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Abstract

A liposome-based amplified detection system is presented for the cancer cell secreted pathogenic
enzyme matrix metalloproteinase-9 which does not require the use of biological antibodies.

Matrix metalloproteinases (MMPs) are a family of 26 Zn2* and Ca?* dependent enzymes
capable of hydrolyzing the extracellular matrix under physiological pH.! These enzymes are
involved in the progression and metastasis of a large number of cancers, in cardiovascular
diseases, stroke, periodontal diseases, etc.2~* Amongst the isozymes, MMP-2 and -9 are
overexpressed in metastatic cancers of breast, prostate, lungs, pancreas, ovary etc.? Levels of
these enzymes are prognostic markers for the disease.>

The expression of MMP-2 and -9 in diseased tissues is usually detected by ELISA, Western
Blot analysis and zymography.5-8 Due to the built-in amplification strategy, ELISA can
detect MMP-2 or -9 at a concentration of ng mL™2 or less.® Recently a few other protocols
for detecting MMPs have been reported which do not use anitibodies. Bioluminescence
resonance energy transfer (BRET) between quantum dots and substrate conjugated
luciferase was used to detect MMP-2 in low concentration as isolated enzymes, in mouse
serum and in cell culture media (without the added fetal bovine serum, FBS).%-11 Changes in
the spin—-spin relaxation times of appropriately-functionalized superparamagnetic
nanoparticles have been monitored to detect MMP-2 activity in cell culture media (without
added FBS).12 These methods, although sensitive, are not continuous assays for the enzyme.
An electrochemical detection method based on proteolytic beacon was shown to detect
isolated, purified MMP-7 in low concentration.13
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Liposomes have been extensively used as drug delivery vehicles.14-16 We have recently
demonstrated that when liposomes incorporate triple-helical substrate lipopeptides, the
encapsulated dye is released selectively in the presence of recombinant as well as cancer
cell-secreted MMP-9.17:18 However, in presence of less than 100 nM MMP-9, the rate as
well as the extent of dye release was low.1® We reasoned that if the enzyme horseradish
peroxidase (HRP) is encapsulated in the liposomes and a chromogenic substrate for HRP is
present in the buffer solution, the hydrolysis of the liposome-incorporated lipopeptides by
MMP-9 will bring HRP into contact with its substrate. This will result in time-dependent
enhancement of the absorption, akin to ELISA. Herein, we report our results demonstrating
the proof-of-concept for this principle to detect MMP-9 employing o-phenylenediamine
(OPD) as the chromogenic substrate for HRP (Scheme 1).

We synthesized the triple-helical lipopeptide GPO4 [CH3(CH5)1CONH-
GPQGIAGQR(GPO)4GG; O represents 4-(/)-hydroxyproline] as the substrate for MMP-9
employing a microwave-assisted, solid phase peptide synthesizer (see ESIT).18 In this
lipopeptide, the MMP-9 cleavage site is the amide bond between G and | (indicated by an
underline). The lipopeptide adopts a triple helical conformation in aqueous buffers and when
incorporated in liposomes and serves as the recognition moiety for MMP-9.17 Since MMP-9
and -2 have very similar substrate selectivity, we anticipated that the lipopeptide substrate
GPO4 will be cleaved by MMP-2 as well.1®

We prepared liposomes (25 mM HEPES buffer, pH = 8.0) containing 30 mol% of GPO4 and
varied the major lipid component. The enzyme HRP was encapsulated in the liposomes
following a reported procedure.2 The HRP encapsulated liposomes were incubated with
recombinant, human MMP-9 (2.3 uM) in 25 mM HEPES buffer (pH = 8.0) containing
excess (200 uM) of the chromogenic substrate for HRP (OPD) and H,O5, (10 uM). The
absorbance of the reaction was monitored at 410 nm. When the major lipid of the liposomes
was 1-palmitoyl-2-oleoyl-sr-glycero-3-phosphocholine (POPC), the solution turned deep
brown (Fig. 1, pink circles) within 5 min and a brown precipitate was observed (2,3-
diaminophenazine).2! The color formation was also very rapid in the presence of 500 nM
(Fig. 1, blue circles) and 200 nM (Fig. 1, olive circles) MMP-9. No increase in absorbance
was observed in the absence of MMP-9 (red circles), or from the liposomes without the
lipopeptide GPO4 in the presence (purple circles) and absence (green circles) of MMP-9.
Changing the amount of lipopeptide in these liposomes to either 20 mol% or to 40 mol% led
to the decrease in the rate of color formation. We do not have an explanation for this
observation yet. However, we have previously observed that for the MMP-9 mediated
release of liposome-encapsulated carboxyfluorescein, 30 mol% of GPO4 was optimal 18

