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ABSTRACT: Protease expression is closely linked to malignant
phenotypes of different solid tumors; as such, their detection is
promising for diagnosis and treatment of cancers, Alzheimer’s, and
vascular diseases. Here, we describe a new method for detecting
proteases by sensitively monitoring the magnetic relaxation of
monodisperse iron oxide nanoparticles (IONPs) using magnetic
particle spectrometer (MPS). In this assay, tailored peptides
functioning as activatable nanosensors link magnetic nanoparticles
and possess selective sites that are recognizeable and cleaveable by
specific proteases. When these linker peptides, labeled with biotin at
N- and C-terminals, are added to the neutravidin functionalized
IONPs, nanoparticles aggregate, resulting in well-defined changes in
the MPS signal. However, as designed, in the presence of proteases
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these peptides are cleaved at predetermined sites, redispersing IONPs, and returning the MPS signal(s) close to its
preaggregation state. These changes observed in all aspects of the MPS signal (peak intensity, its position as a function of field
amplitude, and full width at half-maximum—when combined, these three also eliminate false positives), help to detect specific
proteases, relying only on the magnetic relaxation characteristics of the functionalized nanoparticles. We demonstrate the general
utility of this assay by detecting one each from the two general classes of proteases: trypsin (digestive serine protease, involved in
various cancers, promoting proliferation, invasion, and metastasis) and matrix metalloproteinase (MMP-2, observed through
metastasis and tumor angiogenesis). This MPS based protease-assay is rapid, reproducible, and highly sensitive and can form the
basis of a feasible, high-throughput method for detection of various other proteases.
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rotease-based therapies offer efficient and effective tools

for the development of sensitive assays to investigate the
role of protease in physiological processes such as blood
clotting, digestion, and disease progression.' > Proteolytic
enzymes are important in the breakdown of long polypeptide
chains of proteins into shorter peptide fragments and eventually
into amino acids.” Overexpression of proteases (e.g, matrix
metalloproteinase (MMPs), trypsin, caspases, and thrombin)
are linked to various pathological phenomena such as cancers,
neurodegenerative disorders, cardiovascular diseases, and
gastric ulcer.””” Therefore, developing sensitive techniques
for detecting proteases in various biological environments is
important for further understanding their function and
developing antiprotease therapeutics.”

In this report, we describe a new magnetic relaxation based
assay and illustrate its utility by focusing on two major
proteases: trypsin and MMPs. Trypsin is a serine protease and
an important enzyme in digestive system. Trypsin reliably
cleaves proteins or peptides at the carboxyl terminal of lysine
and arginine. Unregulated trypsin secretion results in pancreatic
diseases such as maldigestion disorder, chronic pancreatitis,
cancer proliferation, and metastasis.””'' Therefore, it is
important to develop convenient protease assays for its
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detection in tissue culture medium and tissue extracts for
therapeutic purposes. Similarly, among several MMPs pro-
teases, MMP-2 is known to be involved in the degradation of
extracellular matrix proteins that play a major role in normal
physiological processes, such as embryonic development, and
tissue remodeling, as well as in disease progression, such as in
arthritis, cancer invasion, and metastasis.'>'> MMP-2 also has a
specific recognition site at the leucine residue that can be used
for cleavage by MMP protease.'*

Developing new methods for detecting and screening
protease inhibitors is also important in diagnosis of diseases
(e.g, cancers and gastric ulcers) based on protease therapy.
Conventional methods used for the detection of these enzymes
involve gel electrophoresis, enzyme-linked immunosorbent
assays (ELISA), and high-performance liquid chromatography
(HPLC)."”"™"® For higher sensitivity and accuracy, protease
detection assays are mostly based on the use of radioisotopes;
however, the major disadvantages of using radioactive
compounds are their short half-lives and environmental and
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personnel safety concerns.'”~>* In addition, over the past

decade, numerous fluorescence-based methods have been
developed for protease detection.””~*° The use of fluorogenic
compounds for detecting proteases is also challenging, due to
quenching mechanism (liberation of a fluorescent product from
a fluorogenic reactant measured by fluorometer), which results
in limited efficacy for each substrate.”*>’ Hence, although
existing techniques are consistently used for qualitative and
quantitative detection, to overcome several drawbacks such as
the need for sophisticated instrumentation and the necessity of
using trained personnel, and radioactive or fluorescent tags,
requires the development of an alternative facile and reliable
method such as the one reported here.

