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ABSTRACT

Purpose: Tumor proteases have been recognized as significant regulators in the tumor
microenvironment (TME), but the current strategies for in vivo protease imaging have tended
to focus on the development of probe design rather than the investigation of novel imaging
strategy by leveraging the imaging technique and probe. Herein, it is the first report to
investigate the ability of multispectral photoacoustic imaging (PAI) to estimate the distribution
of protease cleavage sites inside living tumor tissue by using an activatable photoacoustic (PA)

probe.

Procedures: The protease MMP-2 is selected as the target. In this probe, gold nanocages (GNCs)
with an absorption peak at ~800 nm and fluorescent dye molecules with an absorption peak at
~680 nm are conjugated via a specific enzymatic peptide substrate. Upon enzymatic activation
by MMP-2, the peptide substrate is cleaved and the chromophores are released. Due to the
different retention speeds of large GNCs and small dye molecules, the probe alters its intrinsic
absorption profile and produces a distinct change in the PA signal. A multispectral PAI
technique that can distinguish different chromophores based on intrinsic PA spectral signatures
is applied to estimate the signal composition changes and indicate the cleavage interaction sites.
Finally, the multispectral PAI technique with the activatable probe is tested in solution, cultured

cells, and a subcutaneous tumor model in vivo.

Results: Our experiment in solution with enzyme + inhibitor, cell culture + inhibitor, and in
vivo tumor model with administration of the developed probe + inhibitor, demonstrated the
probe was cleaved by the targeted enzyme. Particularly, the in vivo estimation of the cleavage

sites distribution was validated with the result of ex vivo immunohistochemistry (IHC) analysis.

Conclusions: This novel synergy of the multispectral PAI technique and the activatable probe

is a potential strategy for the distribution estimation of tumor protease activity in vivo.
2
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Introduction

The recent understanding of tumor development has led to a shift from the tumor-centered
view to a tumor microenvironment (TME)-centered view [1]. Among the components of the
TME, a number of proteases have been implicated as important regulators [2]. Significant
progress has been made in the development of different imaging modalities to assess various
protease activities in vivo [3]. Fluorescence imaging with various fluorescent substrates has
become a valued option. When excited, the fluorescent substrates emit light in the red or near-
infrared (NIR) ranges, wavelengths with low optical absorbance in biological tissues [4-6].
Bioluminescence imaging has also been used to image in vivo protease activity using
chemiluminescent substrates [7, 8]. Positron emission tomography (PET) and single photon
emission computerized tomography (SPECT) have been implemented to detect in vivo protease
activity by monitoring radiolabeled substrates [9-11]. Similarly, in vivo protease activity has
been detected by magnetic resonance imaging (MRI) [12-14]. Each of these molecular imaging

strategies has intrinsic advantages and disadvantages for protease activity assessment in vivo.

Photoacoustic imaging (PAI) is an emerging imaging modality that exceeds the optical
diffusion limit by detecting acoustic echoes upon light excitation, not only exhibiting a
clinically relevant depth of penetration (up to 60 mm) and improved spatial resolution but also
providing sensitive optical contrast without ionizing radiation [15, 16]. Although some
endogenous molecules, such as hemoglobin and melanin, can generate photoacoustic (PA)
contrast, exogenous contrast agents are still needed because most pathophysiological processes
elicit little variation in these endogenous PA signals [17]. Fundamentally, conventional
exogenous PA contrast agents can produce concentration-dependent contrast only by relying
on either passive (e.g., the enhanced permeability and retention effect (EPR)) or active (e.g.,

binding to overexpressed cell surface receptors) targeting to sites of interest [18]. Nonetheless,
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detecting the concentration of a protease does not directly reflect the protease activity in a
pathological process because a protease could be expressed as an inactive precursor, which
requires activation before the enzymatic function is turned on [19]. Thus, the conventional PA
contrast agents generally have difficulties in accurately assessing tumor protease activity. In
contrast, activatable imaging probes, which can generate a specific signal by changing their
molecular composition only when activated by the targeted molecules, are becoming promising.
Considering their advantages, which include enhanced sensitivity and specificity with low
background noise and real-time correlation between probes (i.e., activated and non-activated)
and disease conditions on a molecular level, the development of activatable PA probes is
imperative for the development of in vivo protease activity imaging. However, few activatable
PA probes for imaging tumor protease activity in vivo have been reported except for a small
number of recent examples [20-24]. A recent review of the literature on this emerging area
summarized versatile design approaches toward activatable PA probes for a variety of
molecular targets of interest [25]. Research in this field has tended to focus on the development
of novel material and probe design rather than the investigation of novel PA imaging strategy

by leveraging the PA technique and activatable PA probe.

