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Monodisperse magnetic nanoparticles (NPs) could enable the ultra-sensitive magnetic detection of biological
analytes. However, rendering these particles biocompatible has remained a challenge. We report the bio-
functionalization and detection of 12-nm manganese ferrite NPs. We have achieved the site-specific binding
of biotin-functionalized NPs onto avidin-patterned silicon oxide substrates and DNA-functionalized NPs onto
complementary DNA-patterned silicon oxide substrates. Utilizing scanning SQUID microscopy, we show
that these substrate-bound NPs retain their magnetic properties. Finally, we demonstrate a novel method of
detecting either protein binding or DNA hybridization at room temperature using the NPs and a magnetic
tunnel-junction-based biosensor situated in orthogonal magnetic fields.

Introduction the effects of NP overlayer resistivity which is associated with
) , o ] ) conductivity-based detectidf® The detection of magnetic NPs

The bio-functionalization of monodisperse magnetic nano- of size 16-20 nm also provides advantages over detection of
particles (NPs) of size-10-20 nm is of great interest as it micrometer-sized latex particles embedded with magnetic media:
would enable the ultra-sensitive magnetic detection of both 6-8 The nanoscopic size of the particles allows each to be bound
proteins and nucleic acidsGiven their extremely small size 1 5 single analyte, while their strong magnetization should
and high magnetization, such nanoparticles could also be used,jioy detection of a single particleFurther, between 1 and
to bind and transport proteins, nucleic acids, and other bio- 1 ¢ particles could bind and be detected at ani? magnetic
molecules through microfluidic networks and, following intro- - fie|q sensor, resulting in a dynamic range spanning 4 orders of
duction into a living organisrfthey could provide a means of  magnitude. The detection scheme reported here does not require
monitoring and influencing cellular processes. While methods moqulated ac magnetic fieldg. This fact, combined with the
of synthesizing monodisperse and magnetically stable ferrite yicrometer size of the tunnel junction, suggests that this

NPs with size smaller than 20 nm have been develddétle  getection method could potentially be scaled into a multianalyte
encapsulation of these particles within an overlayer of biologi- «|ap-on-a-chip” detector.

cally active molecules and their subsequent stabilization in a
physiological medium has remained a challenge. In this paper
we present the bio-functionalization and detection of 12-nm
manganese ferrite (MnE®,) NPs. We have achieved the site- Synthesis of 12-nm MnFeO, Nanoparticles. Amounts of
specific binding of biotin-functionalized magnetic NPs onto 2 mmol of Fe(acag) 1 mmol of Mn(acag) 10 mmol of
avidin-patterned silicon oxide substrates and DNA-functional- 1,2-hexadecandiol, 6 mmol of oleic acid, 6 mmol of oleylamine,
ized magnetic NPs onto complementary DNA-patterned silicon and 20 mL of benzyl ether were heated at 200for 1 h, with
oxide substrates. Scanning SQUID microscopy images of theseN: flow. The temperature was then raised to 210 with a
substrate-bound NPs show that they retain their magnetic heating rate of about 8C/min and kept at that temperature for
properties and thus can be detected by a magnetic-tunnel-2 h. Under N blanketing, the mixture was heated to the reflux
junctior? (MTJ) field sensor. Finally, we demonstrate a novel temperature of about 29%C, and kept refluxing for 1 h. The
method of detecting either protein binding or DNA hybridization solution mixture was cooled to room temperature, and the NPs
at room temperature using the NPs and a MTJ biosensor situatedvere precipitated out by adding ethanol. A NdFeB permanent
in orthogonal magnetic fields. magnet was used to separate particles from the brown super-
The magnetic detection of biological analytes is potentially Natant. The product, 12-nm cubelike MaBe NPs, was washed

more sensitive than optical detectidrf. Additionally, it avoids with ethanol and redissolved in hexane to form a stable
dispersion with a concentration ef5 mg/mL.

Preparation of Biotinylated MnFe,O, Nanoparticles.