Superparama§net1c iron oxide nanoparticles are biocompat-
ible materials® with extensive diagnostic and therapeutic
applications,” including biomedical imaging, drug delivery,
and gene therapy.”' ~** Further, the magnetic properties and
magnetic relaxation dynamics of IONPs can also be effectively
used for detection of various proteases. Zhao et al.
demonstrated a magnetic resonance imaging (MRI)-based
technique for detecting trypsin, renin, and MMP protease
activity using superparamagnetlc nanoparticles as magnetic
relaxation switches (MRS).” They determined the protease
activity, indirectly, by measuring changes in spin relaxation time
(T,) of water molecules caused by these nanoparticles in a MRI
system. Here, we demonstrate an alternative, simple,
inexpensive, quick, and reproducible, IONPs-based protease
assay by using magnetic particle spectrometry (MPS). MPS
provides a highly sensitive, rapid, and quantitative measurement
of nanoparticle magnetization and relaxation response under ac
excitation and was developed in conjunction with an emerging
biomedical imaging modality called magnetic particle imaging
(MPI).>>~* In MPS, an alternating magnetic field is applied to
magnetic nanoparticles in solution, and then the field-
dependent derivative of the magnetization, dm(H)/dH, is
measured.*’ The MPS signal—peak height, half-width, and
position—is highly dependent on the relaxation mechanism
(ie, Néel, Brownian, or hysteretic reversal) of the nano-
particles, which in turn, for a fixed applied frequency or
measurement time, is a strong function of their size,
interparticle interactions, surface functionalization, and the
surrounding environment,*>**

In this report, we utilize the magnetic relaxation dynamics of
size-optimized, and specifically surface functionalized, nano-
particles in a MPS system to develop a novel method for
detection of protease (Figure 1) and demonstrate the general
utility of this technique using two representative cancer specific
proteases (ie, trypsin and MMP-2). First, we synthesized
highly monodisperse 22 nm superparamagnetic IONPs and
functionalized them with poly(maleic anhydride-alt-1-octade-
cene) (PMAO) polymer to introduce carboxyl groups on the
surface of nanoparticles. These carboxyl groups were used to
conjugate the amino group (NH,—) of neutravidin using
carbodiimide chemistry (Figure 2A). Then, we used specifically
designed linker peptides that act as neutravidin cross-linking
molecules, to aggregate the neutravidin-coated nanoparticles. In
addition, these linker peptides were chosen such that they are
selectively recognized and cleaved by the specific proteases
(trypsin or MMP-2), resulting in the redispersion of the
aggregated nanoparticles. The state of the magnetic nano-
particles, aggregated or dispersed, can be accurately measured
by MPS, due to specific and reproducible changes in their
magnetic relaxation characteristics (Figure 1). Thus, by
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Figure 1. Mechanism of magnetic protease sensing based magnetic
particle spectroscopy, dm(H)/dH. The magnetic response (MPS peak
intensity, position, and fwhm) of the IONPs do not change after their
functionalization with neutravidin (IONPs-N, step 1). Addition of
specifically designed peptides (P) (GK-8 and GK-9) to the IONPs-N
complex, in step 2, results in aggregation of nanoparticles due to the
interaction of neutravidin and biotin. This phenomenon decreased the
MPS signal intensity, increases its fwhm, and shifts the peak position.
Proteases such as trypsin and MMP-2, added to these aggregates
(IONPs—N-P), cleaved the linker peptides between the nanoparticles,
and redispersed them (step 3). The MPS signal (intensity, position,
and fwhm) of the redispersed nanoparticles is similar to their
preaggregation state. The sensitivity of the multiple magnetic
relaxation signals of the samples, to the cleaving of the linker peptide
by the specific protease, forms the basis of their detection in different
biological environment.
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Figure 2. (A) Synthesis, phase transfer, and functionalization of the
iron oxide nanoparticles (IONPs), followed by their coating with
neutravidin (N); (B) DLS plots of IONPs and IONPs-N, showing
hydrodynamic diameters of ~S8 nm with polydispersity index (PDI:
0.156) and ~81 nm (PDI: 0.168), respectively; (C) MPS spectra of
the nanoparticles, showing that dm/dH signal intensity (peak height)
and fwhm, remained unchanged before and after neutravidin
conjugation.

