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Abstract
A major drawback with current cancer therapy is the prevalence of unrequired dose-limiting 
toxicity to non-cancerous tissues and organs, which is further compounded by a limited ability to 
rapidly and easily monitor drug delivery, pharmacodynamics and therapeutic response. In this 
report, we describe the design and characterization of novel multifunctional “theranostic” 
nanoparticles (TNPs) for enzyme-specific drug activation at tumor sites and simultaneous in vivo 
magnetic resonance imaging (MRI) of drug delivery.

TNPs were synthesized by conjugation of FDA-approved iron oxide nanoparticles ferumoxytol to 
an MMP-activatable peptide conjugate of azademethylcolchicine (ICT), creating CLIO-ICTs 
(TNPs). Significant cell death was observed in TNP-treated MMP-14 positive MMTV-PyMT 
breast cancer cells in vitro, but not MMP-14 negative fibroblasts or cells treated with ferumoxytol 
alone. Intravenous administration of TNPs to MMTV-PyMT tumor-bearing mice and subsequent 
MRI demonstrated significant tumor selective accumulation of the TNP, an observation confirmed 
by histopathology. Treatment with CLIO-ICTs induced a significant antitumor effect and tumor 
necrosis, a response not observed with ferumoxytol. Furthermore, no toxicity or cell death was 
observed in normal tissues following treatment with CLIO-ICTs, ICT, or ferumoxytol.

Our findings demonstrate proof of concept for a new nanotemplate that integrates tumor 
specificity, drug delivery and in vivo imaging into a single TNP entity through attachment of 
enzyme-activated prodrugs onto magnetic nanoparticles. This novel approach holds the potential 
to significantly improve targeted cancer therapies, and ultimately enable personalized therapy 
regimens.

Keywords
nanoparticles; iron oxide; cancer therapy; MR imaging; theranostic; MMP-14

1. Introduction
Current cancer therapies commonly involve radiation and cytotoxic chemotherapeutic 
treatment, both of which generate serious toxic side effects. Mechanistically these treatments 
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do not exclusively target cancer cells, but also damage proliferating cell types of the 
digestive tract, central nervous system and bone marrow, and physiological functions of 
many tissues, commonly resulting in toxicities and impaired organ function. Therefore, there 
is an urgent need for novel approaches to selective targeting therapeutics to tumors.

A number of drug-loaded nanocarrier systems have been evaluated for this goal, and their 
accumulation at the tumor site is primarily achieved by “passive targeting” via exploitation 
of the proposed enhanced permeability and retention (EPR) effect in tumors.[1] The use of 
nanoparticles has been shown to significantly increase blood circulation time and improve 
tumor retention of several chemotherapeutics, overcoming the sub-optimal pharmacokinetics 
and toxicity profiles associated with many of these agents.[1c, 2] However, this approach 
relies upon tumor pathophysiology for extravasation and the highly heterogeneous nature of 
the EPR effect, which can lead to poor clinical efficacy.[1b, 1c] Alternatively, these drug-
loaded nanotherapeutics may be actively targeted to the tumor with ligands against a 
receptor overexpressed at the tumor cell surface to improve uptake and retention in tumor 
cells, although the initial tumor accumulation is still EPR dependent. [1c, 3] An emerging 
strategy in cancer therapy utilizes therapeutic agents that selectively target the tumor 
vasculature, resulting in an indirect antitumour effect.[4] These vascular disrupting agents 
(VDAs) selectively destabilize tumor endothelium causing an increase in vascular 
permeability and collapse of intratumoral blood vessels[4–5] thereby inducing a temporal 
enhancement of the EPR effect. Consequently, the actions of VDAs can therefore function to 
both enhance drug targeting and retention at the tumor site. Thus tumor vasculature-targeted 
nanotherapeutics should be more efficacious than conventional nanotherapeutics because 
they do not rely on extravasation or penetration across several cell layers for activity, would 
have direct contact with their target endothelial cells, and can be designed to dose-intensify 
therapeutics at the tumor site. Furthermore, it is now well established that the disruption of a 
single tumor blood vessel has the additional effect of starving and consequently killing the 
tumor cells it supports, making this a very effective therapeutic strategy.[4b, 6] However, it is 
becoming increasingly apparent that the therapeutic value of VDAs is compromised by their 
intrinsic toxicity, particularly the induction of cardiac ischemia and arrhythmias.[7] 

Therefore, an improved strategy would be to deliver a nanotherapeutic that is nontoxic 
systemically but selectively converted to an active vascular-targeted agent within the tumor 
tissue, thereby allowing selective destruction of tumor-associated blood vessels and tumor 
cells without impairing non-neoplastic cells in normal organs.