'Materials and Methods
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Figure 1. (a) Schematic of magnetic NPs dispersed in water. The ligands conjugated to the particles are comprised of a hydrophobic distearoyl
phospholipid (yellow), hydrophilic poly(ethylene glycol) (red), and a biofunctional end group (blue) of either biotin or maleimide (for attachmen

of DNA). (b) TEM micrograph of MnFgD, NPs deposited from dispersion in hexane. (c) TEM micrograph of biotinPEG(2000)-PE-functionalized

NPs deposited from dispersion in water. Sample is negatively stained with 1% phosphotungstic acid so that the phospholipids surrounding each NP
appear as a white ring.

(biotinPEG(2000)-PE) or, alternately, an equal amount of either and oxidized in an rf-induced Oplasma for 5 min to

1,2-distearoyknglycero-3-phosphoethanolamimefmethoxy- hydrophilize the surface. Stamps were then cleaned and stored
(poly(ethylene glycol))-2000] (mPEG(2000)-PE) or 1,2-dis- in ethanol.
tearoylsn-glycero-3-phosphoethanolamiiefmaleimide(poly- Patterning Avidin on SiO, Surface. The above PDMS stamp

(ethylene glycol))2000] (maleimidePEG(2000)-PE) (Avanti was removed from the ethanol solution, dried with a stream of
Polar Lipids). After shaking fo1 h and evaporating the N, gas, and subsequently incubated in 10% bovine serum
chloroform, 0.2 mL of phosphate-buffered saline (PBS) solution albumin (BSA) solution for 20 min. The Stamp was then rinsed
was added to the dried particles, and the solution was heated tqujith DI water and again dried with Nyas. Clean Si@substrates
80°C for 12 h to create a clear suspension of biotinPEG(2000)- \yere silanized by incubation for 15 min in 0.02 mL of
PE-conjugated NPs. To purify the solution and remove any (aminopropyltriethoxysilane (APTES) in 50 mL of 2-propanol.
empty micelles that may have formed from the biotinPEG- Stamps were then placed on the substrate, and contact between

(2000)-PE, the solution was centrifuged at 229@r 30 min. the two materials was achieved by gentle manual pressure to

The supernantent was then discarded, and the precipitant wagea| the channel walls. To 4 mL of a buffered aqueous solution

resuspendgd in 0.5 mL of PB.S 30|!Jt|0n- of FITC-labeled avidin (Sigma, A-2050) were added 0.5 mg
Preparation of DNA-Functionalized MnFe,O, Nano- each of NHSSH-hydroxysulfosuccinimide) and ED®l¢ethyl-

particles. To covalently bind single-stranded DNA (sSDNA)  ny(3-dimethylainopropyl)-carbodiimide), which improve the
to NPs conjugated with the ligand maleimidePEG(2000)-PE, ¢qypling efficiency between the avidin and the amines on the
the particles were incubated with 5 nmol of(EhiolC6)- SiO; substraté! Drops of this solution were then placed at one
TTACTCGAGGGATCCTAGTC-3(Midland Certified Reagent  eng of the microchannels, through which the solution flowed
Company) dissolved in 100L of PBS solution for 12 h. This 1,y capillary action. At the other end of the stamp, excess solution
solution was then centrifuged at 22@D@r 30 min. The  \ya5 apsorbed by placement of blotting paper. To remove
supernatent was then discarded, and the precipitant Was,nhound protein from the substrate, the channels were flushed
resuspended in 0.5 mL of PBS solution. with 1% of the blocking agent BSA in PBS solution. After
Stamp Mold Production. PDMS stamp molds were pro-  yemoying the stamp from the substrate while both are immersed
duced under common photolithographic conditions using j, 5 194 BSA solution, the substrate surface was blocked for
NR8-9000 negative resist spun on silicon wafers for 120 s at hongpecific binding by incubating further in this solution for
1500 rpm to produce a thickness of Ath. After baking for 10 min, then rinsed with DI water, and dried with Nas.
%o minfag 7kO°E_:, the;a ram]E)ing up to 10(1(:1 {ﬁr an ﬁddit}??al K Patterning DNA on SiO, Surface. Ten nanomoles of
min of bake time, the wafer was exposed through a photomask_, + & : . .
for 60 s using a Karl Suss contact printer operating at 9 mw/ f5.(g'oé'n)GACTé‘GGATCCCTCGaA.‘GTf‘Af .(M'dlandfclfé“s'
cn?. The photomasks consisted of line width features ranging Iel Reagent orgpany) were 'ZSO.Vﬁ '.3. 500 of d
from 2 to 200um with 2—20 um in spacing between the lines. isnotﬁttlaogt-alﬁti)lr?;rl\l d séttlrlif/se%a:geirrr:(?ubgga f?)\r“ 1'; IYIV as immerse
The resist-coated wafers were then placed into an oven at . - : )
90 °C, ramped to 100C, and postexposure-baked at 1D _Sample Preparation and Chgractenzaﬂon Samples studied
for 4 min. The wafers were finally developed for 55 s using With transmission electron microscopy (TEM) were prepared
RD-6 developer solution, rinsed well with water for 1 min, and by placing one drop of a NP dispersion (hexane or aqueous

