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ABSTRACT 
Rationale: Developing novel pre-operative and intraoperative imaging approaches for 
glioblastoma multiforme (GBM) could aid therapeutic intervention while sparing healthy normal 
brain, which remains a significant clinical challenge. 5-aminolevulinic acid (5-ALA) is the only 
intraoperative imaging agent approved to aid the resection of GBM. Matrix metalloproteinase 14 
(MMP14), which is overexpressed in GBM, is an attractive target for preoperative and 
intraoperative imaging of GBM. Prior studies have shown the feasibility of near-infrared 
fluorescence (NIRF) imaging and positron emission tomography (PET) imaging of GBM 
xenografts in mice using MMP-14 targeted peptide probes. The present studies assessed the tumor-
specific localization and contrast of these MMP-14 targeted peptides relative to 5-ALA in GBM 
models. 
Methods: Fluorescence and PET imaging was performed after i.v. injection of 5-ALA and the 
MMP-14 targeted peptide probes (non-labeled or radiolabeled with 64Cu) in mice bearing human 
GBM orthotopic xenografts (U87, D54). Imaging signals were correlated to MMP-14 expression 
determined by immunofluorescence. Tumor-to-normal brain ratio (TBR) and Dice similarity 
coefficient (DSC) relative to tumor defined by ex vivo pathology or in vivo magnetic resonance 
imaging were determined for each imaging agent.  
Results: NIRF signals from the MMP-14 targeted peptide probes showed comparable TBR (p < 
0.05) but significantly higher DSC (p < 0.05) relative to 5-ALA. NIRF signals from the peptide 
probes significantly correlated with MMP-14 expression (p < 0.05). MMP-14 binding peptide 
labeled with 64Cu showed moderate DSC (0.45) while PET signals significantly correlated (p < 
0.05) with NIRF signals from a co-injected MMP-14 substrate peptide. NIRF and PET signals 
localized in residual tumor regions in the resection cavity during in situ resection. 
Conclusions: MMP-14 targeted peptides showed favorable TBR and higher tumor localization 
than 5-ALA in GBM orthotopic models. Further development of MMP-14 targeted peptide probes 
could lead to improved pre-operative and intraoperative management of GBM. 
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INTRODUCTION 
 Glioblastoma multiforme (GBM) has the lowest rate of survival among primary brain 
malignancies in adults despite maximal safe surgical resection followed by radio-chemotherapy as 
the current standard of care [1]. Neurosurgery remains a primary component of treatment, as 
patient survival correlates with a greater extent of resection of the tumor volume [1-3]. Various 
preoperative and intraoperative approaches are used clinically to guide oncologic management of 
GBM [4-7], although 5-aminolevulinic acid (5-ALA) is currently the only intraoperative imaging 
agent approved by the United States Food and Drug Administration (FDA) to aid surgical 
resection. 5-ALA is converted into the fluorescent metabolite protoporphyrin IX (PpIX) in tumor 
cells, which produces favorable contrast to distinguish bulk GBM from adjacent normal brain. 
Intraoperative use of 5-ALA has been shown to increase rates of complete resection of contrast-
enhancing GBM relative to pre-surgical MRI guidance alone, resulting in enhanced survival 
following resection [8-10]. However, false positive signals and relatively low negative predictive 
values associated with 5-ALA [11-14] demonstrate a remaining clinical need for intraoperative 
imaging agents with greater specificity to distinguish between GBM invasion and normal brain or 
benign inflammatory regions beyond the bulk tumor. Alternative imaging agents intended for 
intraoperative surgical guidance of GBM are under preclinical and clinical investigation [15-17]. 
Positron emission tomography (PET) imaging can also aid preoperative assessment of GBM by 
differentiating regions of tumor growth from benign pathologies that are difficult to distinguish 
through conventional anatomical imaging [7]. 

Overexpression of matrix metalloproteinase 14 (MMP-14) has been exploited for 
molecular imaging of GBM [18-20]. MMP-14 expression in clinical tissues correlates with 
increased grade of malignancy and contributes to the diffuse pattern of GBM cell invasion into 
normal parenchyma [21-28]. In previous work, our groups developed a set of peptide probes 
(substrate peptide, Figure S1; binding peptide, Figure S2; substrate-binding peptide, Figure S3) 
that specifically target MMP-14 for near-infrared fluorescence (NIRF) and PET imaging of GBM 
[29] (Figure S4). The “substrate peptide” (Figure S1) is initially non-fluorescent until the peptide 
sequence (RSCitG-HPhe-YLY [30-32]) connecting the NIRF fluorophore (IRDye800) and 
quencher (IR QC-1) pair is cleaved by enzymatically active MMP-14 (Figure S4A). The “binding 
peptide” (Figure S2) containing a chelator (NOTA) and a peptide sequence (HWKHLHNTKTFL 
[33]) that binds to the extracellular domain of MMP-14 is amenable for radiolabeling and PET 
imaging of MMP-14 expression (Figure S4B). Conjugation of these two peptides provides the 
“substrate-binding peptide” (Figure S3) that can be used for MMP-14 targeted NIRF and PET 
imaging (Figure S4C). Preclinical studies with human GBM cell lines and patient-derived 
xenograft orthotopic tumors in vivo showed favorable localization and signal contrast from these 
peptide probes in tumors relative to normal brain in mice [29].  

The purpose of the present work was to further characterize the tumor-specific localization 
of the NIRF and PET signals from the MMP-14 targeted peptide probes indicated above relative 
to the performance of 5-ALA as a clinically validated intraoperative imaging agent for GBM. 
Quantitative correlates were used to compare imaging signals from the peptides, MMP-14 
expression, and 5-ALA-induced PpIX fluorescence in brain tissues of mice containing human 
GBM orthotopic xenografts. Qualitative and quantitative imaging assessment was performed to 
determine if signals from the MMP-14 targeted peptide probes could reveal residual tumors during 
in situ resection of human GBM orthotopic xenografts. These studies provide a preclinical 
framework to evaluate multimodality targeted imaging approaches intended to guide surgical 
treatment of GBM.  
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MATERIALS AND METHODS 
 
GBM xenograft implantation in vivo 
Human GBM cell lines [D-54MG (D54) gifted from Darell D. Bigner, Duke University, Durham, 
NC; U-87MG (U87) obtained from the American Tissue Type Collection, Manassas, VA] were 
cultured as adherent monolayers in Dulbecco’s Modified Eagle’s Medium supplemented with 10% 
fetal bovine serum. 5-6 week old female athymic nude mice from Charles River (Wilmington, 
MA) were anesthetized and implanted with 500,000 GBM cells (5 µL suspension in serum-free 
medium) into the right caudate nucleus 2.5 mm lateral right to midline, 1 mm anterior to bregma 
and 3 mm depth over 2 minute infusion. Mice were monitored until fully recovered from 
anesthesia. Experiments were performed approximately 2 weeks (U87 xenografts) or 5 weeks 
(D54 xenografts) after implantation. 
 
In vivo MRI acquisition 
Magnetic resonance imaging (MRI) of live mice was performed within 48 h of molecular imaging 
agents using a 9.4T preclinical MRI (Bruker BioSpin MRI GmbH, Ettlingen, Germany) equipped 
with an 86 mm inner-diameter volume coil for excitation and a 4-channel phased array brain 
surface coil for signal reception. Anesthetized mice had their heads immobilized using a bite bar 
and ear bars to reduce motion artifacts. High-resolution axial and coronal T2-weighted images of 
the brain were acquired using a multi-slice 2D rapid acquisition with relaxation enhancement 
(RARE) spin-echo pulse sequence. T2 RARE scan parameters were as follows: TR/TE = 2500/40 
ms, NEX = 6, RARE factor = 8, FOV = 20 x 20 mm2, acquisition matrix = 256 x 256, and slice 
thickness = 0.5 mm. For comparison with PET/CT images, MRI axial images were resampled 
using VivoQuant software (version 2022, Invicro). 
 
Dosing of imaging agents 
All solutions used for dosing were brought to a final volume of 100-200 µL and administered i.v. 
via tail vein. 5-ALA was administered at 0.1 mg/g body weight to the cohorts indicated below. 
Unless noted otherwise, mice were anesthetized and euthanized 4-5 h after dosing. 

Dosing of substrate peptide and 5-ALA: tumor-bearing mice (D54, n = 4; U87, n = 5) 
received a single solution in PBS containing approximately 3 nmol substrate peptide mixed with 
5-ALA. 

Dosing of substrate-binding peptide and 5-ALA: tumor-bearing mice (U87, n = 5) received 
separate solutions of 5-ALA and approximately 3 nmol substrate-binding peptide dissolved in PBS 
containing 5% ethanol; injections of 5-ALA and the peptide were separated by 30 min. 

Dosing of cocktail mixture of [64Cu]Cu-binding peptide, substrate peptide, and 5-ALA: 
tumor-bearing mice (D54, n = 4; U87, n = 2) received a solution in PBS containing approximately 
1.1 nmol [64Cu]Cu-binding peptide (5.3 MBq), 2.7 nmol substrate peptide, and 5-ALA.  

Dosing of [64Cu]Cu-substrate-binding peptide: tumor-bearing mice (U87, n = 2) received 
approximately 0.4 nmol [64Cu]Cu-substrate-binding peptide (2.5 MBq) in PBS containing 5% 
ethanol. 
 
