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Abstract
Magnetic relaxation switch (MRSw) detection is based on aggregate formation or dissociation
when magnetic nanoparticles (MNPs) bind to target molecules. In the aggregated state, the
dephasing rate of nearby proton spins is higher than in the dispersed state, resulting in a decrease
in the spin-spin relaxation time, T2. In this work, an MRSw-based nanosensor for lysozyme (Lys)
protein detection was achieved using iron oxide nanoparticles conjugated with either Lys aptamer
or linker DNA, which can hybridize with the extended part of the aptamer to form clusters. Upon
the addition of Lys, the aptamers bind with their targets, leading to disassembly of clusters and an
increase in T2. A detection limit in the nanomolar range was achieved for Lys detection in both
buffer and human serum. The determination of Lys level in different types of cancer cell lysates
was also performed to demonstrate detection in real clinical samples.

Introduction
Over the past few decades, nanoparticles (NPs) have received considerable attention in
advanced biomedical science. The unique characteristics of NPs, such as large surface-to-
volume ratio and size-dependent optical and magnetic properties, hold promise for the
development of highly sensitive and selective diagnostic tools for clinical use. Specific
ligands can be conjugated to a variety of nanoparticles to provide specificity and multivalent
affinity. The interaction of NP-ligand conjugates with their target molecules can be
transduced into a reporting signal which can be detected by fluorescence,1,2 colorimetric,1
and Raman spectroscopy.1,3

It has been observed that magnetic NPs (MNPs) have the ability to enhance the magnetic
resonance (MR) signal of protons from surrounding water molecules.4–6 Aggregation of
MNPs induces the coupling of magnetic spin moments and generates strong local magnetic
fields. Such local magnetic field inhomogeneities accelerate the dephasing of adjacent water
protons, resulting in a decrease of transverse or spin-spin relaxation times (T2). Thus, both
aggregation and dissociation of MNP clusters can be detected by a change in proton
relaxation times (ΔT2) by using NMR, magnetic resonance imaging (MRI), or relaxometry.
This phenomenon has led to the development of magnetic relaxation switches (MRSw), in
which the self-assembly of MNPs, or disassembly of pre-existing magnetic clusters,
corresponds to the presence or absence of specific targets, respectively. Such reversible
systems can be designed to detect a variety of targets, such as DNA,7 bacteria,8 viruses,9 and
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small molecules,10 with the MNPs going either from the dispersed to aggregated state or
vice-versa. Additionally, the detection based on MRSw mechanism is light independent,
resulting in the absence of background interference by scattering, absorption, or
autofluorescence.11 Therefore, the detection based on MRSw mechanism may be an
alternative strategy, especially for biological samples.

Protein dysfunction in the context of cell regulation and signal transduction is always
associated with the development of diseases, especially cancer.12–14 Thus, advances in
protein detection and quantification are essential for pharmaceutical and biomedical
research. Recently, aptamers, which comprise a new class of ligands, have been isolated and
identified to recognize a variety of chemical and biological molecules with high affinity and
selectivity.15 Aptamers are obtained through an in vitro selection process, which is known as
systematic evolution of ligands by exponential enrichment (SELEX), against a variety of
targets, such as ions, proteins, and cells.16,17 Aptamers have several advantages over
antibodies, such as ease of manipulation, reproducible synthesis, good stability against
biodegradation, and non-toxicity.

In the following discussion, we will demonstrate an aptamer-based sensor for protein
detection based on MRSw, using lysozyme (Lys) and anti-Lys aptamers as models. Lys is a
highly isoelectric point enzyme (pI~11) that contains 129 amino acids. Generally, a low
concentration of Lys is distributed in body tissues and secretions. However, it was reported
that elevated levels of Lys in serum, urine, and cells are related to many diseases, such as
leukemia,18 renal diseases,19 and meningitis.20 Therefore, the detection and quantification of
Lys is very important. In order to demonstrate the feasibility of our magnetic nanosensors
for real clinical analysis, the detection of Lys in serum and cell lysates was also investigated.