To convert systemically nontoxic prodrugs to toxic therapeutics in malignant tissue requires 
the exploitation of enzymes elevated selectively in the tumor microenvironment.[8] One such 
family of enzymes is the matrix metalloproteinases (MMPs) because of their highly 
significant elevated expression in human cancer tissues and ability to selectively cleave 
specific peptide sequences.[8–9] Among the large family of MMPs, the membrane-type 
MMP (MT-MMP) subclass has been suggested to play dominant roles in controlling 
invasive cancer cell behavior.[10] In particular, MMP-14 (MT1-MMP) not only plays a direct 
and essential role in allowing tumor cells to invade into connective tissue,[11] but also 
provides a direct cellular target for prodrug activation.[10] Recently, Atkinson et al. 
demonstrated that an MMP-14 peptide substrate conjugate of azademethylcolchicine, a 
highly potent vascular disrupting agent, was selectively activated by MMP-14 at the tumor 
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site.[12] In this work, we linked the azademethylcolchicine prodrug to a nanocarrier, FDA-
approved superparamagnetic iron oxide nanoparticles, through the MMP-14 cleavable 
peptide substrate and generated a nanotherapeutic activated by tumor specific MMP-14 for 
tumor vascular targeting.

A further issue with current cancer treatments is the limited ability to initially evaluate the 
level of disease dissemination, and then subsequently monitor the delivery and efficacy of 
therapeutics. Combinations of nanocarriers with different imaging contrast agents have led 
to the development of platforms for single and multimodal tumor imaging, permitting 
detection of smaller lesions and monitoring of disease dissemination and progression.[1a] 

Similarly, several activatable probes for cancer detection with clinically applicable imaging 
modalities, such as MR, have been described,[13] but these nanocarriers loaded with contrast 
agents generally lack anticancer activity.[1a] Progress in molecular imaging methodologies 
and recent advances in nanomedicine technologies have made it possible for the 
development of multifunctional “theranostic” nanoparticles (TNPs) that combine targeted 
therapeutics and diagnostic functionality into the same agent.[1a, 1d, 14]

In this study, we have integrated two proven technologies: a tumor MMP-14 activatable 
prodrug strategy[12] and an iron oxide nanocarrier platform to develop activatable 
“theranostic” nanoparticles (termed CLIO-ICT or TNPs). CLIO-ICT is composed of FDA-
approved superparamagnetic iron oxide nanoparticles, linked to an MMP-14 cleavable 
peptide-conjugate of azademethylcolchicine.[12] The use of iron oxide nanocarriers allows 
CLIO-ICT to be imaged in vivo by clinically applicable MRI technologies,[15] which 
provides direct quantitation and imaging of the delivery of CLIO-ICT to tumors. We 
hypothesize that CLIO-ICT will be converted from a non-toxic to an active agent within 
MMP-14 expressing tumors, releasing the potent vascular disrupting agent, 
azademethylcolchicine. The action of azademethylcolchicine to cause a rapid 
conformational change in the tumor vasculature, increased vascular permeability and 
subsequent vascular collapse[4b, 5] will also aid retention and entrapment of the TNPs within 
the tumor. This strategy should therefore allow real-time monitoring of drug accumulation 
and localization at tumors with MR imaging and induce a significant antitumor effect, whilst 
avoiding toxic side effects to normal tissues. We expect that these multifunctional TNPs 
hold the potential to improve the efficacy of targeted cancer therapies, and guide 
personalized therapy regimens via direct in vivo drug tracking and therapeutic response 
monitoring with MR maging.

2. Results
2.1. Design of TNPs

The concept for MMP-14 activatable TNPs (CLIO-ICT) is shown in Figure 1, and the 
molecules consist of three main elements: (i) core, (ii) linker, and (iii) drug. These TNPs are 
comprised of the following: (i) The core is a cross-linked iron oxide (CLIO) nanoparticle 
with an ultra-small (6.5 nm) iron oxide crystal encapsulated into an 8 nm thick 
polysaccharide dextran shell. Superparamagnetism of the core allows for MR imaging of the 
TNP. (ii) The linker is an MMP-14 peptide recognition sequence with an N-terminal 
masking group containing fluorescein: FITC-βAla-Cys-Arg-Ser-Cit-Gly-HPhe-Tyr-Leu-Tyr 
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that is specifically cleaved between glycine and homophenylalanine (HPhe) by tumor-
associated MMP-14.[12] (iii) The drug is azademethylcolchicine. The amino group of 
azademethylcolchicine was attached to the peptide, thereby rendering the drug non-toxic 
until activated, as demonstrated previously for the MMP-activated prodrug ICT2588.[12] 

The fluorescent masking group enables physicochemical characterization and therefore 
serves as a label for TNPs, in addition to its role in providing metabolic stability to the 
peptide.[12]

2.2. Physicochemical Properties of TNPs

CLIO-ICT was characterized by Dynamic Light Scattering (DLS), Laser Doppler 
Electrophoresis, UV-Vis absorption spectroscopy, fluorescence spectroscopy, and Nuclear 
Magnetic Resonance (Table 1). DLS measurements showed the expected increase in the NPs 
size from 19 nm to 21 nm after conjugation with ICT. Cross-linking, amine group addition, 
and ICT attachment also changed the charge of the nanoparticle: it was negative for 
ferumoxytol, positive for both CLIO-ICT and its MMP-14 cleavage product according to 
laser Doppler electrophoresis (zeta potential measurements, Table 1). The number of ICT 
molecules per iron oxide nanoparticle was determined to be on average 4.7 from the 
attached fluorescein absorption and known TNP concentration.