Ex vivo NIRF imaging  
Cohorts of mice were anesthetized and euthanized 4-5 h p.i. of the non-labeled peptides. The skin 
over the skull was removed and NIRF signal in the head and brain was imaged on a Pearl system 
(LI-COR) prior to and following removal of the skull cap. In sub-sets of mice, in-situ surgical 
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resection of macroscopically visible tumor was performed with additional acquisition of mid-
resection and post-resection NIRF images. Resected tissues and residual brains were fixed in 10% 
formalin overnight for subsequent processing. For all remaining mice, the whole brains were 
resected, fixed in 10% formalin overnight, and imaged by the Pearl system. Brains and resected 
tissues were then serially sectioned (1 mm coronal slices), and all slices were imaged by the Pearl 
system for quantitative NIRF assessment. Three or four slices per mouse containing tumor and 
adjacent normal brain without tumor were then imaged on an Odyssey CLx NIRF scanner (LI-
COR) for qualitative NIRF “high resolution” assessment. Each tissue slice was then imaged as 
described below for PpIX fluorescence. One representative tumor-bearing slice per mouse was 
dehydrated in 70% EtOH, processed for embedding in paraffin, and further sectioned (5 µm) for 
H+E staining and for additional unstained formalin fixed paraffin embedded (FFPE) sections. 
Unstained FFPE sections were imaged on an Odyssey scanner (LI-COR). All NIRF images were 
analyzed using ImageStudio software (V3.1.4, LI-COR). NIRF “low resolution” signals from the 
Pearl system were used to determine mean fluorescence intensity (MFI) values of the tumor area 
and contralateral normal brain by drawing manual regions of interest (ROIs) based on grossly 
visible tumor in 1 mm brain slices. 
 
Ex vivo PpIX fluorescence imaging 
PpIX fluorescence resulting from 5-ALA was imaged ex vivo in 1 mm formalin-fixed brain slices 
on a stereomicroscope as previously described [34]. Briefly, tissues were illuminated using an 
external ultraviolet (405 nm) LED source while fluorescence was acquired using a custom Leica, 
MZFLIII Stereo Microscope (Leica). A liquid-crystal tunable wavelength filter in the Leica 
Spectral Camera was set for collection of emission images from 600 to 720 nm in 10-nm 
increments, each acquired for 5 sec. Composite fluorescence images (unmixed composites) were 
generated for each image cube by separating the spectral signature of PpIX from those of 
background autofluorescence using a spectral library that was compiled from numerous spectral 
profiles collected from control tissue. A corresponding brightfield image of each brain slice was 
also collected using the stereomicroscope during white light (brightfield) illumination. Mean 
fluorescence intensity (MFI) values of the tumor area and contralateral normal brain were 
quantified using ImageJ (v1.53) by drawing manual ROIs based on grossly visible tumor in 1 mm 
brain slices and H+E stained tissue sections obtained from the same brain slice. 
 
Spatial correlation analysis of NIRF, PpIX and H+E 
The 2-dimensional image processing workflow is diagrammed in Figure S5. Raw images of ex 
vivo NIRF (low resolution quantitative signals) and PpIX fluorescence signals in 1 mm formalin-
fixed brain slices and from corresponding H+E stained tissue sections were used to generate tissue 
masks and region masks (signal-intense area in fluorescence images, tumor area in brightfield and 
H+E images). Processed mask images were resampled and registered using MATLAB (R2022b, 
Mathworks, Inc.) using custom code (available upon request). DSC was calculated [35] based on 
2-dimensional area for each fluorescence imaging agent relative to tumor pixel area defined by 
H+E. 
 
In vivo PET/CT imaging  
At 2.5-4 h p.i. of the [64Cu]Cu-labeled peptide solutions, live mice were imaged by PET/CT using 
a GNEXT small animal scanner (Sofie Biosciences, Culver City, CA) with a PET energy window 
of 350-650 KeV (15 min acquisition) and CT voltage of 80 kVp (current 150 μA, 720 projections). 
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The PET images were reconstructed using a 3-Dimensional-Ordered Subset Expectation 
Maximization algorithm (24 subsets and 3 iterations), with random, attenuation, and decay 
correction. The CT images were reconstructed using a Modified Feldkamp Algorithm. 
Reconstructed images were analyzed using VivoQuant software. Following imaging, anesthetized 
mice were euthanized and whole brains were resected, weighed, fixed in 10% formalin overnight, 
serially sectioned (1 mm coronal slices), and processed for further NIRF imaging, paraffin 
embedding, and tissue sectioning for H+E or immunofluorescence analyses as described below. 
Alternatively, in sub-sets of mice, the heads were isolated from the carcass of euthanized mice, the 
skull cap was removed, and in-situ surgical resection of the tumor was performed with additional 
PET/CT acquisitions when part of the macroscopic tumor was resected (mid-resection PET) and 
after complete resection of the macroscopically visible tumor (post-resection PET). 
 
Co-registration and multimodality image analysis of PET and MRI  
The 3-dimensional image processing workflow is diagrammed in Figure S6. The Brain Atlas 
automated tool of VivoQuant was used to segment brain regions from the reconstructed PET/CT 
and MRI, with manual adjustment of the initially segmented volume as needed to ensure the entire 
brain was included. The resulting PET/CT brain scans were automatically resampled and 
registered to the MRI using a rigid registration approach (Reorientation/Registration tool, 
VivoQuant). Tumor (T2-weighted MRI enhancing tumor region) and normal brain VOIs were 
manually drawn on the MRI segmented brain images and copied to the fused PET segmented 
images for analyses of mean standardized uptake value (SUVmean) and maximum standardized 
uptake value (SUVmax). For determination of DSC between PET and MRI, iso-contour VOIs 
corresponding to different thresholds (20% to 80%) of the tumor SUVmax were generated using 
the “global threshold” function within VivoQuant; the resulting PET and MRI DICOM files of the 
segmented VOIs (region mask) were analyzed in MATLAB (R2022b, Mathworks, Inc.). 
Volumetric DSC was calculated as previously described [35, 36] for each PET imaging agent 
relative to MRI-defined tumor volume. 
 
Statistical analyses 
Data were analyzed using Microsoft Excel or GraphPad Prism (Version 10.0.2, GraphPad 
Software, La Jolla, CA, USA). Unless indicated otherwise, individual data points shown in 
graphical data indicate values for each mouse in the respective group. Statistical outliers were 
identified using the ROUT function (Q = 2%) in GraphPad Prism and were excluded from 
subsequent analyses. Paired or unpaired t-tests as appropriate were used when comparing two 
groups. When comparing multiple groups, one-way ANOVA tests, followed by Dunn’s multiple 
comparisons test where appropriate. All p-values correspond to two-tailed tests; significance was 
considered to be at p < 0.05. 

 
 
RESULTS 
MMP-14 targeted peptide probes show localized NIRF signal in bulk tumor and microscopic 
deposits of human GBM orthotopic xenografts in nude mice 
 The present studies first determined the NIRF contrast from the MMP-14 targeted peptide 
probes in multiple human GBM orthotopic xenograft models that express MMP-14, as a 
continuation of our prior work using these probes in a single orthotopic model of GBM [29]. 
Groups of mice bearing U87 or D54 orthotopic xenografts were administered (i.v.) 5-ALA in 
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combination with either the substrate peptide or the substrate-binding peptide and euthanized 4 h 
later. NIRF imaging of formalin-fixed 1 mm slices from resected brains of these mice indicated 
each peptide probe specifically localized within bulk tumor regions (Figure 1A), while 
significantly lower signal was apparent in adjacent and contralateral normal brain areas (p < 0.01, 
p < 0.05 for substrate peptide and substrate-binding peptide, respectively; Table 1). 
Immunofluorescence staining of brain sections from these mice showed significantly greater 
expression of MMP-14 in the orthotopic xenografts relative to normal brain (p < 0.0001, Figure 
S7A-B), as anticipated based on results from alternative GBM models [19, 29, 32]. While prior in 
vitro immunocytochemistry analyses indicated higher expression of MMP-14 in U87 cells relative 
to D54 cells [29], orthotopic U87 and D54 xenograft tumors in the present studies did not show a 
significant difference in the tumor-to-normal brain ratio (TBR) for MMP-14 immunofluorescence 
(p>0.05, Figure S7C). This indicated that both human GBM orthotopic xenograft models were 
suitable for MMP-14 targeted imaging assessments with the peptide probes. NIRF signal 
intensities in the bulk tumor and contralateral normal brain regions correlated with the 
corresponding MMP-14 immunofluorescence signal observed in U87 and D54 orthotopic 
xenografts (Figure 1B-C). This correlation was stronger for the substrate-binding peptide (R2 = 
0.64, Figure 1B) than for the substrate peptide (R2 = 0.23, Figure 1C). Surprisingly, one of the 
mice in the U87 xenograft cohort did not exhibit macroscopic tumor growth at the time the studies 
were performed, although NIRF signal was observed in the brain of this mouse where implantation 
occurred. Histological analysis of this brain section indicated microscopic growth of the GBM 
xenograft (Figure 1D), which confirmed the tumor-specific NIRF signal observed in this region.  
 
Table 1. Ex vivo mean fluorescence intensity (MFI) from the substrate peptide, substrate-binding peptide, or PpIX 
measured in 1 mm formalin-fixed brain slices from mice bearing U87 or D54 human GBM orthotopic xenograft 
tumors. 

 MFI in bulk 
tumor 

MFI in normal 
brain 

p value (tumor vs. 
normal brain MFI) 

Substrate peptide 0.013 ± 0.011 0.001 ± 0.001 <0.01 
Substrate-binding peptide 0.008 ± 0.005 0.001 ± 0.001 <0.05 
PpIX 598 ± 330 172 ± 182 <0.001 
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Figure 1. NIRF signal from MMP-14 targeted peptide probes localizes in macroscopic and microscopic GBM 
orthotopic xenografts and correlates with histological MMP-14 expression. A, representative images of fixed brain 
slices from GBM-bearing mice dosed i.v. with the substrate-binding peptide and 5-ALA (top panels) or the substrate 
peptide and 5-ALA (bottom panels); corresponding brightfield and NIRF panels are from the same 1 mm brain slice, 
which was also used to obtain histologic sections for the corresponding H+E and MMP-14 immunofluorescence 
(yellow; blue, nuclei stained by DAPI) panels. White dotted line indicates tumor region. B-C, least-squares fit of linear 
regression between histological MMP-14 immunofluorescence MFI and NIRF signal MFI in 1 mm brain slices from 
GBM-bearing mice dosed i.v. with the substrate-binding peptide (B) or the substrate peptide (C); dotted lines show 
the 95% confidence interval of the correlation. D, brightfield and NIRF images of a 1 mm fixed brain slice from a 
mouse dosed i.v. with the substrate peptide, with white box indicating the region of implantation and the corresponding 
zoomed in areas from histology sections stained with H+E or MMP-14 immunofluorescence (4x original 
magnification). MFI, mean fluorescence intensity; a.u., arbitrary units. 
 
