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Introduction

Metastasis is the process by which cancer cells spread from 
their original site to distant tissues or organs and is the main 
cause of cancer-related deaths.1,2 Despite major advance-
ments in diagnosis, surgical techniques, and adjuvant can-
cer therapies, the majority of cancer deaths are related to 
metastasis due to failure of treatments because of tumor 
resistance, direct organ damage, and other complications.3 
Since there is a strong correlation between poor patient out-
come and the presence of metastases, early detection of 
metastases could potentially predict which patients will 
require additional therapeutic interventions after a success-
ful resection of the primary tumor.4 This will eventually 
lead to overall improved survival of the cancer patients.

A number of biomarkers have been identified for metasta-
sis. While there are a number of methods available for the 
detection of cancer biomarkers, these biomarkers are most 
often identified as genes, microRNA, or proteins that are 
uniquely expressed or silenced in metastatic cancer.5–12 Such 
biomarkers include heat shock protein 70 (Hsp70), epithelial 
cadherin (E-cadherin), and death-associated protein kinase 

(DAPK).13–15 Many of these biomarkers were identified 
through increased understanding of the underlying molecular 
mechanisms of metastasis progression. Cancer metastasis is  
a complex process that involves tumor cell dissociation, 
epithelial–mesenchymal transition (EMT), intravasation, sur-
vival in the circulatory system, angiogenesis, and extravasa-
tion, with the ultimate establishment of secondary tumors at 
distant sites.16–19 Notably, EMT is an initial and crucial stage of 
metastasis, as it involves the detachment of cancer cells from 
the original tissue. Several proteins involved in EMT have 
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Metastasis is often critical to cancer progression and linked to poor survival and drug resistance. Early detection of 
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ability to protect the base sensor peptide from nonspecific serum protease cleavage. This enhanced peptide stability, 
combined with a quantitative stimuli-responsive output function, provides strong evidence for the further development of 
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been defined as metastasis markers, including the family of 
matrix metalloproteinases (MMPs).20,21

MMP proteins are a family of zinc-containing endopep-
tidases, also known as matrixins.22 Under normal physio-
logical conditions, MMP proteins are secreted and are 
responsible for tissue remodeling, inflammation, and tissue 
repair.23–26 However, in the context of cancer metastasis, 
MMP proteins mediate degradation of the extracellular 
matrix that forms physical constraint around tumors.27–30 
MMP9 is a well-characterized member of the MMP protein 
family, and its overexpression has been reported in hepato-
cellular carcinoma (HCC), malignant lymphomas, prostatic 
adenocarcinoma, and gastric, glioma, and bladder can-
cers.30–37 Thus, developing improved methods for MMP9 
biomarker detection may serve as a tool for improving 
metastasis detection.

As an endopeptidase, MMP9 cleaves specific peptide 
sequences.38 Therefore, detection of MMP9 peptidase activ-
ity through cleavage of MMP-specific peptides may serve 
as a surrogate marker for detecting sites of cancer metasta-
sis. One such substrate peptide sequence is LGRMRLPGK, 
which has been shown to be specific to MMP9 but not to 
other members of the MMP family, such as MMP2.39 
Although this MMP-specific peptide may serve as the foun-
dation for an MMP9 biosensor, additional factors have to be 
considered before implementation of MMP9-specific pep-
tides for clinical applications, in particular, the instability of 
the peptides under physiological conditions.40–43 In blood 
serum, nonspecific proteolysis can rapidly degrade peptides 
before they reach the target site. As such, good delivery 
methods to increase the stability of peptides are required for 
improved efficacy.

A wide range of approaches have been used to improve 
peptide stability and biosensor efficacy by nanomedical 
methods. This includes the formation of self-assembling 
peptide complexes, which can confer increased stability and 
efficacy. This, however, suffers from the challenges of con-
trolling higher hierarchical structures while maintaining the 
desired functions.44 Other common methods include the 
gold (Au) or titanium oxide (TiO2) nanoparticles function-
alized with stimuli-responsive peptides.45–47 While these 
complexes can confer increased stability, improved deliv-
ery, and complementary properties due to their photores-
ponsive properties, Au and TiO2-based nanocomplexes are 
not biodegradable. Furthermore, Au and TiO2-based nano-
complexes have been linked to toxicity issues.48,49 As such, 
these complexes may be more suitable for enhanced, highly 
sensitive ex vivo biosensor diagnostic applications.50 
Detonation nanodiamonds (NDs) may serve as a useful 
platform for stimuli-responsive peptide delivery due to a 
number of favorable properties for drug delivery. NDs are 
~3.5 nm truncated semioctahedral carbon structures with a 
number of physical properties, such as charged surface fac-
ets and chemical function groups decorated on their surface, 

that can impart enhanced functionality to their delivery 
cargo. As a result, our group and others have demonstrated 
that NDs are biocompatabile nanomaterials that can 
improve the delivery and efficacy of a wide range of thera-
peutic cargo for applications in both cancer treatment and 
diagnostics.51–61 Because of the versatility of NDs, NDs 
were evaluated in the development of a stimuli-responsive 
biosensor complex.

By utilizing a stimuli-responsive MMP9 cleavage sys-
tem, we can quantify MMP9 activity by stimuli-specific 
cleavage signal and identify potential metastatic cancer 
sites. By delivering this stimuli-responsive system using an 
ND-based platform, we can improve stability and the poten-
tial of translating the peptide-based stimuli-responsive bio-
sensor system into clinical use. Thus, the design and initial 
evaluation of an ND-MMP9 substrate peptide complex will 
provide evidence for use of this complex as a detection 
reagent for MMP9 biomarker-based metastasis detection.

Materials and Methods

Design of Stimuli-Responsive MMP9 Biosensor 
Using Nanodiamond Delivery Platform

The peptide sequence LGRMGLPGK was previously iden-
tified to be more specifically cleaved by MMP9 enzyme 
rather than the rest of the proteins of the MMP family.39 
Hence, this nine-amino-acid peptide sequence was selected 
as the MMP9 substrate in the MMP9-specific biosensor. In 
order to improve the stability and efficacy of naïve peptide, 
ND was used as the delivery vehicle (Fig. 1A). MMP9 
activity through cleavage detection was designed to be 
quantified by using a pair of Förster resonance energy trans-
fer (FRET) molecules, fluorescein isothiocyanate (FITC) 
molecule and 5-carboxytetramethylrhodamine (5-TAMRA), 
which were placed on either side of the peptide. The FITC 
molecule is quenched by TAMRA through energy transfer 
when the peptide is uncleaved. When MMP9 cleaves the 
peptide, the distance between FITC and TAMRA increases 
and there is no energy transfer to TAMRA. As a result, an 
FITC emission signal should be measurable (Fig. 1B).

