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ABSTRACT: Matrix metalloproteinases (MMPs) play a pivotal role in regulating the
composition of the extracellular matrix and have a critical role in vascular disease, cancer
progression, and bone disorders. This paper describes the design and fabrication of a
microdevice as a new platform for highly sensitive MMP-9 detection. In this sensing
platform, fluorescein isocyanate (FITC)-labeled MMP-9 specific peptides were covalently
immobilized on an electrospun nanofiber matrix to utilize an enzymatic cleavage strategy.
Prior to peptide immobilization, the nanofiber matrix was incorporated into hydrogel
micropatterns for easy size control and handling of the nanofiber matrix. The resultant
hydrogel-framed nanofiber matrix immobilizing the peptides was inserted into microfluidic
devices consisting of reaction chambers and detection zones. The immobilized peptides
were reacted with the MMP-9-containing solution in a reaction chamber, which resulted in
the cleavage of the FITC-containing peptide fragments and subsequently generated
fluorescent flow at the detection zone. As higher concentrations of the MMP-9 solution
were introduced or larger peptide-immobilizing nanofiber areas were used, more peptides
were cleaved, and a stronger fluorescence signal was observed. Due to the huge surface area of the nanofiber and small
dimensions of the microsystem, a faster response time (30 min) and lower detection limit (10 pM) could be achieved in this
study. The hydrogel-framed nanofiber matrix is disposable and can be replaced with new ones immobilizing either the same or
different biomolecules for various bioassays, while the microfluidic system can be continuously reused.

Matrix metalloproteinases (MMPs) are a group of
enzymes that are responsible for the degradation of

most extracellular matrix proteins within the context of
physiological and pathophysiological tissue remodeling and
angiogenesis.1−3 It has been reported that MMPs are mainly
overexpressed in pathological conditions including vascular
disease, cancer progression, bone disorders, and neuro-
degenerative diseases.4−7 In particular, MMP has been
considered a promising target for cancer diagnosis on the
basis of its massive up-regulation in malignant tissues and its
ability to degrade all components of the ECM and interstitial
connective tissues, thereby promoting angiogenesis, tumor
invasion, and metastasis.8−10 Hence, the development of
sensitive and precise MMP sensing technologies is highly
relevant for cancer-related research, including cancer therag-
nosis and drug screening.
MMPs have been detected using various techniques, such as

mass spectroscopy (MS), liquid chromatography (LC),
immunoassay, and zymography.11−18 However, LC/MS
methods need long analysis time and expensive equipment,
while immunoassays often have the difficulty of finding reliable
antibodies against target MMPs, and the zymography method is
not suitable for quantitative MMP sensing. Recently, to
overcome the disadvantages of the above-mentioned MMP
detection techniques, many studies have reported the develop-
ment of MMP biosensors based on the hydrolytic cleavage of
MMP-specific peptides, which can achieve excellent selectivity
due to specific interaction between enzymes (MMPs) and

substrates (peptides). As enzymatic cleavage reactions on the
substrate peptides always result in the generation of two
fragments, MMPs can be analyzed by monitoring the cleaved
peptide fragment conjugated with fluorescent or electroactive
molecules19−23 or by using fluorescence resonance energy
transfer (FRET).24−26 Since FRET requires a sophisticated
process for combining the donor and acceptor dyes, analyzing
the cleaved fragment would be preferred if it has a comparable
sensitivity and a comparable detection limit compared to those
from FRET-based detection.
On the other hand, with the trend toward bioassay

miniaturization, there have been several efforts to detect
MMPs using different types of microfluidic devices. For
instance, droplet, bead, and surface plasmon resonance
(SPR)-based MMP assays have been developed within
microfluidic devices.27−30 Revzin et al. also reported electro-
chemical MMP-9 detection within microfluidic devices using an
MMP-9 specific peptide modified with a redox label.31,32 For
MMP detection using enzymatic cleavage strategies, it is
necessary to attach MMP-specific peptides onto substrates
within microdevices. In most previous studies, peptides were
immobilized onto two-dimensional (2D) flat substrates, which
have very limited surface area to accommodate large amounts
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of peptides and consequently result in low detection perform-
ance. These disadvantages of using 2D substrates can be
overcome using 3D nanostructured substrates, which are
characterized by wide surface areas capable of immobilizing a
large amount of peptides. Among various nanostructures, the
3D nano/microfiber matrix is a good candidate substrate
because it can be produced by a simple electrospinning process,
and it can provide large surface areas for peptide immobiliza-
tion.33−35 In spite of its many attractive features, the use of a
nanofiber sheet as a support for peptide immobilization and its
integration into microfluidic devices for bioassays were
extremely limited due to the difficulty in production of a
nanofiber matrix with uniform size and thickness and in
handling very small and thin nanofiber matrixes.
In the present study, we fabricated microfluidic devices for

