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Magnetic sensing utilizes the detection of biomolecule-conjugated
magnetic nanoparticles (MNPs). Our new strategy offers a novel
approach to magnetic sensing where in situ conversion produces a
“loss of signal” in the sensing device. This report demonstrates the
enzymatic conversion of Fe;0, MNPs to a non-magnetic precipi-
tate via reduction by L-ascorbic acid generated by the action of
alkaline phosphatase.

Magnetic nanoparticles (MNPs) are commonly used in off-line
sample capture, clean-up, and concentration, and as labels for
sensitive biomolecule detection.' In contrast to optical labels,
magnetic labels eliminate concerns regarding photobleaching
and can be potentially more sensitive, even in the presence of
turbidity, due to the absence of magnetic background in bio-
logical samples. Recent advances in sensor technology have
made possible the high-sensitivity detection of MNP samples
using giant magnetoresistive (GMR) sensors. The application
of these sensors in biomolecular recognition was pioneered by
Baselt et al. in 1998,> and then demonstrated by Shieh and
Ackley in 2000.° In the classical approach to magnetic bio-
sensing, magnetic particles are functionalized, attached to bio-
markers, and then detected by a change in resistance in the
layered magnetoresistive element of the GMR sensor. There
are several research groups that have advanced magnetic
sensor technologies at the micrometer scale.! Commercially
produced magnetic immunoassays include MagArray (GMR-
based - utilizing 50 nm magnetic nanotags),”> MagniSense
(reader that registers a nonlinear particle magnetization
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Enzymatic conversion of magnetic nanoparticles
to a non-magnetic precipitate: a new approach
to magnetic sensing
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signature - utilizing 50 nm paramagnetic particles),® and
MagnaBiosciences (lateral flow assays - utilizing 60-380 nm
paramagnetic particles).” Our assay utilizes a vibrating sample
magnetometer (VSM), an AC susceptometer, and ultimately a
custom-built GMR sensor.

This report introduces a new approach to magnetic sensing
based on the enzymatic modification of MNP tags through the
generation of an intermediate reducing agent. Conventional
enzyme-linked immunosorbent assays (ELISA) using alkaline
phosphatase (AP) as the reporter rely on the dephosphorylation
of a substrate such as 4-nitrophenyl phosphate, 4-methyl-
umbelliferyl phosphate (4-MUP), or 3-(2'-spiroadaman-tane)-4-
methoxy-4-(3'-phosphoryl-oxy)phenyl-1,2-dioxetane (AMPPD, in
the form of a disodium salt), to form a product that can be
detected by its absorbance, fluorescence, or luminescence
(Fig. 1). In cases where an insoluble colored product is
required for detection, bromochloroindolyl phosphate-
nitroblue tetrazolium (BCIP-NBT), which forms a blue
precipitate/chromophore upon dephosphorylation, can be
used as a substrate.® An alternative approach to a visual result
would be the widely-used silver enhancement or “silver stain-
ing” technique, where AP is employed to produce metallic
silver by reduction of silver ions utilizing a reducing agent that
is only formed after the AP-catalyzed dephosphorylation of a
substrate (e.g., phosphorylated r-ascorbic acid,’ 4-aminophenyl
phosphate,’® or 3-indoxyl phosphate)."’ Additionally, there
have been a number of recent reports that have focused on
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Fig. 1 Schematic of (a) conventional ELISA — detection by optical signal
and (b) our strategy — detection by loss of magnetic signal.
Figure adapted from ref. 21 and 22.
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“biometallization” - the electrochemical deposition of a metal
in the presence of an enzyme.'>"?

Here we propose that the disappearance of MNPs, and thus
a loss of signal, also can provide a convenient and sensitive
method for detection of AP as a label (Fig. 1) or for detection
of AP itself (Fig. 2). AP plays an important role in cell cycle,
growth, and apoptosis, and research efforts continue to study
detection of serum AP as a biomarker.® Some conditions,
such as rapid bone growth (during puberty), bone disease
(Paget’s disease or cancer that has spread to the bones), hyper-
parathyroidism, vitamin D deficiency, or damaged liver cells,
result in high blood AP levels. While the detection of AP using
fluorescence'>™” and electrochemical'®'® assays has been
studied (Table 1), this report provides the first proof-of-concept
of a magnetic assay.