Preparation of Nanodiamond–MMP9 Substrate 
Peptide Complex

NanoAmando Soft Hydrogel (NanoCarbon Research Institute, 
Nagano, Japan) was freeze-dried to obtain ND powder. 
Carboxyl-modified NDs (ND-COOH) were synthesized 
according to the previous studies.62 Briefly, ND powder  
was dispersed in a mixture of concentrated sulfuric acid  
and nitric acid (3:1, v/v), followed by stirring and reacting 
in a reflux device at 70 °C for 3 days. The resulting 
ND-COOH was then washed by deionized water until the 
suspension pH reached neutral. Subsequently, ND-COOH 
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was freeze-dried and the powder was stored at room tem-
perature until further use.

To obtain an ND-MMP9 substrate peptide complex, one 
anhydrous reaction was performed. ND-COOH powder 
was suspended in DMSO (10 mg/mL), and sonicated well 
before conjugated with peptide. A certain amount of dicy-
clohexylcarbodiimide (DCC) and 4-dimethylaminopyri-
dine (DMAP) was added into ND-COOH suspension to 
activate the carboxyl groups in ND-COOH. After 10 min of 
activation at room temperature, MMP9 substrate peptide (with 
a sequence of LGRMGLPGK, Mimotopes, Melbourne, 
Australia) was then added into the reaction suspension at a 
weight ratio of 1:1 (MMP9 peptide to ND-COOH). 
Following reaction at room temperature overnight, the reac-
tion mixture was centrifuged at 15,000 rpm for 15 min. 
Subsequently, the precipitates (ND-MMP9) were resus-
pended in deionized water. Unreacted peptides, together 
with DCC and DMAP, remained in the supernatant and 
were collected for quantifying conjugation efficiency.

Characterization of ND-MMP9 Complex

ND-COOH and ND-MMP9 were suspended in deionized 
water (0.2–0.3 mg/mL, ND concentration). The particle 

size and ζ-potential were determined by the dynamic light 
scattering (DLS) method using a Malvern Zetasizer Nano 
ZS (Malvern Instruments, Malvern, UK) at 25 °C. All mea-
surements were performed in triplicate.

Fourier transform infrared spectroscopy (FTIR) was  
performed by a PerkinElmer FTIR Spectrum 2000 
(PerkinElmer, Waltham, MA). Samples were dried over-
night using R-210 Rotavapor (Buchi, New Castle, DE). 
Five milligrams of each sample was mixed with 0.1 g of 
KBr powder using mortar and pestle before pressing the 
sample to a thin film, from which the spectra were taken.

Transmission electron microscopy (TEM) was performed 
using a JEOL JEM-2010 transmission electron microscope 
(JEOL, Tokyo, Japan). ND-COOH and ND-MMP9 were dis-
persed in deionized water at a concentration of 0.1 mg/mL, 
and the suspension was dropped on the copper mesh (coated 
with carbon film), and then dried overnight at room tem-
perature prior to imaging.

Cell Culture

Human HCC cell lines Huh7 and SNU398 were obtained 
from the Japanese Collection of Research Bioresources 
(Tokyo, Japan) and American Type Culture Collection 

Figure 1.  Schematic illustration of 
ND–peptide cleavage model. (A) 
Schematic illustration of ND–peptide 
complex design. The ND is shown 
as a truncated octahedral structure, 
and amino acids of MMP9 substrate 
are shown in the color-filled circles 
with one-letter amino acid codes. 
The fluorophore molecules FITC 
and TAMRA are depicted in the 
solid color circles. (B) Schematic 
illustration of ND–peptide cleavage 
by MMP9 enzyme. Red triangle 
denotes MMP9 enzyme secreted 
by cells. The green halo around the 
FITC molecule denotes the active 
emission of FITC as the peptide is 
cleaved by MMP9, and that the FRET 
effect is terminated by the distance 
change between FRET pairs.
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(Manassas, VA), respectively. Huh7 cells were maintained 
in Dulbecco’s modified Eagle’s medium (DMEM, BioWest, 
Kansas City, MO), whereas SNU398 cells were cultured in 
RPMI-1640 (BioWest) medium. Both media were supple-
mented with 10% (v/v) fetal bovine serum (Gibco, Grand 
Island, NY) and 1% penicillin/streptomycin (Gibco). All 
the cells were cultured in a 5% CO2-humidifed chamber at 
37 °C.

Protein Extraction and Western Blot

Huh7 or SNU398 cells were washed twice with phosphate-
buffered saline (PBS) and lysed in RIPA buffer consisting 
of 0.5% sodium deoxycholate, 1% NP-40 detergent, 0.1% 
sodium dodecyl sulfate (SDS), 150 mM NaCl, 10 mM Tris-
HCl (pH 7.4), protease, and phosphatase inhibitors (Roche, 
Basel, Switzerland). The lysed cells were then sonicated on 
ice for 20 s (10 times, 2 s each) and centrifuged at 10,000g 
for 15 min to remove cell debris. The protein content of 
each sample was then determined by Bio-Rad Protein Assay 
(Bio-Rad Laboratories, Hercules, CA) according to the 
manufacturer’s instructions. Equal amounts of sample pro-
tein were then separated by 8% SDS–polyacrylamide gel 
electrophoresis (SDS-PAGE), and transferred to polyvinyli-
dene difluoride (PVDF) membranes. Membranes were 
blocked by incubation in TBST (Tris-buffered saline, 0.1% 
Tween-20) containing 5% bull serum albumin (BSA) for 1 
h, and probed with primary antibodies. Thereafter, mem-
branes were processed using standard procedures. Antibody 
binding was visualized by an imaging system ImageQuant 
LAS 500 (GE Healthcare Life Sciences, Pittsburgh, PA). 
The following antibodies were used: anti-human MMP9 
(1:500, R&D Systems, Minneapolis, MN) and anti-β-actin 
(1:10,000, Sigma, St. Louis, MO).

The extracellular expression level of MMP9 (or the 
secreted MMP9) was determined by Western blot as well. 
Briefly, equal numbers of these two human HCC cells were 
seeded and equal volume of culture media were collected 
after culturing for 3 days. Total proteins in the culture media 
were concentrated and collected by centrifuging at 2000g 
for 20 min using Corning Spin-X UF concentrators (Sigma). 
Equivalent volumes of these two concentrated proteins 
underwent standard Western blot procedures as described 
above.

Immunohistochemistry

Two cases of human HCC and matched adjacent noncancer-
ous tissues from patients who had undergone treatment at 
the National University Hospital of Singapore were col-
lected. Tissues were collected from a single HCC lesion, 
along with surrounding normal tissue. All HCCs were clini-
cally and pathologically confirmed. Written consents were 
obtained from all patients before sample collection. The 

study was approved by the National University of Singapore 
Institutional Review Board (NUS-IRB).