the fluorescent detection of MMP-9 using enzymatic cleavage
strategies. For enhanced MMP-9 detection, fluorescently
labeled MMP-9-specific peptides were immobilized onto an
electrospun nanofiber matrix that was framed with hydrogel
micropatterns via photolithography. Incorporation of hydrogel
micropatterns into the nanofiber matrix allowed for easy size
control and handling of the nanofiber matrix. Poly-
(dimethylsiloxane) (PDMS)-based microfluidic devices were
designed to accommodate the resultant hydrogel-framed
nanofiber matrix that was immobilizing the peptides and to
control the flow and the reaction of the MMP-9-containing
solution. The detection of MMP-9 was performed by
monitoring the fluorescently conjugated cleaved peptides,
which were produced by the reaction between MMP-9 and
the MMP-9-specific peptides.

■ EXPERIMENTAL SECTION
Materials. All the chemicals were purchased from Sigma-

Aldrich (Milwaukee, WI) unless otherwise noted. Pro-MMP-9
was purchased from Merck Millipore (Darmstadt, Germany).
The Arg-Ser-Trp-Met-Gly-Leu-Pro-Gly peptide conjugated
with fluorescein isocyanate (FITC-peptide) was purchased
from Peptron (Daejeon, Korea). L-(Tosylamido-2-phenyl)ethyl
chloromethyl ketone (TPCK)-treated trypsin was purchased
from SCIEX (Framingham, MA). A bicinchoninic (BCA)
standard reagent was purchased from Pierce (Rockford, IL) for
peptide quantification. The poly(dimethylsiloxane) (PDMS)
elastomer was purchased from Dow Corning (Dow Corning
Sylgard 184, Midland, MI). The micropatterns on the
transparencies were used as photomasks for photopatterning,
and they were prepared from a standard laser jet printer
(LaserWriter 16/600 PS, Apple Inc., Cupertino, CA).
Preparation of Electrospun PS/PSMA Nanofiber.

Electrospinning was performed as described in a previous
report.36 Briefly, the polymer solution (20% w/v in
dimethylformamide) consisted of a 2:1 weight ratio of
polystyrene (PS) (MW 230 000) and poly(styrene-alt-maleic
anhydride) (PSMA) (MW 350 000). This solution was
electrospun from a 10 mL syringe attached to a 23G metal
needle at a constant feeding rate of 0.5 mL/h. A positive
voltage (6.5 kV) was applied to the polymer solution, and the
distance between the needle tip and the collecting plate was
kept constant (10 cm). The electrospun fibers were exposed to
oxygen plasma (Femto Science, Kyunggi, Korea) for 6 min
before the hydrogel patterning process.
Preparation of Hydrogel-Framed PS/PSMA Nano-

fibers. Hydrogel-framed PS/PSMA fibers were prepared by
photopatterning of the PEG-DA (MW 575) precursor solution

in the presence of an electrospun nanofiber matrix (Figure S1
in Supporting Information).37 The hydrogel precursor solution,
consisting of 20 μL of 2-hydroxy-2-methylpropiophenone
(HOMPP) in 1 mL of poly(ethylene glycol) diacrylate (PEG-
DA) (MW 575), was placed onto the electrospun PS/PSMA
fibers, and photopatterning was performed using a 365 nm, 300
mW/cm2 UV light source (EFOS Ultracure 100ss Plus, UV
spot lamp, Mississauga, Ontario, Canada) for 1.5 s. The desired
photopatterned hydrogel was incorporated into the PS/PSMA
fibers after a developing process with water. The morphology of
the resultant hydrogel-framed nanofiber matrix was observed by
scanning electron microscopy (SEM) (JEOL T330A at 15 kV,
JEOL, Ltd., Tokyo, Japan).