5-ALA and MMP-14 targeted peptide probes produce similar contrast in human GBM 
orthotopic xenograft bulk tumor relative to contralateral normal brain in nude mice 

A second goal of these studies was to compare the fluorescence contrast in GBM models 
relative to normal brain when using 5-ALA or the MMP-14 targeted peptide probes as imaging 
agents. The distinct fluorescence excitation and emission spectral profiles between PpIX (λex= 405 
nm, λem= 635 nm) and IRDye800 (λex = 773 nm, λem = 792 nm) enabled direct comparison of PpIX 
fluorescence from 5-ALA and NIRF from the peptide probes within the same brain tissue slice 
from the studies above. Similar to the NIRF contrast observed from the MMP-14 targeted peptide 
probes, PpIX fluorescence (Figure 2A) was significantly higher in bulk GBM xenografts relative 
to contralateral normal brain regions (p < 0.001, Table 1) of mice. PpIX fluorescence in the bulk 
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tumor and contralateral normal brain weakly correlated with MMP-14 immunofluorescence 
signals in corresponding brain regions (R2 = 0.29, Figure S8). Fluorescence TBRs (Figure 2B) 
resulting from 5-ALA, the substrate peptide, and the substrate-binding peptide (6.8 ± 5.7, 10.5 ± 
6.7, 9.0 ± 3.4, respectively) across mice were not significantly different (p>0.05). These results 
confirmed that the peptide probes successfully delineated human GBM orthotopic xenografts from 
normal brain with similarly high contrast as 5-ALA.  

 
 

 
Figure 2. PpIX fluorescence from 5-ALA and NIRF from MMP-14 targeted peptide probes provide comparable 
tumor-to-normal brain ratios in GBM orthotopic xenografts. A, representative images (brightfield, PpIX fluorescence, 
NIRF) of 1 mm fixed brain slices from GBM-bearing mice dosed i.v. with 5-ALA and the substrate-binding peptide 
(top panels) or 5-ALA and the substrate peptide (bottom panels); corresponding panels are from the same 1 mm brain 
slice. White dotted line indicates tumor region. B, mean ± SD tumor-to-normal brain ratio (TBR) of mean fluorescence 
intensity for each imaging agent quantified in 1 mm fixed brain slices; significance determined by ANOVA (ns, not 
significant). 
 
Spatial overlap between fluorescence and tumor is significantly greater with MMP-14 
targeted peptide probes than 5-ALA in human GBM orthotopic xenografts in nude mice 

Closer inspection of PpIX fluorescence signals in the GBM-bearing brain tissue slices 
revealed notable fluorescence contrast outside of the gross tumor boundary (Figure 2A, Figure 
3A), similar to results observed in prior work using 5-ALA in nude mice with GBM orthotopic 
xenografts [34, 37, 38]. Extra-tumor contrast was apparent in proximal normal brain regions, 
notably white matter tracts (e.g., corpus callosum) in the ipsilateral hemisphere, as well regions 
distal to xenograft growth. Quantification of PpIX fluorescence signal contrast relative to 
contralateral normal brain (signal-to-normal brain ratio, SBR) in these extra-tumor regions 
indicated a significantly greater SBR (19.3 ± 18.2) than measured within intra-tumor regions (6.8 
± 5.7, p < 0.01; Figure 3B). The area of extra-tumor PpIX fluorescence relative to all fluorescence-
positive area was higher in gross brain slices from mice bearing U87 xenografts (83 ± 12%) relative 
to those bearing D54 xenografts (39 ± 28%, Figure S9A-B). This was likely due to the relative 
difference in xenograft size between the two GBM models at the time of the studies, as D54 tumors 
took up a larger percentage of the brain section area (27 ± 12%) than did the U87 tumors (12 ± 
8%) (Figure S9B). There was a weak inverse correlation between percent tumor area within the 
brain section and the percent of extra-tumor PpIX fluorescence area across both xenograft models 
in these studies (Figure S9C). Sparse regions of intra-tumoral necrosis were visible in H+E stained 
sections of several D54 GBM xenografts (Figure 3A), but not in most U87 GBM xenografts 
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(Figure 2A, Figure 3A) in the present studies. Interestingly, PpIX TBRs were not significantly 
different between GBM xenografts with or without necrosis (4.3 ± 4.2 and 8.0 ± 6.0, respectively, 
p>0.05). While intra-tumor PpIX signals throughout GBM tumor regions were qualitatively and 
quantitatively lower than in extra-tumor regions, NIRF contrast from the MMP-14 targeted peptide 
probes remained strong throughout the GBM tumor region, including regions showing necrosis in 
H+E stained sections (Figure 3A).  
  
 

 
Figure 3. NIRF from MMP-14 targeted peptide probes exhibit significantly greater tumor localization relative to PpIX 
fluorescence from 5-ALA in GBM orthotopic xenografts. A, representative images of fixed brain slices from GBM-
bearing mice dosed i.v. with 5-ALA and the substrate-binding peptide (top panels, U87 xenograft) or 5-ALA and the 
substrate peptide (bottom panels, D54 xenograft); corresponding brightfield, PpIX, and NIRF panels are from the 
same 1 mm brain slice, which was also used to obtain a histologic section for the corresponding H+E panel. White 
dotted line indicates tumor region. B, mean ± SD signal-to-normal brain ratio (SBR) of PpIX fluorescence quantified 
in intra-tumor and extra-tumor regions of fixed brain slices from GBM-bearing mice (significance determined by 
unpaired t-test; **p < 0.01). C, representative H+E image of a brain section from a U87 GBM-bearing mouse dosed 
i.v. with 5-ALA and the substrate-binding peptide; overlaid lines indicate registered regions of tumor (red, H+E) or 
fluorescence signals (blue, NIRF low resolution Pearl system; green, NIRF high resolution Odyssey scanner; black, 
PpIX fluorescence) determined in the 1 mm fixed brain slice from which the histology section was obtained. D, mean 
± SD 2-dimensional Dice similarity coefficient of each imaging agent relative to tumor region defined by H+E in 
fixed brain slices from GBM-bearing mice (significance determined by ANOVA followed by Dunn’s multiple 
comparisons test; *, p < 0.05; ***, p < 0.001; ns, not significant). 
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Low extra-tumor NIRF signals from the MMP-14 targeted peptide probes were observed 
from gross brain slices of mice bearing either U87 or D54 GBM xenografts (Figure 2A, Figure 
3A). NIRF imaging displayed notable contrast throughout the grossly visible and pathologic tumor 
regions. A representative image showing overlaid areas for PpIX fluorescence, NIRF from the 
substrate-binding peptide, and H+E defined tumor is shown in Figure 3C. The Dice similarity 
coefficient (DSC) for 5-ALA (0.27 ± 0.16, Figure 3D), determined by the PpIX fluorescence pixel 
area and the tumor pixel area defined by pathology, was significantly lower (p < 0.05) than the 
DSC for the NIRF pixel area corresponding to the substrate peptide or the substrate-binding 
peptide relative to the tumor pixel area (0.73 ± 0.25 and 0.81 ± 0.07, respectively, Figure 3D). 
DSC values were not significantly different between the peptide probes (p>0.05). These results 
indicate relatively high spatial overlap between the activated NIRF signal from the peptide probes 
and GBM orthotopic xenografts relative to the PpIX fluorescence signal produced after 
administering 5-ALA to mice. 
 
A cocktail of MMP-14 targeted peptide probes allows GBM-specific dual-modality PET and 
NIRF imaging of human GBM orthotopic xenografts in nude mice 

Our previous studies with the binding peptide utilized 68Ga for PET imaging and 
biodistribution [29]. In the present studies, 64Cu was utilized as a longer-lived radionuclide to 
enable in vivo PET imaging of GBM orthotopic xenografts at 4 h post-injection of the peptide to 
match the time point of the ex vivo NIRF imaging studies. The binding peptide showed near 
quantitative complexation of 64Cu (43.5-76.6 MBq) at room temperature within 20 min to produce 
the desired radiolabeled product ([64Cu]Cu-binding peptide; Figure S10). The substrate peptide 
and 5-ALA were added to this crude reaction solution of [64Cu]Cu-binding peptide (5.2 GBq/µmol 
molar activity at time of dosing) to generate a cocktail mixture of the imaging agents, which was 
administered i.v. to mice bearing D54 or U87 GBM orthotopic xenografts. PET imaging of live 
mice 4 h after dosing qualitatively showed similar spatial distribution from uptake of activity to 
the anatomical tumor region indicated by MRI; representative PET and MRI images from 
segmented brain regions are shown in Figure 4A. A significantly higher SUVmean was observed 
within tumor regions defined by T2-weighted MRI relative to contralateral normal brain (0.038 ± 
0.022 and 0.016 ± 0.011, respectively; p < 0.01, Figure 4B). The observed standardized uptake 
value ratio (SUVR: ratio of tumor SUVmean to normal brain SUVmean) was 2.6 ± 0.7 across the mice 
in these studies. A significant correlation was not observed between the in vivo [64Cu]Cu-binding 
peptide PET SUVmean in the T2-weighted MRI tumor volume and the ex vivo MMP-14 
immunofluorescence signal (MFI) in resected brain sections (Figure S11).  
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Figure 4. A cocktail of MMP-14 targeted peptide probes results in tumor localization and correlation of PET and 
NIRF signals in GBM orthotopic xenografts. A, representative images of segmented, registered brain regions from in 
vivo T2-weighted MRI and PET imaging of a GBM-bearing mouse dosed i.v. with [64Cu]Cu-binding peptide, substrate 
peptide, and 5-ALA; NIRF panel is from a 1 mm fixed brain slice imaged ex vivo. B, mean ± SD SUVmean in tumor 
and contralateral normal brain regions of mice dosed i.v. with [64Cu]Cu-binding peptide; significance determined by 
paired t-test (**, p < 0.01). C, least-squares fit of linear regression between in vivo [64Cu]Cu-binding peptide SUVmean 
and ex vivo substrate peptide NIRF MFI in fixed brain slices; dotted lines show the 95% confidence interval of the 
correlation. a.u., arbitrary units. 