HCC patient tissues were fixed using 4% (w/v) parafor-
maldehyde (PFA) and embedded with paraffin. The paraffin 
blocks were then cut into sections of 4.0 μm thickness, dehy-
drated in graded Histo-Clear, and rehydrated in graded etha-
nol. For antigen retrieval, slides were placed in antigen 
retrieval solution (pH 9.0, Dako, Carpinteria, CA) and boiled 
for 5 min in a microwave (Milestone, Milan, Italy). Slides 
were then allowed to cool for 10 min, followed by a 5 min 
wash in water. Before immunohistochemical staining, the 
slides were washed twice (5 min each) in Phosphate Buffered 
Saline with Tween 20 (PBST), and blocked in blocking buf-
fer (Protein Block Serum-Free, Dako) at room temperature for 
1 h. Afterwards, the sections were incubated overnight at 4 °C 
in a humidified chamber with primary antibodies. For primary 
antibodies, anti-human MMP9 antibodies (1:500, R&D 
Systems) were used. The slides were then washed three times 
in PBST and incubated for 1 h in anti-mouse HRP-conjugated 
secondary antibodies (1:10,000, donkey). Slides were washed 
in PBST, developed with 3,3′-diaminobenzidine (DAB), and 
counterstained with hematoxylin. The slides were then washed 
with deionized water, followed by dehydration in graded 
ethanol and graded Histo-Clear. The coverslips were 
mounted using mount medium, and the slides were visual-
ized on a Zeiss Axioplan 2 fluorescence microscope (Zeiss, 
Oberkochen, Germany).

In Vitro Cell-Free Cleavage Assay

Recombinant human MMP9 protein (R&D Systems) was 
first activated by p-aminophenylmercuric acetate (APMA, 
Sigma) in assay buffer (50 mM Tris, 10 mM CaCl2, 150 
mM NaCl, 0.05% Brij-35 (w/v), pH 7.5). Fluorophore-
modified MMP9 substrate peptide and the corresponding 
ND-MMP9 complex were added separately into activated 
MMP9 buffers containing different MMP9 protein concen-
trations. The time-course cleavage signal was analyzed and 
recorded by an Infinite 200 PRO microplate reader (Tecan, 
Zurich, Switzerland). Measurements were conducted in a 
black/transparent fluorescence-block 96-well plate (Falcon, 
BD, San Jose, CA) in triplicate.

To better simulate the physiological conditions in vivo, the 
cleavage of both MMP9 peptide and ND-MMP9 in human 
serum was detected. MMP9 peptide and ND-MMP9 (10 μM) 
were added into a certain volume of human serum, followed 
by a time-course cleavage signal assay, as described above.

In Vitro Cell Culture Cleavage Assay

Huh7 and SNU398 cells were seed into black/transparent 
fluorescence-block 96-well plates. After 24 h of incubation, 
culture media were collected for detecting the cleavage 
extracellularly. MMP9 peptide and ND-MMP9 were added 
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into the culture media of either Huh7 cells or SNU398 cells. 
For cleavage intracellularly, MMP9 peptide and ND-MMP9 
were diluted using serum-free media and added into each 
well with either Huh7 or SNU398 cells. Time-course cleav-
age assays were performed using an Infinite 200 PRO 
microplate reader, as above. To better elucidate the correla-
tion between MMP9 expression level and the cleavage sig-
nal, cells were seeded in various numbers (representing 
different amounts of MMP9). The cleavage assay process 
was the same. To demonstrate the specific cleavage between 
the MMP9 and ND-MMP9 complex, an MMP9 enzyme 
inhibitor (ab142180, Abcam, Cambridge, UK) was used. 
Cells were incubated with the MMP9 inhibitor for 1 h (50 
μM). The cleavage signal of the inhibiting group was 
recorded continuously for 7 days. For the control group, no 
inhibitor was used.

In Vitro 3D Metastasis Cell Culture Chip 
Biosensor Analysis

SNU398 spheroids were first formed by seeding SNU398 
cells on ultra-low-attachment culture dishes (Corning, 
Corning, NY) in serum-free spheroid medium. DMEM/F-12 
serum-free medium (3:1, v/v) contained 1% penicillin/
streptomycin, 1% w/v minimum essential media nonessen-
tial amino acids, 1% w/v sodium pyruvate, 2% B27, 1% v/v 
insulin transferrin selenium, 4 μg/mL heparin, 10 mM nico-
tinamide, 20 ng/mL epidermal growth factor, and 10 ng/mL 
fibroblast growth factor 2.

SNU398 spheroids were collected and stained using 
CellMask Deep Red plasma membrane stain (C10046, 
Invitrogen, Thermo Fisher Scientific, Waltham, MA) at 37 
°C for 15 min. Thereafter, the spheroids were suspended in 
serum-free spheroid medium, and the spheroid suspension 
was then mixed with Matrigel Matrix (Corning), followed 
by seeding into a three-dimensional (3D) Cell Culture Chip 
(AIM Biotech, Singapore). After culturing for 24 h, equiva-
lent (1 μM) MMP9 peptide and ND-MMP9, both diluted 
with serum-free spheroid medium, were added separately to 
the AIM Chip wells. For the control group, spheroid 
medium without peptide was added to a separate well. To 
better trace the substrate peptide cleavage by MMP9, 
images were taken using an Olympus FV1000 confocal 
fluorescence microscope (Olympus, Center Valley, PA) at 
different treatment time points. Cy5 (633 nm/664 nm) and 
fluorescein (488 nm/519 nm) were applied as the detection 
channels. Finally, the raw data were evaluated by FV10-
ASW 4.2 Viewer Software (Olympus).

Statistical Analysis

All experimental data were performed at least in triplicate, 
and described as the mean ± standard deviation. Unpaired 

Student’s t test and one-way analysis of variance were used 
to analyze the results.

Results

Expression of MMP9 in HCC Patient Samples

Previous studies of MMP9 have demonstrated its key role 
in promoting tumor invasiveness and metastatic character-
istics in HCC.63,64 In addition, reduced expression of 
E-cadherin has been shown to portend a poorer prognosis in 
HCC patients.65 To determine the levels of MMP9 expres-
sion and its metastatic potential in HCC, we first analyzed 
the protein expression of MMP9 and E-cadherin in primary 
HCC patient specimens (HCC141015 and HCC240216) via 
immunohistochemistry. We showed that HCC patient sam-
ples expressed higher levels of MMP9 and reduced levels of 
E-cadherin compared with the normal adjacent tumor tis-
sues (NAT240216) (Fig. 2). These data suggest that MMP9 
could potentially be used as a biomarker for HCC, in par-
ticular for metastatic HCC tumors.

Characterization of ND-MMP9 Complex

The chemical conjugation of peptide and ND was accom-
plished through connection of the carboxyl group on acid-
washed ND (ND-COOH) and the amine group on a modified 
C-terminus of the peptide. The synthesized ND–MMP9–
peptide complex (ND-MMP9) showed slightly increased 
diameter (33.36 ± 4.28 nm) compared with naïve ND par-
ticle (23.37 ± 2.13 nm), as well as the ND-COOH (30.57 ± 
3.20 nm) (Fig. 3A). Meanwhile, the surface net charge of 
ND also changed postconjugation, dropping from 53.15 ± 
0.92 mV to 27.03 ± 0.25 mV (Fig. 3B). However, the lattice 
structure on the surface of nanoparticles was clearly 
observed on both ND and ND-MMP9 (Fig. 3C). The FTIR 
assay, which identifies the active functional groups on the 
nanoparticle surface, indicated that the typical functional 
groups in both ND (C=C stretch, O–H stretch) and peptide 
(C–N stretch, N–H wag) were detected on the surface of 
ND-MMP9 (Fig. 3D), demonstrating the successful conju-
gation of MMP9 peptide onto the ND-COOH surface.