Immobilization of FITC-Terminated Peptide on the
Nanofiber. MMP-9-specific FITC-peptides (Arg-Ser-Trp-Met-
Gly-Leu-Pro-Gly-FITC) were covalently immobilized onto PS/
PSMA fibers through the reaction between amine groups on
the peptide and anhydride groups on the nanofibers. This was
achieved by incubating a 20 μg/mL solution of FITC-peptide
in PBS with the hydrogel-framed nanofiber matrix for 12 h at 4
°C. The unreacted maleic anhydride groups were capped by
washing the matrix with a Tris-HCl buffer (pH 6.4). The
matrices were further washed in PBS until no leached peptides
were detected. Finally, the peptide-immobilized matrices were
blocked in BSA (1 wt % in PBS) for 5 h to prevent nonspecific
binding. The quantification of immobilized peptides was
performed by measuring the concentration of peptides in
solution before and after the immobilization process by using a
BCA assay. Immobilized FITC-peptides were visualized by
fluorescence microscopy (A Zeiss Axiovert 200, Carl Zeiss Inc.,
Thornwood, NY).

Fabrication of Microfluidic Devices. The microfluidic
device consisted of three slabs and one membrane, as shown in
Figure 1. The top slab contained the injection channel and the
hole for insertion of the hydrogel-framed nanofiber matrix. This
hole was covered with a glass slide after insertion of the
hydrogel-framed nanofiber matrix. The middle slab contained

Figure 1. Design of the MMP-9 detecting microfluidic device
integrating a hydrogel-framed nanofiber matrix.
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the reaction chamber, where the hydrogel-framed nanofiber
matrix would be placed and where the reaction between the
immobilized peptides and MMP-9 would occur. The control
channel of the pneumatic valve was also located in the middle
slab. The bottom slab contained the drain channel with the
detection zone. The PDMS membrane was located between the
middle slab and the bottom slab to operate the pneumatic
valve. Each slab presented a different pattern and was fabricated
via conventional replica molding of a PDMS device as
previously described.38 The resulting mixture was poured
onto a silicon master that contained negative photoresist
patterns and was cured at 60 °C for at least 6 h. The 10-μm-
thick PDMS membrane layer was prepared via spin-coating of
the PDMS prepolymer onto a silicon wafer at a speed of 3000
rpm for 30 s. After curing, the PDMS replica, or the thin PDMS
membrane, was removed from the silicon wafers. To complete
the microdevice, all of the slabs and the membrane were
oxidized in oxygen plasma for 5 min. Conformal contact
between the oxidized PDMS slabs and membrane resulted in an
irreversible sealing, and the resultant device was connected to a
syringe pump (Harvard Apparatus, Holliston, MA) through a
microtube.
MMP-9 Assays within the Microdevice. After the

peptide-immobilized nanofiber matrix was inserted into the
reaction chamber, different concentrations of activated MMP-9
solutions were injected into the inlet channel of the
microdevice. Pro-MMP-9 was activated using the previous
Millipore activation protocol.39 After the reaction chamber was
filled with the MMP-9 solution, the valve was closed, and the
microdevice was placed on a stirring plate at 4 °C to facilitate
the reaction between MMP-9 and the nanofiber-immobilized
peptides. After the reaction, the valve was opened, and the
solution of cleaved peptide with FITC was moved to the
detection zone. The fluorescence intensity of these solutions
was measured and quantified using fluorescence microscopy
and an image analysis program (KS 300, Carl Zeiss Inc.).