TNP activation was studied using HPLC to analyze solutions of both ICT (10 mM) and 
CLIO-ICT (10 mM) post-incubation with recombinant MMP-14 (20 μg/mL) in PBS buffer 
at 37 °C (Figure 2). One of the major peptide metabolites identified by mass spectrometry 
(HPhe-Tyr-Leu-Tyr-azademethylcolchicine) was identical to the one previously reported for 
the original ICT2588 prodrug,[12] confirming that the two molecules have similar cleavage 
profiles. It was previously shown that this cleavage fragment is subsequently metabolized 
rapidly in the tumor by exopeptidases in a non-specific manner to release the active drug.[12] 

The chosen length of the linker (2.6 nm, calculated in Chem3D Ultra 8.0) was sufficient for 
efficient cleavage: MMP-14 cleaved the peptide linker and released 87% of the total 
calculated quantity of ICT after 2 hours as measured by absorption spectra (almost no 
characteristic absorption of ICT in absorption spectra after cleavage). MMP-14 treatment of 
ICT in identical conditions cleaved 89% of the prodrug as was observed by HPLC assays.

The size of the TNPs decreased slightly upon cleavage by MMP-14 as measured by DLS 
(Table 1). As expected, the iron oxide core size did not change upon functionalization 
(6.5±0.7 after functionalization versus 6.2–7.3 before[16]) as determined by Transmission 
Electron Microscopy (TEM; Table 1). Modified TNPs had slightly higher r1’s (38.9 for 
CLIO-ICT and 39.5 mM−1s−1 for the cleaved CLIO-ICT) and lower r2’s (56.0 for CLIO-
ICT and 55.8 mM−1s−1 for the cleaved CLIO-ICT) compared to original ferumoxytol 
nanoparticles (32.3 and 74.9 mM−1s−1, respectively), which is likely due to the increase in 
molecular weight and the nature of the coating.

2.3. Anticancer Activity of TNPs In Vitro

qPCR revealed significant MMP-14 expression in MMTV-PyMT tumor cells, while 4T1 
tumor cells and fibroblasts did not show significant MMP-14 expression (Figure 3B). 
Expression data were collected as Ct values and the gene expression levels were normalized 
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to the reference control gene, GAPDH. MMTV-PyMT tumor cells showed significant cell 
death after incubation with CLIO-ICT (caspase expression ratio of 2.883:1 relative to the 
PBS control) and ICT (caspase expression ration of 2.994:1 relative to the PBS control), but 
not after incubation with ferumoxytol (1.47:1) and PBS control (1:1). 4T1 cells were not 
responsive to treatment with CLIO-ICT and MMP-14 negative fibroblasts did not show any 
significant cytotoxic effects after incubation with CLIO-ICT or ICT (Figure 3A).

In addition we found that activation of the drug was in fact due to MMP-14 dependent 
cleavage of the probe by performing a set of MMP blocking experiments with Ilomostat, 
which showed the disapperance CLIO-ICT and ICT antitumor activities (Figure S5).

2.4. Tumor Accumulation of TNP In Vivo

After a single intravenous injection of ferumoxytol (0.5 mmol Fe/kg) and CLIO-ICT (0.75 
mmol Fe/kg), MMTV-PyMT tumors demonstrated a negative (dark) enhancement on 
postcontrast T2-weighted MR images (Figure 4). This negative tumor enhancement 
persisted for the entire time period of observation, up to 24 h post-injection. Tumor 
enhancement with TNPs was not significantly different compared to the tumor enhancement 
with the original, “diagnostic” nanoparticle ferumoxytol (Figure 4). Control mice injected 
with the therapeutic ICT or injected with PBS did not show any significant MR signal 
enhancement (Figure 4). This result confirmed that the evaluated MMTV-PyMT tumors did 
not exhibit any intrinsic changes in MR signal within a two-day observation period and that 
ICT did not cause any MR signal changes either. Detection of iron using DAB-enhanced 
Prussian Blue staining and immunostaining of TNP-FITC with Alexa 488 conjugated anti-
FITC antibody confirmed accumulation of TNPs and ferumoxytol in MMTV-PyMT tumors 
(Figure 5). Accumulation of TNPs in the tumor was also monitored by measuring the 
fluorescence of fluorescein which is the part of both CLIO-ICT and ICT. TNP showed 
higher fluorescence intensity in the tumor at all times which is likely to be due to a higher 
accumulation of CLIO-ICT relative to ICT (Figure S4).

2.5. Antitumor Activity of TNPs In Vivo

Daily monitoring of MMTV-PyMT tumor size indicated that PBS and ferumoxytol treated 
subjects showed an increase in tumor size (P=0.002) whereas those treated with CLIO-ICT 
and ICT showed an overall decrease in tumor size (P=0.003; Figure 3). Pathologic 
evaluation of tumors confirmed a progressive increase in the severity of tumor necrosis 
following ICT or CLIO-ICT treatment (Figure 5). In contrast, no significant tumor necrosis 
was observed in ferumoxytol treated tumors (Figure 5). An analogous pattern of progressive 
cellular cytotoxicity was observed with the Cy3-labeled cleaved Caspase-3 
immunofluorescent staining: there was rare labeling of tumor cells for the ferumoxytol 
injected mice, but significant labeling of tumor cells from both the ICT and CLIO-ICT 
treated mice (Figure 5). Iron deposits were noted within ferumoxytol and CLIO-ICT treated 
groups, but not in PBS or ICT-treated groups (Figure 5).