measuring the magnetic relaxation of the nanoparticles in a
MPS, the protease responsible for the cleavage of the selected
peptide can be detected; a potentially useful assay for various
biomedical purposes such as cancer and gastric ulcer diagnosis.
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Figure 3. Magnetic assay for detection of trypsin using a trypsin-cleavable linker peptide (GK-8). Addition of this peptide to IONPs-N, resulted in
aggregation of the nanoparticles. However, these aggregated nanoparticles get redispersed after addition of trypsin. (A) DLS measurements show the
hydrodynamic diameters of the nanoparticles at different stages, before and after loading of GK-8 peptide to neutravidin coated nanoparticles and
after addition of trypsin. Aggregated nanoparticles (IONPs-N-GK-8) had significantly larger hydrodynamic size, which decreased significantly upon
addition of trypsin; (B) VSM plots of IONPs, IONPs-N, IONPs-N+GK-8, and IONPs-N+GK-8+Trypsin show a decrease in magnetization slope of
the nanoparticles at near zero field regions, and formation of open magnetization loops when the nanoparticles were aggregated in the presence of
GK-8 peptide (IONPs-N-GK-8). The magnetization slope increased, and the magnetization open loop disappeared (showing superparamagnetic
behavior) after redispersion of the nanoparticles due to presence of trypsin (IONPs-N-GK-8-Trypsin); (C) MPS (dm/dH) spectra show sharper
MPS peaks of the nanoparticles, both before the addition of the peptide and after addition of trypsin. In addition, fwhm of the redispersed
nanoparticles (IONPs-N-GK-8-Trypsin) decreased to ~14 mTyu,™", and its peak intensity increased (~2.4 fold) after addition of trypsin protease to
the aggregated complex.

Design of specific peptides for such magnetic assays is routine monodispersity is crucial for the development of this protease
and, unlike other methods mentioned earlier, precludes the assay, since the magnetic response of the IONPs is highly
need for unsafe radioactive isotopes or the use of fluorogenic dependent on their size and size-distribution.*> IONPs were
substrates with quenching constraints; further, it also offers the coated with PMAO polymer using the strong hydrophobic
possibility of a “mix and detect” approach, as demonstrated, for interactions between oleic acid molecules on their surface and

quick detection of proteases in biological environments by MPS octadecene aliphatic chains of PMAO.”’ 0.1 M sodium
(e.g, cell culture media, tissue extracts, blood, and urine).

Finally, MPS has a simple design that can be easily modified for
multiplex magnetic-based assays by measuring the signals from
a large number of samples simultaneously.

Characterization of Iron Oxide Nanoparticles. IONPs
were prepared by thermal decomposition of iron oleate

hydroxide solution was used for hydrolysis of maleic anhydride
groups of PMAO and generation of free carboxyl groups
(—COOH) on the surface of the IONPs;*** these carboxyl
groups were then activated by standard carbodiimde chemistry
using EDC and NHS and then, neutravidin was covalently