■ RESULTS AND DISCUSSION
Fabrication of the Hydrogel-Framed PS/PSMA Nano-

fiber Matrix. As the first step toward the preparation of the
MMP-9-detecting microdevice, a PS/PSMA nanofiber matrix,
which was used as a substrate for peptide immobilization, was
prepared by electrospinning. PSMA was used to covalently
immobilize peptides onto nanofibers thorough maleic anhy-
dride (MA) functional groups.40 PS/PSMA electrospinning was
carried out until a 30-μm-thick nanofiber matrix was obtained,
and the diameters of electrospun nanofibers ranged from 0.7 to
1.0 μm. Handling of these thin PS/PSMA nanofiber matrices
was difficult because they were mechanically weak and became
aggregated in water due to their hydrophobicity. Therefore, the
use of nanofiber matrixes as substrates for bioassays and the
integration of nanofiber matrixes into microfluidic devices were
very difficult. To overcome these problems, we incorporated
hydrogel micropatterns into the nanofibers, where hydrogel
micropatterns acted as frames that prevent thin nanofiber
matrixes from being folded and aggregated even in an aqueous
environment. In this study, a microwell-typed hydrogel
micropattern was fabricated via photolithography. Because the
photoinitiator-containing hydrogel precursor solution can be
cross-linked by UV light, UV exposure through the photomask
generated the desired hydrogel micropatterns incorporated into
nanofiber matrices, as shown in Figure 2a. The hydrogel
micropatterns were designed to be thicker than the nanofiber

matrix such that all of the nanofibers would be connected to the
side of the hydrogel without any nanofibers on the top of the
hydrogel. The nanofibers maintained their original properties
after photopatterning and subsequent developing processes
because of the immiscibility of PS/PSMA with water.
Because nanofiber-incorporated hydrogels can absorb water

and become swollen, the resultant hydrogel-framed nanofiber
matrices were easily separated from the collecting plate during
the developing process using water, and could be obtained as
free-standing scaffolds, as shown in Figure 2b.

Immobilization of the Peptide onto PS/PSMA Fibers.
The FITC-peptide (Arg-Ser-Trp-Met-Gly-Leu-Pro-Gly-FITC),
which has been reported to be cleaved by MMP-9,31 was
covalently immobilized onto PS/PSMA nanofibers. Due to the
presence of the conjugated FITC, the peptide immobilization
was easily monitored with fluorescence microscopy (Figure 3).
As shown in Figure 3a, it was observed that nanofibers

Figure 2. Fabrication of a hydrogel-framed nanofiber matrix by
combining electrospinning and photopatterning. (a) SEM images of
the hydrogel-framed nanofiber matrix. (b) Photo of freestanding
hydrogel-framed nanofiber matrix (scale bar: 200 μm).

Figure 3. Immobilization of MMP-9-specific peptides onto the
nanofiber matrix. (a) Fluorescence images and (b) fluorescence
intensities of the nanofiber matrix incubated with different
concentrations of FITC-labeled peptide solutions. (c) Fluorescence
images and intensity profiles obtained from a hydrogel-framed
nanofiber matrix incubated with FITC-labeled MMP-9 solution (25
μg/mL).
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incubated with higher concentrations of the peptide solution
emitted stronger fluorescence due to the immobilization of
greater amounts of the peptide. Quantitative image analysis
(Figure 3b) revealed that the fluorescence intensity increased in
direct proportion to the FITC-peptide concentration, but no
further increase was observed if the concentration of the FITC-
peptide exceeded 25 μg/mL. BCA analysis indicated that 45.00
± 1.08 μg/cm2 of peptides were immobilized onto the
nanofiber matrix at the initial peptide concentration of 25
μg/mL. Therefore, we incubated the nanofiber matrix with this
concentration of FITC-peptide solution for the remaining
studies. When FITC-peptides were incubated with the
hydrogel-framed nanofiber matrix, they selectively attached on
the nanofiber region as shown in Figure 3c, where fluorescent
and dark areas corresponded to peptide-immobilized nanofiber
domains and hydrogel micropattern domains, respectively. This
is because PEG hydrogel is well-known for preventing
nonspecific adsorption of various biomolecules. Therefore,
incorporation of hydrogel micropatterns into nanofiber
matrixes allowed not only easy handling of micrometer-thick
nanofibers but also control over the amount and location of
immobilized peptides within the nanofiber matrix. Further-
more, as shown in Figure 3c, different microwells presented
similar fluorescence intensity profiles, demonstrating that each
microwell contained similar amounts of immobilized BSA.
Assay for MMP-9 Detection within Microdevices. The