Conversely, no significant toxicity was observed in normal organs (liver, spleen, kidney, 
brain, bone marrow and heart), detected either histologically, by detection of caspase-3 
activity (Figure 6), and animal weight loss (Figure S3). In addition we monitored the 
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stability of CLIO-ICT and ICT in mouse blood and found no ICT cleavage products by 
mass-spectrometry.

3. Discussion
The effectiveness and success of current cancer chemotherapy is hindered by undesired 
dose-limiting toxicity to non-cancerous tissues and organs. In addition, treatment response 
monitoring is restricted by a lack of tools for rapidly and non-invasively monitoring drug 
delivery and pharmacokinetics. Approaches to improving therapeutic efficacy and 
monitoring whilst simultaneously reducing dose-limiting toxicities, thereby increasing the 
therapeutic index, are a very attractive strategy for development of cancer therapeutics. 
Consequently, we have developed and preliminarily evaluated in vivo an MMP-14 
activatable theranostic agent as a novel approach to the tumor-selective delivery and 
imaging of a potent vascular-disrupting agent.

The concept of theranostic nanoparticles (TNPs) was originally developed to exploit the 
hyperpermeable vasculature of cancer, which is not found in normal tissues, a principle 
termed the EPR effect. This strategy, although highly effective preclinically, has not yet 
attained the proposed potential bestowed by the success of nanoparticle-based diagnostic 
imaging, with limitations being attributed to tumor pathophysiology and the highly 
heterogeneous nature of the EPR effect.[1b, 1c] Although recently, TNPs have been suggested 
as an aid to this obstacle through their ability to non-invasively report the degree of EPR 
effect present within a tumor.[17] One reported limitation of TNPs is that although they do 
not extravasate across intact vascular endothelia, they are known to extravasate across 
organs of the reticuloendothelial system (RES) containing microvessels with sinusoids.[18] It 
is therefore recognized that strategies are required to enhance tumor-selective delivery and 
reduce potential for toxic side effects in the RES system. Previously, activatable MR probes 
for cancer imaging have been described,[1d, 13, 19] but as probes they clearly lack the 
anticancer activity that a “theranostic” can provide. Among activatable previously described 
cancer TNPs,[20] [17] many exhibit fluorescence upon activation, which has limited signal 
tissue penetration or intrinsic toxicity (e.g. heavy metals in quantum dots). Several strategies 
have been previously investigated for tumor-selective delivery, such as diffusion from a 
vesicle/micelle and pH activated drug release, many of which have been largely 
unsuccessful.[1c, 20c, 20f, 21] Other approaches have relied upon attachment to an active 
tumor-cell targeting ligand such as folate or RGD.[1a, 22] The activation system in our TNPs 
is “builtin” and does not require external stimuli for release of the drug such as near-infrared 
light, radiofrequency ablation, or magnetic thermal induction,[20g] relying instead upon 
tumor-associated MMP-14 activation.

A further complication with other theranostic strategies is that their therapeutic mechanism 
invariably requires the drug to interact with cells within the tumor mass, which can be 
several cell layers thick. Our strategy uses tumor vasculature-disrupting agents (VDAs), 
specifically azademethylcolchicine, rather than ‘conventional’ anticancer agents such as the 
anthracyclines or antimetabolites. Mechanistically, VDAs target tumor endothelia providing 
an added advantage that they cause direct damage to the vasculature resulting in vessel 
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collapse and a cessation of blood flow within the tumor,[4b, 6] and are not required to 
penetrate throughout the tumor mass or directly interact with tumor cells.

Our theranostic strategy builds on the previous development of ICT2588, a novel MMP-14-
activated tumor-targeted VDA, which showed tumor-selective activation and significant 
therapeutic efficacy with demonstrated potential for circumventing systemic toxicity.[12] The 
therapeutic study described herein has progressed and advanced this strategy by linking this 
concept to a magnetic nanoparticle to create the theranostic agent CLIO-ICT. This provided 
the opportunity to monitor and potentially enhance therapeutic efficacy, with the key 
advances being the ability to identify tumor localization and disease extent, and 
simultaneously evaluate and visualize the in vivo tumor accumulation of the therapeutic with 
MR imaging, which is not possible with ICT that is not bound to an imaging NP.

We showed MMP-14 hydrolysis of CLIO-ICT to liberate the correct proteolytic-VDA 
fragment through cleavage at the glycine-homophenylalanine bond, and differential in vitro 
chemosensitivity in MMTV-PyMT (high MMP-14) but not in 4T1 (low MMP-14) tumor 
cells or normal fibroblasts. To check TNPs off-site activation, we performed both HPLC and 
LC-MS search for cleavage products including Colchicine-Tyr-Leu-Tyr-Hof (shown in 
Figure 2C), Colchicine-Tyr-Leu-Tyr, Colchicine-Tyr-Leu, Colchicine-Tyr, and Colchicine, 
and their fragmentation products. As shown in Figure S7, under the same incubation and 
elution conditions, TNP incubated with blood didn’t produce the Colchicine-Tyr-Leu-Tyr-
Hof peak—one of the MMP-14 cleavage products. MS analysis of all other peaks did not 
reveal any matches with the potential cleavage products listed above. This in vitro result is 
consistent with the observed systematic stability and tumor-selective accumulation of CLIO-
ICT in mouse models.