In addition to enzyme-mediated silver staining, r-ascorbic
acid has also been used directly, without enzymatic conversion
from phosphorylated r-ascorbic acid, to reduce salts such as
AgNO3, HAuCly, Pt, Pd, CuSO,, Co(NO3),, Fe(NO;),, and MoCl,
to yield nanoparticles of Ag, Au, Pt, Pd, Cu, Co;0,, Fe,03, and
MoO,, respectively.'**>?* However, other than the enzymati-
cally synthesized magnetic nanoparticles by Kolhatkar et al.>>
these reports make no mention of the development of mag-
netic products. Also, during the synthesis of Fe;O, nano-
particles via the reduction of ferric chloride by r-ascorbic acid,
Lv et al.** serendipitously observed that an excess of 1-ascorbic
acid failed to generate Fe;O, MNPs because the excess
r-ascorbic acid likely reduced the Fe®” in the synthesized-Fe;0,
as well.?° The fate of the elemental components in this effort
to produce MNPs does point to the possible development of a
system where the magnetic component loses its magnetism
through a reduction process.
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Fig. 2 Detection of AP by loss of magnetic signal.

Table 1 Detection limits of AP for different assays

Detection
Method limit
Optical ELISA absorbance at 450 nm 20U0L™"
Fluorescence assay using quantum dots'” 14U0L7"
Electrochemical assay"® 01UL™"
Fluorescence assay using resorufin; simultaneous 01UL™!
AP detection and cell imaging®®
Fluorescence assay using quantum dots"® 11Ul
Our magnetic assay — loss of signal
(i) AC susceptometer 05kuL™
(i) vsM 0.01UL™"
(iii) GMR sensor (theoretical limit based on GMR puL™"

sensitivity of 107"* emu)
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Because of the implications in terms of iron availability and
cycling, parallel research to study the fate of iron oxides in the
environment is ongoing, yielding useful background for this
report. Nanoscale iron oxides (e.g., ferrihydrite, hematite,
goethite) are ubiquitous in nature, and their fate in the
environment arises from their chemical reactivity. Several
studies used ascorbic acid as a model compound to study the
reductive dissolution of nanoparticles prepared from the afore-
mentioned minerals.'>'%?° In all cases (varying size, pH, mor-
phology), insoluble salts incorporating Fe’" were reduced to
soluble salts of Fe*" in the presence of ascorbic acid. We
wished to confirm the ability of r-ascorbic acid to reduce pre-
synthesized Fe;0, MNPs, both using r-ascorbic acid purchased
from a chemical supplier and using r-ascorbic acid enzymati-
cally formed in situ to determine the fate of their magnetic pro-
perties. For our enzymatic reduction, AP catalyzed the
dephosphorylation of r-ascorbic-2-phosphate to r-ascorbic
acid, which then served as a reducing agent for the Fe;O,
MNPs.

This manuscript reports the first use of an enzyme to
convert MNPs to a non-magnetic precipitate, with the aim of
changing/reducing the resistance that is registered using a
GMR sensor - a potentially elegant approach that should
prove useful in biosensing using AP as a label (Fig. 1) or for
detecting AP itself (Fig. 2). For the preparation of our MNPs,
we modified the procedure reported by Deng et al.>® to obtain
spherical Fe;O, nanoparticles having diameters of 100 nm.
This synthesis involved sequentially dissolving iron chloride
(1.4 g, FeCl;-6H,0) and sodium acetate (3.6 g) in 15 mL of
ethylene glycol. The solution was stirred for an additional
30 min and then injected at once into a round-bottomed flask
containing a vigorously stirred solution of PVP (0.40 g) in
35 mL of ethylene glycol heated to and kept at 180 °C. The
mixture was then vigorously stirred for 6 h during which a
black precipitate was obtained, washed multiple times with
ethanol and purified water, and dried under vacuum at room
temperature.