ND-MMP9 Responded to MMP9 Enzyme but 
Remained Stable in Serum

Upon successful conjugation of peptide onto ND, we first 
tested whether the substrate peptide on the ND surface was 
still feasible for MMP9 cleavage. The results showed that 
both the peptide and ND-MMP9 were able to respond to 
purified MMP9 enzyme, and the cleavage level was depen-
dent on the concentration of purified MMP9 in the reaction 
system (Fig. 4A,B). Nonspecific substrate peptide cleavage 
was also evaluated. When treated with human serum under 
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Figure 2.  MMP9 expression in HCC patients. Representative pictures showing immunohistochemistry staining of E-cadherin 
and MMP9 in HCC patient samples and normal adjacent tissue. Brown-colored edges around cells denote the positive staining of 
E-cadherin and MMP9. Scale bar (black), 50 μm.

Figure 3.  ND-MMP9 peptide characterization. (A) Size distribution of ND, ND-COOH, and ND-MMP9 after conjugation analyzed 
via DLS. Data are represented as mean ± SD. (B) ζ-Potential of ND, ND-COOH, and ND-MMP9 indicating surface charge. Data are 
represented as mean ± SD. (C) Representative images of TEM scanning of ND and ND-MMP9. Parallel red lines denote the lattice 
structure on the particle surface. Scale bar (white), 2 µm. (D) FTIR spectra of ND-COOH (black line), MMP9 peptide (red line), and 
ND-MMP9 (blue line) indicating surface functional groups. Black arrows indicating surface functional groups of C–H stretch signals 
around 2900 cm–1, O–H stretch signals between 3300 and 3500 cm–1, C–N stretch around 1400 cm–1, N–H wag around 800 cm–1, 
N–H wag around 1100 cm–1, and C=C stretch signals between 1400 and 1600 cm–1, presenting aromatic rings of anthracyclines.



Wang et al.	 7

physiological conditions (37 °C, pH = 7.4), the naïve 
MMP9 substrate peptide showed significantly stronger 
degradation than peptide conjugated on ND (Fig. 4C). 
These results indicated that ND-MMP9 is able to respond 
to specific MMP9 cleavage and also protect against non-
specific degradation.

ND-MMP9 Cleavage Signal Correlates with 
MMP9 Expression Level

In this study, we chose to chemically conjugate a stimuli-
responsive peptide biosensor onto an ND surface. In order 
to track the peptide, as well as develop a stimuli-responsive 
quantifiable sensor, a FRET pair consisting of FITC and 
TAMRA was attached on either terminal of the peptide.66 
Energy is transferred from FITC to TAMRA under the FITC 
excitation wavelength, so FITC will be quenched when the 
peptide maintains its full length. When the peptide is 
cleaved by MMP9 from ND, this energy transfer is termi-
nated due to the increasing distance between FITC and 
TAMRA; hence, the FITC emission can be observed under 
FITC excitation. By inspecting the FITC emission signal, 
the substrate peptide cleavage by MMP9 can be quantita-
tively measured.

In order for ND-MMP9 to function as an MMP9 biosen-
sor, there should be a correlation between the cleavage sig-
nal and MMP9 expression level. Hence, the MMP9 protein 
expression level in HCC cell lines was measured, both 
intracellularly and extracellularly. MMP9 protein was pri-
marily secreted extracellularly into culture medium, with 
the Huh7 cell line expressing higher levels of MMP9 pro-
tein than the SNU398 cell line (Fig. 5A). Both intracellular 
and extracellular MMP9 activities against ND-MMP9 were 
evaluated (Fig. 5B). After quantifying the MMP9 expres-
sion in these two cell lines as, well as the end-point cleav-
age signal level, a correlation between these two readouts 

was determined (Fig. 5C). To elucidate this correlation 
more accurately, the ND-MMP9 cleavage level under des-
ignated amounts of MMP9 protein was further explored 
(Fig. 5D,E). ND-MMP9 cleavage signal increased accord-
ing to the intensity of the MMP9 protein with linear correla-
tion (Fig. 5F). Furthermore, inhibition of the MMP9 protein 
triggered a corresponding decrease in ND-MMP9 cleavage 
activity (Fig. 6). These data demonstrate that the cleavage 
of ND-MMP9 correlates with the MMP9 protein expression 
level and its activity.

Evaluation of ND-MMP9 in In Vitro 3D 
Metastasis Model

Metastatic tumors do not reside in cell-free liquid solutions, 
but rather in complex microenvironments where secreted 
MMP9 degrades the surrounding extracellular matrix and 
allows tumor cell movement to new local and distal sites. 
3D spheroid cultures and microfluidic-based devices can be 
utilized to better analyze metastatic tumors in the context of 
these complex environmental conditions.67–72 We next 
explored if ND-MMP9 was capable of emitting a fluores-
cent signal in the surrounding tumor microenvironment of a 
metastatic tumor by using a 3D spheroid culture system 
within a multichannel microfluidic chip system. ND-MMP9 
efficacy was evaluated using a 3D Cell Culture Chip. The 
3D Cell Culture Chip is a three-channel microfluidic chip 
that is capable of recapitulating spheroid tumor growth and 
metastasis potential. A central channel serves as the site of 
tumor spheroid growth within an extracellular matrix scaf-
folding. The other two parallel channels can serve to repre-
sent nearby blood vessels to determine the effect of drugs, 
proteins, or in this case, a biosensor on detection, survival, 
extravasation, and/or intravasation of metastatic tumors. 
Following seeding of SNU398 spheroids in the central 
channel, 1 μM of either MMP9 peptide or ND-MMP9 was 

Figure 4.  ND-MMP9 responds to MMP9 enzyme cleavage and shows stronger serum stability. (A) Fluorescent intensity change 
within reaction period of peptide cleaved by purified MMP9 with concentrations from 0 to 1000 ng/µL. (B) Fluorescent intensity 
within reaction period of ND-MMP9 cleaved by purified MMP9 with concentrations from 0 to 1000 ng/µL. (C) Fluorescent intensity 
within reaction period of peptide (P) and ND-MMP9 (NP) cleaved by human serum.
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delivered into the central channel by directional flow from 
one outer channel to the other. Biosensor activity was then 
visualized and measured under a confocal fluorescence 
microscope. The FITC signal of peptide cleavage was com-
pared with the Deep Red staining that outlined spheroid cel-
lular structures to determine peptide cleavage location, 
which primarily occurred extracellularly (Fig. 7). Our data 
suggest that secreted MMP9 enzyme is the primary media-
tor of ND-MMP9 cleavage, and that ND-MMP9 can fluo-
rescently paint the surrounding area of metastatic cancer 
sites based on MMP9 activity.