nitrogen-dried. based) onto the amorphous carbon substrate of a TEM grid and
Preparation of PDMS Stamp. The PDMS rubber stamps  then drying the grid under vacuum at 190 for several hours.
used for microfluidic network protein patterning onto Si@ere Images with phospholipids (Figure 1c) were additionally stained

prepared by mixing for 2 min a 10:1 ratio (v/w) of elastomer to With one drop of a 1% phosphotungstic acid and dried under
hardener (Sylgard 184, Dow Corning) and pouring it over the vacuum for 1 h. TEM images were taken with a Philips
stamp mold. After allowing the stamp to degas at room CM-12 120 keV TEM.

temperature for 1 h, the stamp was cured for 1.5 h &G0 Samples studied with X-ray diffraction (XRD) were prepared
cross-link the polymer. It was then removed from the substrate by drying the NP dispersion onto a glass substrate under vacuum
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Figure 2. X-ray diffraction patterns of 12-nm MnE@®, NPs as deposited onto glass substrates from dispersions in (a) hexane and (b) water.
Intensity is plotted as a function of wave vectors(#)sin 0). The peaks in (a) are labeled with the indexed Bragg reflections of the }aFe
structure.

at 100°C. XRD data were collected using CooKradiation 1.04 1.04
(A =1.78892 A) with a Seimens D-500 diffractometer. § (a) H (b)
Magnetometry measurements were taken with a Quantum § 051 8 o5
Design MPMS SQUID magnetometer. Samples were preparedg g 00
by drying the NP dispersion onto a Si substrate under vacuum g e -
at 100°C. § -0.5 § 05
Scanning electron microscopy (SEM) images were obtained 8
with a Carl Zeiss Leo1560 operated at 3 keV. g £ 101
Optical and epifluorescent images were obtained with a 40 -20 0 20 40 40 20 0 20 40
Reichert-Jung Polyvar-Met microscope. Chroma Technology applied field (kOe) applied field (kOe)

Blue filter set 11001v2 was used for epifluoresence microscopy. rigure 3. Magnetic moment as a function of applied magnetic field
Magnetic scans of substrate-bound NPs were obtained usingmeasured for 12-nm MnEg®, NPs as deposited from dispersions in
a scanning-SQUID microscope with an integrated 8@ (a) hexane and (b) water. Data were collected at 300 K. Solid lines are
pickup loop and a spatial resolution-ofL0 zm 1213 This SQUID best fits Qf the data to the Langevin paramagnetic function (see taxt).
was modulated at 100 kHz using a standard flux modulation Moment is plotted as a fraction of saturation moment as determined
and feedback method. Data were taken with the SQUID pickup by fits to the Langevin function.
IOOI\F/I)agi(a/.ltirg-tflz(r)\r:emﬁni?igitr(?/tﬁ:J) magnetoresistance measure- evaporating the chlorofprm, the particlas readily dissolved in a
ments were conducted as follows. The MTJ was electrically phosphate-buffered saline (PBS)_ solution. )
contacted with an Alessi REL-3200A probe station. Magneto-  Poly(ethylene glycol) phosphatidylethanolamines (PEG-PEs)
resistance was determined by supplying a A80surrent source form micelles in water wﬂh_mnar diameters of appro>_<|mate_ly
across the junction and measuring the voltage (Agilent 41568 3 nm15 Quantum dots of this diameter were chosen in earlier
Parameter Analyzer) across it as an external magnetic field alongWork® so that a single dot would just fill a micellar hydrophobic
the field-sensing direction was varied. All measurements were core. Interestingly, we find that PEG-PEs will surround and bio-
taken with a 2-cm-diameter magnetic disk mounted just beneathfunctionlize particles at least as large as 15 nm, suggesting a
the MTJ substrate, creating a 220 Oe field perpendicular to the Mmore direct interaction between the surface of the MagE&Ps
substrate. The center of the magnetoresistive effect was observed@nd the alkyl chains of the PEG-PE.