Results and Discussion
The MRSw mechanism for the Lys sensor is based on analyte-induced disassembly of
MNPs, an event which results in an increase in T2, as explained above. As shown in Fig. 1,
iron oxide nanoparticles are conjugated with either Lys aptamer or linker DNA. In the
absence of Lys, the linker can hybridize with part of the aptamer (7 bases of the aptamer
plus a 5-base extension) to form clusters (short T2). However, in the presence of Lys, the
aptamer undergoes a structural change in order to bind with the target, resulting in base pair
disruption. The five remaining base pairs between MNP-Lys aptamer and MNP-Linker are
not strong enough to hold the cluster together at room temperature, leading to the
disassembly of the clusters (longer T2). Therefore, the Lys-induced disassembly of the
clusters can be monitored by this increase in T2.

Lys nanosensor preparation
In this study, 30 nm iron oxide NPs were chosen in order to prevent unwanted settling and
aggregates due to large size of particles.21 Specifically, it was reported that large particles
tend to aggregate under magnetic field without any targets which complicated their use for
MRSw detection.22 Additionally, the role of MNPs valency on MRSw detection was studied
by Koh and coworkers.23 The results demonstrated that the more multivalent MNPs was
able to achieve higher sensitivity of target detection. Consequently, streptavidin-coated iron
oxide nanoparticles were conjugated with excess amount of either biotin-labeled aptamers or
biotin-labeled linker. To prepare Lys nanosensor, equimolar of MNP-Lys aptamer was
incubated with MNP-Linker ([Fe] = 12 μg/mL) followed by T2 measurement. Within 5
minutes, the nanosensor showed a decrease in T2, indicating the formation of clusters upon
the hybridization between the complementary strands (Supplementary Table 1). In contrast,
the T2 of either the individual MNP-Lys aptamer or MNP-Linker showed no significant
change. The T2 of the nanosensor remained constant after 10 min of incubation, indicating
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that the formation of nanosensors could be completed in a short time. The aggregation was
confirmed again by mixing a high concentration of MNP-Lys aptamer and MNP-Linker at
[Fe] = 100 μg/mL and incubating overnight at 4°C. Precipitation of the nanosensor was
observed as a consequence of the formation of large clusters (Supplementary Figure 1).
However, the same effect was not observed for individual MNP-Lys or MNP-Linker.

The Lys-induced disassembly of nanosensors
To avoid precipitation, the Lys assay was performed with the nanosensor at a low
concentration ([Fe] = 12 μg/mL). Two hundred fifty nM of Lys was added into the prepared
nanosensor, followed by T2 measurements at 5-minute intervals after adding the target. For
each time interval, the change in T2 (ΔT2) was calculated by the following equation:

where T2sample is the average T2 relaxation time of three replicates of the nanosensor after
protein addition and T2blank is the average T2 relaxation time of three replicates of the
nanosensor without target protein. A gradual increase in ΔT2 was observed from 5 to 20 min
after Lys addition (Supplementary Figure 2), due to disassembly of the magnetic clusters
after aptamer binding to the Lys. The signal reached a maximum within 20 min,
demonstrating the rapid detection of Lys by the nanosensor.

Selectivity and specificity of magnetic nanosensors
To assess the selectivity of detection, the change in T2 was measured within 40 min after
adding 50 nM of Lys or 50 nM of some possible interfering proteins, such as insulin, avidin,
trypsin, thrombin, BSA, and streptavidin. As shown in Figure 2, a significant increase in T2
upon adding Lys was observed, while the other proteins showed no significant change in T2
values. The result showed high lysozyme selectivity against other proteins, which may have
otherwise have interfered with detection in biological samples.