The ascorbic acid (aa) used in these experiments was either
a purchased chemical (“chemical synthesis” approach) or an
enzymatically produced chemical formed via dephosphoryla-
tion of r-ascorbic acid 2-phosphate sesquimagnesium salt
hydrate (p-aa) by alkaline phosphatase (AP) (“enzymatic syn-
thesis” approach). Samples of AP were obtained from Sigma
(catalog # P6774; 0.049 mL; 3531 units per mg protein and
13 mg protein per mL for all experiments except those using
the AC susceptometer and catalog # P6774; 0.046 mL; 2703
units per mg protein and 16 mg protein per mL for experi-
ments involving the AC susceptometer). One activity unit of
AP is defined to hydrolyze 1 pmol of substrate (4-nitrophenyl
phosphate) per minute at pH 9.8 at 37 °C. Zeba desalting
columns (7K MWCO from Thermo Fisher Scientific) were
used to remove more than 95% (column specification) of the
salts (5 mM MgCl, and 0.2 mM ZnCl,) present in the AP solu-
tion. The enzyme was then resuspended in 1000 pL diethanol-
amine buffer (pH 9.8) containing 5 mM MgNO; and
0.25 mM ZnNOj; to give a final concentration of about 2 units
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AP per pL. In a 50 mL centrifuge tube, 0.25 mL of 1 mg mL™"
100 nm Fe;0, MNPs was added to 5 mL of purified water. For
chemical or enzymatic conversion, 0.05 and 0.1 g (0.3 and
0.6 mmol) of aa or 0.1 g (0.3 mmol) of p-aa, respectively, were
added to the solution. In the case of enzymatic conversion,
5 pL of 2 units per uL AP enzyme was added to the centrifuge
tube containing the MNPs and p-aa. The experiment was
carried out at 20 °C (room temperature). The chemicals used
in the syntheses were of analytical grade and were used as
received from the suppliers without further purification. Puri-
fied water (resistivity of >18 MQ cm) from a Milli-Q water
system was used in the synthesis and washing steps. To evalu-
ate the in situ kinetics of loss of magnetization, we added
2 to 20 puL of ~2 units per pL AP enzyme to 0.15 mL of 0.33
to 1.0 mg mL~' MNPs and 0.15 mL of 0.1 g mL~" p-aa and
monitored changes in the apparent magnetization using AC
susceptometry.

The MNPs and the resulting non-magnetic precipitate were
characterized by scanning electron microscopy (SEM;
LEO-1525 operating at 15 kV and equipped with an energy-
dispersive X-ray spectrometer, EDX), vibrating sample magneto-
metry (VSM; LakeShore, Model VSM 7300 Series with a
LakeShore Model 735 Controller and LakeShore Model 450
Gmeter Software, Version 3.8.0), and X-ray diffractometry
(XRD; Siemens D5000 X-ray diffractometer). For the SEM ana-
lyses, we deposited the MNPs or non-maghnetic precipitate on a
silicon wafer and allowed the samples to dry. We used EDX
and XRD to confirm the composition of the samples. For the
XRD studies, a concentrated sample of nanoparticles in
ethanol was deposited on a piranha-cleaned glass slide, and
XRD was catried out using Cu Ka radiation (4 = 1.540562 A) in
the 20 range from 0 to 90°. The magnetic properties (satu-
ration magnetization, residual magnetization, coercivity, and
blocking temperature) of a known mass of sample were
measured using VSM. Saturation magnetization and coercivity
were obtained from the hysteresis loop for data collected at
300 K. In addition to end-point measurements in the static
field using VSM, we recorded a time profile of loss of magneti-
zation using an AC susceptometer. The AC magnetic suscepti-
bility was measured at 10 kHz in a zero-bias DC field using
two physically separated primary/secondary coil pairs. The
sample response (vector voltage) was measured by a differen-
tial pre-amplifier and a digital phase sensitive detector yield-
ing a complex magnetic susceptibility. A compensating vector
voltage phase-lock to the primary drive current was always
applied to assure that each sample was measured with
maximum sensitivity.

Prior to testing the enzymatic conversion of MNPs to a non-
magnetic precipitate, we used purchased r-ascorbic acid to
evaluate its efficiency for reducing Fe;0, MNPs. In the pres-
ence of both 3 and 6 mmol t-ascorbic acid, the black-brown-
colored Fe;0, MNP solution (0.25 mL of 0.001 g mL™" Fe;0,
MNPs suspended in 5 mL of purified water) became comple-
tely clear in about 2 h. In the enzymatic process, the solution
did not become clear, and a white precipitate was observed in
about 5 h. The white precipitate was characterized utilizing the
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Fig. 3 SEM images of (a) 100 nm FezO4 MNPs and (b) the non-mag-
netic precipitate obtained from the enzymatic conversion of the 100 nm
F6304 MNPs.

various methods used for characterization of the MNPs
(described earlier). The SEM images of the Fe;0, MNPs and
the product of the enzymatic conversion are shown in Fig. 3.
When the chemical r-ascorbic acid was used as purchased for
the MNP reduction, Fe** was reduced to a soluble salt of Fe*",
yielding a particle decomposition with no precipitate; there-
fore, we have no images to report for the chemically-converted
Fe;O4 MNPs.