Discussion

A nanoparticle-based biosensor requires several key proper-
ties before translating toward preclinical and clinical devel-
opment. In evaluating the potential of an ND–peptide-based 
stimuli-responsive biosensor, it is first important to under-
stand how chemical conjugation of peptides to NDs affects 
the overall size and charge of the delivery complex, as this 

Figure 5.  ND-MMP9 cleavage is 
correlative with MMP9 expression level 
in HCC cell lines. (A) Western blot of 
MMP9 expression in SNU398 and Huh7 
cell lines. C denotes cells (intracellular 
expression), S denotes cell culture 
supernatants (extracellular expression). 
(B) Fluorescent intensity change within 
reaction period of peptide (P) and 
ND–peptide (NP) cleaved by Huh7 and 
SNU398 cell or cell culture supernatant 
(Sup). (C) Correlation regression analysis 
between cleavage signal of peptide (P) 
and ND–peptide (NP) by Huh and 
SNU398 cell or cell culture supernatant 
and relative MMP9 expression in 
SNU398 and Huh7 cell and cell culture 
supernatant (normalized to SNU398 cell). 
(D) Western blot of MMP9 expression 
in SNU398 and Huh7 cell culture 
supernatants (S). Two micrograms of 
protein from culture supernatants of 1000, 
2000, 5000, and 10,000 cells was loaded 
respectively. (E) Fluorescent intensity 
change within reaction period of ND–
peptide (NP) cleaved by Huh and SNU398 
cell culture supernatants of 1000, 2000, 
5000, and 10,000 cells. (F) Correlation 
regression analysis between cleavage 
signal of ND–peptide (NP) by Huh7 and 
SNU398 cell culture supernatants of 1000, 
2000, 5000, and 10,000 cells and relative 
MMP9 expression in SNU398 and Huh7 
cell culture supernatant (normalized to 
1000 SNU398 cell).

Figure 6.  ND-MMP9 peptide cleavage was inhibited by MMP9 
enzyme inhibitor. Fluorescent intensity change within reaction 
period of ND–peptide (NP) cleaved by Huh7 cells with or 
without pretreating with 50 µM MMP9 inhibitor. “Wash” and 
“Unwash” denote the washing steps performed 1 h after inhibitor 
treatment.
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will influence the biodistribution, cellular uptake, and bio-
compatibility. Previous studies that utilized reversible phys-
ical adsorption of drugs on the surface of NDs resulted in an 
aggregate complex diameter increase of approximately 

400%. In this study, we observed less than a 4 nm increase 
in diameter following chemical conjugation of peptide to 
the NDs. This could be due to the differences in conjugation 
methods. During physical adsorption, it is possible that the 

Figure 7.  Visualization of ND-MMP9 cleavage by secreted MMP9 enzyme from SNU398 spheroids. (A) Schematic and photograph 
of 3D Cell Culture Chip layout, depicting the inlets for seeding spheroids, replenishing medium, and drug treatment. (B) Confocal 
fluorescence microscopy of SNU398 spheroids treated with MMP9 peptide (1 μM) at different time points within 24 h. (C) 
Confocal fluorescence microscopy of control group, treated with spheroid medium without MMP9 substrate peptide. (D) Confocal 
fluorescence microscopy of SNU398 spheroids treated with ND-MMP9 (1 μM) at different time points within 24 h. Red color denotes 
CellMask Deep Red cell membrane staining. Green color denotes fluorescein (FITC) signal.
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drug may form one or more drug layers around the ND that 
cover the charged facets of the ND. A complete covering of 
ND facet surfaces by these drug layers would result in a 
more dramatic change in net charge that would also likely 
affect aggregate size. For chemical conjugation of peptides, 
peptides were connected to carboxyl groups presented on 
the ND surface. This likely serves to create some space 
between the peptide and the charged facets, as well as per-
mitting loading of peptide to the ND without covering the 
charged facets. As a result, the change in net charge (31.40–
27.03 mV) was not strong enough to generate the formation 
of new aggregates. This suggests that the diameter of the 
final complex could be manipulated through different meth-
ods of synthesis for various applications. Furthermore, the 
relatively small size of the ND-MMP9 aggregate complex 
ensures that the complex fits the physical characteristics for 
proper biodistribution and metastatic tumor delivery.

Peptide-based biosensors must overcome a number of 
challenges in order to be successful for in vivo applications. 
These challenges include protein hydrolysis in the blood 
stream, the shredding force in caterpillar circulation, and 
proteases/peptidases in the tissue matrix. Although the 
cleavage signal of ND-MMP9 is not as strong as naïve  
peptide in both in-tube assay and cellular cleavage, the 
ND-MMP9 complex maintained a clear and quantifiable 
cleavage signal while also significantly improving the sta-
bility of substrate peptide and protection against nonspe-
cific proteases. Through enhancing the stability of the 
peptide, a greater concentration of peptide biosensor at 
tumor sites should be achievable. Meanwhile, the minimi-
zation of random degradation can help to decrease the pos-
sibility of false positives in in vivo applications. Improved 
peptide stability, paired with the demonstration that 
ND-MMP9 can quantitatively measure MMP9 expression 
level, suggests that ND-MMP9 biosensors may serve as a 
useful reagent in detecting MMP9-positive metastatic 
tumor sites. While this initial study utilized the FITC-
TAMRA FRET pair, other more clinically relevant FRET 
pairs can be explored for the quantification of MMP9 activ-
ity in vivo. Additionally, other imaging modalities, such as 
DNA barcode tagging or isotope labeling, can also be incor-
porated to further improve the diagnostic sensitivity.

While this study focuses on the use of an ND–peptide 
biosensor platform for the detection of MMP9 activity, this 
ND–peptide system has potential applications beyond 
MMP9 activity detection of metastatic tumor sites. This 
stimuli–response biosensor system can be applied to a num-
ber of other disease and biological functions where specific 
enzyme–substrate reactions take place, for instance, in the 
detection of glutathione (GSH) and cathepsin B (CTSB), 
whereby both enzymes have unique expressions in tumor 
sites compared with normal tissues.73–75 Beyond applica-
tions in diagnostics, this ND-mediated peptide delivery 
platform can also be used to deliver therapeutic peptides, as 

well as in the development of theranostics or drug combina-
tions. For the development of ND-based drug combina-
tions, however, experimental-based rational design of 
optimal drug combinations must be done in order to identify 
the most appropriate therapeutics to include in more com-
plex multifunctional ND-based theranostic devices.76–82 
Overall, this study can serve as the foundation for an ND–
peptide-based approach to developing stimuli-responsive 
biosensors for the detection of disease-specific enzymatic 
activity that can serve to help clinical diagnosis and the 
treatment of a wide range of cancers and other diseases.

Authors’ Note

The content is solely the responsibility of the authors and does not 
necessarily represent the official views of the National Cancer 
Institute or the National Institutes of Health.

Acknowledgments

The authors thank Dr. Chiu (Department of Pharmacy, NUS) for 
her kind help in DLS measurements, as well as Professor Phillip 
Koeffler (Cancer Science Institute of Singapore, NUS) for provid-
ing the Tecan Microplate Reader.