To confirm that the detection resulted from specific binding between the target protein Lys
and nanosensors rather than nonspecific effects, a random DNA sequence conjugated with
MNPs was used for nanosensor preparation instead of MNP-Lys aptamer. To demonstrate
that Lys cannot induce disassembly of pre-existing clusters prepared between MNP-random
sequences and MNP-Linker, seven bases at the end of Lys aptamer and the extended part
were preserved in random sequences in order to form the clusters. As expected, the
nanosensor prepared by random sequences did not bind with the Lys target, resulting in only
minimal change in T2 (Supplementary Figure 3). This result confirmed that the disassembly
of nanosensors occurs because of interaction of the aptamer-conjugated MNPs with target
Lys to the exclusion of nonspecific interactions.

Quantitative analysis
The range of detection was determined by measuring the change of T2 for samples with
different concentrations of Lys. The result showed a continuous increase in ΔT2 as the Lys
concentration was raised from 0 to 500 nM (Figure 3a). The change of T2 reached maximum
when the Lys concentration increased to more than 500 nM, indicating that binding
saturation had occurred between Lys aptamers and their targets. A linear relationship
between Lys concentration and ΔT2 was observed in the concentration range of 0.5–80 nM
with a correlation coefficient (R2) of 0.9914, as shown in the inset of Figure 3a. Using this
nanosensor, Lys could be detected at concentrations as low as 0.5nM without any separation
or amplification step. The low detection limit of this nanosensor can be attributed to the high
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affinity of the aptamer to Lys with a dissociation constant (Kd) of 30 nM,24 as well as the
low background noise inherent in MRSw detection.

Detection in complex biological media was also demonstrated by spiking Lys into 100%
human serum. The result demonstrated that this nanosensor was able to detect Lys in the
nanomolar range in serum, and a linear relationship between ΔT2 and Lys concentration
from 1 to 80 nM was achieved (Supplementary Figure 4). It is interesting to note that
magnetic nanosensors based on MRSw may not offer a very low detection limit compared to
fluorescent techniques in buffer systems.25 Nevertheless, because of the light-independent
property of MRSw, and the inherent low background, Lys was detectable in the nanomolar
range in complex biological medium without any separation or amplification step. This
result revealed the feasibility of using this magnetic nanosensor in clinical analysis.

The detection of Lys in human serum was also confirmed using T2-weighted MR imaging.
An increase of Lys concentration led to more disassembly of nanosensor clusters, resulting
in an increase in T2 and an increase in brightness of the T2 images, as shown in Figure 3b.
The change in contrast was also observed in the nanomolar range of Lys protein which
corresponds to detection using a benchtop relaxometer.

Detection of Lys in cell lysates
To validate the use of this Lys nanosensor for real clinical samples, an analysis of Lys in
lysates from leukemia cells was performed. CEM, Ramos, and K562 cells were chosen to
represent a variety of leukemia cell types. Within this set, normal white blood cells were
used as a control. Lysates from one million cells of each cell type were incubated with the
Lys nanosensor followed by T2 relaxation time measurements similar to those in previous
assays. The cell lines containing a large amount of Lys could induce a high degree of cluster
disassembly, resulting in significant change in ΔT2. Based on the MR response, the three
cancer cell lines showed a variation of ΔT2, indicating that different amounts of Lys were
contained in each cell type (Figure 4). Normal white blood cells showed only a small change
in T2, indicating a low concentration of Lys. It was previously reported that a high
concentration of Lys was detected in myeloid leukemia cells.26 As expected, a significant
increase in T2 was observed in K562 cells, which belong to a myeloid leukemia cell line,
based on their high Lys expression. In contrast, CEM and Ramos, which are T and B
lymphoid leukemia cells, showed small ΔT2, similar to that of normal cells, indicating a low
Lys expression, a result which agrees with the literature.26,27 The accuracy of the assay was
verified by the analytical recovery experiment. The K562 cells which showed highest
amount of Lys among others were chosen to perform analytical recovery. The K562 cell
lysate samples were spiked with Lys at three different concentrations, 5, 10, and 20 nM,
respectively. The % recovery of each sample was calculated from the ratio between the
amounts of detected Lys in spiked sample to the amounts of additional Lys and the unspiked
sample. The results of theses recovery tests were demonstrated in Table 1. The addition of
Lys from 5 to 20 nM to the cell lysates led to the % recovery of about 90% indicated the
reliability of theses assays. The results suggested that this magnetic nanosensor could be
potentially used for differentiation of Lys levels in specimens between healthy individuals
and patients with leukemia.

