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Abstract

Gastrointestinal and gynecological malignancies disseminate in the peritoneal cavity - a condition 

known as peritoneal carcinomatosis (PC). Intraperitoneal (IP) administration can be used to 

improve therapeutic index of anticancer drugs used for PC treatment. Activity of IP anticancer 

drugs can be further potentiated by encapsulation in nanocarriers and/or affinity targeting with 

tumor-specific affinity ligands, such as tumor homing peptides. Here we evaluated a novel tumor 

penetrating peptide, linTT1 (AKRGARSTA), as a PC targeting ligand for nanoparticles. We first 

demonstrated that the primary homing receptor for linTTl, p32 (or gClqR), is expressed on the cell 

surface of peritoneal carcinoma cell lines of gastric (MKN-45P), ovarian (SKOV-3), and colon 

(CT-26) origin, and that peritoneal tumors in mice and clinical peritoneal carcinoma explants 

express p32 protein accessible from the IP space. Iron oxide nanoworms (NWs) functionalized 

with the linTT1 peptide were taken up and routed to mitochondria in cultured PC cells. NWs 

functionalized with linTT1 peptide in tandem with a pro-apoptotic [D(KLAKLAK)2] peptide 

showed p32-dependent cytotoxicity in MKN-45P, SKOV-3, and CT- 26 cells. Upon IP 

administration in mice bearing MKN-45P, SKOV-3, and CT-26 tumors, linTT1-functionalized 
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NWs showed robust homing and penetration into malignant lesions, whereas only a background 

accumulation was seen in control tissues. In tumors, the linTT1-NW accumulation was seen 

predominantly in CD31-positive blood vessels, in LYVE-1-positive lymphatic structures, and in 

CD11b-positive tumor macrophages. Experimental therapy of mice bearing peritoneal MKN-45P 

xenografts and CT-26 syngeneic tumors with IP linTT1-D(KLAKLAK)2-NWs resulted in 

significant reduction of weight of peritoneal tumors and significant decrease in the number of 

metastatic tumor nodules, whereas treatment with untargeted D(KLAKLAK)2-NWs had no effect. 

Our data show that targeting of p32 with linTTl tumor-penetrating peptide improves tumor 

selectivity and antitumor efficacy of IP pro-apoptotic NWs. P32-directed intraperitoneal targeting 

of other anticancer agents and nanoparticles using peptides and other affinity ligands may 

represent a general strategy to increase their therapeutic index.
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1. Introduction

Gastrointestinal and gynecological malignancies often disseminate in the peritoneal space 

and trigger severe complications such as bowel obstruction and the formation of ascites. At 

the time of diagnosis, peritoneal metastases are present in about 50% of gastric, 30% of 

ovarian, and 40% of colorectal cancer patients [1]. This condition, known as peritoneal 

carcinomatosis (PC), has a poor prognosis with a median survival of only a few months [2]. 

PC is a vexing condition as complete surgical removal of disseminated microlesions is 

impossible and systemic chemotherapy has a limited anticancer effect due to poor 

vascularization of tumor nodules and the presence of peritoneum- plasma barrier [3,4]. 

Intraperitoneal (IP) chemotherapy is used to achieve an increased concentration of the 

anticancer drugs in the peritoneal cavity and to reduce systemic exposure [5]. IP therapy 

using mildly heated drug solutions, Hyperthermic IntraPeritoneal Chemotherapy (HIPEC), 

further enhances drug penetration into malignant tissue, and combining HIPEC with 

cytoreductive surgery results in improved efficacy of the treatment [6–9]. Encapsulation of 

cytotoxic drugs in nanoformulations has been also shown to improve the anticancer effect of 

IP chemotherapy [10]. Even with these improvements, many patients develop recurrent 

disease [11]. Ideally, PC treatment would not rely on specialized, complex equipment and 

procedures, and would instead be based on smart drugs that are potent, tumor selective, and 

show minimal peritoneal and systemic toxicities.

Tumor targeting with affinity ligands, such as peptides or antibodies, utilizes malignancy-

associated molecular markers in the tumor microenvironment to deliver payloads to 

cancerous tissues [12,13]. Tumor homing peptides enable delivery of drugs and diagnostic 

compounds directly into tumors, thereby improving tumor detection and increasing the 

efficacy of the treatment while reducing side effects [14]. Tumor homing peptides identified 

by in vivo phage biopanning screens are particularly well suited for NP targeting, as phages 

used as scaffolds to display random peptides are biological nanoparticles themselves [15]. A 
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series of recent studies have demonstrated the utility of iRGD, a tumor-penetrating peptide, 

for improved tumor-specific penetration of intraperitoneal drugs and nanoparticles and for 

enhanced IP chemotherapy in mice [16,17]. iRGD uses as recruitment receptors αν in- 

tegrins, cell surface molecules commonly upregulated during angiogenic response and in 

tumor cells, and subsequently activates the transtissue transport (CendR) pathway described 

below.