at an applied field of approximately40 Oe. Small deviations In solution, the hydrocarbon chains from the stearyl groups
such as this from zero field are typical of MTJs supplied by of the phosphatidylethanoamines (PEs) are situated at the particle
Micro Magnetics, Inc. surface, while the hydrophilic poly(ethylene glycol) (PEG) is
in contact with the water, as illustrated in Figure 1a. Figure 1b
Results and Discussion shows a TEM image of the as-synthesized hydrophobic 12-nm
We chose monodisperse Mn#l NPs as a model system MnFeO4 NPs, and Figure 1c is an image of biotinPEG(2000)-
for bio-functionalization, immobilization, and detection. MaBg PE coated MnF£®, NPs evaporated from water. The water-
has a very low magnetocrystalline anisotropy and a high momentSeluble sample is negatively stained with 1% phosphotungstic
compared with other high-moment ferrites 066g, FesO4, and acid; the unstained, hydrophobic phosopholipids appear as white

CoFeO.1 At sizes below 20 nm, Mnk®, NPs are super- rir}gs around the metallic NI_DS, _demonstrating that_it is indeed
paramagnetic at room temperature, and thus they are ideal forthis end of the PEG-PEs which is bound to the particle surface.
MTJ-based sensor detection. Our 12-nm Mi@eNPs were Figure 2a shows X-ray diffraction (XRD) data for the
synthesized following known methdd§see Materials and  nanoparticles (NPs) as synthesized. The peaks are labeled with
Methods). As synthesized, these particles are coated with a layeithe indexed Bragg reflections of the Mnf structure. The
of oleate and oleylamine. They are hydrophobic and can only widths of the observed peaks correspond to a crystallite size of
be dispersed in a hydrocarbon solvent such as hexane. 11.4 nm, indicating that the NPs are single crystalline. Figure
The NPs were made water soluble following earlier work on 2b shows comparable XRD data for NPs following function-
the phase exchange of 3-nm semiconducting quantum?dots. alization with biotinPEG(2000)-PE and dispersion in water. The
Having evaporated the hexane, resuspended the particles impeak positions are unchanged while their widths have increased
chloroform, and added the phospholipid biotinPEG(2000)-PE approximately 10%, indicating that the crystal structure is
(or, alternately, maleimidePEG(2000)-PE or mPEG(2000)-PE) substantially unchanged. The lower signal-to-noise ratio in
to the dispersion, we found that after shaking foh and Figure 2b is due to a less dense deposition of NPs on the XRD
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(b)

Figure 4. (a) Epifluoresence microscope image of FITC-labeled avidin patterned on,@®6trate. (inset) Schematic of the patterning technique

of flowing protein through microchannels of PDMS stamp on substrate. (b) SEM micrograph of biotinPEG(2000)-PE conjugat€ MREe
bound to the avidin-patterned region of a $&ibstrate, as observed at a boundary of the patterning. (¢) SEM micrograph of ssDNA-conjugated
MnFeOs NPs bound to Si@substrate patterned with complementary ssDNA, as observed at a boundary of the patterning.