The nanoparticle component of our CLIO-ICT drug was utilized to monitor TNP tumor 
accumulation in vivo with MR imaging. As shown by our data, MR signal effects correlated 
with TNP tumor accumulation. The reviewer raises an important point, that our imaging 
technique does not visualize the activation of our TNP. The TNPs could be further refined so 
that tumor-selective drug release could be imaged in real time. Currently, differences in r1 
and r2 relaxivities between the original CLIO-ICT and activated products are too small to be 
visualized by MRI in vivo (56.0 versus 55.8 mM−1s−1). Future generations of TNPs could 
produce MRI contrast either during drug-activation or as a consequence of the drugs 
pharmacological activity, to facilitate monitoring of drug release kinetics. This may be done 
by attaching 2-cyano-6-aminobenzothiazole (CABT) and S-ethyl-cysteine moieties that after 
a loss of S-ethyl fragment and MMP peptide cleavage will cause a biocompatible 
condensation reaction between CABT and cysteine, which leads to aggregation of TNPs and 
in turn increases R2 contrast.

Conjugation of ICT to the NP did not diminish the MMP-14 dependent anticancer efficacy 
of the prodrug as significant hemorrhagic necrosis was observed in the tumor following 
administration. This mechanism is consistent with VDA-induced decrease in functional 
tumor vasculature, a pharmacodynamic effect observed for ICT2588 and other VDA 
approaches.[6, 12] Additionally, no antitumor effect or tumor response was observed in the 
ferumoxytol (NP) treated mice, which suggests that the therapeutic effect is derived directly 

Ansari et al. Page 8

Small. Author manuscript; available in PMC 2015 February 12.

N
IH

-PA
 A

uthor M
anuscript

N
IH

-PA
 A

uthor M
anuscript

N
IH

-PA
 A

uthor M
anuscript

AHFormatter

EVALUATION

AH Formatter V6.2 MR6 (Evaluation)  http://www.antennahouse.com/

http://www.antennahouse.com/


from the released VDA entity. Most importantly for this approach and as suggested by the 
previous study with ICT2588,[12] there was a lack of detectable toxicity and MR signal in 
non-tumor tissues, strongly supporting the tumor-selective toxicity and widespread potential 
of this strategy. Further studies have to evaluate the respective contribution of MMP-14 
expression by invasive tumor cells, angiogenic blood vessels and dynamic tumor stroma to 
the activation and therapeutic effects of our TNPs.

4. Conclusion
CLIO-ICT demonstrated both significant MR imaging effects and anticancer activity, with 
selective and effective delivery to the tumor site, and with consecutive reduction of 
associated toxicity-liability to normal organs. In addition, the conjugation of a therapeutic to 
nanoparticles allows for a significantly higher drug payload to be delivered. The advantages 
of our CLIO-ICT nanotherapeutics include the ability to track the drug with MRI, together 
with longer retention in the tumor tissue via VDA-initiated vascular collapse and drug 
entrapment, and improved antitumor efficacy. Conceptually this is important, as by 
noninvasively visualizing how well our TNP accumulates at the target site, patient response 
to TNP treatment may be preselected. With further validation studies, this TNP approach 
may also allow longitudinal monitoring of patient response, allowing drug doses and 
treatment protocols to be individualized and optimized during follow-up. Consequently, the 
TNP approach holds significant potential for improving the targeted therapy of cancers, and 
personalized nanomedicine-based chemotherapeutic interventions, to achieve delivery of the 
right drug to the right location in the right patient at the right time.[17]

5. Experimental Section
5.1. Synthesis of TNPs

For the synthesis of TNPs, we used the ultrasmall superparamagnetic iron oxide nanoparticle 
compound (USPIO) ferumoxytol, an FDA-approved iron supplement for intravenous 
treatment of iron deficiency.[11, 16, 23] Ferumoxytol consists of an iron oxide core and a 
carboxymethyldextran coating. The carboxydextran coated ferumoxytol nanoparticles were 
first cross-linked with epichlorohydrin for better stability in vivo as described previously.[24] 

Dialysis to remove low molecular weight compounds against water using dialysis tubing 
(12–14K cutoff) over three days yielded cross-linked iron oxide nanoparticles (CLIO). The 
obtained amine-presenting nanoparticles were then reacted (Figure 1B) with the bifunctional 
linker, succinimidyl-([N-maleimidopropionamido]-4ethyleneglycol)ester (NHS-PEG4-
maleimide or SM(PEG)4) in PBS (pH 7.4 buffer). Purification with Microcon® centrifuge 
filters (10 KDa cutoff, 5 mL -> 0.2 mL volume reduction, 4600 rpm, PBS buffer addition 
and centrifugation was repeated 5 times) removed low molecular weight compounds to 
afford cross-linked iron oxide nanoparticles conjugated with the linker-bearing maleimide 
(CLIO-M).