Nanostructures that exhibit strong optical absorption in the NIR range, including metallic
nanoparticles [26], carbon nanotubes [27], graphene-based nanomaterials [28], and organic
polymers [29], have been investigated as contrast agents for in vivo PAI applications, especially
nanostructures based on gold and characterized by different morphologies [17, 30-32]. Gold
nanocages (GNCs) are characterized by a single-crystal structure with hollow interiors and
ultrathin, porous walls. The localized surface plasmon resonance (LSPR) peaks of GNCs can
be easily and precisely tuned to wavelengths in the NIR range by controlling the size and/or
wall thickness, making them ideal candidates as contrast agents for PAI in deeper biological
tissues. Other significant advantages of GNCs as PAI contrast agents include their large
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absorption cross sections (almost five orders of magnitude greater than those of conventional
organic dyes), low cytotoxicity, and ease of bioconjugation with tumor-specific ligands [33].
Previous studies have successfully demonstrated the imaging potential of GNCs as PAI contrast
agents for different in vivo animal imaging applications [34-36]. Particularly, an enzyme-
sensitive probe that was comprised of a gold nanocage and dye molecules linked via an enzyme-
cleavable peptide was reported [37]. The probe was demonstrated to be a flexible model system
for detection of MMP-2 in solution and gel phantom conditions by fluorescence spectroscopy
and microscopy tests. And, the potential of the model system as multimodal contrast agent is

promising.

In this research, the main motivation was to estimate the distribution of protease activity
inside living tumor tissue, by utilizing a synergistic method that leverages the advantages of the
cutting-edge PAI technique and an activatable PA probe. Thus, we designed an activatable PA
probe based on GNCs, as illustrated in Figure 1. As an example, we selected the well-studied
protease MMP-2 in the family of MMPs, which is overexpressed in various cancer types and
associated with key tumorigenesis processes, as the imaging target of interest [38]. The probe
produced a strong PA signal contributed by GNCs with an LSPR absorption peak at ~800 nm
and by the fluorescent dye Alexa Fluor 680 with an absorption peak at ~680 nm, conjugated by
enzymatic peptide substrate. When the peptide was cleaved by the active protease, distinct
changes in the optical absorption and PA spectral signature of the as-prepared probe were
observed both in solution phase and in a typical live cell culture environment. For in vivo study,
large GNCs with a size of 30-40 nm were retained inside tumors for an extended period, while
the dye molecules were cleared from tumor much more quickly due to their smaller size (~1
nm). Therefore, the tumor protease activity could be correlated directly with the PA signal
changes [39]. Next, multispectral PAI was used to unmix the PA signal composites from
different sources, including exogenous contrast agents and endogenous chromophores (e.g.,
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deoxygenated/oxygenated hemoglobin and melanin), based on their different intrinsic PA
signatures [40-42]. The result showed that the distribution of tumor protease activity in vivo
could be estimated and visualized by utilizing this novel molecular photoacoustic imaging
strategy. To the best of our knowledge, it is the first report of such novel synergy of
photoacoustic imaging technique and activatable probe to investigate the in vivo distribution

estimation of protease activity.

Materials and Methods

Preparation of the GPD probe

The GNCs were prepared by the reduction of HAuCI4 on a silver nanoparticle framework
according to a previously reported method [43]. Briefly, the silver nanoparticles were first
synthesized by stirring a silver nitrate solution (0.1 M, 50 ml) with sodium citrate (0.5 m, 1.5
ml) and sodium borohydride solutions (0.1 m, 1.5 ml) at room temperature. Larger silver
nanoparticles were grown from these stock solutions with additional hydroxylamine
hydrochloride. The reducing reaction was initiated by the addition of hydroxylamine
hydrochloride solution (0.2 m, 1.5 ml) and stirred for 10 min. Afterwards, silver nitrate solution
(0.1 m, 1 ml) was added, and the mixture was stirred overnight. The prepared silver solution
(50 ml) was heated to 100°C, and HAuCl4 (25 mm, 800 pl) was added dropwise. The resulting
suspension was stirred vigorously for 30 min. All chemicals were obtained from Sigma-Aldrich

(Sigma-Aldrich Chemical, St. Louis, MO, USA) unless otherwise stated.

The GNCs were functionalized by the addition of the heterobifunctional linker Thiol-PEG-
NH2 (MW = 2,000 g/mol, Laysan Bio, Arab, AL, USA) at 6 mg per 30 ml of GNC solution.
The peptide substrate NH>-GKGPLGVRGC-NH: (> 95% purity, Bankpeptide Biological
Technology, Hefei, China), which possesses a cleavage site between Gly and Val (as indicated