A recently identified tumor penetrating peptide TT1 (active both as a disulfide-bridged 

CKRGARSTC and as linTT1, AKRGARSTA) homes robustly to breast cancer in mouse 

models and enhances the antitumor potency of therapeutic payloads [18,19]. The primary 

homing receptor for TT1 family of peptides is p32 (also known as gC1qR), a mitochondrial 

protein aberrantly expressed on the cell surface of activated malignant and stromal cells in 

solid tumors, often in hypoxic areas deep in the tumor tissue [20]. TT1 belongs to a novel 

class of tumor targeting peptides, tumor penetrating C-end Rule (CendR) peptides 

characterized by a multistep homing and tumor penetration pathway. After binding to p32 

TT1 peptide is proteolytically cleaved by a urokinase type plasminogen activator at the 

second arginine residue (AKRGARSTA) and the processed peptide acquires affinity towards 

tissue penetration receptor NRP-1 via its C-terminal RGAR CendR motif [19] to trigger 

vascular exit and tumor penetration [21,22].

Here, we set out to explore potential applications of linTTl peptide as an IP targeting probe 

to PC lesions. As nanocarriers we used dextran- coated and PEGylated paramagnetic iron 

oxide nanoworms (NW) - a nanoscale agent extensively validated for peptide-mediated 

tumor targeting as a drug carrier and a MRI contrast agent [23–30]. Aspect ratio is known to 

influence performance of iron oxide nanoparticles in biological systems [29]. First, 

compared to spherical iron oxide nanoparticles, iron oxide nanoworms have extended 

circulation half-life. Second, the elongated NWs, with their larger surface area, present 

multiple targeting ligands that can cooperatively interact with cell surfaces, rendering the 

platform well-suited for affinity targeting. Finally, linearly aggregated 10 cores in IONWs 

generate improved T2- relaxivity for improved MR imaging [29]. We used intraperitoneal 

linTTl-functionalized NWs carrying pro-apoptotic D[KLAKLAK]2 effector module [19,31] 

for experimental therapy on a panel of peritoneal tumors in mice. Our data indicate that 

linTT1 peptide functionalization greatly improves tumor selectivity of NWs and increases 

therapeutic efficacy of a pro-apoptotic nanosystem based on the NWs.

2. Materials and methods

2.1 Materials

(K3[Fe(CN)6]), HC1, Nuclear Fast Red solution, Xylene substitute, MTT reagent (3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide), isopropanol, Triton-X and 

Tween-20 were purchased from Sigma-Aldrich, Germany. Phosphate-buffered saline (PBS) 

was purchased from Lonza (Belgium).
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2.2. Peptides and NW preparation

Peptides were synthesized using Fmoc/t-Bu chemistry on a micro- wave assisted automated 

peptide synthesizer (Liberty, CEM Corporation, NC, USA). Peptides were purified by HPLC 

using 0.1% TFA in acetonitrile-water mixtures to 90%−95% purity and validated by Q-TOF 

mass spectral analysis. Fluorescent peptides were synthesized by using 5(6)-

carboxyfluorescein (FAM) with 6-aminohexanoic acid spacer attached to the N-terminus of 

the peptide. The peptides were N-term- inally amidated and had free C-termini.

The NWs were aminated by combining 0.25 ml of 28% aqueous ammonium hydroxide 

(#44939, Sigma-Aldrich, Germany) with 1 ml of NWs with an iron concentration of 

1.3mg/ml and stirring at room temperature for 24 h. Subsequently, the NWs were purified by 

dialysis against PBS using 20,000 MW cut-off dialysis cassettes (#66030, Thermo Fisher 

Scientific, USA) at 4 °C for 48 h (adopted from [30]).

NWs coated with peptides were prepared as previously described [29,30]. Briefly, aminated 

NWs were PEGylated with maleimide- 5KPEG-NHS (JenKem Technology, TX, USA). 

Peptides were coupled to NWs through a thioether bond between the thiol group of a 

cysteine residue added to the N-terminus of the peptide and the maleimide on the 

functionalized particles. Dynamic Light Scattering (DLS; Zetasizer Nano ZS, Malvern 

Instruments, UK) was used to assess the poly- dispersity and size of NW preparations. 