MMP-14 activatable TNPs were synthesized by conjugating CLIO-M to the peptide-
conjugated azademethylcolchicine (ICT). ICT is a modified analogue of the previously 
reported ICT2588 (currently being progressed towards clinical trials)[12] with an additional 
cysteine residue at the P5 position to allow conjugation to the nanoparticle via maleimide 
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(Figure 1). ICT was synthesized using a combination of solution and solid phase peptide 
synthesis methodologies, and purified by preparative HPLC as previously described.[12] A 
fully side chain-protected molecule was prepared (ICT3104), to allow convenient storage, 
transport and to minimize potential cysteine-sulfur oxidation (see supplementary 
methodology). Side-chain protecting groups were subsequently removed by dissolving 
ICT3104 (25 mg) in a mixture of TFA: triisopropylsilane (TIS): water (95:2.5:2.5, 1 mL) 
and stirring at room temperature for 2.5 hours. Following deprotection of ICT3104, the 
target agent ICT was precipitated with cold diethyl ether (40 mL), centrifuged, resuspended 
and washed twice with diethyl ether (40 mL). This procedure produced ICT in high yield 
and purity (13 mg, 91%). Excess of ICT (7 mg/mL, 50:1 molar ratio ICT: CLIO-M 
nanoparticle) was coupled with CLIO-M in PBS pH 7.4 buffer at room temperature. 
Purification with Microcon® centrifuge filters (10K cutoff, 5mL -> 0.2mL volume 
reduction, 4600 rpm, PBS buffer addition and centrifugation) was repeated 10 times until the 
filtrate had no fluorescence to afford a purified construct, CLIO-ICT.

5.2. Physicochemical Characterization of TNPs

The iron concentrations of all nanoparticle samples were determined by Inductively Coupled 
Plasma Mass-Spectrometry (ICP-MS) on a Thermo Scientifc XSERIES 2 View 
Spectrometer. The molar concentration of ferumoxytol was calculated using the 
concentration of iron determined by ICP-MS and known size of iron oxide core of a NP (6.5 
nm on average by TEM ≈ 3600 iron atoms as computed using Diamond® crystal structure 
analysis software).[24a] The amount of drug (ICT) covalently linked to a nanoparticle was 
calculated using two methods. In the first method, FITC (FITC:ICT = 1:1, Table 1) 
concentration was determined by subtracting the maximum absorption (492 nm) of CLIO-
ICT from the absorbance of unconjugated TNP alone (measured for CLIO-NH2 at the same 
concentration of iron)[25] and dividing the result by known extinction coefficient of FITC 
(70,000 M−1 cm−1) at 492 nm. In the second method, the FITC’s emission peak of a diluted 
(to avoid fluorescence self-quenching) CLIO-ICT was integrated and its concentration was 
estimated using a calibration plot obtained for a set of standard FITC solutions. Both 
methods gave consistent results (less than 8% difference) for three different solutions of 
CLIO-ICT. TEM samples were prepared by drying 5 μL of 0.3 mM solution on carbon 
coated 600 mesh copper grid. The samples were imaged on a FEI Tecnai G2 F20 X-TWIN 
Transmission Electron Microscope at 200kV accelerating voltage. Relativities (r1 and r2) 
were determined by measuring T1 and T2 relaxation times for a series of solutions with iron 
concentration of 1 – 60 mM on a Varian Inova 300MHz (7 Tesla) NMR spectrometer using a 
series spin-echo and inversion recovery pulse sequences.

Dynamic Light Scattering (DLS, measures the hydrodynamic radius of the TNP) and Laser 
Doppler Electrophoresis (measures zeta potential) were performed on a Brookhaven 90 Plus 
Nanoparticle Size Analyzer. The solutions of nanoparticles in the PBS buffer were filtered 
via Whatman GD/X 13 Syringe Filter (nylon, 0.2 μm) immediately before measurements. 
Dilution to 0.6 mM (iron) was required to obtain sufficient number of counts per second due 
to high value of absorption of TNPs. Absorption spectra were measured in a 1 cm path 
length cuvette using an Agilent 8453 absorption spectrophotometer. MALDI-MS 
spectrometric analyses were performed at the Mass Spectrometry Facility of Stanford 
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University. HPLC was performed on a Dionex HPLC System (Dionex Corporation) 
equipped with a GP50 gradient pump and an inline diode array UV-Vis detector. A reversed-
phase C18 (Phenomenax, 5 μm, 10 × 250 mm or Dionex, 5 μm, 4.6 × 250 mm) column was 
used with a MeCN (B)/H2O (A) gradient mobile phase containing 0.1% trifluoroacetic acid 
at a flow of 3 or 1 mL/min for the analysis.

5.3. In Vitro Studies

The murine breast carcinoma MMTV-PyMT (isolated from MMTV-PyMT mouse breast 
tumors) and 4T1 (ATCC CRL-2539) cell lines, and human dermal fibroblasts (ATCC 
PCS-201-012) were obtained from the American Type Culture Collection and authenticated 
both morphologically and by short tandem repeat analysis. Cell lines were cultured as 
monolayers in RPMI 1640 supplemented with 10% (v/v) fetal bovine serum, sodium 
pyruvate (1 mM), and L-glutamine (2 mM). All cell lines were used at a low passage in our 
laboratory for a maximum of 6 months post-resuscitation and were tested regularly to 
confirm lack of Mycoplasma infection.