by bold italics) [37], was first dissolved in DMSO (10 mg/ml, 200 ul), followed by the addition
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of N-(3-dimethylaminopro-pyIN'-ethylcarbodiimide) hydrochloride (EDC) (2 mg) and N-
hydroxysulfosuccinimide (sulfo-NHS) (3 mg) at room temperature with continuous mixing to
activate the carboxylic group in the peptide. Then, GNC-PEG-NH2 was added into the solution
to react overnight at room temperature. Excess peptide molecules were removed by
ultracentrifugation (Avanti J-25; Beckman Coulter., Fullerton, CA, USA) at 4000 rpm, and the
GNC-peptide was purified with Milli-Q water (Millipore, Bedford, MA, USA). Finally, the
Alexa Fluor 680 NHS ester (Thermo Fisher Scientific, San Jose, CA, USA) in DMF (1 mg/ml)
was coupled to the GNC-peptide through the reactive NHS ester group. After one hour of
reaction, the unreacted Dye680 was collected by ultracentrifugation, and the amount of
conjugated Dye680 at the surface of the GNCs was determined using a UV-Vis

spectrophotometer (Cary 8454; Agilent, Singapore).

Detection of protease activity in solution

Protease MMP-2 catalytic domain (ENZO Life Sciences, Ann Arbor, USA) (0.05 mg/ml,
20 wl) in 2 pl of TCNB buffer solution (50 mm Tris, 10 mM CaClz, 150 mm NacCl, 0.05% Brij
35) (pH 7.5) was incubated for 15 min at 37°C before incubation with the GPD probe. The GPD
probe (0.45 nm, 200 ul) was incubated with the prepared MMP-2 catalytic domain (0.05 mg/ml,
20 ul) in the absence or presence of a potent broad spectrum MMP inhibitor GM6001 (Abcam,
Cambridge, UK) (10 mm, 2 ul) that could inhibit the activities of many MMPs including MMP-
2, at 37°C for three hrs. The cleaved dye containing the peptide fragment was removed by
ultrafiltration. Three trials were conducted in parallel. The UV-Vis absorption spectra of the

residual solution were recorded.

Cell culture

The U-87 MG human glioblastoma cell line and MS1 mouse endothelial cell line were

purchased from the National Infrastructure of Cell Line Resource (Chinese Academy of Science,
7



182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

Shanghai, China). uU-87 MG cells were cultured in
Eagle's Minimum Essential Medium (GIBCO, Grand Island, NY, USA) supplemented with
10% fetal bovine serum (Invitrogen, Carlsbad, CA, USA) and 1% penicillin-streptomycin
(Invitrogen, Carlsbad, CA, USA) at 37°C in a humidified atmosphere of 5% CO,. MS1 cells
were cultured in Dulbecco's Modified Eagle's Medium (DMEM) (GIBCO, Grand Island, NY,
USA) supplemented with 5% fetal bovine serum and 1% penicillin-streptomycin at 37°C in a

humidified atmosphere of 5% CO..

Detection of protease activity in live cells

U-87 MG cells with high MMP-2 expression and MS1 cells with low MMP-2 expression
were seeded separately on a 35 mm confocal dish (MatTek, Ashland, USA) at a density of 5 x
10% cells per dish and allowed to grow until 70% confluent. For the inhibitor groups of both cell
lines, the medium was removed, and then serum-free medium with 10 uM MMP-2 inhibitor
GM6001 (Abcam, Cambridge, UK) was added to the cell dishes and incubated for 1 hr. Then,
the GPD probe was added at a concentration of 0.45 nm and further incubated at 37°C for 3 hr.
For the experimental groups of both cell lines, after being washed 3 times with PBS, the cells
were incubated with the same concentration of GPD probe in serum-free medium for 3 hrs.
Afterwards, the culture medium was removed, and the cells were washed 3 times with PBS.
The cells were then counter-stained with Hoechst 33342 (Molecular Probes, Eugene, OR, USA)
at a concentration of 0.25 pg/ml to stain the cell nucleus. Intracellular fluorescence images were
captured using a confocal laser scanning microscope (Leica TCS SP8; Leica Microsystems,

Wetzlar, Germany) with a 63x objective (Ex. 650 nm/Em. 690-740 nm).

PA spectral signature characterization in solution

The PA spectral signatures of nanoparticles were obtained using the Vevo2100 LAZR

system (FUJIFILM VisualSonics, Toronto, Canada) with an LZ-250 linear array transducer
8
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(center frequency 21 MHz, 256 elements, lateral and axial resolution of 165 and ~75 um,
respectively, maximum imaging depth of 20 mm) to detect transverse coregistered ultrasound
and multispectral PA images, and a tunable Nd:YAG laser system (OPOTEK, Carlsbad, CA,
680-970 nm, 20 Hz repetition rate, 5 ns pulse width, 50 mJ pulse peak energy) was used to
trigger the PA system, exciting the tissue with optical pulses to generate PA signals. Tunable
laser light was delivered downward from both long sides of the transducer surface and focused
at ~10 mm from the transducer surface. The transducer surface was maintained at 10 mm from
the Intramedic polyethylene-50 tube (Becton Dickinson, Sparks, MD, USA) containing

nanoparticles immersed in DI water, as shown in Figure S5.