Funding

The authors disclosed receipt of the following financial support 
for the research, authorship, and/or publication of this article: The 
authors are supported by the National Research Foundation Cancer 
Science Institute of Singapore RCE Main Grant, Ministry of 
Education Academic Research Fund (MOE AcRF Tier 2 
[MOE2015-T2-2-126, Seed Fund Grant T1-BSRG 2014-05]).

References

	 1.	 Cancer Facts and Figures 2013; American Cancer Society: 
Atlanta, GA, 2013.

	 2.	 Weigelt, B.; Peterse, J. L.; Van’t Veer, L. J. Breast Cancer 
Metastasis: Markers and Models. Nat. Rev. Cancer 2005, 5 
(8), 591–602.

	 3.	 Gupta, G. P.; Massague, J. Cancer Metastasis: Building a 
Framework. Cell 2006, 127 (4), 679–695.

	 4.	 Pantel, K.; Brakenhoff, R. H. Dissecting the Metastatic 
Cascade. Nat. Rev. Cancer 2004, 4 (6), 448–456.

	 5.	 Pimentel, F.; Bonilla, P.; Ravishankar, Y. G.; et al. 
Technology in MicroRNA Profiling: Circulating MicroRNAs 
as Noninvasive Cancer Biomarkers in Breast Cancer. J. Lab. 
Autom. 2015, 20 (5), 574–588.

	 6.	 Bitting, A. L.; Bordelon, H.; Baglia, M. L.; et al. Automated 
Device for Asynchronous Extraction of RNA, DNA, or 
Protein Biomarkers from Surrogate Patient Samples. J. Lab. 
Autom. 2016, 21 (6), 732–742.

	 7.	 He, M.; Zeng, Y. Microfluidic Exosome Analysis toward 
Liquid Biopsy for Cancer. J. Lab. Autom. 2016, 21 (4), 599–
608.

	 8.	 Russ, P. K.; Karhade, A. V.; Bitting, A. L.; et al. A Prototype 
Biomarker Detector Combining Biomarker Extraction and 
Fixed Temperature PCR. J. Lab. Autom. 2016, 21 (4), 590–
598.



Wang et al.	 11

	 9.	 Basu, A. S. Digital Assays Part II: Digital Protein and Cell 
Assays. SLAS Technol. 2017, 2472630317705681.

	10.	 Zarrinpar, A. Metabolic Pathway Inhibition in Liver Cancer. 
SLAS Technol. 2017, 22 (3), 237–244.

	11.	 Panneer Selvam, A.; Prasad, S. Companion and Point-of-Care 
Sensor System for Rapid Multiplexed Detection of a Panel 
of Infectious Disease Markers. SLAS Technol. 2017, 22 (3), 
338–347.

	12.	 Basu, A. S. Digital Assays Part I: Partitioning Statistics and 
Digital PCR. SLAS Technol. 2017, 2472630317705680.

	13.	 Oka, H.; Shiozaki, H.; Kobayashi, K.; et al. Expression 
of E-Cadherin Cell Adhesion Molecules in Human Breast 
Cancer Tissues and Its Relationship to Metastasis. Cancer 
Res. 1993, 53 (7), 1696–1701.

	14.	 Inbal, B.; Cohen, O.; Polak-Charcon, S.; et al. DAP Kinase 
Links the Control of Apoptosis to Metastasis. Nature 1997, 
390 (6656), 180–184.

	15.	 Juhasz, K.; Lipp, A.-M.; Nimmervoll, B.; et al. The Complex 
Function of hsp70 in Metastatic Cancer. Cancers 2013, 6 (1), 
42–66.

	16.	 Fidler, I. J. The Pathogenesis of Cancer Metastasis: The ‘Seed 
and Soil’ Hypothesis Revisited. Nat. Rev. Cancer 2003, 3 (6), 
453–458.

	17.	 Cristofanilli, M.; Budd, G. T.; Ellis, M. J.; et al. Circulating 
Tumor Cells, Disease Progression, and Survival in 
Metastatic Breast Cancer. New Engl. J. Med. 2004, 351 (8), 
781–791.

	18.	 Chambers, A. F.; Groom, A. C.; MacDonald, I. C. Metastasis: 
Dissemination and Growth of Cancer Cells in Metastatic 
Sites. Nat. Rev. Cancer 2002, 2 (8), 563–572.

	19.	 You, W.; Xu, L.; Zhang, X.; et al. High-Throughput 
Screening Identifies miR-451 as a Pleiotropic Modulator That 
Suppresses Gastric Cancer Metastasis. SLAS Technol. 2017, 
22 (2), 136–143.

	20.	 Radisky, E. S.; Radisky, D. C. Matrix Metalloproteinase-
Induced Epithelial-Mesenchymal Transition in Breast Cancer. 
J. Mammary Gland Biol. Neoplasia 2010, 15 (2), 201–212.

	21.	 Lin, C. Y.; Tsai, P. H.; Kandaswami, C. C.; et al. Matrix 
Metalloproteinase-9 Cooperates with Transcription Factor 
Snail to Induce Epithelial–Mesenchymal Transition. Cancer 
Sci. 2011, 102 (4), 815–827.

	22.	 Verma, R. P.; Hansch, C. Matrix Metalloproteinases (MMPs): 
Chemical–Biological Functions and (Q) SARs. Bioorg. Med. 
Chem. 2007, 15 (6), 2223–2268.

	23.	 Parks, W. C. Matrix Metalloproteinases in Repair. Wound 
Repair Regen. 1999, 7 (6), 423–432.

	24.	 Page-McCaw, A.; Ewald, A. J.; Werb, Z. Matrix Metal-
loproteinases and the Regulation of Tissue Remodelling. Nat. 
Rev. Mol. Cell Biol. 2007, 8 (3), 221–233.

	25.	 Shapiro, S.; Campbell, E.; Kobayashi, D.; et al. Immune 
Modulation of Metalloproteinase Production in Human 
Macrophages. Selective Pretranslational Suppression of 
Interstitial Collagenase and Stromelysin Biosynthesis by 
Interferon-Gamma. J. Clin. Invest. 1990, 86 (4), 1204.

	26.	 Ågren, M. Gelatinase Activity during Wound Healing. Br. J. 
Dermatol. 1994, 131 (5), 634–640.

	27.	 Shapiro, S. D. Matrix Metalloproteinase Degradation of 
Extracellular Matrix: Biological Consequences. Curr. Opin. 
Cell Biol. 1998, 10 (5), 602–608.

	28.	 Deryugina, E. I.; Quigley, J. P. Matrix Metalloproteinases and 
Tumor Metastasis. Cancer Metastasis Rev. 2006, 25 (1), 9–34.

	29.	 Stamenkovic, I. Matrix Metalloproteinases in Tumor Invasion 
and Metastasis. Semin. Cancer Biol. 2000, 10 (6), 415–433.

	30.	 Himelstein, B.; Canete-Soler, R.; Bernhard, E.; et al. 
Metalloproteinases in Tumor Progression: The Contribution 
of MMP-9. Invasion Metastasis 1993, 14 (1–6), 246–258.