Assessment of MMP-14 gene expression of MMTV-PyMT and 4T1 tumor cells as well as 
human dermal fibroblasts as controls was determined by qPCR as previously described.[12] 

qPCR expression analysis for MMP-14 and the control marker GAPDH was done and the 
total cellular RNA was extracted from each sample with the QIAGEN RNeasy® mini kit. 
cDNA was prepared from total RNA and quantitative real-time PCRs (qPCRs) were carried 
out and analyzed on an Applied Biosystems StepOne™ Real-Time PCR System. The 
formation of double-stranded DNA product was monitored by TaqMan® gene expression 
primers.

To monitor stability of CLIO-ICT and ICT, 2 mL of PyMT mouse blood was collected and 
100 μL of 0.4 M (Fe) solution of CLIO-ICT and 100 μL 0.29 mM solution of ICT were 
incubated with 500 μL of fresh blood each at 37 °C for three days. The solutions were 
filtered via Whatman GD/X 13 Syringe Filter (nylon, 0.2 μm) and analyzed by HPLC, LC-
MS and MALDI Mass-Spectrometry.

Subsequently, triplicate samples of MMTV-PyMT tumor cells and human dermal fibroblasts 
were incubated with ferumoxytol, CLIO-ICT, ICT, or PBS, and analyzed for caspase-3 
activity levels, a marker of cytotoxicity using the SensoLyte ® Homogeneous AMC 
Caspase-3/7 assay kit (AnaSpec, Inc., California), according to the manufacturer’s 
instructions. Release of the AMC fluorophore following cleavage of the specific 
fluorometric caspase substrate, DEVD-AMC was detected using a fluorometer (ex/em=354 
nm/442 nm).

5.4. In Vivo Evaluation of Theranostic Activity

All procedures were approved by the animal care and use committee at Stanford University. 
MMTV-PyMT mice that spontaneously develop multifocal, multiclonal mammary 
adenocarcinomas were used.[26] Explants of MMTV-PymT tumors were implanted into 24 
four week old female FvBN mice as described previously.[27] When the tumors had reached 
a size of 1 cm, four groups of six mice each received a single intravenous injection of 0.6 M 
(Fe) solution of ferumoxytol (0.5 mmol Fe/kg), 0.4 M (Fe) solution of CLIO-ICT (0.75 
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mmol Fe/kg and 1 μmol/kg of ICT), 0.29 mM solution of ICT (1 μmol/kg), or PBS (1.0 μl/
gm). Due to the approximately 1/3 lower r2-relaxivity of the TNPs compared to the original 
ferumoxytol, TNPs were administered at a correspondingly higher iron oxide dose. All mice 
underwent MR imaging on a 1 T desktop MR scanner (Aspect M2™ Compact High 
Performance MR System, Toronto, ON). Animals were anesthetized with isofluorane and 
placed in a dedicated radiofrequency coil for high resolution MR imaging, using T2-
weighted SE sequences (TR 2500 ms, TE 20, 40, 60, 80 ms) with a field of view (FOV) of 
6×6 cm (1T), a matrix of 128×128 pixels and a slice thickness of 1–2 mm. MR scans were 
obtained directly before, continuously up to 1 hour (h) post injection (p.i.) of ferumoxytol, 
CLIO-ICT, ICT or PBS, as well as 24 h p.i. T2-relaxation times of the tumor were calculated 
based on multiecho SE sequences and converted to R2-relaxation rates (R2=1/T2), which 
are proportional to contrast agent concentration. The relative change in R2 data between pre- 
and postcontrast MR scans, ΔR2 (%) was determined as a quantitative measurement of 
tumor contrast enhancement.

5.5. Antitumor Activity

Mice bearing subcutaneous PyMT tumors were randomized into groups (n=6 mice) and 
received either ferumoxytol, CLIO-ICT, or ICT via intravenous administration. Tumor size 
(measured by calipers) was recorded daily for 7 days. Tumor diameter and volumes were 
recorded. Tumor volume was calculated using the formula: (a2 × b)/2 (a and b are the 
smaller and larger dimension of the tumor, respectively).

5.6. Histological Assessment of TNPs and Caspase-3 Activity

The distribution of nanoparticles and induction of caspase-3 activity was assessed 48 hours 
following intravenous administration of TNP and drugs. Mammary tumors and samples of 
visceral organs were explanted, and placed in Optimal Cutting Temperature (OCT) 
compound on dry ice for histological processing. For detection of FITC-labeled 
nanoparticles and therapeutic drugs all slides were mounted using ProLong Gold with DAPI 
(Invitrogen) and analyzed using an LSM510 confocal microscope (Zeiss, Thornwood, NY). 
Histologic sections of mammary tumors and visceral organs were stained using standard 
H&E and iron was detected using DAB-enhanced Prussian Blue staining. Caspase-3 activity 
was evaluated immunohistochemically by antibody staining of cleaved caspase-3 (Cell 
Signaling Technology 9661) and Cy3-labelled biotin/avidin detection (Vector Labs and 
Jackson ImmunoResearch). Labeled cells were analyzed by fluorescence microscopy.