 
Ex vivo imaging of formalin-fixed 1 mm brain slices from these mice showed anticipated 

localization and spatial distribution of the activated NIRF signal from the substrate peptide within 
the tumor (Figure 4A). A strong correlation was determined between the in vivo [64Cu]Cu-binding 
peptide PET SUVmean signal and the ex vivo substrate peptide NIRF MFI signal within 
corresponding brain regions (R2 = 0.91, p < 0.001; Figure 4C), indicating the utility of the cocktail 
dosing strategy containing the separate MMP-14 targeted PET and NIRF peptide probes for dual-
modality imaging in these GBM orthotopic xenografts (Figure S4D).   

 
Radiolabeled MMP-14 targeted peptide probes show moderate overlap with MRI-defined 
regions of human GBM orthotopic xenografts in nude mice 

In vivo MRI assessment of tumor-bearing mice in the present studies enabled volume-wise 
spatial analyses between the GBM orthotopic xenografts and the radiolabeled MMP-14 targeted 
peptide probes. As shown in Figure 5A, comparison between MRI, PET/CT and registered 
segmented brain images of U87 GBM orthotopic xenografts in mice administered [64Cu]Cu-
substrate-binding peptide demonstrated localization of the PET signal within the MRI-defined 
tumor region in the current studies. Similar comparison of PET/CT, MRI, and registered 
segmented brain images from GBM-bearing mice that received the [64Cu]Cu-binding peptide 
qualitatively confirmed the tumor-specific localization of the PET signal (Figure 5B). DSC 
analyses were performed to evaluate the voxel-wise spatial overlap throughout the brain for the 
PET peptide probes at various thresholds of the observed SUVmax within the tumor relative to the 
T2-weighted MRI enhancing tumor region. These quantitative spatial analyses indicated a DSC of 
0.68 ± 0.07 at a 30% threshold of the tumor SUVmax for the [64Cu]Cu-substrate-binding peptide 
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and a DSC of 0.45 ± 0.17 at a 20% threshold of the tumor SUVmax for the [64Cu]Cu-binding peptide 
(Figure 5C). At these thresholds, 70.3 ± 9.5% and 44.5 ± 23.3% of the positive PET voxels from 
the [64Cu]Cu-substrate-binding peptide and [64Cu]Cu-binding peptide, respectively, were within 
the tumor. These PET signals covered 66.5 ± 4.3% and 58.6 ± 16.9%, respectively, of the MRI-
defined tumor volume. In summary, PET imaging with the radiolabeled MMP-14 targeted peptide 
probes showed moderate spatial overlap with the T2-weighted MRI volume of GBM orthotopic 
xenografts in these studies. 

 
 

 
Figure 5. PET signals from radiolabeled MMP-14 targeted peptide probes spatially localize within MRI-defined 
tumor regions in GBM orthotopic xenografts. A-B, representative images of in vivo T2-weighted MRI, PET/CT, and 
segmented, registered brain regions from MRI and PET images of GBM-bearing mice dosed i.v. with [64Cu]Cu-
substrate-binding peptide (A) or [64Cu]Cu-binding peptide (B). C, mean ± SD 3-dimensional Dice similarity 
coefficient of each radiolabeled peptide relative to tumor region defined by T2-weighted MRI. 
 
Mid-resection in situ imaging shows NIRF and PET signals in resected and residual tumor 
regions of human GBM orthotopic xenografts in nude mice  
 Another goal of these studies was to determine if imaging signals from the MMP-14 
targeted peptide probes could reveal residual GBM in the resection cavity during a debulking 
surgical procedure. In situ NIRF imaging during exploratory tumor resection was conducted on a 
mouse from the U87 GBM cohort that was administered the non-labeled substrate-binding peptide. 
MRI prior to mock resection (Figure 6A) indicated multi-lobed growth of the GBM xenograft. In 
situ NIRF imaging of the brain after removing the skull cap showed NIRF signal in the grossly 
visible, superior bulk tumor region pre-resection (Figure 6B) and in non-resected tumor in the 
inferior portion of the resection cavity after the 1st resection (Figure 6B). NIRF contrast was clearly 
visible in this inferior tumor portion after extracting the brain (Figure 6C), when the inferior tumor 
portion was further resected (Figure 6C) including a margin of normal-appearing brain tissue for 
more thorough investigation of the localized NIRF signal post-resection. NIRF imaging and 
histological analysis confirmed the presence of GBM with tumor-specific localization of the NIRF 
signal relative to surrounding normal brain in the inferior resected specimen (Figure 6D).  
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Figure 6. MMP-14 substrate-binding peptide shows NIRF signal in residual tumor during mock resection of a GBM 
orthotopic xenograft. A, pre-resection in vivo T2-weighted MRI of a of GBM-bearing mouse used for mock resection. 
B, NIRF/brightfield overlay images of the GBM-bearing mouse head during in situ resection after opening the skull 
cap prior to removing tumor (Pre-resection) and after resection of the superior xenograft portion (1st resection). C, 
NIRF/brightfield overlay images of the extracted whole brain with resected xenograft portions after 1st and 2nd 
resections of xenograft portions containing NIRF signal. D, NIRF/brightfield overlay image of fixed tissue (top panel) 
and H+E stained section indicating pathological tumor (bottom panel) from the 2nd resection containing the inferior 
portion of the GBM orthotopic xenograft. Arrowhead and asterisk across panels indicate superior and inferior portions, 
respectively, of the GBM orthotopic xenograft. 
  

To determine if PET signals could similarly detect residual GBM during resection, U87 
orthotopic xenograft-bearing mice (n = 2) underwent in situ resection 3 to 5 h p.i. the [64Cu]Cu-
substrate-binding peptide. Figure 7A presents representative merged PET/CT/MRI pre-resection 
images indicating the location of the tumor volume of interest (VOI) for reference of activity 
throughout the course of resection. After opening the skull and resecting a portion of the grossly 
visible tumor, a mid-resection PET/CT scan indicated approximately 43% of the [64Cu]Cu-
substrate-binding peptide activity among all VOIs (tumor, adjacent normal brain, resected tissue) 
remained in the pre-resection tumor VOI (Figure 7C). Additional resection of tissue followed by 
a post-resection PET/CT scan (Figure 7B) showed 13% of the activity among all VOIs was present 
in the tumor VOI (original pre-resection tumor volume), while 77% of the activity was located in 
the resected tissue VOIs (Figure 7C). Similar in situ resection experiments using a cocktail of the 
substrate peptide and the [64Cu]Cu-binding peptide were performed in mice bearing D54 
orthotopic xenografts (n = 2 mice). The majority of the PET signal in the tumor VOI prior to 
resection (Figure 7D) was observed in the resected tissue components as indicated in mid- and 
post-resection (Figure 7E) PET/CT scans. These analyses revealed 62% and 34%, respectively, of 
the [64Cu]Cu-binding peptide activity among all VOIs remained in the tumor VOI region during 
the mid- and post-resection PET/CT scans (Figure 7F), while resected tissue VOIs contained 26% 
and 44%, respectively, of the activity at each time point.  

The collective results from these preliminary NIRF and PET in situ resection experiments 
support the conclusion that mid-resection imaging with the MMP-14 targeted peptide probes 
enables detection of partially resected GBM xenograft regions remaining in the surgical cavity.  
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Figure 7. Mid-resection PET signals from radiolabeled MMP-14 targeted peptide probes were consistent with resected 
and residual intracranial tumor regions of GBM orthotopic xenografts. A, D, representative in vivo PET/CT, PET/CT 
with overlaid T2-weighted MRI segmented brain region (PET/CT/MRI), and PET/CT/MRI with overlaid tumor VOI 
(red) pre-resection images from GBM-bearing mice dosed i.v. with [64Cu]Cu-substrate-binding peptide (A) or 
[64Cu]Cu-binding peptide (D). B, E, representative in situ PET/CT and PET/CT with overlaid tumor VOI (red) post-
resection images from GBM-bearing mice dosed i.v. with [64Cu]Cu-substrate-binding peptide (B) or [64Cu]Cu-binding 
peptide (E). C, F, mean  ±  SD percent PET activity in intracranial tumor VOI, contralateral normal brain VOI, and 
resected tissue VOI at respective pre-resection, mid-resection, and post-resection in situ PET/CT imaging sessions of 
GBM-bearing mice dosed i.v. with [64Cu]Cu-substrate-binding peptide (C, n = 2 mice/group) or [64Cu]Cu-binding 
peptide (F, n = 2 mice/group). VOI, volume of interest. 
 