	31.	 Nart, D.; Yaman, B.; Yılmaz, F.; et al. Expression of Matrix 
Metalloproteinase-9 in Predicting Prognosis of Hepatocellular 
Carcinoma after Liver Transplantation. Liver Transpl. 2010, 
16 (5), 621–630.

	32.	 Thieringer, F. R.; Maass, T.; Anthon, B.; et al. Liver-Specific 
Overexpression of Matrix Metalloproteinase 9 (MMP-9) in 
Transgenic Mice Accelerates Development of Hepatocellular 
Carcinoma. Mol. Carcinog. 2012, 51 (6), 439–448.

	33.	 Rao, J. S.; Steck, P. A.; Mohanam, S.; et al. Elevated Levels 
of Mr 92,000 Type IV Collagenase in Human Brain Tumors. 
Cancer Res. 1993, 53 (10), 2208–2211.

	34.	 Friedberg, M. H.; Glantz, M. J.; Klempner, M. S.; et al. Specific 
Matrix Metalloproteinase Profiles in the Cerebrospinal Fluid 
Correlated with the Presence of Malignant Astrocytomas, 
Brain Metastases, and Carcinomatous Meningitis. Cancer 
1998, 82 (5), 923–930.

	35.	 Karelina, T. V.; Hruza, G. J.; Goldberg, G. I.; et al. 
Localization of 92-kDa Type IV Collagenase in Human Skin 
Tumors: Comparison with Normal Human Fetal and Adult 
Skin. J. Invest. Dermatol. 1993, 100 (2), 159–165.

	36.	 Canete-Soler, R.; Litzky, L.; Lubensky, I.; et al. Localization 
of the 92 kd Gelatinase mRNA in Squamous Cell and 
Adenocarcinomas of the Lung Using In Situ Hybridization. 
Am. J. Pathol. 1994, 144 (3), 518.

	37.	 Takemura, M.; Azuma, C.; Kimura, T.; et al. Type-IV 
Collagenase and Tissue Inhibitor of Metalloproteinase in 
Ovarian Cancer Tissues. Int. J. Gynecol. Obstet. 1994, 46 (3), 
303–309.

	38.	 Netzel-Arnett, S.; Sang, Q. X.; Moore, W. G.; et al. 
Comparative Sequence Specificities of Human 72- and 
92-kDa Gelatinases (Type IV Collagenases) and PUMP 
(Matrilysin). Biochemistry 1993, 32 (25), 6427–6432.

	39.	 Biela, A.; Watkinson, M.; Meier, U. C.; et al. Disposable 
MMP-9 Sensor Based on the Degradation of Peptide Cross-
Linked Hydrogel Films Using Electrochemical Impedance 
Spectroscopy. Biosens. Bioelectron. 2015, 68, 660–667.

	40.	 Palm, C.; Jayamanne, M.; Kjellander, M.; et al. Peptide 
Degradation Is a Critical Determinant for Cell-Penetrating 
Peptide Uptake. Biochim. Biophys. Acta 2007, 1768 (7), 
1769–1776.

	41.	 Sarisozen, C.; Torchilin, V. P. Intracellular Delivery of 
Proteins and Peptides. In Drug Delivery: Principles and 
Applications; Wang, B.; Hu, L.; Siahaan, T. J., Eds.; John 
Wiley & Sons: Hoboken, NJ, 2016; 2nd ed., pp 576–622.

	42.	 Johnson-Léger, C.; Power, C. A.; Shomade, G.; et al. Protein 
Therapeutics—Lessons Learned and a View of the Future. 
Expert Opin. Biol. Ther. 2006, 6 (1), 1–7.

	43.	 Lu, Y.; Yang, J.; Sega, E. Issues Related to Targeted Delivery 
of Proteins and Peptides. AAPS J. 2006, 8 (3), E466–E478.

	44.	 Sun, L.; Zheng, C.; Webster, T. J. Self-Assembled Peptide 
Nanomaterials for Biomedical Applications: Promises and 
Pitfalls. Int. J. Nanomed. 2017, 12, 73–86.



12	 SLAS Technology  00(0)

	45.	 Chan, Y. C.; Chen, C. W.; Chan, M. H.; et al. MMP2-Sensing 
Up-Conversion Nanoparticle for Fluorescence Biosensing in 
Head and Neck Cancer Cells. Biosens. Bioelectron. 2016, 80, 
131–139.

	46.	 Hu, B.; Cheng, R.; Liu, X.; et al. A Nanosensor for In Vivo 
Selenol Imaging Based on the Formation of Au-Se Bonds. 
Biomaterials 2016, 92, 81–89.

	47.	 Zhuo, Y.; Chai, Y. Q.; Yuan, R.; et al. Glucose Oxidase and 
Ferrocene Labels Immobilized at Au/TiO(2) Nanocomposites 
with High Load Amount and Activity for Sensitive 
Immunoelectrochemical Measurement of ProGRP Biomarker. 
Biosens. Bioelectron. 2011, 26 (9), 3838–3844.

	48.	 Kuku, G.; Culha, M. Investigating the Origins of 
Toxic Response in TiO(2) Nanoparticle-Treated Cells. 
Nanomaterials (Basel) 2017, 7 (4).

	49.	 Lingabathula, H.; Yellu, N. Cytotoxicity, Oxidative Stress, 
and Inflammation in Human Hep G2 Liver Epithelial Cells 
Following Exposure to Gold Nanorods. Toxicol. Mech. 
Methods 2016, 26 (5), 340–347.

	50.	 Su, W.; Ding, X. Methods of Endotoxin Detection. J. Lab. 
Autom. 2015, 20 (4), 354–364.

	51.	 Wang, X.; Low, X. C.; Hou, W.; et al. Epirubicin-Adsorbed 
Nanodiamonds Kill Chemoresistant Hepatic Cancer Stem 
Cells. ACS Nano 2014, 8 (12), 12151–12166.

	52.	 Setyawati, M. I.; Mochalin, V. N.; Leong, D. T. Tuning 
Endothelial Permeability with Functionalized Nanodiamonds. 
ACS Nano 2016, 10 (1), 1170–1181.

	53.	 Ho, D.; Wang, C. H.; Chow, E. K. Nanodiamonds: The 
Intersection of Nanotechnology, Drug Development, and 
Personalized Medicine. Sci. Adv. 2015, 1 (7), e1500439.

	54.	 Barnard, A. S.; Per, M. C. Size and Shape Dependent 
Deprotonation Potential and Proton Affinity of Nanodiamond. 
Nanotechnology 2014, 25 (44), 445702.

	55.	 Mohan, N.; Chen, C. S.; Hsieh, H. H.; et al. In Vivo Imaging 
and Toxicity Assessments of Fluorescent Nanodiamonds in 
Caenorhabditis elegans. Nano Lett. 2010, 10 (9), 3692–3699.

	56.	 Toh, T. B.; Lee, D. K.; Hou, W.; et al. Nanodiamond-
Mitoxantrone Complexes Enhance Drug Retention in 
Chemoresistant Breast Cancer Cells. Mol. Pharm. 2014, 11 
(8), 2683–2691.