resultant hydrogel-framed nanofiber matrix that immobilized
the FITC-peptide was inserted into the reaction chamber
through the hole within the microdevice followed by reversible
sealing with a glass slide as shown in Figure 4a (see also Figure
S2 in Supporting Information). When activated MMP-9
solution was introduced into the microdevice, it cleaved
between Gly and Met amino acids of the FITC-peptides on
the hydrogel-framed nanofiber matrix as described in Figure 4b.
The exit channel of the reaction chamber was closed by a
pneumatic valve to obtain concentrated cleaved peptides during
the reaction between MMP-9 and the peptides. After
completion of the reaction, the valve was opened, and the
solution containing cleaved FITC-containing peptides was
moved to the detection zone for analysis. Figure 4c shows that
the fluorescence intensity from the hydrogel-framed nanofiber
matrix was significantly decreased after the introduction of
MMP-9, confirming that MMP-9 cleaved the FITC-peptides,
and subsequently, cleaved FITC-containing peptides were
separated from nanofibers and moved to the detection zone.
The developed microdevices were completely reusable by
replacing only the used hydrogel-framed nanofiber matrix with
a new one.
We hypothesize that the assay performance was dependent

on the amount of immobilized peptides, which was controlled
by the portion of the bare-nanofiber region within the hydrogel-
framed nanofiber matrix. Therefore, we first carried out an
MMP-9 assay using multiple hydrogel-framed nanofiber
matrixes with the same total area but with different bare-
nanofiber areas. By changing the design of the photomask, five
different substrates with area portions of the bare-nanofiber
region at 0.7, 0.6, 0.5, 0.4, and 0.3 were fabricated, as shown in
Figure 5a. After incubation with the FITC-peptides, five
different substrates were reacted with the same MMP-9
solution, and the resultant fluorescence intensity was monitored
in the detection zone. Figure 5b shows that stronger
fluorescence intensity was observed from the hydrogel-framed
nanofiber matrix with a higher portion of bare-nanofiber region

because more cleaved peptides were produced due to their
higher loading capacity of FITC-peptides.

Figure 4. Microfluidic system for the detection of MMP-9. (a) Photo
of the microfluidic device with inserted hydrogel-framed nanofiber
matrix immobilizing MMP-9-specific peptides. (b) Detection mecha-
nism for MMP-9 detection where peptide Gly-Pro-Leu-Gly-Met-Trp-
Ser-Arg-Cys is immobilized onto nanofibers and is subject to MMP-9-
mediated cleavage between Gly and Met. (c) Fluorescence images of
the hydrogel-framed nanofiber matrix and the detection zone before
and after reaction between MMP-9 and the immobilized FITC-
peptides.

Figure 5. Effect of amount of nanofiber on the detection performance.
(a) Preparation of the hydrogel-framed nanofiber matrix with different
nanofiber area portions. (b) Fluorescence signals as a function of the
nanofiber area portion in the hydrogel-framed nanofiber matrix.
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Although the capability of MMP-9 detection could be
enhanced by increasing the portion of the bare-nanofiber region
higher than 0.7, this caused difficulty in the handling of the
nanofiber matrix. Hence, this portion (=0.7) of the nanofiber
area was used for the rest of the studies. The MMP-9 assay was
further investigated quantitatively using the optimized hydro-
gel-framed nanofiber matrix within microdevices. Figure 6a
indicates that fluorescence intensity increased significantly
during the first 10 min and subsequently maintained a steady
state after 30 min in the presence of two different
concentrations of MMP-9 (50 and 100 pM). This response is
much faster than the commercially available MMP-9 assay kit
based on a zymography method, which usually takes
approximately 4 h. It is inferred that the enhanced reaction
rate resulted from two factors; one is the enhanced mass
transfer and reduced diffusion distance by using microdevices,
and the other is the bidirectionally porous structures of the
nanofiber substrates that allow access by MMP-9 to the
immobilized peptides from both sides. The effect of MMP-9
concentration on the fluorescence intensity was also inves-
tigated (Figure 6b). The fluorescence intensity increased
linearly with MMP-9 concentration from 0 to 100 pM, and
the detection limit was approximately 10 pM, which represents
similar or better performance than most of the previous MMP-
9 assays as shown in Table 1.31,41−46 Since the physiologically
normal range of MMP-9 concentration in serum is about 1−20
nM,47 our sensor would have enough sensitivity for MMP-9
detection. As mentioned in the Introduction, immunoassays