precursor in the presence of oleic acid surfactant.”* TEM conjugated to the activated IONPs (Figure 2A). The carboxyl
analyses (Figure S1. A (i and ii)) showed that the synthesized groups were introduced to provide a chemically active
nanoparticles were highly monodispersed with median core size functional group for the interaction between neutravidin and
of 22 + 1.94 nm, in agreement with their size calculated from IONPs. Also, their modest negative charge (zeta potential ~7
their magnetization curves (Figure S1. B).*> Such size mV) helps to increase the dispersion of IONPs in aqueous
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Figure 4. MMP protease detection assay, using nanoparticles aggregated with MMP-2 peptide (GK-9). (A) DLS measurements clearly confirm our
VSM and MPS observations, regarding the aggregation and redispersion of the nanoparticles; (B) VSM plots of IONPs, IONPs-N, IONPs-N+GK-9,
and IONPs-N+GK-9+MMP. The aggregation of the nanoparticles after addition of the GK-9 peptide causes an open loop in m—H measurement of
the nanoparticles (IONPs-N-GK-9, part B (ii)), showing their slightly ferromagnetic characteristic. However, nanoparticles show a closed-loop
superparamagnetic behavior both before aggregation and when they get redispersed due to presence of MMP-2 protease; (C) MPS measurement of
the aggregated nanoparticles shows lower signal intensity (3 mV) and larger fwhm values (30 mTp,™"). Signal intensity increased to 8 mV, and fwhm
was decreased to 12 mTu,™" after redispersion of the nanoparticles, in the presence of MMP protease. These results are similar to the trypsin

detection observations shown in Figure 3.

solutions due to the electrostatic repulsion between individual
particles.

Conjugation of Neutravidin to Iron Oxide Nano-
particles. Neutravidin has a high binding affinity to biotin
ligands (dissociation constant, Ky = 107"° M). The bond
formation between biotin and neutravidin is very rapid, and
once formed, it is independent of pH, temperature, organic
solvents, and other denaturing agents. Therefore, we used the
chemistry between biotin and neutravidin as an effective
mechanism for the detection of various protease activities. First,
we conjugated neutravidin to the nanoparticles (IONPs-N) by
forming an amide bond between the carboxyl groups on the
surface of the IONPs and amine groups on the backbone
structure of neutravidin (Figure 2A). The hydrodynamic sizes
of IONPs and IONPs-N were 60 and 80 nm, as determined by
DLS measurements (Figure 2B). The superparamagnetic
properties of IONPs and IONPs-N were consistent after
neutravidin conjugation, as confirmed by VSM (m—H)
measurements (Figure S1. B). Also, MPS measurements
showed no change in intensity (~13 mV) and fwhm (10
mTu,™") of dm(H)/dH, plotted as a function of field, further
confirming that IONPs remained individually dispersed (no
agglomeration) and retained their magnetic properties (Figure
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2C), with no significant change in their MPS signal before and
after neutravidin conjugation. Then, we added specifically
designed linker peptides (GK-8 specific for trypsin and GK-9
for MMP-2) to the IONPs-N to develop our magnetic
relaxation-based assays for detection of the proteases.
Peptide-Mediated MPS-Based Protease Assay. The
central sequences of our peptides were designed with specific
protease cleavage sites, flanked with two biotin at both ends
(N- and C- terminals). These peptides had a very high
adsorption affinity to the surface of the neutravidin conjugated
IONPs (IONPs-N). Therefore, IONPs were aggregated
immediately after addition of these peptides. We combined
this nanoparticle aggregation affinity and protease-induced
cleavage of the linker peptides for development of our protease
detection assay. This technique enabled us to measure the
protease activities, using the magnetic response of the IONPs-
N after addition of the peptides. As described in Figure 1, these
linker peptides (specifically chosen as substrates for trypsin or
MMP-2 proteases) can be cleaved into fragments in the
presence of these proteases, resulting in redispersion of the
aggregated nanoparticles. This aggregation and redispersion
phenomena change the ac magnetization response of the