Transmission electron microscopy (TEM, Tecnai 10, Philips, Netherlands) was used to 

image the nanoparticles.

2.3 Cell lines and experimental animals

MKN-45P human gastric cancer cells were isolated from parental MKN-45P cells [32]. 

SKOV-3 human ovarian carcinoma and CT-26 mouse colon carcinoma cell lines were 

purchased from ATCC (SKOV-3 ATCC HBT-7; CT-26 ATCC CLR-2638). The cells were 

cultivated in DMEM (Lonza, Belgium) containing 100 IU/ml of penicillin, streptomycin, 

and 10% of heat-inactivated fetal bovine serum (GE Healthcare, UK) in 5% CO2 

atmosphere. For animal experimentation athymic nude mice were purchased from HSD and 

Balb/c mice were purchased from Charles River. Animal experimentation protocols were 

approved by Estonian Ministry of Agriculture, Committee of Animal Experimentation 

(Project #42).

2.4. In vitro binding of nanoworms to recombinant p32 protein

Recombinant hexahistidine-tagged p32 was bacterially expressed and purified as described 

[18]. For cell-free binding assays, Ni-NTA magnetic agarose beads (Qiagen, Germany) in 

binding buffer (50 mM Tris pH 7.4, 150 mM NaCl, 0.05% NP40, 5 mM imidazole) were 

coated with p32 protein (at 15 μg of protein/10 μL beads). Fluorescently labeled NWs were 

incubated with the p32-coated beads in binding buffer containing 1% BSA at RT for 1 h. 

Incubation was followed by washes and elution with 400 mM imidazole containing binding 

buffer. The fluorescence of eluted samples was quantified using a fluorescence plate reader 

(FlexStation II, Molecular Devices, CA, USA).
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2.5 In vitro cell viability assay

Cell viability was assessed by colorimetric assay based on reducing the tetrazolium dye 

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte- trazolium bromide by NAD(P)H-

dependent cellular oxidoreductase to insoluble purple formazan. Briefly, cells were seeded 

in 96-well plates (10,000 MKN-45P or SKOV-3 cells, and 5000 CT-26 cells) and grown in 

full medium at 37 °C. At 24 h different concentrations of NWs (3, 10, 30, 100, 300 μg/ml 

iron) were added to the wells. After 6 h the medium was replaced with a fresh medium, and 

24 h after the NW addition, 10 μL of 5 mg/ml MTT reagent in PBS was added. Two h later 

the medium was removed, the blue formazan crystals were dissolved in 100 μL of 

isopropanol and the absorbance was measured at 570 nm with a microplate reader (Tecan 

Austria, Austria).

2.6 Evaluation of cellular binding

For flow cytometry MKN-45P, CT-26, SKOV-3 cells in suspension were incubated with 

NWs in complete cell culture medium for 1 h The NW-containing solution was removed, 

cells were washed and analyzed by flow cytometry (Accuri, BD Biosciences, CA, USA). 

Anti-p32 antibody inhibition was done by pre-incubating the cells in suspension with 20 

μg/ml of in-house rabbit polyclonal p32 antibody, followed by NW incubation for 1 h, 

washes and flow cytometry.

For confocal imaging of FAM-labeled NWs, MKN-45P, CT-26, SKOV- 3 (5 × 104 cells) 

were seeded on glass coverslips in a 24-well plate. After 24 h, NW samples at 40 μg Fe/well 

were added to the cells and incubated at 37 °C for 3 h. The cells were washed with PBS, 

fixed with 4% of paraformaldehyde in PBS pH 7.4 (PFA), co-stained with DAPI, and 

imaged with fluorescence confocal microscopy (Olympus FV1200MPE, Germany).

For immunofluorescence staining, the cultured cells were incubated with rabbit anti-

fluorescein (cat. no. A889, Thermo Fisher Scientific, MA, USA) primary antibody to detect 

the NWs and with mouse anti- cytochrome-C (cat. no 89918, Thermo Fisher Scientific, MA, 

USA) to label mitochondria. The images were analyzed using the FV10-ASW 4.2 Viewer 

image software (Olympus, Germany). Optionally, iron was stained using the Prussian Blue 

cytochemistry [33] followed by coun- terstaining with Nuclear Fast Red.