Regarding the formation of the white precipitate, there has
been significant research on the mechanism of alkaline phos-
phatase dephosphorylation.”® To evaluate the role of phos-
phate, we examined three experimental conditions with MNPs
in deionized water (no enzyme): (1) with ascorbic acid, (2) with
ascorbic acid + potassium phosphate but without pH adjust-
ment, and (3) with ascorbic acid + potassium phosphate
adjusted to pH 9 (optimum pH for alkaline phosphatase). As a
control, we used the MNPs in deionized water alone. Con-
ditions (1) and (2) yielded a clear solution, and condition (3),
which included phosphate at alkaline pH, led to the formation
of a precipitate. The control showed that the MNPs were stable
in water. These results are consistent with a model in which
phosphate under alkaline conditions is responsible for the
difference in the observed results (white precipitate versus total
dissolution, respectively).

When contemplating our results, we investigated other
possible contributions to the loss of magnetization. It has
been documented that AP has a high turnover number for
various phosphorylated substrates.>” In our experiment, there
are no competing substrates and demonstrating selectivity of
the enzyme towards r-ascorbic acid 2-phosphate sesquimagne-
sium salt hydrate is not required. The Fe;0, MNPs used in the
experiment are stable way beyond the duration of the experi-
ment*® and, similarly, the AP enzyme is stable under the
chosen pH and temperature conditions.”®

Fig. 4 shows the elemental composition of the non-
magnetic precipitate obtained from the enzymatic procedure
as measured by SEM/EDX. The SEM/EDX spectrum represents
the average of data collected for 5 samples. The EDX data show
that the composition of the non-magnetic precipitate obtained
from the enzymatic conversion of the 100 nm Fe;O, MNPs is

Fes7.50734s5.

This journal is © The Royal Society of Chemistry 2016
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Fig. 5 Comparison of the XRD pattern of the non-magnetic precipitate
obtained by enzymatic reduction of the 100 nm FezO4 MNPs versus that
of the 100 nm FezO4 MNPs.

Fig. 5 compares the XRD patterns of the Fe;0, MNPs and
the enzymatically-synthesized non-magnetic precipitate. The
MNP XRD pattern confirms that the MNP samples are Fe;0,
since the pattern matches that of Fe;O, in the Inorganic
Crystal Structure Database (ICSD Collection Code 26410). We
characterized the non-magnetic precipitate using XRD and
compared its pattern to that of the Fe;0, MNPs, as shown in
Fig. 5. Comparison of the XRD patterns confirms that the non-
magnetic precipitate is distinctly different from the original
Fe;0, MNPs.

We also calculated elemental compositions and mass bal-
ances for the conversion process. Based on the experimental
protocol described above, 27 pg of 0.9 units of AP protein
(Sigma, catalog # P6774: 0.049 mL containing 13 mg protein
per mL and 3531 units per mg protein) dephosphorylated
phosphorylated r-ascorbic acid to yield r-ascorbic acid that
reduced 100 nm Fez;O, MNPs (weight% ratio of Fe:O of
72:28) to obtain 0.0005 g non-magnetic Fe,;.503.5 with a
weight% ratio Fe: O of 56 + 5:44 + 5.

Fig. 6 shows the magnetic properties of the Fe;0, MNPs
obtained by analysis using VSM. The saturation magnetiza-
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Fig. 6 Magnetization curves recorded at 300 K for the 100 nm FezO,4
MNPs.

tion and coercivity of the 100 nm Fe;O, MNPs were
70 emu g~ " and 23 G, respectively. Fig. 6 also shows that after
the MNPs were enzymatically reduced, the precipitate exhibi-
ted no measurable saturation magnetization at room temp-
erature. In separate studies, we also found that, unlike the
Fe;0, MNPs, the enzymatic precipitate showed no attraction
to a bar magnet.

Fig. 7 highlights the in situ conversion of MNPs to a non-
magnetic precipitate using AC susceptometry, which moni-
tored the loss of magnetization with time. As described earlier,
chemical reduction of MNPs yielded a clear solution and a loss
in magnetization in less than 2 hours. Enzymatic conversion
of MNPs to a non-magnetic precipitate (as characterized using
VSM and shown in Fig. 6) took 5 h. However, the drop in mag-
netization in the enzymatic experiment took about 96 hours.
Loss of magnetization was observed using 2 and 20 pL of ~2
units per pL AP enzyme to convert 0.33 mg mL~" concentration
of 100 nm MNPs. Both demonstrated loss in magnetization in
the same time period. Although there is room for improve-
ment for its use in diagnostics, Fig. 7 clearly demonstrates

¥ (aa)

(a) Chemical

(c) Enzymatic-2

Apparent Magnetic Susceptibility (a.u.)