Xenograft tumor models

All procedures using laboratory animals were approved by the Department of Health, The
Government of the Hong Kong Special Administrative Region and the Hong Kong Polytechnic
University Animal Subjects Ethics Sub-committee. Tumors were established by the
subcutaneous injection of 5 x 108 human glioblastoma U-87 MG cells dissolved in Matrigel
(1:1) (BD Biosciences, San Jose, CA, USA) into the right hind limb of 6-8 week-old female
nude mice (Centralized Animal Facilities, The Chinese University of Hong Kong, Hong Kong).

The mice were used for the experiment when the tumor size reached ~100 mm?®.

The multispectral PAl experiment

The PA images at multiple wavelengths are used to unmix specific chromophore
composites, relying on distinct PA spectra signatures. Multispectral PAI can distinguish the
cleaved GPD probe from uncleaved GPD probe and relatively unvarying tissue background, by
acquiring PA images at multiple wavelengths and estimate the PA chromophore composition

contributions based on per-pixel.
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He(A) = &, (A)cg +&,(A)c, +B(4) (1)
Where £, (1) is the wavelength-dependent optical absorption coefficient within pixel i that

was acquired by multispectral PAI, &.(1),&,(1), C;, CL are the extinction coefficient of

cleaved GPD probe, uncleaved GPD probe and their distribution within the pixel. B(4) is the

photoacoustic signal contribution from the background chromophores. The accumulation and
distribution of of cleaved GPD probe and uncleaved GPD probe could be estimated by applying
linear regression to Equation (1) at selected multiple wavelengths. In complicated living tissue
background, main background PA signal is contributed by blood (HbO2and Hb). In the in vivo
subcutaneous tumor model, the assumption of the multispectral PAI algorithm is that the optical
wavelength-dependence of the laser fluence due to the absorption spectra of tumor tissue
background can be neglected.

The PA spectral signatures were acquired by a Vevo2100 LAZR System in solution.
Images at multiple wavelengths (680 nm, 710 nm, 720 nm, 755 nm, 770 nm, 845 nm, 880 nm,
900 nm, 920 nm) were combined with the spectral unmixing software Multiplexer (FUJIFILM
VisualSonics, Toronto, Canada) to differentiate specific chromophore composites. Validation
testing was conducted by using this strategy to unmix pure chromophores (e.g., fresh chicken
blood, GPD probe, GNC, Dye680 and DI water) in PE tubes, as shown in Figure S5. In vivo
multispectral PAI was conducted on a xenograft tumor model using a similar system

configuration, as shown in Figure S8.

In vivo photoacoustic (PA) imaging

For intratumoral administration, nude mice bearing U-87 MG tumors were intratumorally

injected with GPD probe (0.2 nm, 100 pl) and imaged at different time points after injection by
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a Vevo2100 LAZR system at the two representative wavelengths (680 nm and 770 nm). For
quantitative calculation, the region of interest (ROI) was drawn over the tumor area, and the
average PA signals were measured. The protease activity in vivo was quantified using the ratio

of PA signal increases at 680 nm and 770 nm:
APA&SBO/APAUO = (P'%BO postinjecton PASSO preinjectbn) /( I:)A770 postinjecion I:)'6‘770preinjectbn)

For intravascular administration, nude mice bearing U-87 MG tumors were
photoacoustically imaged using a Vevo2100 LAZR system after tail vein injection of the GPD

probe (0.9 nm, 200 pl) at different time points using multispectral PAL.
Ex vivo cryosectioning and epi-fluorescence imaging

Immediately after the in vivo PAI experiment on the xenograft tumor model, the agar-
embedded tumor specimen was stored in freezing medium. The tumor specimens in syringes
were snap-frozen at -80°C. After freezing, cryosections through the entire sample were made
at 50 um intervals along the coronal plane to represent the in vivo sectional imaging results.
Every 1 mm, the thickness of the section was reduced to 8 um to obtain sections suitable for
additional histological analysis. Several cryosectioning slices were captured on glass slides.
Finally, MMP-2 staining and cell nucleus staining were performed and observed under a Leica
DM 2500 upright microscope (Leica Microsystems, Wetzlar, Germany), and pictures taken and
automatically digitized using the Pannoramic MIDI (3D HISTECH, Budapest, Hungary), and
then they were analyzed using the Pannoramic Viewer software (3D HISTECH, Budapest,

Hungary).