substrate as well as the larger volume fraction occupied by the nonspecific binding by incubation in this solution for 10 min
organic molecules. (see Materials and Methods for details). The result of this
Figure 3a shows the magnetization of the NPs as synthesizedProcedure is that avidin is bound to the substrate wherever
as a function of applied field. As expected, the particles are Microchannels had been present in the stamp, while the blocking
modeled with the Langevin paramagnetic functi®mi(x) = FITC-labeled avidin is observable by epifluorescence micros-
Nu(cottx — (1/X)), wherex = uH/ksT, N is the number of NPs, ~ COPY; an image of a substrate patterned with avidin lines is
1 is the magnetic moment of an individual NRjs the applied ~ Shown in Figure 4a.
field, ks is Boltzmann’s constant, and@ is the absolute The above avidin patterned substrate was incubated in a
temperature. Fitting the data in Figure 3a to this function, we Solution of biotinylated MnF£D, particles overnight, washed
find that the magnetic moment of a single particle is 3.6 ~ With DI water, and dried with Bl An SEM image of the
10716 emu. Figure 3b shows the magnetization of the NPs Substrate, taken at the edge of an avidin-patterned line (Figure
following functionalization with biotinPEG(2000)-PE and dis- 4b), provides clear evidence of site-specific protein binding of
persion in water. The particles clearly remain superparamagnetic (€ magnetic NPs. The incubation of an equivalent substrate
although fitting the data in Figure 3b to the Langevin paramag- With the nonspecifically (that is, mpeg(2000)-PE) functionalized
netic function yields a somewhat reduced magnetic moment per NPS showed no site-specific binding and resulted in few bound
particle of 1.9x 10716 emu, corresponding to a magnetic radius particles scattered randomly over all regions of the substrate
approximately 80% that of the as-synthesized value. (not shown).

Taken together, the structural data of Figures 1b,c and 2, along Incubating an avidin-patterned substrate overnight with a

with the magnetometry measurements of Figure 3, demonstrate -El(itmtylated SI\SAD{\IA |20me(; T\’jl!s?rlnteg n ; SﬁDNA-ga:te:ned
that the biofunctionalization of the NPs does not significantly Substrate (see Materials an ethods). Such a substrate was

alter their structure and that they remain superparamagnetic. sqbsequgntly incubated overnight with MaBg NPs funcnon-.
o . alized with the complementary ssDNA 20mer. Following
To demonstrate that biotin and ssDNA which we have

. o . . '~ washing and drying, the sample was studied with SEM. The
attached to magnetic NPs remain biologically active, we site- image in Figure 4c, taken at an edge of a ssSDNA-patterned line,

specifically bound the functionalized NPs to appropriately nroyides a clear demonstration that magnetic NPs can be labeled
patterned substratéSThe biotinPEG(2000)-PE-coated NPs are  yith ssDNA and site-specifically bound to a substrate patterned
functionalized with biotin at the end of each PEG chain. These y;ith complementary ssDNA. Although our magnetic detection
NPs were used for site-specific binding to avidin-patterned measurements have been carried out exclusively on biotinylated
substrates. The particles coated with the nonfunctionalized Nps hound to an avidin-patterned substrate, Figure 4b,c indicates
mMPEG(2000)-PE were used in control experiments. The male-that DNA-fuctionalized particles could be detected just as
imide-functionalized particles were subsequently bound to effectively.
5'-thiolated ssDNA whi_ch, in turn, was site-specifically bound An image of the magnetic field above a substrate to which
to substrates bound with complementary ssDNA. magnetic NPs had been site-specifically bound was obtained
To prepare an avidin-patterned substrate, a PDMA stamp with using a scanning-SQUID microscope. A topograph of the flux
the desired micro-fluidic netwotk was prepared and placed measured across a substrate is shown in Figure 5a; the two
atop an amine-functionaliz&d'SiO, substrate. Drops of FITC-  regions containing magnetic NPs (at the left and right of the
labeled avidin were then placed at one end of the microchannels,image) exhibit significant magnetic fluctuations. These are
through which they flowed by capillary action (Figure 4a inset). separated by a NP-free region which exhibits relatively few such
To remove unbound protein from the substrate, the channelsfluctuations. As these data were collected at 4 K, following
were flushed with 1% BSA in PBS solution. The stamp is cooling of the sample in a negligible magnetic field, the moment
removed from the substrate while it is immersed in 1% BSA of each NP is frozen in a random direction coincident with one
solution, and the substrate surface is further blocked for of its magneto-anisotropic axes. Thus, the average magnetic flux
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Figure 6. (a) optical micrograph of magnetic-tunnel-junction field
sensor superposed with epifluorescence image of FITC-labeled avidin