based on antigen−antibody binding have also been used for the
detection of MMPs.24,48 However, the use of these assays has
been limited by the difficulty in acquiring specific monoclonal
antibodies and maintaining their activities.24 Furthermore,
immunoassays are more complicated and take a longer time
than an enzymatic cleavage strategy. Reproducibility with
respect to the MMP-9 detection was evaluated by the
comparison of the fluorescence signals generated by different
hydrogel-framed nanofiber matrixes prepared under the same
conditions. The fluorescence response from three different
matrixes to 50, 100, and 200 pM MMP-9 was examined, and
the results revealed that the biosensor has satisfactory
reproducibility, as shown in Figure 6c.
Finally, the selectivity of the MMP-9 detection system

developed in this study was investigated by examining the effect
of various species existing in biological fluids. After cocktail
solution consisting of glucose (1 mg/mL), albumin (1 mg/
mL), hemoglobin (1 mg/mL), fibronectin (1 μg/mL),
thrombin (1 μg/mL), trypsin (1 μg/mL), and chymotrypsin
(1 μg/mL) was prepared in PBS buffer, fluorescence signals
were obtained from 4 different sample solutions: cocktail
solution only, cocktail solution with MMP7 (50 ng/mL),
cocktail solution with MMP-9 (50 ng/mL), MMP-9 (50 ng/
mL) in buffer solution. As shown in Figure 7, various
substances in cocktail solution had no significant effect on
fluorescence enhancement. More importantly, the presence of
MMP-7, another member of the MMP family, did not cause a

Figure 6. (a) Effect of reaction time between MMP-9 and immobilized peptides on the fluorescence signal. (b) Change of fluorescence intensity in
the presence of different MMP-9 concentrations. (c) Change of fluorescence signals obtained from three independently prepared hydrogel nanofiber
matrices.

Table 1. Comparison of the Performance of the MMP-9
Detection System

assay system analyte
detection
limit ref

ELISA MMP-9 1 pM 45
zymography MMP-2,9 10 pM 44
spectrophotometric assay
(enzymatic assay)

MMP-2,9 1−2 nM 41

gelatinolytic activity assay
(enzymatic assay)

MMP-9 16 pM 46

electrochemical biosensor
(enzymatic assay)

MMP-9 60 pM 31

electrochemical impedance
immunosensor

MMP-9 1.1 nM 42

FRET-based fluorescence assay MMP-9 <2.5 nM 43
fluorescence assay using
nanofiber substrate

MMP-9 10 pM this
study

Figure 7. Fluorescence intensity obtained from different solution
showing the selectivity of the biosensor toward MMP-9.
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significant increase in fluorescence intensity, demonstrating the
excellent selectivity of our MMP-9 biosensor. Because of this
specificity of the sensor, almost the same fluorescence signals
were observed between MMP-9 in buffer and cocktail solutions.

■ CONCLUSION

We designed and fabricated a microdevice as a new platform for
highly sensitive MMP-9 detection. A microdevice consisted of
two parts; one is the hydrogel-framed nanofiber matrix where
FITC-peptides were covalently immobilized, and the other is a
PDMS-based microfluidic system where peptide-immobilized
nanofiber matrix was placed and the reaction between peptides
and MMP-9 carried out and monitored. Incorporation of
hydrogel micropatterns into the nanofiber matrix allowed easy
handling of the nanofibers and easy insertion of the nanofibers
into microfluidic devices. Due to the bidirectionally porous
nature and large surface area of the nanofiber substrates, a fast
response time (30 min) and lower detection limit (10 pM)
could be achieved within these microdevices. In this system, a
hydrogel-framed nanofiber matrix is like a cartridge, while a
microfluidic system is like an inkjet printer. Therefore, the
nanofiber matrix is disposable and can be replaced with new
ones immobilizing the same or different biomolecules for
various bioassays, while a microfluidic system can be
continuously reused. Future studies will focus on the multiplex
detection of different proteases by using multiple hydrogel-
framed nanofiber matrix immobilizing different substrates.
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