Conclusion
In conclusion, we successfully demonstrated an aptamer-based biosensor for protein
detection using MRSw and Lys as the model target protein. Good selectivity for Lys
compared to other proteins was demonstrated by minimal disassembly of pre-existing
clusters prepared by random DNA sequences conjugated with MNPs. A detection limit in
the nanomolar range was achieved for Lys detection in both buffer and human serum.
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Detection was confirmed by the T2-weighted MR image of Lys-induced disassembly. An
assay to determine the level of Lys in cell lysates also demonstrated the potential of this Lys
nanosensor for real clinical sample analysis. Overall, this MRSw-based nanosensor offers
the advantages of high sensitivity and simplicity for the detection in turbid media and
biological samples without protein purification or separation; consequently, the system is
feasible for point-of-care diagnostics.

Methods
Synthesis of DNA

All DNA samples were synthesized using standard phosphoramidite chemistry with an
ABI3400 DNA/RNA synthesizer (Applied Biosystems, CA). Biotin core pore glass (CPG)
from Glen Research was used for the synthesis. After the synthesis, the aptamers were
deprotected in concentrated AMA (1:1 mixture of ammonium hydroxide and aqueous
methylamine) solution at 65°C for 30 min, prior to further purification with reversed phase
high-pressure liquid chromatography (RP-HPLC) using a ProStar HPLC Station (Varian,
CA) equipped with a fluorescent and a photodiode array detector and a C-18 reversed phase
column (Econosil, C18, 5 μM, 250 × 4.6 mm) from Alltech (Deerfield, IL). The eluent was
100mM triethylamine-acetic acid buffer (TEAA, pH 7.5) and acetonitrile (0–30min, 10–
100%). The collected DNA products were dried and detritylated with acetic acid. The
detritylated aptamers were precipitated with ethanol and dried using a vacuum drier. The
purified aptamers were then dissolved with DNA grade water and quantified by determining
the UV absorption at 260 nm using a UV-Vis spectrometer (Cary Bio-300, Varian).

Cluster formation of nanosensors
In order to prepare magnetic nanosensors, 30 nm streptavidin-coated iron oxide
nanoparticles (Ocean Nanotech) were dispersed at 0.1 mg/mL in 100 mM phosphate-
buffered saline (PBS), pH 7.4. An excess amount of biotin-labeled Lys aptamer or linker
DNA was then added to separate samples of the streptavidin-coated MNPs. The mixtures
were vortexed at room temperature for 1 h followed by washing 3x with PBS buffer using
centrifugation at 14000 rpm to remove any DNA that did not conjugate to the MNPs. The
conjugates were dispersed in PBS and stored at 4°C at a concentration of 0.1 mg/mL.
Equimolar amounts of MNP-Lys aptamer and MNP-Linker were mixed together and
dispersed in PBS buffer at a final concentration of 12 μg Fe/mL, leading to cluster formation
within 20 min. The spin-spin relaxation times (T2) were measured at 1.5 T by mq60 NMR
analyzer (Minispec, Bruker, Germany), operating at 37°C to confirm the aggregation of
nanosensors.