We ascertained that recombinant MMP-9 is not inhibited by OPD and the enzyme activity is
not impaired in the presence of 10 uM H,05 (data not shown). Cumulatively, these results
indicate that MMP-9 mediated cleavage of liposome-incorporated GPO4 destabilizes the
liposomal membrane, bringing HRP in contact with its chromogenic substrate (OPD).

TElectronic supplementary information (ESI) available: Experimental details for liposome formation and MMP detection assays. See
DOI: 10.1039/b926554f
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The concentration of active MMP-9 in normal tissues is about 10 nM.® In some lung cancer
patients, the concentration of MMP-9 in the bronchial lavage fluid was determined to be as
high as 200 nM.22 In order to determine if our detection system is capable of detecting the
MMP-9 concentrations found in cancerous as well as in normal tissues, we studied the time
dependent enhancement of absorption at 410 nm in the presence of various concentrations of
added recombinant, human MMP-9 (Fig. 2). As the concentration of the added enzyme was
reduced, the maximum absorbance change progressively decreased. The initial lag phase for
observing the change in absorbance also increased. For 10 nM MMP-9, no significant brown
color formation was detected for the first 15 min of the assay. However, the color change
was clearly discernable after 25-30 min. This time requirement is comparable to the ELISA-
based protocols for the detection of MMP-9.6 For these experiments, the total assay volume
was 200 L. The recombinant MMP-9 with the catalytic and fibronectin domains has a
molecular weight of 40 kDa. Hence, our method is capable of detecting the presence of 80
ng of recombinant MMP-9.

We did not observe any significant increases in absorbance from these liposomes in the
presence of 50 nM of recombinant human MMP-7 (Fig. 2, red circles), MMP-10 (Fig. 2,
black circles, overlapping with red circles) or trypsin (Fig. 2, blue circles). The lipopeptide
GPO4 adopts the triple helical conformation in aqueous buffer and in liposomes with POPC
as the major lipid.1” The triple helical structures serve as the recognition motif for the
enzyme MMP-9.18.19 The fibronectin domain of the enzyme unwinds the triple helix and,
subsequently, the catalytic domain of the enzyme hydrolyzes the peptide bond between the
amino acids glycine and isoleucine.1® MMP-7, -10 and trypsin do not hydrolyze triple
helical peptides due their inability to unwind the triple helix.®

To prepare a calibration curve for our amplified detection system for MMP-9, the
absorbance changes after 25 min were plotted as a function of added enzyme concentration
(ESI, Fig. SlT). We observed that the absorbance change at 410 nm increased linearly with
increasing concentration of MMP-9, up to 200 nM. Considering that the MMP-9
concentration is about 10 nM in normal tissues® and about 100-200 nM in cancerous tissues,
22 gur system has the potential to serve as a quick method for the detection of MMP-9
without using any antibody.

Next, we proceeded to estimate the concentration of cell-secreted MMP-9 in conditioned
media from cancer cells. For these studies, the metastatic breast adenocarcinoma cells MCF7
was selected as these cells secrete high amounts of MMP-9 and -2 in the extracellular
matrix.23 We used the human colorectal adenocarcinoma cells HT-29 as control since these
cells do not secrete high levels of MMP-9 and -2 in the extracellular matrix.23 When the
cells achieved 70% confluency, the old culture media was replaced with fresh culture
medium containing 10% added fetal bovine serum (FBS) but without phenol red. The cells
were further incubated for 24 h and centrifuged. The supernatant conditioned media were
collected for the detection experiments.