Results and Discussion

Synthesis and characterization of probe
11
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Figure 1 shows the schematic design of the activatable PA probe consisting of two
chromophores (i.e., GNCs and fluorescent dye molecules) conjugated via an enzymatic peptide
substrate specifically cleavable by MMP-2. The resonance absorption peak of GNCs was tuned
to 800 nm in the NIR biological window to achieve a greater imaging depth of penetration. The
fluorescent dye Alexa Fluor 680 (Dye680) was selected for coupling with the GNCs
considering the following properties: 1) its optical absorption peak is distant from that of the
GNCs, and 2) it has exceptional resistance to photobleaching. To prepare the probe, GNCs were
obtained through a galvanic replacement reaction between silver nanoparticles and a HAuCl4
solution [43]. Next, to improve the stability and biocompatibility of the GNCs and facilitate
further conjugation with Dye680, the GNCs were PEGylated via conjugation with SH-PEG-
NH.. The Dye680 molecules were then covalently linked to the surface of the PEGylated GNCs
by an MMP-2 specific enzymatic peptide substrate. The obtained GNC-peptide-Dye680 (GPD)

probe was purified by centrifugation and washed with Milli-Q water.

Next, the morphology and size of the GPD probe were characterized by transmission
electron microscopy (TEM), as shown in Figure 2.(Al). The TEM image indicated the presence
of a 2D lattice fringe, and the spacing was determined to be 2.3 A, as shown in Figure 2.(A2),
which corresponded well to the [111] lattice plane of gold [43]. Figure 2.(B1)-(B2) shows the
size distribution of the outer and inner diameters of the GPD probe, which have means of 31.7
+ 2.6 nmand 20.5 £ 4.8 nm, respectively. The optical absorption spectra of the pure GPD probe,
pure GNCs and pure Dye680 were then obtained and are shown in Figure 2.(C). The as-
prepared GPD probe showed two characteristic absorption peaks at 680 nm and 800 nm, which
corresponded well to those of pure GNCs and Dye680 molecules. The two characteristic
absorption peaks also indicated no detectable aggregation in the as-prepared GPD probe. The
strong absorption peak of the GPD probe at 680 nm confirmed the successful attachment of

Dye680 molecules to GNCs. The payload of Dye680 to GNCs was estimated to be 8 uM of

12
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Dye680 per milliliter of GPD probe. Considering the face-centered cubic structure of atoms in
gold nanoparticles and nanocages, the molar concentration of the GPD probe was
approximately 0.905 nM, while the grafting number of Dye680 molecules conjugated on each
particle was approximately 8800. (More details are included in the Supplementary Material.)
The fluorescence emission spectrum of the GPD probe is shown in Figure 2.(D). The peak at
710 nm in the emission spectra of the GPD probe was due to the fluorescence emitted from
Dye680, supporting the successful attachment of Dye680 molecules to GNCs. The fluorescence
emission intensity of the GPD probe was significantly lower than that of pure Dye680 at the
same concentration. This decrease reflected a quenching effect due to nanosurface energy

transfer (NSET) between the conjugated GNCs and Dye680 molecules [37].

o Fluorescent Dye (EXEm ~ 680 nm/710 nm)

Gold Nanocage (Absorption,,, ~ 800 nm)

N
.‘Mw.‘:‘“\'m:\‘:“ HN-@ I Peptide Substrat
@i Wi-® o
@I \n““ - Protease Cleavage Site

My,
”/1' PAT70 ‘ Protease (e.g. MMP-2)

GNC-peptide-Dye680 (GPD)
Figure 1. Schematic design of the activatable GPD probe . Before activation, the GPD probe
was expected to produce a strong PA signal with contributions from the GNCs with an LSPR
absorption peak at ~800 nm and from the fluorescent dye Alexa Fluor 680 with an absorption

peak at ~680 nm, conjugated by a specific peptide substrate (cleavable by MMP-2). The as-
13
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prepared GPD probe showed two characteristic PA spectrum peaks at 680 nm and 770 nm,
which were close to the optical absorption spectrum peaks. The PA signal changes at 680 nm
and 770 nm in multispectral PAl were selected to represent the chromophore composite changes
within the GPD probe. In addition, the fluorescence quenching effect between the GNCs and

the Dye680 molecules was used to test the synthesis of the GPD probe.

Furthermore, the PA properties of the as-prepared GNCs were characterized, including the
molar extinction cross section coefficient, the molar absorption cross section coefficient and
the energy conversion efficiency (ratio of the absorption to the extinction cross section
coefficient) [44]. The molar extinction coefficient of the GNCs at the absorption peak
wavelength (800 nm) was calculated to be 4.12 x 10° m*tcm®, which was much higher than that
of hemoglobin (1 x 103 m™tcm™). In addition, the molar absorption coefficient of the GNCs was
measured to be 3.89 x 10° mtcm™. (More details are included in the Supplementary Material.)
Thus, the energy conversion efficiency was 0.94. This high energy conversion efficiency
indicated that the GNCs were much more effective in absorbing than scattering the incident
light. Since PAI is an absorption-based imaging modality, the high molar absorption cross
section coefficient and high energy conversion efficiency demonstrated that the as-prepared
GNCs could be an excellent platform for the development of PA probes. Figure 2.(E1) plots
the PA intensity as a function of wavelength for the pure GPD probe, pure GNCs and pure
Dye680. Each particle has a distinct PA spectral signature. For in vivo applications, the PA
signals from the GPD probe are usually mixed with signals from other sources (e.g.,
hemoglobin) and background noise. Due to the differences in the intrinsic PA spectral
signatures, it is feasible to use multispectral PAI to unmix the signals from different composites
[16]. The as-prepared GPD probe showed two characteristic PA spectral peaks at 680 nm and