DISCUSSION 

The goal of molecular image-guided surgery is to maximize the extent of safe surgical 
resection, which directly impacts the prognosis of GBM. Enzymatically active MMP-14 is 
significantly overexpressed in GBM, including the xenograft models (U87, D54) utilized in the 
present studies, while expression is low in human and murine normal cerebral tissue [19, 21, 24]. 
Thus, MMP-14 is an attractive molecular target for novel imaging agents designed to aid 
preoperative or intraoperative assessment of GBM. The observed direct correlation between 
MMP-14 expression and the activated NIRF signal from the MMP-14 targeted peptide probes is 
consistent with target-mediated localization of the peptides in these human GBM orthotopic 
xenografts. Importantly, there was clear spatial overlap of signaling, although there was not a 
significant correlation between MMP-14 expression and the PET signal from the [64Cu]Cu-binding 
peptide. This was likely due to confounding effects when comparing in vivo 3-dimensional 
volumetric data to ex vivo 2-dimensional immunofluorescence from tissue sections, which may 
not be representative of the entire tumor volume. Developing approaches that quantify 3-
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dimensional tumor heterogeneity of molecular expression would aid evaluation of the in vivo 
performance of imaging probes. 

The observed differences in spatial localization between the peptide probes were 
anticipated due to the differing structure of each peptide probe. The presence of the MMP-14 
binding sequence in the binding and substrate-binding peptides mediates MMP-14 targeted 
retention of these probes, while the substrate peptide without the binding sequence could 
potentially diffuse away from target areas even after the NIRF signal is specifically activated by 
MMP-14. These peptide probes could also pool in necrotic GBM regions, similar to other small 
molecule radiographic contrast agents and cyanine dye-containing peptides [39-43], which could 
aid the neurosurgeon’s assessment of the tumor. Employing the cocktail mixture containing the 
[64Cu]Cu-binding peptide and non-labeled substrate peptide in these studies showed a direct 
correlation between the separate PET and NIRF signals within GBM orthotopic xenografts, which 
was similar to prior results using the single [64Cu]Cu-substrate-binding peptide probe for both PET 
and NIRF imaging in an alternative patient derived xenograft GBM model [29]. As opposed to the 
NIRF signals observed throughout the orthotopic tumor for the non-labeled substrate peptide that 
yielded a favorable DSC value (0.73), the [64Cu]Cu-binding peptide showed lower volumetric 
overlap with the tumor as indicated by a relatively lower DSC value (0.45). Both the non-labeled 
and radiolabeled substrate-binding peptide showed favorable overlap between orthotopic tumors 
regions and the respective NIRF and PET signals (DSC >0.68). Overall, these results support both 
PET and NIRF imaging with the substrate-binding peptide, and NIRF imaging with the substrate 
peptide, for whole-tumor visualization of GBM orthotopic xenografts. Imaging probes that are 
retained in both viable and necrotic GBM regions is clinically desirable for surgical management 
of GBM, since neurosurgeons must identify and resect both regions where safely feasible for 
patient care.  

The present quantitative DSC analyses of signal overlap with GBM xenografts built upon 
prior qualitative results that showed GBM-specific localization of NIRF or PET signals from the 
MMP-14 targeted peptide probes [29]. In addition to physiological localization of the imaging 
agents, DSC values determined in this study may be affected by the accuracy of tissue mask 
registration from the semi-automatic methods used to re-size the 2-dimensional fluorescence and 
histology images. Potential errors in registration may occur when fusing 3-dimensional PET/CT 
and MRI-defined tissue regions and associated VOIs, although readily discernable anatomical 
landmarks (skull base, temporal-mandibular junction, etc.) were used for reference among all 
imaging time points. Several preclinical studies using other imaging probes have quantitatively 
evaluated spatial overlap between in vivo tumor and fluorescence contrast agents [37, 38, 44, 45] 
or PET imaging agents [46, 47] in GBM orthotopic models, although differences in methodology 
preclude direct comparisons with the DSC values for the MMP-14 targeted peptide probes in the 
present studies. Human studies using radiolabeled amino acid analogs or peptides for imaging 
brain tumors have demonstrated DSC values ranging from 0 to 0.71 between PET signals and 
MRI-defined tumor volume [36, 48-54]. Factors that influence intra-GBM localization of imaging 
agents in both human and preclinical studies include heterogeneous expression of molecular 
targets, vascularization, cellular density, integrity of the blood brain barrier, and necrosis [36, 48-
54]. 

The preclinical studies above provided direct comparison of the optical contrast from the 
MMP-14 targeted peptide probes and 5-ALA in human GBM orthotopic xenografts relative to 
normal brain in mice. Imaging at 4 h after administering the contrast agents was a suitable time 
point for detecting PpIX fluorescence from 5-ALA and activated NIRF signals from the MMP-14 
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targeted peptide probes, consistent with  prior work using these contrast agents in mice bearing 
orthotopic xenografts [29, 34, 38, 55]. The peptide probes provided comparable TBR and higher 
tumor-specific localization (higher DSC) relative to 5-ALA for detecting bulk GBM orthotopic 
xenografts in these studies. The notable amount of extra-tumor PpIX fluorescence contrast 
observed indicates relatively poor specificity of 5-ALA in the human GBM models used in our 
studies. Exploring alternative GBM models that more closely mimic clinical GBM could provide 
greater insights into the relative differences and similarities between 5-ALA and novel imaging 
probes to inform future translational research. Previous studies have shown PpIX fluorescence in 
normal brain regions (white matter tracts, hippocampus) as well as variable tumor-specific imaging 
contrast across different orthotopic xenograft models after administering 5-ALA to mice [34, 38, 
44, 55]. Clinical studies using 5-ALA in patients with malignant glioma have shown 75-96% 
sensitivity and 29-96% specificity for intraoperative detection of malignancy [11-13, 56, 57]; 
varying specificity for 5-ALA across clinical studies has been explained by variable proportions 
of normal tissue specimens collected during surgery and by PpIX fluorescence observed in non-
malignant pathologies (e.g., reactive astrocytes) [12, 14, 58]. Recent cellular-level fluorescence 
analyses of human GBM tissues indicated that PpIX preferentially accumulates within myeloid 
cells associated with GBM and also accumulates in extracellular spaces [59]. 

Intraoperative detection of diffusely invading malignant cells for maximal safe resection 
remains a known clinical challenge in human patients with GBM. These regions demonstrate 
variable fluorescence contrast that impacts the overall accuracy of 5-ALA for intraoperative 
imaging during neurosurgery of GBM [60, 61]. The U87 and D54 human GBM models used in 
the present studies showed a relatively defined boundary of tumor cells at the xenograft edge, 
which limits how accurately these models represent human GBM [62, 63]. This factor precluded 
assessment of whether NIRF contrast from the peptides could identify diffusely spreading GBM 
cells beyond the bulk tumor. However, NIRF signal contrast from the substrate peptide was 
apparent in a brain region of a mouse harboring microscopic deposits of GBM cells (approximately 
17% GBM cells relative to total number of cells in the H+E and MMP-14 immunofluorescence 
field of view) in the present studies (Figure 1D). These results warrant further investigations to 
evaluate the extent of diffusely invading GBM cells that can be detected using MMP-14 targeted 
imaging probes.  

The present in-situ resection experiments indicated that both NIRF and PET imaging with 
the MMP-14 targeted peptide probes successfully detected residual tumor regions in the surgical 
cavity during GBM xenograft debulking. Real-time intraoperative NIRF imaging avoids potential 
challenges that would be associated with quantitative PET image-guided resection of GBM, such 
as brain shift upon opening the dura and partial volume effects in relatively small VOIs [64].  Our 
findings support further assessment of the MMP-14 targeted peptide probes during image-guided 
resection of GBM, such as directly comparing the extent of NIRF-guided relative to 5-ALA-guided 
resection of preclinical GBM models as reported in other studies [63, 65]. Significantly greater 
DSC for the NIRF signals from the peptides relative to PpIX fluorescence in the present studies 
suggests that the MMP-14 targeted peptide probes would provide superior intraoperative accuracy 
relative to 5-ALA in the human GBM orthotopic models used here. The extent of safe resection is 
the greatest factor considered by neurosurgeons when treating human patients with brain tumors; 
residual bulk or invading tumor growth cannot be removed if found in eloquent brain regions, 
regardless of the accuracy of the imaging probe used to aid visualization. Novel imaging probes 
would be of greatest benefit for identifying safely resectable brain regions harboring low-grade or 
infiltrating glioma cells, which are challenging to detect using currently approved imaging 
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approaches. Future work is required to determine if the MMP-14 targeted peptide probes used in 
these studies meet such criteria. 
 
CONCLUSION 

Non-inferior TBR and superior tumor-specific localization of the peptide probes compared 
to 5-ALA supports additional development of MMP-14 targeted imaging approaches to aid 
assessment of GBM. Qualitative and quantitative analyses indicated imaging signals from the 
MMP-14 targeted peptide probes localized in tumor regions during in situ resection. The collective 
results support the concept for image-guided surgery of GBM using MMP-14 targeted imaging 
probes.  
 
ABBREVIATIONS 
5-ALA: 5-aminolevulinic acid; ANOVA: analysis of variance; CT: computed tomography; FDA: 
Food and Drug Administration; FFPE: formalin fixed paraffin embedded; GBM: glioblastoma 
multiforme; H+E: hematoxylin and eosin; i.v.: intravenous; mAb: monoclonal antibody; MFI: 
mean fluorescence intensity; MMP: matrix metalloproteinase; MRI: magnetic resonance imaging; 
NIR: near-infrared; NIRF: near-infrared fluorescence; NOTA: 1,4,7-triazacyclononane-1,4,7-
triacetic acid; PET: positron emission tomography; p.i.: post injection; PpIX: protoporphyrin IX; 
ROI: region of interest; SBR: signal-to-normal brain ratio; SUVmax: maximum standardized uptake 
value; SUVmean: mean standardized uptake value; SUVR: standardized uptake value ratio; TBR: 
tumor-to-normal brain ratio; UAB: University of Alabama at Birmingham; VOI: volume of 
interest 
  
ACKNOWLEDGMENTS 
Samuria Thomas, Yolanda Hartman, Ameer Mansur, Charlotte Jeffers, Jennifer Bartels, Suzanne 
Lapi, Sharon Samuel, Addison Hunt, Andrew Phillips, Jack Warram, and Emily Helman are 
gratefully acknowledged for their contributions. LI-COR Biosciences is gratefully acknowledged 
for supplying IRDye800CW-maleimide and QC-1-NHS ester to prepare the peptide probes. 
Funding was provided by the NIH/NINDS T32 UAB Training Program in Brain Tumor Biology 
(T32 NS048039), the UAB Brain Tumor Core Facility (USPHS NCI P20CA151129), the National 
Center for Advancing Translational Research of the National Institutes of Health (UL1TR001417), 
the Department of Defense Congressionally Directed Medical Research Program (CA170769), 
MRI instrumentation grant (S10 OD028498-01), the National Cancer Institute of the National 
Institutes of Health (R01 CA279143), and UAB's Preclinical Imaging Shared Facility Grant 
through the O’Neal Comprehensive Cancer Center at UAB (NIH P30CA013148). 
 