DOI: 10.1021/acs.nanolett.6b00867
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Figure S. In vitro magnetic assay to monitor Trypsin and MMP-2 protease activity in pancreatic carcinoma and HT1080 fibrosarcoma cells. Cells
were grown to full confluence, and serum free medium was added to enhance expression of the proteases. IONPs-N-GK-8 and IONPs-N-GK-9
preaggregated complexes were added to the cells supernatant and incubated for 32 h separately. The specific protease secreted from the cells cleaved
the targeted linker peptides and effectively redispersed the nanoparticles, a phenomenon clearly detectable qualitatively by our DLS and
quantitatively by MPS measurements. (A) DLS results clearly show that the nanoparticles aggregates (IONPs-N+GK-8, ~825 nm and IONPs-N-
GK-9, ~392 nm) were redispersed after 32h incubation with cells supernatant, resulting in their smaller hydrodynamic size (IONPs-N+GK-8/GK-
9+ cells supernantant, ~141 nm and ~164 nm); MPS results shown in (B) and (C) match with our observations presented and discussed in Figures
3 and 4. The fwhm of the MPS peak (maximum dm/dH) was decreased, its peak position shifted to lower field values and signal intensity (peak
height) was increased, when aggregated nanoparticles were redispersed in the presence of secreted protease.

nanoparticles (ie., dm/dH) significantly and can be readily
measured by the MPS system (Figures 2C, 3C, and 4C).
Here, we focus on two specific proteases, trypsin and MMP-
2, that are expressed during carcinoma, as representative
examples of the two different classes of proteases, to illustrate
the power of the detection assay. To test for trypsin, a digestive
serine protease with a potential role in cancer progression and
metastasis,*® we used an eight amino acid long GK-8 linker
peptide as a substrate for trypsin and labeled it with biotin at
both N- and C-terminals (Biotin- GPARLAI-K-Biotin) that
allowed the interaction with IONPs-N; note that the
subsequent cleavage site is indicated in bold. We also developed
the assay for MMP-2, which plays a major role in tissue
remodeling and degradation of extracellular matrix (ECM)."?
MMPs are expressed by various tissues and pro-inflammatory
cells such as endothelial cells, neutrophils, osteoblasts, macro-
phages, fibroblasts, and lymphocytes.”” The MMP-2 sensitive
linker peptide (GK-9) was nonamer with the sequence Biotin-
GGPLGVRGK-Biotin. Mass spectrometry (MS) and high-
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performance liquid chromatography (HPLC) analyses showed
that molecular weights of the GK-8 and GK-9 peptides were
1293.04 and 1277.70 Da with a purity of up to 99% (data not
shown).

Addition of peptides (either GK-8 and GK-9) to IONPs-N
causes immediate aggregation of the nanoparticles, leads to the
formation of a cloudy colloidal solution, and an increase in
hydrodynamic size to 1106.0 and 396.0 nm (Figures 3A and
4A). The VSM data (m—H curves) showed slightly open loops,
formed after addition of the peptides, indicating a ferromag-
netic behavior due to aggregation of the nanoparticles (Figures
3B and 4B). The MPS data, dm(H)/dH, showed the clearest
indication of particle binding and agglomeration after addition
of GK-8 and GK-9, with FWHMs increasing to 20 and 30
mTu, ™" (Figures 3C-i and 4B-i) from 10 mTu,™", and peak
heights decreasing to S and 3 mV (Figures 3C-ii and 4C-ii)
from 13 mV. These changes in dm(H)/dH are consistent with
our previous reports that presence of aggregates decreases the
MPS signal intensity and increases the fwhm of the dm(H)/dH
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peaks, since the magnetic response of the aggregates resembles
those of nanoparticles with larger core sizes.” "**** Addition of
trypsin and MMP-2 proteases to the aggregated IONPs
complexes cleaved the specific linker peptides, redispersing
the aggregated IONPs, and decreasing the hydrodynamic sizes
to 122.4 and 141 nm (Figures 3A and 4A). Magnetically, the
redispersed nanoparticles return to superparamagnetic behav-
ior, closing the open hysteresis loops in VSM measurements
(Figures 3B-iii and 4B-iii), decreasing the FWHM:s to 14 and
18 mTu, ™" (Figures 3C-i and 4C-i) and increasing MPS signal
intensities to 12 and 10 mV (Figures 3C-ii and 4C-ii). These
data also show that the peptides (GK-8 and GK-9) retained
their native conformation for proteolytic recognition and
cleavage, even after their interaction with IONPs-N.