770 nm, which were close to the wavelengths of the optical absorption spectral peaks.
14
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Consequently, the multispectral PA signal changes at these two wavelengths were selected to
represent the composite changes within the GPD probe (i.e., GNCs and dye molecules). In
addition, the PA amplitude of the GPD probe at these two representative wavelengths was

linearly related to the concentration in the testing range, as shown in Figure 2.(E2).
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Figure 2. Preparation and characterization of the as-prepared GPD probe. (A1) TEM image of
GPD probe (scale bar =50 nm) and (A2) high-resolution TEM image (scale bar = 10 nm). Size
distribution of the GPD probe: (B1) outer diameter and (B2) inner diameter of GPD probe. (C)
UV-Vis absorption spectra of GPD probe, GNCs and Dye680. (D) Fluorescence emission

spectra of GPD probe and Dye680 (A, 710 nm) (at the same concentration as the Dye680
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molecules attached to the GPD probe). (E1) PA spectral signatures of GPD probe, GNCs and
Dye680; (E2) the linear relationship between the PA amplitude and the concentration of the

GPD probe at the two representative wavelengths of multispectral PALI.

Detection of protease activity in solution

The specific enzymatic cleavage of the GPD probe was tested in solution by optical
absorption testing, fluorescence emission testing, zeta potential testing and multispectral PAI
testing at two representative wavelengths. The experiment was conducted with three parallel
groups: 1) GPD probe incubated with protease MMP-2; 2) GPD probe incubated with protease
MMP-2 and inhibitor; and 3) pure GPD probe as a control. Figure 3.(A) shows the proposed
activation mechanism of the GPD probe. Figure 3.(B) shows a clear decrease in optical
absorption at 680 nm for the GPD probe upon incubation with protease and washing by
centrifuge, which suggested that the protease induced peptide cleavage and the release of
Dye680 molecules. In contrast, no obvious change was observed in the presence of protease
inhibitor, indicating that enzymatic cleavage was inhibited by the inhibitor. The fluorescence
emission spectra of the three groups are shown in Figure 3.(C). There was a clear increase in
fluorescence from the GPD probe upon incubation with protease due to the recovery of the
quenched fluorescence signal from the released Dye680 molecules. In contrast, in the presence
of protease inhibitor, no change in fluorescence amplitude could be detected. In addition, the
zeta potentials of nanoparticles, including GNCs, PEGylated GNCs (GNC-PEG-NH>),
substrate-conjugated GNCs (GNC-PEG-peptide), GPD probe (GNC-PEG-peptide-Dye680)
and GPD probe incubated with protease, were obtained as shown in Figure 3.(D). The zeta
potential of PEGylated GNCs (+23.3 mV) was significantly higher than that of GNCs due to
the positively charged amine group. After conjugation with the peptide substrate, a higher

positive zeta potential (+37.3 mV) was obtained due to the remaining N-terminus from the
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peptide substrate and the unconjugated amine group from PEG. The zeta potential then
decreased to (+14.2 mV) after conjugation with Dye680. Interestingly, a dramatic decrease
occurred upon protease incubation. Lastly, nanoparticle-containing tubes were imaged by
multispectral PAI at the representative wavelengths, as shown in Figure 3.(E). Compared with
the pure GPD probe, there an obvious decrease in the PA signal at 680 nm occurred upon
incubation with MMP-2 and washing by centrifuge. In contrast, in the presence of MMP
inhibitor, no obvious PA signal change was observed. To summarize, the optical absorption test,
fluorescence emission test, zeta potential test and multispectral PAI test all confirmed the

specific detection of protease MMP-2 by the GPD probe in solution.
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393  (B) UV-Vis optical absorption spectra of pure GPD probe, GPD probe incubated with protease

394  (after washing by centrifuge), and GPD probe incubated with protease MMP-2 and inhibitor
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(after washing by centrifuge). (C) Fluorescence emission spectra of pure GPD probe, GPD
probe incubated with protease (without washing by centrifuge), and GPD probe incubated with
protease MMP-2 and inhibitor (without washing by centrifuge). (D) Zeta potential changes for
the GNCs, PEGylated GNCs (GNCs-PEG-NHz), peptide substrate-conjugated GNCs (GNCs-
PEG-peptide), GPD probe (GNC-PEG-peptide-Dye680) and GPD probe incubated with
protease (after washing by centrifuge). (E) Multispectral PAI at representative wavelengths of
pure GPD probe, GPD probe incubated with protease (after washing by centrifuge), GPD probe

incubated with protease and inhibitor (after washing by centrifuge), GNC, and Dye680 in tubes.