COMPETING INTERESTS 
The authors declare no financial conflicts of interest.  

 
COMPLIANCE WITH ETHICAL STANDARDS 
Ethical approval: All applicable international, national, and institutional guidelines for the care 
and use of animals were followed. Animal studies were approved by the University of Alabama at 
Birmingham Institutional Animal Care and Use Committee (20366) and performed in compliance 
with guidelines from the Public Health Service Policy and Animal Welfare Act of the United 
States. This article does not contain any studies with human participants performed by any of the 
authors. 



19 
 

REFERENCES 
1. Delgado-López PD, Corrales-García EM. Survival in glioblastoma: a review on the 
impact of treatment modalities. Clin Transl Oncol. 2016; 18: 1062-71. 
2. Daniel Orringer, Darryl Lau, Sameer Khatri, Grettel J. Zamora-Berridi, Kathy Zhang, 
Chris Wu, et al. Extent of resection in patients with glioblastoma: limiting factors, perception of 
resectability, and effect on survival. J Neurosurg. 2012; 117: 851-9. 
3. Li YM, Suki D, Hess K, Sawaya R. The influence of maximum safe resection of 
glioblastoma on survival in 1229 patients: Can we do better than gross-total resection? J 
Neurosurg. 2016; 124: 977-88. 
4. Farrell C, Shi W, Bodman A, Olson JJ. Congress of neurological surgeons systematic 
review and evidence-based guidelines update on the role of emerging developments in the 
management of newly diagnosed glioblastoma. J Neurooncol. 2020; 150: 269-359. 
5. Ius T, Sabatino G, Panciani PP, Fontanella MM, Rudà R, Castellano A, et al. Surgical 
management of Glioma Grade 4: technical update from the neuro-oncology section of the Italian 
Society of Neurosurgery (SINch®): a systematic review. J Neurooncol. 2023; 162: 267-93. 
6. Law I, Albert NL, Arbizu J, Boellaard R, Drzezga A, Galldiks N, et al. Joint 
EANM/EANO/RANO practice guidelines/SNMMI procedure standards for imaging of gliomas 
using PET with radiolabelled amino acids and [18F]FDG: version 1.0. Eur J Nucl Med Mol 
Imaging. 2019; 46: 540-57. 
7. Hu LS, Smits M, Kaufmann TJ, Knutsson L, Rapalino O, Galldiks N, et al. Advanced 
Imaging in the Diagnosis and Response Assessment of High-Grade Glioma: AJR Expert Panel 
Narrative Review. AJR Am J Roentgenol. 2024: doi: 10.2214/AJR.23.30612. 
8. Díez Valle R, Tejada Solis S, Idoate Gastearena MA, García de Eulate R, Domínguez 
Echávarri P, Aristu Mendiroz J. Surgery guided by 5-aminolevulinic fluorescence in 
glioblastoma: volumetric analysis of extent of resection in single-center experience. J 
Neurooncol. 2011; 102: 105-13. 
9. Schucht P, Beck J, Abu-Isa J, Andereggen L, Murek M, Seidel K, et al. Gross Total 
Resection Rates in Contemporary Glioblastoma Surgery: Results of an Institutional Protocol 
Combining 5-Aminolevulinic Acid Intraoperative Fluorescence Imaging and Brain Mapping. 
Neurosurgery. 2012; 71: 927-36. 
10. Eatz TA, Eichberg DG, Lu VM, Di L, Komotar RJ, Ivan ME. Intraoperative 5-ALA 
fluorescence-guided resection of high-grade glioma leads to greater extent of resection with 
better outcomes: a systematic review. J Neurooncol. 2022; 156: 233-56. 
11. Coburger J, Engelke J, Scheuerle A, Thal DR, Hlavac M, Wirtz CR, et al. Tumor 
detection with 5-aminolevulinic acid fluorescence and Gd-DTPA–enhanced intraoperative MRI 
at the border of contrast-enhancing lesions: a prospective study based on histopathological 
assessment. Neurosurgical Focus. 2014; 36: E3. 
12. Schupper AJ, Baron RB, Cheung W, Rodriguez J, Kalkanis SN, Chohan MO, et al. 5-
Aminolevulinic acid for enhanced surgical visualization of high-grade gliomas: a prospective, 
multicenter study. J Neurosurg. 2022; 136: 1525-34. 
13. Kiesel B, Mischkulnig M, Woehrer A, Martinez-Moreno M, Millesi M, Mallouhi A, et al. 
Systematic histopathological analysis of different 5-aminolevulinic acid-induced fluorescence 
levels in newly diagnosed glioblastomas. J Neurosurg. 2018; 129: 341-53. 
14. Lau D, Hervey-Jumper SL, Chang S, Molinaro AM, McDermott MW, Phillips JJ, et al. A 
prospective Phase II clinical trial of 5-aminolevulinic acid to assess the correlation of 



20 
 

intraoperative fluorescence intensity and degree of histologic cellularity during resection of high-
grade gliomas. J Neurosurg. 2016; 124: 1300-9. 
15. Schupper AJ, Rao M, Mohammadi N, Baron R, Lee JYK, Acerbi F, et al. Fluorescence-
Guided Surgery: A Review on Timing and Use in Brain Tumor Surgery. Front Neurol. 2021; 12: 
682151. 
16. Belykh E, Shaffer KV, Lin C, Byvaltsev VA, Preul MC, Chen L. Blood-Brain Barrier, 
Blood-Brain Tumor Barrier, and Fluorescence-Guided Neurosurgical Oncology: Delivering 
Optical Labels to Brain Tumors. Front Oncol. 2020; 10: 739. 
17. Mondal A, Kang J, Kim D. Recent Progress in Fluorescent Probes for Real-Time 
Monitoring of Glioblastoma. ACS Appl Bio Mater. 2023; 6: 3484-503. 
18. Gu G, Gao X, Hu Q, Kang T, Liu Z, Jiang M, et al. The influence of the penetrating 
peptide iRGD on the effect of paclitaxel-loaded MT1-AF7p-conjugated nanoparticles on glioma 
cells. Biomaterials. 2013; 34: 5138-48. 
19. de Lucas AG, Schuhmacher AJ, Oteo M, Romero E, Cámara JA, de Martino A, et al. 
Targeting MT1-MMP as an ImmunoPET-Based Strategy for Imaging Gliomas. PLoS ONE. 
2016; 11: e0158634. 
20. Shimizu Y, Temma T, Hara I, Makino A, Kondo N, Ozeki E, et al. In vivo imaging of 
membrane type-1 matrix metalloproteinase with a novel activatable near-infrared fluorescence 
probe. Cancer Sci. 2014; 105: 1056-62. 
21. Nakada M, Nakamura H, Ikeda E, Fujimoto N, Yamashita J, Sato H, et al. Expression 
and Tissue Localization of Membrane-Type 1, 2, and 3 Matrix Metalloproteinases in Human 
Astrocytic Tumors. The American Journal of Pathology. 1999; 154: 417-28. 
22. Wang L, Yuan J, Tu Y, Mao X, He S, Fu G, et al. Co-expression of MMP-14 and MMP-
19 predicts poor survival in human glioma. Clin Transl Oncol. 2013; 15: 139-45. 
23. Forsyth PA, Wong H, Laing TD, Rewcastle NB, Morris DG, Muzik H, et al. Gelatinase-
A (MMP-2), gelatinase-B (MMP-9) and membrane type matrix metalloproteinase-1 (MT1-
MMP) are involved in different aspects of the pathophysiology of malignant gliomas. Br J 
Cancer. 1999; 79: 1828-35. 
24. Yamamoto M, Mohanam S, Sawaya R, Fuller GN, Seiki M, Sato H, et al. Differential 
Expression of Membrane-Type Matrix Metalloproteinase and Its Correlation with Gelatinase A 
Activation in Human Malignant Brain Tumors in Vivo and in Vitro. Cancer Res. 1996; 56: 384-
92. 
25. Shiomi T, Okada Y. MT1-MMP and MMP-7 in invasion and metastasis of human 
cancers. Cancer and Metastasis Reviews. 2003; 22: 145-52. 
26. Kessenbrock K, Plaks V, Werb Z. Matrix Metalloproteinases: Regulators of the Tumor 
Microenvironment. Cell. 2010; 141: 52-67. 
27. Beliën ATJ, Paganetti PA, Schwab ME. Membrane-type 1 Matrix Metalloprotease (MT1-
MMP) Enables Invasive Migration of Glioma Cells in Central Nervous System White Matter. 
The Journal of Cell Biology. 1999; 144: 373-84. 
28. Fillmore HL, VanMeter TE, Broaddus WC. Membrane-type Matrix Metalloproteinases 
(MT-MMP)s: Expression and Function During Glioma Invasion. J Neurooncol. 2001; 53: 187-
202. 
29. Kasten BB, Jiang K, Cole D, Jani A, Udayakumar N, Gillespie GY, et al. Targeting 
MMP-14 for dual PET and fluorescence imaging of glioma in preclinical models. Eur J Nucl 
Med Mol Imaging. 2020; 47: 1412-26. 