2.7. In vivo biodistribution studies

Nude mice were injected IP with 2 × 106 MKN-45P cells or 5 × 106 SKOV-3 cells. Tumors 

were allowed to develop for 14 days in MKN-45P- injected mice and 4 weeks in SKOV-3-

injected mice. Balb/c mice received an IP injection of 2 × 106 CT26 cells 7 days before 

injecting NW samples. FAM-labeled NWs were injected IP or IV (5 mg/kg Fe) and 5 h later 

the animals were perfused with 10 ml of PBS. The tumors and organs were excised, snap-

frozen in liquid nitrogen, and stored at — 80 °C for further analysis.

2.8. Tissue immunofluorescence and confocal microscopy

For immunofluorescence staining of tissues, 10 μm cryosections were equilibrated at RT, 

fixed in PFA for 15 min, permeabilized using PBS containing 0.2% Triton-X for 10 min, and 

blocked in PBS containing 0.05% Tween-20, 5% FBS, 5% BSA, and 5% goat serum (GE 
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Healthcare, UK) for 1 h. The sections were immunostained with rabbit anti-fluorescein (cat. 

no. A889, Thermo Fisher Scientific, MA, USA), rat anti-mouse CD31, biotin rat anti-mouse 

CD11b (cat. no. 553370; 557395, BD Biosciences, CA, USA), rat anti-mouse LYVE-1 (cat. 

no. 14044382, eBioscience, CA, USA), rabbit polyclonal anti-Ki67 (cat. no. NB500–170, 

Novusbio, UK), and rabbit anti-Cleaved Caspase-3 (Asp 175),(cat. no. 966, Cell Signaling 

Technology, Inc., MA, USA) as primary antibodies,. Alexa 488-conjugated goat anti-rabbit 

IgG, Alexa 647-conjugated goat anti-rat IgG, Alexa 546-conjugated goat anti-rabbit IgG (all 

Invitrogen, Thermo Fisher Scientific, MA, USA) and strepta- vidin Dylight® 550 (Thermo 

Fisher Scientific, MA, USA) were used as secondary antibodies. Nuclei were counterstained 

with 10 pg/ml DAPI. The stained tissue sections were examined by fluorescence confocal 

microscopy using Olympus FV1200MPE instrument, and the images were processed and 

analyzed using the FV10-ASW 4.2 Viewer image software (Olympus, Germany) and Image 

J freeware.

2.9 Magnetic resonance imaging

Nude mice bearing MKN-45P IP tumors were injected in- traperitoneally with NWs coated 

with linTT1 peptide or FAM only (5 mg/kg Fe per injection). The mice were subjected to 

imaging before injection and 5 h after the NW injection. For each scan with isoflurane (3.5% 

induction, 1.5–2.0% maintenance) in air/O2 (2:1) and positioned into a MR receiver mouse 

coil. Fast spin echo T2-weighted iron sensitive MRI scans were acquired using 9.4 T MR 

system (Bruker, USA). The settings were: TR/TE = 1.8 s/23 ms, slice thickness 0.5 mm.

2.10. Binding of dextran to NWs

Peptide-coated NW samples in complete medium were incubated with 0.3 mg 70-kDa 

lysine-fixable dextran labeled with Texas red (Molecular Probes, MA, USA) in complete 

medium at 37 °C for 90 min, followed by washing at 5000 g using 100 kDa Amicon®Ultra 

Centrifugal Filters (Merck Millipore, Darmstadt, Germany). NWs on the filter were 

resuspended in complete medium and their fluorescence was measured using a fluorescence 

plate reader at 595/615. (FlexStation II, Molecular Devices, CA, USA).

2.11. Bystander effect studies in vivo

MKN-45P tumor mice were sequentially injected with 5 mg/kg of NWs and 0.3 mg Texas 

red-conjugated 70-kDa lysine-fixable dextran (Molecular Probes, MA, USA) in PBS into the 

abdominal cavity. The volume of injection was in 1 ml. After 90 min, the mice were 

terminated under deep anesthesia, tissues were excised and processed for 

immunofluorescence.

2.12. Ex vivo dipping assay on clinical tumor samples

Fresh surgical samples of peritoneal metastases of colon cancer patients were collected 

under protocols approved by the Ethics Committee of the University of Tartu, Estonia 

(permit #243/T27). Explants amounting to about 1 cm3 were incubated at 37 °C with NWs 

(40 μg/ml Fe diluted in DMEM supplemented with 1% of BSA) for 4 h. Next, the explants 

were washed with PBS, snap-frozen, cryosectioned at 10 μm, and immunostained using 
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rabbit anti-fluorescein primary antibodies, followed by detection with Alexa-546 anti-rabbit 

secondary antibody (Invitrogen, Thermo Fisher Scientific, MA, USA).