Detection of protease activity in live cells

The enzymatic cleavage of the GPD probe was further tested in typical live cell culture
conditions. Two cell lines were selected, U-87 MG for high MMP-2 expression and MS1 for
low MMP-2 expression [45]. Both cells were incubated in similar conditions with 0.8 um
Dye680 equivalent of GPD probe for 3 hr in the absence or presence of 10 um MMP inhibitor.
Figure 4.(A) shows a significant increase in the intracellular fluorescence signal when U-87
MG cells were incubated with the GPD probe and a much lower fluorescence signal in the
presence of protease inhibitor. In contrast, no such apparent fluorescence signal difference was
observed in MSL1 cells, as shown in Figure 4.(B). The results indicated that specific cleavage
of the GPD probe was induced by MMP-2 in live cells, as confirmed by the previous results in

solution phase.
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Figure 4. Detection of protease activity in live cells by confocal fluorescence microscopy. (A)
Cell line with high expression of protease MMP-2 (U-87 MG); and (B) cell line with low
expression of protease MMP-2 (MS1); both types of cells were incubated with GPD probe in
the presence and absence of protease inhibitor. The fluorescence signals were from the
fluorescent dye Alexa Fluor 680. EX/Em = 683 nm/690-740 nm. Scale bar = 25 um. (BF
represents bright field imaging; Fluo represents fluorescence imaging; Merged represents

fluorescence imaging coregistered with bright field imaging.)
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In vivo PAI of protease activity

A human glioblastoma U-87 MG subcutaneous xenograft tumor model was established on
nude mice, which has been extensively documented to show high levels of protease MMP-2
expression [46]. Images at multiple wavelengths (680 nm, 710 nm, 720 nm, 755 nm, 770 nm,
845 nm, 880 nm, 900 nm, 920 nm) were combined with the spectral unmixing software
Multiplexer (FUJIFILM VisualSonics, Toronto, Canada) to differentiate specific chromophore

composites. The principle of the multispectral PAI technique is shown in Figure 5.

PA images Spectral unmixing PA images
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Figure 5. PA images at multiple wavelengths (680 nm, 710 nm, 720 nm, 755 nm, 770 nm, 845
nm, 880 nm, 900 nm, 920 nm) are used to unmix specific chromophore composites by relying

on distinct PA spectral signatures.

A group of animal experiments were conducted via tail vein injection of the GPD probe.
No obvious multispectral PA signals from the GPD probe were observed in the tumor region
immediately after the intravascular injection of the GPD probe. A clear multispectral PA signal
(green) from the uncleaved GPD probe appeared ~30 min post injection, as shown in Figure
6.(A). Afterward, the PA signal from the uncleaved GPD probe exhibited an initial increase and
a later decrease, while that from the cleaved GPD probe increased steadily. The early increase
in the PA signal from the uncleaved GPD probe suggested its continuous accumulation in the
tumor. As higher levels of the GPD probe accumulated and more GPD was cleaved by the

protease MMP-2, higher levels of cleaved GPD probe was retained at the cleavage site inside
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the tumor. On the other hand, because the released Dye680 molecules were cleared away from
the tumor much more quickly, no multispectral PA signal could be detected from Dye680.
Finally, the multispectral PAI at the two representative wavelengths was processed and
quantified and is shown in Figure 6.(B) and Figure 6.(C), confirming that the findings
regarding the specific enzymatic cleavage and unique retention process of the GPD probe inside
the tumor were similar to those of the previous intratumoral administration experiment.
Moreover, direct intratumoral administration animal experiments were performed by utilizing
the following four groups of contrast agents: 1) Dye680, 2) GNCs, 3) GPD probe and 4)
protease inhibitor in prior and the GPD probe in order to confirm the specific enzymatic
cleavage of the GPD probe and the different retention times of GNCs and Dye680 molecules
inside tumors in vivo. (Details of the intratumoral administration animal experiments are

included in the Supplementary Material Figure S6.)
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Figure 6. Intravascular administration of the GPD probe monitored by multispectral PAI. (A)
Multispectral PAI of tumor after intravascular injection of GPD probe to estimate the PA signal
composites: uncleaved GPD probe in green; cleaved GPD probe in gold; ultrasound imaging in

B/W. (B) Multispectral PAI of tumor at two representative wavelengths (680 nm and 770 nm)
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after intravascular injection of GPD probe. (C) Ratio of PA amplitude increase inside tumor at

680 nm and 770 nm after intravascular injection of the GPD probe.

