly washed with
water. For the stability tests, we diluted the MNPs water solu-
tion with 1 M HCl, water, PBS, and 1 M NaOH by the 1:1 ratio,
respectively.

MNPs Characterization. We characterized the MNPs by TEM (FEI
Tecnai G2 F20 X-TWIN TEM operated at 120 to 200 kV), SEM (FEI
XL30 Sirion SEM), XRD (Philips X'Per Pro diffractometer using Cu
Ka radiation), Raman spectroscopy (Horiba Jobin Yvon LabRAM
HR Raman microscope with 633 nm He—Ne laser excitation)
and ultraviolet—visible—near-infrared spectrometry (Varian
Cary 6000i).

Cell Culture and Staining. SKOV3 human ovarian cancer cells
were cultivated in RPMI 1640 medium (GiBOC) supplemented
with 10% fetal bovine serum and 1% penicillin/streptomycin
solution at 37 °C under a humidified 5% CO, atmosphere. For
the cell staining, an excess of polymer mixture coated MNPs
were added into the SKOV3 culture dish and let incubate
overnight at 37 °C. As for cell visualizing, QDs and DiD dyes
(4-chlorobenzenesulfonate salt, Invitrogen) were added at
same time with the MNPs and cultivated overnight. The QDs
were synthesized as described in detail in ref 29. Briefly, 15 mL of
aqueous solution containing 0.25 mmol of lead acetate, 0.5 mmol
of dithioglycerol, and 1.5 mmol of thioglycerol was adjusted to pH
of 11 by adding roughly 400 uL of triethylamine. Then a 1.25 mL
aqueous solution of 0.1 M Na,S was added into the previous
solution and the reaction mixture was kept in dark overnight
before it went to completion. The QDs were solubilized in buffer
through the Dextran-DSPE (synthesized as previously described™)
coating. After overnightincubation, the cells were washed three
times with HBSS solution and then collected for the next utiliza-
tion. For cells after MNP microarray enrichment and detection,
together with the microarray chip they were put into the
incubator and cultivated for overnight for bioactivity tests.

MNP Microarray Chips Preparation. Gold-coated (30 nm Au/5 nm Ti)
glass slides were washed with acetone, methanol, and ethanol
and blew dry. MNP water solution was printed on the slides in
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three sets each of quadruplicate 400 um diameter MNP spots
(750 um in between) via solid printing pins (Array-It) with the
robotic Bio-Rad VersArray Compact array printer at 25 °C and
65% humidity. Different MNP microarray patterns were printed
including 6 by 8 spots (750 um in between) and 3 by 6 spots
(1.5 mm internal distance) array structures. After printing, the
chips were immersed into a 5 mM HS-mPEG (M, & 2000, Laysan
Bio Inc.) water solution overnight and premagnetized with a
magnet simultaneous.

Cell Enrichment and Detection. After surface modification, the
MNP microarray chips were used for cell enrichment and
detection. SKOV3 cells with MNPs and DiD stained were diluted
in the HBSS solution, and the cells numbers were counted
through a hemocytometer.' Then specific amounts of cells
were spiked into pure HBSS solution or 1 mL of whole blood
from a donkey (Innovative Research). All the cells were con-
tained in the 15 mL plastic tube and put into the ring magnet for
separation and enrichment. For cells in HBSS, the cells were
enriched for 30 min. For cells spiked in the whole blood, the
blood was diluted in the red blood cell lysis solution (5 Prime
Inc.) and then separated and enriched with the magnet ring for
ca. 2—4 h. After that, the cells that aggregated at the bottom of
the plastic tube by the gravity force were disposed and the
enriched cells were washed several times with the HBSS solu-
tion. Then the enriched cells were dropped on top of the MNP
microarray chips prepared as in the above method. Before the
incubation, a hydrophobic PAP (Pen/liquid blocker) (Cedarlane
Laboratories) was used to circumscribe the MNP microarray. A
magnet was placed under the MNP microarray chip to help
capture the SKOV3 cells during the incubation. After about
2 min incubation, the chip slide was moved to the stage of a
confocal laser scanning microscope (Horiba Jobin Yvon Labram
HR800) with a 633 nm He—Ne laser excitation for the fluores-
cence measurements.

Acknowledgment. This work is supported by NSFC 21105025
and the Fundamental Research Funds for the Central Universities
of China.

Supporting Information Available: Density gradient centrifu-
gation of the MNPs, video for magnetic field manipulation
of MNPs stained cells, characterization of the MNPs, flow cyto-
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