5.7. Statistical Analyses

Quantitative data of experimental groups receiving different diagnostic or therapeutic agents 
were compared with a Wilcoxon rank sum test and an analysis of variance. P < 0.05 was 
considered significant.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(A) Schematic representation of theranostic nanoparticle (TNP) activation by MMP-14: the 
IO NP core is shown in orange; the prodrug ICT is shown in red, and after MMP-14 
activation, its product is shown in magenta; the peptide linker is shown in blue, and the 
FITC is shown in green. (B) Synthesis of the theranostic nanoparticles. FITC (shown in 
green) is linked to the TNP via the amino group of cysteine.
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Figure 2. 
(A) Absorption spectra of the TNPs and their components (a.u. = arbitrary units) and the 
emission spectrum of CLIO-ICT (excitation wavelength is 350nm). ICT absoption is scaled 
up 5× to avoid the overlap. All spectra recorded at the same ICT emission; Only CLIO 
(cross-linked iron oxide with amino groups) absorption was measured at the same Fe 
concentration (0.02 mM) as for CLIO-ICT (ICT concentration is 0.094 mM); (B) A 
representative transmission electron microscopy image of CLIO-ICT. Inset shows crystalline 
iron oxide core of a single nanoparticle; (C) CLIO-ICT activation by MMP-14 in PBS buffer 
for 30 min and analyzed by HPLC. Mass spectrum of the indicated peak confirmed the 
presence of product of TNP cleavage by MMP-14. See experimental section for details.
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Figure 3. 
(A) Caspase assay: PyMT, 4T1, human dermal fibroblasts, endothelial cells, and 
macrophages were incubated with PBS, Ferumoxtyol only, CLIO-ICT, and ICT only. After 
incubation the assay was run for 4 hr – readings taken every 5 min. Cells incubated with 
CLIO-ICT along with those incubated with ICT showed more fluorescence (more cell death) 
than those incubated with Ferumoxytol only and PBS only. Cells incubated with ICT only 
showed similar levels of fluorescence to that of CLIO-ICT, but showed a plateau after 60 
min; (B) qPCR of MMP-14 expression of MMTV-PyMT, 4T1 and human dermal 
fibroblasts; (C) PyMT tumor sizes were measured daily for 7 days after intravenous 
injection of PBS, Ferumoxytol, CLIO-ICT and ICT. The tumor size increases in that of the 
PBS and Ferumoxtyol administered subjects and decreases in the CLIO-ICT and ICT cases. 
See experimental section for more details.
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Figure 4. 
(A) Axial T2-weighted MR images (TR 2500 ms, TE 80 ms) of MMTV-PyMT mammary 
tumors before and after a single intravenous injection: 0.6 M (Fe) solution of ferumoxytol 
(0.5 mmol Fe/kg), 0.4 M (Fe) solution of CLIO-ICT (0.75 mmol Fe/kg and 1.0 μmol/kg of 
ICT), 0.29 mM solution of ICT (1.0 μmol/kg), or PBS(1.0 μl/gm). Contrast agent 
accumulation is noted as a negative (dark) signal enhancement of the tumors; (B) MR signal 
enhancement data in tumors corresponding to Figure 4 quantified as ΔR2 = (R2pre − 
R2post). Data are displayed as mean data of n=6 tumors in each group for 1h and 24h time 
points.
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Figure 5. 
(A) MMP-14 negative fibroblasts: H&E stained histologic sections of fibroblasts treated 
with CLIO-ICT and ICT showing no necrosis (both images taken at 40X magnification); (B) 
TNP-induced cell death in MMTV-PyMT tumors. H&E panels: CLIO-ICT treated tumor 
demonstrating diffuse necrosis (200X magnification); ICT treated tumor with predominately 
viable tumor cells and a subset of cells undergoing necrosis (200X magnification); 
Ferumoxytol treated tumor with diffuse viability and no necrosis (100X magnification, inset: 
400X magnification); (C) Iron panels: Scattered CLIO-ICT treated tumor and rare admixed 
histiocytes contain blue pigment indicating cytoplasmic iron deposition (200X 
magnification); ICT treated tumor shows no cytoplasmic iron deposition, scattered iron 
laden histiocytes serve as an internal positive control (200X magnification); Ferumoxytol 
treated tumor show cytoplasmic iron deposition, scattered iron laden histiocytiocytes serve 
as an internal positive control (200X magnification). (D) fluorescence microscopy showing 
FITC signal for CLIO-ICT and ICT but no signal for Ferumoxytol. (E) Caspase-3 panels: 
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CLIO-ICT and ICT treated tumors show Cy3 labeling throughout the samples; Ferumoxytol 
treated tumor shows few areas with weak Cy3 fluorescence (4X magnification).
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Figure 6. 
CLIO-ICTs do not cause toxic effects in normal organs. Above histopathologies show no 
significant necrosis of normal organs on H&E staining of the Heart, Kidney, Spleen, Brain, 
Bone Marrow and Liver.
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Table 1

Theranostic Nanoparticles characterization summary. See experimental section for details.

D, nm (DLS) Z, meV # of ICT r1/r2, mM−1 s−1

Ferumoxytol 19±4 −13±5 32.3/74.9

CLIO-ICT 21±3 +21±7 4.7±0.4 38.9/56.0

CLIO-ICT cleaved 19±4 +16±6 0.6±0.2 39.5/55.8
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