AP'%BO/APANO = (PASSO postinjecion PASSOpreinjectbn) /( PA770postinjecton - PA770preinjectbn) - Error bars are based

on the standard deviations of 3-4 mice. (D1) Ex vivo immunohistochemistry (IHC) analysis
(epi-fluorescence imaging) of a cryosection slice from a U-87 MG xenograft tumor specimen,
the overall image; (D2) a detailed view of a region with relatively high expression level of
MMP-2; (D3) a detailed view of a region with relatively low expression level of MMP-2. MMP-

2 staining (red), cell nucleus staining (blue). Scale bar = 2 mm.

Our in vivo results confirmed previous findings reported in the literature that activatable
probes have such a “cleavage and retention” mechanism inside tumors, making them a
promising approach for the in vivo imaging of protease activity in the TME [21, 23]. Upon
cleavage, larger nanoparticles would remain in the tumor tissue much longer period than small
nanoparticles, which would be quickly cleared after intravascular administration. In addition,
our in vivo results demonstrated the ability of the synergy of the multispectral PAI and the
GNC-based activatable probe to visualize and estimate the distribution of the protease activity
in vivo. For tail vein injection experiment, the multispectral PAI was useful as a non-invasive
visualization tool to estimate the probe accumulation and protease activity cleavage sites inside
the tumor. The intratumoral experiment not only confined the probe to the tumor region to
eliminate possible non-specific cleavage elsewhere but also prolonged its retention, allowing
more interaction time for the enzymatic cleavage of the GPD probe to occur. Furthermore, to
validate that the PA contrast change in the tumor region was principally due to existing protease
MMP-2, tumor tissues were excised and subjected to immunohistochemistry (IHC) analysis
after the in vivo experiment. The IHC results revealed elevated MMP-2 expression in some

regions inside the tumor, as shown in Figure 6.(D1) and Figure 6.(D2), and relatively low
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expression level of MMP-2, as shown in Figure 6.(D3), which were roughly co-localized with
the results visualized and estimated by the multispectral PAI and the GNC-based activatable
probe. This molecular PAI strategy exhibited markedly superior imaging contrast owing to its
unique PA contrast generation mechanism. More future work is still necessary to explore the

precise interpretation of the cleavage process involving the GPD probe and protease in vivo.

Conclusions

To the best of our knowledge, this paper is the first report of the synergistic strategy of the
multispectral PAI technique and the activatable PA probe for in vivo distribution estimation of
the protease activity in the TME. The as-prepared GPD probe could be cleaved by a specific
protease both in solution and in a typical cell culture environment. And, the in vivo animal
experiment demonstrated the probe was cleaved by the specific enzyme. Particularly, the in
vivo estimation of the cleavage sites distribution was validated with the result of ex vivo
immunohistochemistry (IHC) analysis. The results could provide valuable information for the

development of various in vivo protease imaging applications.
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Abbreviations

PAI: photoacoustic imaging; GNC: gold nanocage; TME: tumor microenvironment; NIR:
near-infrared; PET: Positron emission tomography; SPECT: single photon emission
computerized tomography; MRI: magnetic resonance imaging; PA: photoacoustic; EPR:
enhanced permeability and retention effect; LSPR: localized surface plasmon resonance;
Dye680: fluorescent dye Alexa Fluor 680; GPD: GNC-peptide-Dye680; TEM: transmission
electron microscopy; NSET: nanosurface energy transfer; BF: bright field imaging; Fluo:
fluorescence imaging; Merged: fluorescence imaging coregistered with bright field imaging;

Hb: de-oxygenated hemoglobin; HbO2: oxygenated hemoglobin; IHC: immunohistochemistry.
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Supplementary Material

Supplementary Results:

Figure S1. Dynamic light scattering size distribution of GNCs.

Figure S2. Dynamic light scattering size distribution of GPD probe.

Figure S3. Cell cytotoxicity of GPD probe to U-87 MG cells (n =5, *p < 0.05).

Figure S4. The linear relationship between the optical absorption amplitude and the

concentration of GNCs at the absorption peak wavelength (4., = 800 nm).

Figure S5. The validation of the multispectral PAI technique in solution.
Figure S6. Intratumoral administration of the GPD probe by PAI at two representative

wavelengths.

Supplementary Methods:

Dynamic light scattering (DLS) profiles of nanoparticles

Toxicity of the GPD probe

Molar concentration of nanoparticles

Determination of the molar extinction/absorption coefficient of the GNCs

Figure S6. The experimental setup for multispectral PAI of nanoparticles in PE tubes using a
Vevo02100 LAZR System.

The multispectral PAI experiment

Figure S7. The experimental setup for multispectral PAI of nanoparticles in PE tubes using a
Vev02100 LAZR System.

Figure S8. In vivo multispectral PAI was conducted on a xenograft tumor model using a

Vevo02100 LAZR System.
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