In Vitro Detection of Proteases in Cancer Models. We
also evaluated the in vitro efficacy of this technique for
detection of proteases secreted from two representative cancer
cell lines (i.e., pancreatic carcinoma for trypsin and
fibrosarcoma cells for MMP-2). Cells were cultured in a
serum free medium to enhance the expression of proteases. The
cell media were collected and incubated with the corresponding
preaggregated nanoparticles-peptides complexes. Similar to our
previous results, proteases secreted by these cells cleaved the
linker peptides and redispersed the IONPs-N, as confirmed by
DLS and MPS measurements (Figure SA(i and ii) and B(i and
ii)). We measured the same changes after incubating aggregated
nanoparticles (IONPs-N-GK8) with trypsin secreted from
human pancreatic carcinoma cell. Trypsin redispersed the
nanoparticles, decreased the hydrodynamic size to ~141 nm,
decreased fwhm, and shifted dm/dH peak position from 7.7 to
2.3 mTu, ™" and increased MPS signal intensity by a factor of 2,
(Figure SA-i, B-i and C-i). MMP protease expressed by
fibrosarcoma cells decreased the hydrodynamic size from 392
to 164 nm (Figure SA-ii). Also, the position of the dm/dH peak
shifted from 12 to 4 mTy, ', decreased fwhm from 30 to and
16 mTu,"", (Figure 5B-ii) and increased MPS signal intensity
from 4.4 to 7.0 mV (Figure SC-ii), further confirming the
efficacy of the assay.

We developed this technique based on the high binding
affinity of neutravidin functionalized nanoparticles (IONPs-N)
to specifically designed biotin-peptide linker molecules. The
MPS signal did not show any change in the signal intensity after
neutravidin conjugation, indicating that the magnetic properties
of IONPs did not alter after loading of neutravidin. However,
addition of biotin-derived peptides to IONPs-N solution
immediately aggregated the nanoparticles. Our results showed
that these aggregates can be used as smart and responsive
complexes that get cleaved and redispersed in the presence of
their target proteases. These two phenomena were clearly
discernible by changes in their magnetic response, as shown by
the highly sensitive and reproducible changes in the MPS (dm/
dH) signal. In addition, we have shown before that MPS signal
is quantitative and linear with the concentration of IONPs in
solutions, down to very low concentrations (i.e. 10 ug Fe/
mL)."” Therefore, these results indicate that simple magnetic
relaxation measurement of IONPs, functionalized with specific
linker peptides, can be used to detect proteases, quantitatively,
in various biological environments including a tumor micro-
environment. The procedure described here can be generalized
to develop feasible and quick MPS-based assays for detection of
proteases avoiding challenges, such as quenching phenomenon
or radiation hazards, commonly seen in fluorescence- or
radioactive-based techniques.

3673

We have shown that changes in magnetic relaxation of
monodisperse nanoparticles, appropriately functionalized with
specific linker peptides containing well-defined cleavage sites,
can be used as an effective tool for detecting proteases involved
in cancer proliferation and metastasis in biological environ-
ments. By demonstrating this robust assay for trypsin and
MMP-2, representative of the two broad classes of proteases,
we provide convincing evidence that this technique can be
generalized as a multiplex assay to detect various types of
proteases, by selecting and functionalizing the IONPs with their
specifically responsive linker peptides or cleavable substrates
(e.g, oligonucleotides, lipids, and glycans). This protease
detection technique, based on the nanoscale properties of
IONPs, can be used to distinguish malignant phenotypes of
solid tumors and could be extended for the detection of other
hydrolytic enzymes such as lipases, polysaccharides, and
nucleases. The science underlying this assay is also a promising
route to develop an array of assay conditions (e.g., temper-
atures, high turbidity, and extreme pH). Such work is also in
progress.
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