w which has been patterned onto the surface of the sensor substrate. The
N\ W/ location of the actual tunnel junction (below the visible contact) is
0.2 f shown with a red ellipse. (b) Magnetoresitance of MTJ as a function

of magnetic field applied along the field-sensing direction. Red and
0 250 500 black lines correspond to measurements taken before and following
site-specific binding of magnetic NPs, respectively. Green line corre-
sponds to data taken following removal of NPs. A constant resistance

Figure 5. (a) SQUID microscope image 4 K of magnetic flux above (that js, not due to magnetoresistive effect) has been subtracted from
a SiG substrate which has biotinPEG(2000)-PE-conjugated Mdke each of the data lines.

NPs bound to avidin-patterned regions (the right and left sides of the

image). Fluctuations in flux above NP-bound regions result from . . . .
fluctuations in the average of the randomly oriented, frozen particle the dipole field generated by these magnetized NPs will enhance

moments (see text). (b) Plot of magnetic flux across black line in (a). the field observed by the MTJ sensing layer and, as a result,
the slope of the magnetoresistance as a function of applied field
from all of the particles should be approximately zero. As the will increase. This is precisely what we observe. To verify that
SQUID microscope samples the collective moment of a finite the change in magnetoresistance was not a consequence of
number of NPs, one expects to measure deviations from zeroremoving the sample from the experimental probe station and
which scale as the square root of the number of particles then remounting it following NP binding, we removed the NPs
sampled. Figure 5b shows a line scan of the magnetic flux and avidin patterning by wetting the substrate with acetone and
through the black line in Figure 5a. As expected, the regions of gently rubbing it with a cotton swab while it remained fixed in
the surface covered by bound NPs show magnetic fluctuationsthe probe station. Following removal of the magnetic NPs, the
both above and below the relatively constant value observed inmeasured magnetoresistance is shown as the green line in Figure
the region with no particles. 6b. The slope has returned to its pre-NP hybridization value,
For the magnetic detection of NPs to be of practical utility, although the signal is now noisier, presumably because traces
it is necessary that the detector be incorporated into the substratef acetone are still present at the probe electrodes.
on which the particles are bound and that the particles be
detectable at room temperature. To demonstrate the feasibilityConclusions

of suc_h detection, we patterned FITC-avidin on anﬁi@ated_ This report demonstrates that monodisperse magnetic NPs
MTJ field sensor (Micro Magnetics, Inc.). The tunnel junction o pe successfully bio-functionalized with either protein-

is comprised of a pinned magnetic layer separated from an inging molecules or ssDNA, that the molecules on the surface

unpinned magnetic layer by an A& tunneling barrier. The ot these particles remain active and can be bound to protein or
magnetore_3|stance of th_e junction d_epends on the Or'entat'oncomplementary ssDNA-patterned substrates, and that these
of the unpinned magnetic layer, which thus serves as a field 5,1y particles can be magnetically detected in situ at room

detector. (See ref 5 for a schematic illustration of such a omnerature with a MTJ sensor. The successful bio-function-

detector.) Figure 6a is an optical micrograph of the MTJ field yjization of the particles allows for the potential introduction

sensor Sl!P_erPOSQd With an epifluorescence im_age of the_pat-of these particles to both in-vitro and in-vivo biological
terned avidin. The MTJ is located beneath the visible electrical o ironments. The magnetic detection of these particles dem-

contact at the site identified by a red ellipse. The field-sensing ,girates the viability of utilizing magnetic NPs to detect both
direction is along the minor axis of the ellipse, and avidin was proteins and DNA.
patterned to be on one side of the MTJ along this axis. A
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