21 
 

30. Atkinson JM, Falconer RA, Edwards DR, Pennington CJ, Siller CS, Shnyder SD, et al. 
Development of a novel tumor-targeted vascular disrupting agent activated by membrane-type 
matrix metalloproteinases. Cancer Res. 2010; 70: 6902-12. 
31. Ansari C, Tikhomirov GA, Hong SH, Falconer RA, Loadman PM, Gill JH, et al. 
Development of Novel Tumor-Targeted Theranostic Nanoparticles Activated by Membrane-
Type Matrix Metalloproteinases for Combined Cancer Magnetic Resonance Imaging and 
Therapy. Small. 2014; 10: 566-75. 
32. Mohanty S, Chen Z, Li K, Morais GR, Klockow J, Yerneni K, et al. A novel theranostic 
strategy for MMP-14-expressing glioblastomas impacts survival. Mol Cancer Ther. 2017; 16: 
1909-21. 
33. Zhu L, Wang H, Wang L, Wang Y, Jiang K, Li C, et al. High-affinity peptide against 
MT1-MMP for in vivo tumor imaging. J Controlled Release. 2011; 150: 248-55. 
34. Napier TS, Udayakumar N, Jani AH, Hartman YE, Houson HA, Moore L, et al. 
Comparison of Panitumumab-IRDye800CW and 5-Aminolevulinic Acid to Provide Optical 
Contrast in a Model of Glioblastoma Multiforme. Mol Cancer Ther. 2020; 19: 1922-9. 
35. Dice LR. Measures of the amount of ecologic association between species. Ecology. 
1945; 26: 297-302. 
36. Lohmann P, Stavrinou P, Lipke K, Bauer EK, Ceccon G, Werner JM, et al. FET PET 
reveals considerable spatial differences in tumour burden compared to conventional MRI in 
newly diagnosed glioblastoma. Eur J Nucl Med Mol Imaging. 2019; 46: 591-602. 
37. Elliott JT, Marra K, Evans LT, Davis SC, Samkoe KS, Feldwisch J, et al. Simultaneous 
in vivo fluorescent markers for perfusion, protoporphyrin metabolism, and EGFR expression for 
optically guided identification of orthotopic glioma. Clin Cancer Res. 2017; 23: 2203-12. 
38. Cho SS, Sheikh S, Teng CW, Georges J, Yang AI, De Ravin E, et al. Evaluation of 
Diagnostic Accuracy Following the Coadministration of Delta-Aminolevulinic Acid and Second 
Window Indocyanine Green in Rodent and Human Glioblastomas. Mol Imaging Biol. 2020; 22: 
1266-79. 
39. Xie B, Stammes MA, van Driel PB, Cruz LJ, Knol-Blankevoort VT, Löwik MA, et al. 
Necrosis avid near infrared fluorescent cyanines for imaging cell death and their use to monitor 
therapeutic efficacy in mouse tumor models. Oncotarget. 2015; 6: 39036-49. 
40. Stroet MCM, Dijkstra BM, Dulfer SE, Kruijff S, den Dunnen WFA, Kruyt FAE, et al. 
Necrosis binding of Ac-Lys0(IRDye800CW)-Tyr3-octreotate: a consequence from cyanine-
labeling of small molecules. EJNMMI Res. 2021; 11: 47. 
41. Verhoeven M, Handula M, van den Brink L, de Ridder CMA, Stuurman DC, Seimbille 
Y, et al. Pre- and Intraoperative Visualization of GRPR-Expressing Solid Tumors: Preclinical 
Profiling of Novel Dual-Modality Probes for Nuclear and Fluorescence Imaging. Cancers 
(Basel). 2023; 15: 2161. 
42. Norman D, Stevens EA, Wing SD, Levin V, Newton TH. Quantitative aspects of contrast 
enhancement in cranial computed tomography. Radiology. 1978; 129: 683-8. 
43. Schörner W, Laniado M, Niendorf HP, Schubert C, Felix R. Time-dependent changes in 
image contrast in brain tumors after gadolinium-DTPA. AJNR Am J Neuroradiol. 1986; 7: 1013-
20. 
44. Belykh E, Bardonova L, Abramov I, Byvaltsev VA, Kerymbayev T, Yu K, et al. 5-
aminolevulinic acid, fluorescein sodium, and indocyanine green for glioma margin detection: 
analysis of operating wide-field and confocal microscopy in glioma models of various grades. 
Front Oncol. 2023; 13: 1156812. 



22 
 

45. Shi X, Guo L, Liu J, Tian J, Hu Z. NIR-IIb Fluorescence Molecular Tomography of 
Glioblastomas Based on Heterogeneous Mouse Models and Adaptive Projection Match Pursuit 
Method. IEEE Trans Biomed Eng. 2023; 70: 2258-69. 
46. Zinnhardt B, Pigeon H, Theze B, Viel T, Wachsmuth L, Fricke IB, et al. Combined PET 
imaging of the inflammatory tumor microenvironment identifies margins of unique radiotracer 
uptake. Cancer Res. 2017; 77: 1831-41. 
47. Barca C, Foray C, Zinnhardt B, Winkeler A, Herrlinger U, Grauer OM, et al. In Vivo 
Quantitative Imaging of Glioma Heterogeneity Employing Positron Emission Tomography. 
Cancers (Basel). 2022; 14: 3139. 
48. Henriksen OM, Larsen VA, Muhic A, Hansen AE, Larsson HBW, Poulsen HS, et al. 
Simultaneous evaluation of brain tumour metabolism, structure and blood volume using [18F]-
fluoroethyltyrosine (FET) PET/MRI: feasibility, agreement and initial experience. Eur J Nucl 
Med Mol Imaging. 2016; 43: 103-12. 
49. Unterrainer M, Fleischmann DF, Diekmann C, Vomacka L, Lindner S, Vettermann F, et 
al. Comparison of 18F-GE-180 and dynamic 18F-FET PET in high grade glioma: a double-tracer 
pilot study. Eur J Nucl Med Mol Imaging. 2019; 46: 580-90. 
50. Dissaux G, Dissaux B, Kabbaj OE, Gujral DM, Pradier O, Salaün PY, et al. Radiotherapy 
target volume definition in newly diagnosed high grade glioma using (18)F-FET PET imaging 
and multiparametric perfusion MRI: A prospective study (IMAGG). Radiother Oncol. 2020; 
150: 164-71. 
51. Song S, Cheng Y, Ma J, Wang L, Dong C, Wei Y, et al. Simultaneous FET-PET and 
contrast-enhanced MRI based on hybrid PET/MR improves delineation of tumor spatial 
biodistribution in gliomas: a biopsy validation study. Eur J Nucl Med Mol Imaging. 2020; 47: 
1458-67. 
52. Kiviniemi A, Gardberg M, Frantzén J, Pesola M, Vuorinen V, Parkkola R, et al. 
Somatostatin receptor subtype 2 in high-grade gliomas: PET/CT with 68Ga-DOTA-peptides, 
correlation to prognostic markers, and implications for targeted radiotherapy. EJNMMI Res. 
2015; 5: 25. 
53. Fatania K, Frood R, Tyyger M, McDermott G, Fernandez S, Shaw GC, et al. Exploratory 
Analysis of Serial 18F-fluciclovine PET-CT and Multiparametric MRI during Chemoradiation for 
Glioblastoma. Cancers (Basel). 2022; 14: 3485. 
54. Şahin M, Akgun E, Sirolu S, Can G, Sayman HB, Oner Dincbas F. Is there any additional 
benefit of 68Ga-PSMA PET on radiotherapy target volume definition in patients with 
glioblastoma? Br J Radiol. 2022; 95: 20220049. 
55. Belykh E, Miller EJ, Hu D, Martirosyan NL, Woolf EC, Scheck AC, et al. Scanning 
Fiber Endoscope Improves Detection of 5-Aminolevulinic Acid-Induced Protoporphyrin IX 
Fluorescence at the Boundary of Infiltrative Glioma. World Neurosurg. 2018; 113: e51-e69. 
56. Zhao S, Wu J, Wang C, Liu H, Dong X, Shi C, et al. Intraoperative fluorescence-guided 
resection of high-grade malignant gliomas using 5-aminolevulinic acid-induced porphyrins: a 
systematic review and meta-analysis of prospective studies. PLoS One. 2013; 8: e63682. 
57. Stummer W, Tonn JC, Goetz C, Ullrich W, Stepp H, Bink A, et al. 5-Aminolevulinic 
acid-derived tumor fluorescence: the diagnostic accuracy of visible fluorescence qualities as 
corroborated by spectrometry and histology and postoperative imaging. Neurosurgery. 2014; 74: 
310-9; discussion 9-20. 



23 
 

58. Ando T, Kobayashi E, Liao H, Maruyama T, Muragaki Y, Iseki H, et al. Precise 
comparison of protoporphyrin IX fluorescence spectra with pathological results for brain tumor 
tissue identification. Brain Tumor Pathol. 2011; 28: 43-51. 
59. Nasir-Moin M, Wadiura LI, Sacalean V, Juros D, Movahed-Ezazi M, Lock EK, et al. 
Localization of protoporphyrin IX during glioma-resection surgery via paired stimulated Raman 
histology and fluorescence microscopy. Nat Biomed Eng. 2024; 8: 672-88. 
60. Petrecca K, Guiot MC, Panet-Raymond V, Souhami L. Failure pattern following 
complete resection plus radiotherapy and temozolomide is at the resection margin in patients 
with glioblastoma. J Neurooncol. 2013; 111: 19-23. 
61. Pacioni S, D'Alessandris QG, Giannetti S, Della Pepa GM, Offi M, Giordano M, et al. 5-
Aminolevulinic Acid (5-ALA)-Induced Protoporphyrin IX Fluorescence by Glioma Cells-A 
Fluorescence Microscopy Clinical Study. Cancers (Basel). 2022; 14: 2844. 
62. Lee J, Kotliarova S, Kotliarov Y, Li A, Su Q, Donin NM, et al. Tumor stem cells derived 
from glioblastomas cultured in bFGF and EGF more closely mirror the phenotype and genotype 
of primary tumors than do serum-cultured cell lines. Cancer Cell. 2006; 9: 391-403. 
63. Lewis DY, Mair R, Wright A, Allinson K, Lyons SK, Booth T, et al. 
[18F]fluoroethyltyrosine-induced Cerenkov Luminescence Improves Image-Guided Surgical 
Resection of Glioma. Theranostics. 2018; 8: 3991-4002. 
64. Holzgreve A, Brendel M, Gu S, Carlsen J, Mille E, Böning G, et al. Monitoring of Tumor 
Growth with [18F]-FET PET in a Mouse Model of Glioblastoma: SUV Measurements and 
Volumetric Approaches. Front Neurosci. 2016; 10: 260. 
65. Kurbegovic S, Juhl K, Sørensen KK, Leth J, Willemoe GL, Christensen A, et al. 
IRDye800CW labeled uPAR-targeting peptide for fluorescence-guided glioblastoma surgery: 
Preclinical studies in orthotopic xenografts. Theranostics. 2021; 11: 7159-74. 
 