Nanosensor preparation and Lys detection
The Lys nanosensor was prepared as mentioned in the previous section. A stock solution of
protein (0.1mM) was prepared in deionized water and diluted in PBS as necessary. Fifty μL
aliquots of Lys with different concentrations were incubated with 200 μL nanosensor
mixture in PBS at room temperature at a final volume of 250 μL and [Fe] = 12 μg/mL. The
spin-spin relaxation times (T2) were measured after 40 min of incubation without a washing
step. The samples with human serum (Innovative Research) were prepared by adding protein
and nanosensors to 100% human serum using the same concentration of nanosensors. T2-
weighted MR images were obtained by using a 4.7 T NMR instrument with a spin echo
pulse sequence, variable echo time (TE) of 50–100 ms and repetition time (TR) of 3000 ms.
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Lys detection in cell lysates
All cancer cell lines were obtained from the American Type Culture Association (ATCC).
CEM and Ramos cells were cultured in RPMI 1640 medium (ATCC). K562 cells were
maintained in culture with IMDM (ATCC). All media for cancer cells were supplemented
with 10% heat-inactivated FBS and 100 U/mL penicillin–streptomycin. All cultured cells
were grown in a humidified incubator at 37°C under a 5% CO2 atmosphere. The normal
white blood cells (WBC) were separated from whole blood samples (Innovative Research)
and transferred into 15 mL tubes. To isolate the WBC, blood was centrifuged at 2000 rpm
for 10 min at room temperature. This procedure separated the blood specimen into three
layers: an upper plasma layer, a lower red blood cell (RBC) layer, and a thin interface buffy
coat containing the WBC. With a transfer pipette, the plasma was first removed, and then
the buffy coat was carefully aspirated into a separated tube. Cell suspensions were
centrifuged at 1000 rpm for 5 min, and the pellet was resuspended in 2mL of washing
buffer. After washing 2x, ten microliter aliquots of the cell suspension were mixed with 10
μL trypan blue solution. Cell quantification was performed using a hemocytometer (Hausser
Scientific) and a microscope (Olympus). Ten million cells of each cell type were
resuspended in 250 μL of 1% ice cold CHAPS (3-[(3-Cholamidopropyl)
dimethylammonio]-1-propanesulfonate) lysis buffer. The lysates were incubated for 30 min
on ice and centrifuged 20 min at 12000 rpm at 4°C. The lysates were transferred to clean
centrifuge tubes for Lys assay or frozen at −80 °C. Fifty μL aliquots, which contained lysate
from 2×106 cells, were incubated with nanosensor solution in PBS using the same
conditions mentioned above, followed by the spin-spin relaxation time measurement.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Schematic representation of the magnetic nanosensor for Lys detection based on MRSw.
The iron oxide nanoparticles are conjugated with either Lys aptamer or linker DNA which
can hybridize with the extended part of the aptamer to form clusters. Upon the addition of
Lys, the aptamers bind with their targets, leading to disassembly of clusters and increased T2
relaxation time of the adjacent protons.

Bamrungsap et al. Page 8

Anal Chem. Author manuscript; available in PMC 2012 October 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Selectivity of the magnetic nanosensor. Disassembly of magnetic clusters upon the addition
of 50 nM of Lys target detected by significant change in T2 relaxation time. At the same
time, other proteins, as noted, showed only negligible changes, indicating no interaction
with the nanosensor.
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Figure 3.
Changes in T2 relaxation time with increasing concentrations of Lys. (a) The detection range
was determined in PBS; inset: expanded linear region of the curve. (b) The detection of Lys-
spiked human serum using T2-weighted MR images.
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Figure 4.
Determination of Lys in cell lysates. Normal white blood cells were used as a standard to
represent the normal Lys level. A significantly elevated amount of Lys was observed in
K562 cells, while CEM and Ramos only showed small differences in Lys levels compared to
normal white blood cells.
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Table 1

Determination of Lys in K562 cells and spiked samples

Samples ΔT2 Lys concentration (nM/1 × 106 cells) Recovery %

K562 cells 3.01±0.79 13.92 N/A

K562 cells + 5 nM Lys 3.67± 0.42 17.72 93.66%

K562 cells + 10 nM Lys 4.38±0.56 21.47 89.76%

K562 cells + 20 nM Lys 5.89±0.68 30.49 89.89%
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