P | R,
« Y
(b) Enzymatic-1 \‘ \
N\ Non-
\ \ magnetic
« \precipitate
\
x>0 \\W
\, x<0 AN
. L L 1 L —=1
0 1 2 324 48 72 96 120 144
Time (h)

Fig. 7 Loss of magnetization monitored by AC susceptometry
(a) chemical: aa — ascorbic acid (black line), (b) enzymatic: 20 pL of
2 U mL™ AP (blue line), and (c) enzymatic: 2 pL of 2 U mL™ AP (red line).
Both (b) and (c) used phosphorylated ascorbic acid (p-aa) and alkaline
phosphatase enzyme (AP).
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proof-of-concept that this procedure can be used as a “loss of
signal” method for ELISA or for detection of AP itself. The
experiment involves dephosphorylation of phosphorylated
ascorbic acid (to ascorbic acid) catalyzed by the biomarker
(enzyme) that is specific only toward phosphorylated sub-
strates. Subsequent reduction of MNPs by this in situ-produced
ascorbic acid then leads to a non-magnetic precipitate. Regard-
ing possible competing reducing agents, ascorbic acid and
glutathione (GSH) are the most commonly found reducing
agents in living tissue.’® However, the interaction of glutathione
(GSH) with ascorbic acid and the redox reactions between
GSH/GSSG (oxidized GSH) and r-ascorbic/dehydroascorbic
acid have been studied in depth, and it has been demonstrated
that GSH prevents the in vitro oxidation of ascorbic acid.*
Based on the standard reduction potentials, ascorbic acid
(0.06 V) is a better reducing agent than GSH (0.23 V), which in
turn via redox coupling ensures the regeneration of ascorbic
acid. Given these collective considerations, if the detection
proceeds via ELISA, our new strategy can, in principle, be used
to detect any analyte for which AP is used as a label (see
Fig. 1).

Our carboxylic acid functionalized model-sensor platform
of 400 nm x 400 nm can electrostatically bind to 16 amine-
functionalized Fe;O, MNPs having a diameter of 100 nm.*>%*
The conversion of MNPs to non-magnetic precipitate can be
monitored using this giant magnetoresistive sensor (GMR)
which is designed to detect one Fe;0, MNP possessing a satu-
ration magnetization of 70 emu g~ ".*>** For detection of AP
biomarker, the “loss of signal” method combined with the
ultrasensitivity (10~ emu) of the GMR sensor can yield a
theoretical detection level of pU L™'. Due to the challenges
faced by the GMR production team, we evaluated the effective-
ness of the two routes toward the reduction of MNPs using an
AC susceptometer based on its portability and sensitivity of
less than 10~ emu.*® With the AC susceptometer, we were
able to document a loss of magnetization of 3 x 10"* MNPs
with 2 pL of 2 U uL ™" AP enzyme in 72 to 96 h. Each experi-
ment with the AC susceptometer was repeated three times,
and the non-averaged signal-to noise ratio (SNR) was better
than 110 for each measurement shown in Fig. 7, where the
SNR is defined as the ratio between the variance of the signal
and the variance of the noise measured at the beginning of
each experiment.

Using the VSM, we documented a loss of magnetization of
5.5 x 10"* MNPs using 5 pL of 2 U pL~' AP enzyme in 5 h.
Although not generally employed as a sensor, the VSM
measurements provided us with a sensitivity of 0.01 U L™ for
the detection of AP. Each of the methods used has its own sen-
sitivity and sample state (in solution or solid): AC magneto-
meter (10~* emu or SNR signal-to-noise ratio of 10; liquid;
time profile data), VSM (10™°® emu; solid; end product
characterization), and GMR (10™"* emu; solid; end product
characterization). Based on the MNP mass required to obtain a
measurement and the amount and concentration of AP used
for that mass, we determined the detection limits in Table 1
for our magnetic assays.
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Conclusions

The strategy outlined in this report offers a novel approach
to magnetic sensing. Dephosphorylation of phosphorylated
t-ascorbic acid by AP yields r-ascorbic acid, which converts
magnetic Fe;0, MNPs to a non-magnetic product. This in situ
conversion in the course of the assay provides a “loss of
signal” option in magnetic sensing applications.
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