24 
 

SUPPLEMENTARY MATERIAL 
 

Supplementary Materials and Methods 
General reagents 
 All general reagents were from commercial suppliers (Thermo Fisher, Waltham, MA, 
USA; Sigma, St. Louis, MO, USA) unless specified otherwise. 5-ALA hydrochloride (Sigma, 
A7793-1G) was dissolved at 25 mg/mL in sterile PBS and stored at -20 ºC prior to use. Primary 
antibody for MMP-14 (rabbit anti-MMP-14 monoclonal antibody (mAb), clone EP1264Y) was 
from Abcam (Cambridge, MA). Fluorophore-conjugated goat anti-rabbit polyclonal secondary 
antibody was from Invitrogen (Thermo Fisher). 64Cu was obtained in 0.1 M HCl from the 
University of Alabama at Birmingham (UAB) Cyclotron Facility. 
 
Immunofluorescence 
 Unstained FFPE tissue sections (5 µm) were deparaffinized and antigen was retrieved by 
heating for 10 min at 95 °C in citrate buffer pH 6 with 1 mM EDTA. Tissues were blocked in 5% 
bovine serum albumin (BSA)/TBST at room temperature, incubated overnight at 4 °C with anti-
MMP-14 mAb (Abcam ab51074) at 1 µg/mL in 5% BSA/TBST, washed in TBST, incubated for 
3 h at room temperature with AlexaFluor 546-goat anti-rabbit secondary antibody (A11035, 
Invitrogen, Thermo Fisher) at 1/1000 dilution in 5% BSA/TBST, rinsed in TBST, and mounted in 
DAPI-Fluoromount-G (Southern Biotech, Birmingham, AL). Slides were imaged on an EVOS 
M7000 scanner (Invitrogen, ThermoFisher) using the DAPI and RFP channels and the 4X 
objective. H+E stained slides from the same brain slice were imaged on the EVOS M7000 scanner 
using the brightfield channel and the 4X objective. Integrated instrument software was used to 
generate whole-tissue composites from multiple fields of view. Mean fluorescence intensity (MFI) 
values of the tumor area and contralateral normal brain were quantified using ImageJ by drawing 
manual regions of interest (ROIs) based on H+E stained tissue obtained from the same brain slice. 
Quantification of total cell number in fields of view of interest was performed using QuPath 
(v0.5.1) based on nuclei apparent in the DAPI channel after appropriate thresholding; manual ROIs 
outlining GBM cells (based on H+E and MMP-14 immunofluorescence) were generated in QuPath 
and used to determine the percent GBM cells relative to total number of cells in fields of view of 
interest. 
 
Production of peptide probes and radio HPLC analyses 
 The MMP-14 binding, substrate, and substrate-binding peptide probes were produced by 
solid phase techniques as previously described (1); the [64Cu]Cu-substrate-binding peptide 
(previously referred to as “64Cu-substrate-binding peptide”) was produced using previously 
described procedures (1). Radiolabeled [64Cu]Cu-binding peptide was produced by reacting 64Cu 
(43.5-76.6 MBq) in 0.5 M sodium acetate pH 5.9 with the binding peptide (0.21 mM) at room 
temperature. Radiolabeled [64Cu]Cu-substrate-binding peptide was produced by reacting 64Cu 
(53.6 MBq) in 0.5 M sodium acetate pH 5.9 containing acetonitrile (approximately 35% by 
volume) with the substrate-binding peptide (0.1 mM) at 37 ºC. Radiolabeling reactions were 
monitored by reversed-phase HPLC (RP-HPLC) as previously described (1). Briefly, RP-HPLC 
analyses were performed on an Agilent 200 liquid chromatography system outfitted with an 
Agilent Zorbax SB-C18 RP-HPLC column (3x250 mm, 5 µm particle size) and a matching guard 
cartridge (3x7 mm). Gradient elutions at a flow rate of 0.5 mL/min were performed with water 
containing 0.1% trifluoroacetic acid (solvent A) and acetonitrile (solvent B) according to the 
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following method: 0-15 min linear gradient from 90% A/10% B to 60% A/40% B, 15-17 min 
linear gradient to 5% A/95% B, 17-20 min hold at 5% A/95% B, 20 min return to 90% A/10% B 
and equilibrate. UV-Vis was monitored at 220, 278, and 775 nm. An attached radiodetector (model 
105-S, Carroll & Ramsey Associates) was used to monitor elution of radioactive compounds. 
 
Animal subjects and husbandry 
Animal studies were approved by the University of Alabama at Birmingham Institutional Animal 
Care and Use Committee (20366) and performed in compliance with guidelines from the Public 
Health Service Policy and Animal Welfare Act of the United States. Mice were anesthetized with 
isoflurane during all dosing and live imaging procedures. Anesthetized mice were euthanized by 
cervical dislocation. 
 
 

 
Figure S1. Structure of the substrate peptide. 
 
 
 
 
 

 
Figure S2. Structure of the binding peptide. 
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Figure S3. Structure of the substrate-binding peptide. 
 
 
 
 
 
 

 
Figure S4. Diagram showing the molecular activity of the MMP-14 targeted peptide probes 
interacting with MMP-14 expressed on GBM cells for single and dual-modality NIRF and PET 
imaging of GBM. A, substrate peptide (NIRF imaging probe). B, [64Cu]Cu-binding peptide (PET 
imaging probe). C, [64Cu]Cu-substrate-binding peptide (single probe for dual NIRF and PET 
imaging). D, cocktail mixture containing the substrate peptide and the [64Cu]Cu-binding peptide 
probes (dual NIRF and PET imaging). (Generated with BioRender.com) 
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Figure S5. Analysis workflow diagram for 2-dimensional images of ex vivo fixed brain tissue 
from mice bearing GBM orthotopic xenografts; a representative example is provided from a U87 
xenograft-bearing mouse administered the substrate peptide and 5-ALA.  



28 
 

 
Figure S6. Analysis workflow diagram for 3-dimensional images (MRI, PET/CT) of in vivo tissue 
regions from mice bearing GBM orthotopic xenografts; a representative example is provided from 
a U87 xenograft-bearing mouse administered the [64Cu]Cu-substrate-binding peptide. 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure S7. A, representative MMP-14 immunofluorescence (yellow; nuclei counterstained with 
DAPI, blue) and H+E stained brain tissue sections from mice bearing U87 (upper panels) or D54 
(lower panels) GBM orthotopic xenografts. B, MFI (mean±SD) of MMP-14 immunofluorescence 
in tumor area and contralateral normal brain regions of tissue sections from mice bearing U87 or 
D54 GBM orthotopic xenografts; significance determined by paired t-test (****, p<0.0001). C, 
tumor-to-normal brain ratio (TBR, mean±SD) of MMP-14 immunofluorescence in brain tissue 
sections according to tumor type; significance determined by Mann-Whitney test (ns, not 
significant). 
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Figure S8. Least-squares fit of linear regression between histological MMP-14 
immunofluorescence MFI and PpIX MFI in 1 mm brain slices from nude mice bearing U87 or 
D54 GBM orthotopic xenografts; dotted lines show the 95% confidence interval of the correlation. 
 
 

 
Figure S9. A, representative images of fixed brain slices from mice bearing U87 (top panels) or 
D54 (bottom panels) GBM orthotopic xenografts; corresponding brightfield and PpIX 
fluorescence panels are from the same 1 mm brain slice, which was also used to obtain a histologic 
section for the corresponding H+E panel. White dotted line indicates tumor region. B, pie charts 
indicating mean percent intra-tumor and extra-tumor PpIX fluorescence area relative to the whole 
PpIX fluorescence-positive area of the brain section (left panels), or the mean percent area of tumor 
or normal brain regions relative to the whole brain section area (right panels) of fixed brain slices 
from mice bearing U87 (top panels) or D54 (bottom panels) GBM orthotopic xenografts. C, least-
squares fit of linear regression between percent area of tumor relative to the whole brain section 
area and the percent extra-tumor PpIX fluorescence area relative to the whole PpIX fluorescence-
positive area of the brain section; dotted lines show the 95% confidence interval of the correlation. 
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Figure S10. Radio RP-HPLC analysis of [64Cu]Cu-binding peptide reaction. Product retention 
time: 13.7 min. Retention time of the non-labeled binding peptide: 13.4 min. 
 
 
 
 
 
 
 
 
 

 
Figure S11. Least-squares fit of linear regression between ex vivo 2-dimensional histological 
MMP-14 immunofluorescence MFI and in vivo 3-dimensional PET (SUVmean) signals from 
[64Cu]Cu-binding peptide in nude mice bearing U87 or D54 GBM orthotopic xenografts; dotted 
lines show the 95% confidence interval of the correlation. 
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