We observed that the addition of the media before cell culture (50 pL) containing 10% FBS
to the liposomes led to a small increase in the absorbance at 410 nm (absorbance change of
about 0.01 over 35 min). This trace was used as the background and subtracted from the
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absorbance change traces obtained with the conditioned media. Addition of the conditioned
media from the MCF7 cells to the liposomes led to a rapid increase in the absorbance at 410
nm (Fig. 3, red circles). The conditioned media from the HT-29 cells also increased the
absorbance, but to a lesser extent (Fig. 3, dark cyan circles). We noted the absorbance
changes after 25 min and used the calibration curve (ESI, Fig. SlT) to estimate the
concentration of MMP-9 secreted by the MCF7 and HT-29 cells. The concentrations of
MMP-9 in the conditioned media from the MCF7 and HT-29 cells were estimated to be 80
nM and less that 10 nM, respectively. Employing commercially available ELISA kits, we
estimated the concentrations of MMP-9 to be 35 nM and 6 nM and those of MMP-2 to be 30
and 2 nM in the conditioned media from the MCF7 and HT-29 cells respectively. The
antibody used in the ELISA assays is selective for MMP-9 only. However, the MCF7 and
HT-29 cells secrete both MMP-2 and -9 in the extracellular matrix.23 Since these two
enzymes have very similar selectivity for triple-helical peptide substrates,1? it is likely that
our liposomal detection system is responding to the presence of both MMP-9 and -2 in the
conditioned media. We note that cancer cell secreted collagenases can locally unwind triple
helix, making it susceptible to hydrolysis by trypsin.2* However, the conditioned media used
in our experiments contained 10% (by volume) fetal bovine serum (see ESIT) and this will
inactivate any trypsin present.2 It should be noted that the serum levels of both MMP-2 and
-9 serve as prognostic markers of cancer.®

In conclusion, we have developed a new liposome based strategy to detect MMP-9 with an
ELISA-like signal amplification strategy, but without using any biological antibody. The
system is capable of detecting recombinant MMP-9 in 10 nM and higher concentrations in a
complex mixture of proteins. Mechanistic studies to further fine tune and enhance the
sensitivity of the detection system are in progress and these results will be reported later.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Absorbance changes (410 nm) of the assay system as a function of time. HRP encapsulated
liposomes incorporating GPO4 were mixed with 2.3 uM (pink circles), 500 nM (blue
circles) and 200 nm (olive circles) recombinant human MMP-9 in 25 mM HEPES buffer, pH
= 8.0. No increase in absorbance was observed in the absence of MMP-9 (red circles), or
from the liposomes without the lipopeptide GPO4 in the presence (purple circles) and
absence (green circles) of MMP-9. All plots shown are the averages of six replicates with

errors 5-10%.
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Fig. 2.
Absorbance change (410 nm) of the assay system as a function of time in the presence of

different concentrations of MMP-9. HRP encapsulated liposomes incorporating GPO4 were
mixed with 100 nM (olive circles), 50 nM (magenta circles), 25 nm (dark yellow circles) and
10 nM (cyan circles) recombinant human MMP-9 in 25 mM HEPES buffer, pH = 8.0. No
significant increase in absorbance was observed in the presence of 50 nM recombinant,
human MMP-7 (red circles), 50 nM recombinant MMP-10 (black circles overlapping with
the red circles) or 50 nM trypsin (blue circles). All plots shown are the averages of six
replicates with errors 5-10%.
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Fig. 3.

30 35

Absorbance change (410 nm) of the assay system as a function of time in the presence of
conditioned media from MCF7 and HT-29 cells. HRP encapsulated liposomes incorporating
GPO4 were mixed with 50 uL of conditioned media from MCF7 (red circles) and HT-29
cells (blue circles) in 25 mM HEPES buffer, pH = 8.0. The absorbance changes observed in
the presence of 50 nM recombinant human MMP-9 (black circles) is included in the plot for
comparison. All plots shown are the averages of six replicates with errors 5-10%.
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Scheme 1.
The amplified detection strategy for MMP-9.
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