	57.	 Hou, W.; Toh, T. B.; Abdullah, L. N.; et al. Nanodiamond-
Manganese Dual Mode MRI Contrast Agents for Enhanced 
Liver Tumor Detection. Nanomedicine 2017, 13 (3), 783–
793.

	58.	 Tsai, N.; Lee, B.; Kim, A.; et al. Nanomedicine for Global 
Health. J. Lab. Autom. 2014, 19 (6), 511–516.

	59.	 Moore, L.; Yang, J.; Lan, T. T.; et al. Biocompatibility 
Assessment of Detonation Nanodiamond in Non-Human 
Primates and Rats Using Histological, Hematologic, and 
Urine Analysis. ACS Nano 2016, 10 (8), 7385–7400.

	60.	 Rehor, I.; Lee, K. L.; Chen, K.; et al. Plasmonic Nanodiamonds: 
Targeted Core-Shell Type Nanoparticles for Cancer Cell 
Thermoablation. Adv. Healthc. Mater. 2015, 4 (3), 460–468.

	61.	 Slegerova, J.; Hajek, M.; Rehor, I.; et al. Designing the 
Nanobiointerface of Fluorescent Nanodiamonds: Highly 
Selective Targeting of Glioma Cancer Cells. Nanoscale 2015, 
7 (2), 415–420.

	62.	 Schrand, A.; Hens, S. A. C.; Shenderova, O. Nanodiamond 
Particles: Properties and Perspectives for Bioapplications. 
Crit. Rev. Solid State Mater. Sci. 2009, 34 (1), 18–74.

	63.	 Hayasaka, A.; Suzuki, N.; Fujimoto, N.; et al. Elevated 
Plasma Levels of Matrix Metalloproteinase-9 (92-kd Type 
IV Collagenase/Gelatinase B) in Hepatocellular Carcinoma. 
Hepatology 1996, 24 (5), 1058–1062.

	64.	 Arii, S.; Mise, M.; Harada, T.; et al. Overexpression of Matrix 
Metalloproteinase 9 Gene in Hepatocellular Carcinoma with 
Invasive Potential. Hepatology 1996, 24 (2), 316–322.

	65.	 Chen, J.; Zhao, J.; Ma, R.; et al. Prognostic Significance of 
E-Cadherin Expression in Hepatocellular Carcinoma: A 
Meta-Analysis. PLoS One 2014, 9 (8), e103952.

	66.	 Masuko, M.; Ohuchi, S.; Sode, K.; et al. Fluorescence 
Resonance Energy Transfer from Pyrene to Perylene 
Labels for Nucleic Acid Hybridization Assays under 
Homogeneous Solution Conditions. Nucl. Acids Res. 2000, 
28 (8), e34-00.

	67.	 Fong, E. L. S.; Toh, T. B.; Yu, H.; et al. 3D Culture as a 
Clinically Relevant Model for Personalized Medicine. SLAS 
Technol. 2017, 22 (3), 245–253.

	68.	 Kessel, S.; Cribbes, S.; Dery, O.; et al. High-Throughput 
3D Tumor Spheroid Screening Method for Cancer Drug 
Discovery Using Celigo Image Cytometry. J. Lab. Autom. 
2016, 22 (4), 454–465.

	69.	 Monjaret, F.; Fernandes, M.; Duchemin-Pelletier, E.; et al. 
Fully Automated One-Step Production of Functional 3D 
Tumor Spheroids for High-Content Screening. J. Lab. Autom. 
2016, 21 (2), 268–280.

	70.	 Jeon, J. S.; Bersini, S.; Gilardi, M.; et al. Human 3D 
Vascularized Organotypic Microfluidic Assays to Study 
Breast Cancer Cell Extravasation. Proc. Natl. Acad. Sci. 
U.S.A. 2015, 112 (1), 214–219.

	71.	 Kim, M.; Leong, C. M.; Pan, M.; et al. High-Efficiency and 
High-Throughput On-Chip Exchange of the Continuous 
Phase in Droplet Microfluidic Systems. SLAS Technol. 2017, 
2472630317692558.

	72.	 Herath, S. C.; Sharghi-Namini, S.; Du, Y.; et al. A Magneto-
Microfluidic System for Investigating the Influence of an 
Externally Induced Force Gradient in a Collagen Type I ECM 
on HMVEC Sprouting. J. Lab. Autom. 2016, 22 (4), 413–424.

	73.	 Traverso, N.; Ricciarelli, R.; Nitti, M.; et al. Role of 
Glutathione in Cancer Progression and Chemoresistance. 
Oxid. Med. Cell. Longev. 2013, 2013, 972913.

	74.	 Aggarwal, N.; Sloane, B. F. Cathepsin B: Multiple Roles in 
Cancer. Proteomics Clin. Appl. 2014, 8 (5–6), 427–437.

	75.	 Eijan, A. M.; Sandes, E. O.; Riveros, M. D.; et al. High 
Expression of Cathepsin B in Transitional Bladder Carcinoma 
Correlates with Tumor Invasion. Cancer 2003, 98 (2), 262–
268.

	76.	 Chan, G. K.; Wilson, S.; Schmidt, S.; et al. Unlocking the 
Potential of High-Throughput Drug Combination Assays 
Using Acoustic Dispensing. J. Lab. Autom. 2016, 21 (1), 
125–132.

	77.	 Wong, I.; Liu, W.; Ho, C. M.; et al. Continuous Adaptive 
Population Reduction (CAPR) for Differential Evolution 
Optimization. SLAS Technol. 2017, 22 (3), 289–305.



Wang et al.	 13

	78.	 Weiss, A.; Nowak-Sliwinska, P. Current Trends in Multidrug 
Optimization: An Alley of Future Successful Treatment of 
Complex Disorders. SLAS Technol. 2017, 22 (3), 254–275.

	79.	 Lee, D. K.; Chang, V. Y.; Kee, T.; et al. Optimizing 
Combination Therapy for Acute Lymphoblastic Leukemia 
Using a Phenotypic Personalized Medicine Digital Health 
Platform: Retrospective Optimization Individualizes Patient 
Regimens to Maximize Efficacy and Safety. SLAS Technol. 
2017, 22 (3), 276–288.

	80.	 Mohd Abdul Rashid, M. B.; Toh, T. B.; Silva, A.; et al. 
Identification and Optimization of Combinatorial Glucose 

Metabolism Inhibitors in Hepatocellular Carcinomas. J. Lab. 
Autom. 2015, 20 (4), 423–437.

	81.	 Ho, D.; Zarrinpar, A.; Chow, E. K. Diamonds, Digital 
Health, and Drug Development: Optimizing Combinatorial 
Nanomedicine. ACS Nano 2016, 10 (10), 9087–9092.

	82.	 Silva, A.; Lee, B. Y.; Clemens, D. L.; et al. Output-Driven 
Feedback System Control Platform Optimizes Combinatorial 
Therapy of Tuberculosis Using a Macrophage Cell Culture 
Model. Proc. Natl. Acad. Sci. U.S.A. 2016, 113 (15), E2172–
E2179.