2.13. Experimental tumor therapy

IP MKN-45P tumors were induced in nude mice by IP injection of 1.5 × 106 MKN-45P cells 

in 500 μL of PBS. Five days after tumor induction, the mice were randomized into 5 groups 

(8 mice in each group). Starting on day 5, mice were IP injected every other day with 

linTT1-NW, D(KLAKLAK)2-NW, linTT1-D(KLAKLAK)2-NWs, or non-tar- geted NWs at 

a dose 5 mg/kg Fe per injection, or with 500 μl of PBS. Body weight was monitored daily 

and the study was terminated when the body weight of the first animal in the study 

decreased by 20% compared to the start of the treatment. The mice were perfused with 10 

ml of PBS and larger tumors in the IP cavity were weighed, and metastatic nodules smaller 

than 2 mm in diameter were counted.

Syngeneic peritoneal colon carcinomas were induced by IP injection of 2.5 × 105 CT-26 

cells in 500 μL of PBS in Balb/c mice. Four days after tumor induction, the mice were 

randomized (6 mice in each group) and starting on day 5, mice were injected IP every other 

day with linTT1-NW, D(KLAKLAK)2-NW, linTT1-D(KLAKLAK)2-NWs, or non- targeted 

NWs at a dose 5 mg/kg Fe, or with PBS. Thirteen days after tumor induction the animals 

were perfused with 10 ml of PBS, the volume of peritoneal ascites was measured, and tumor 

burden was assessed by weighing the tumors and counting tumor nodules as for the 

MKN-45P model.

2.14. Statistical analysis

Student’s t-test was performed using GraphPad Prism Software (Graphpad, CA, USA) and 

one-way analysis of variance (ANOVA) and Fisher LSD was performed with Statistica 8 

software (StatSoft, OK, USA).

3. Results

3.1. LinTT1 -NWs bind to purified p32 protein

We synthesized and characterized NWs as described previously [29,30]. The mean 

hydrodynamic size of NWs was 88 nm. In TEM images NWs appeared as ~ 100 nm strings 

of iron cores with a diameter of ~ 30 nm (Fig. 1A). Fluorescent linTT1 and control peptides 

or only FAM label were coated on the NWs through a thioether bond between the cysteine 

thiol from the peptide and the maleimide on the functionalized particles, resulting in loading 

of ~165μmol of peptide/g of iron. To test the effect of linTT1 functionalization on the 

tropism of NWs, we tested the interaction of linTT1-NWs with immobilized recombinant 

p32 protein. LinTT1-NWs bound to p32, whereas untargeted NWs, or NWs functionalized 

with a control RPARPAR peptide, showed only background binding (Fig. 1B). We used 

RPARPAR as a specificity control because RPARPAR binds to NRP-1, a receptor with 

specificity somewhat similar to that of p32 (both proteins favor positively charged ligands) 

[21]. In another control experiment, we observed no binding of linTT1-NWs to recombinant 

NRP-1, whereas RPARPAR-NW bound specifically to this receptor (Fig. S1). These studies 
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show that linTT1 peptide coated on NWs is accessible for receptor interactions and that 

linTT1 peptide can be used for selective targeting of NWs to p32.

3.2. LinTTl -NWs bind cultured peritoneal carcinomatosis cells in a p32- dependent 
manner

The target of linTT1 peptide, p32, is a mitochondrial chaperone that is aberrantly expressed 

on the cell surface in activated cells [20]. To establish the relevance of the linΤΤ1-ρ32 

platform for targeting PC, we first tested the expression of the cell surface p32 on cultured 

PC cell lines by flow cytometry. Incubation of the live MKN-45P (gastric carcinoma), 

SKOV-3 (ovarian carcinoma), and CT-26 (colon carcinoma) cells with anti-p32 antibody 

showed that these cells express p32 at the cell surface (Fig. S2A). We next determined 

whether the cell surface p32 can be targeted with linTTl-NWs. Flow cytometry 

demonstrated that linTT1-NW, but not untargeted FAM-coated NW, bound to MKN- 45P, 

SKOV-3, and CT-26 cells (Fig. 2A). LinTT1-NW interaction with the cells was dependent 

on the presence of p32, as the pre-incubation of the cells with a blocking anti-p32 antibody 

inhibited linTT1-NW binding up to 90% (Fig. 2B). Confocal microscopy on cultured cells 

revealed prominent binding and internalization of linTT1-NW in the MKN-45P, CT-26 and 

SKOV-3 cells after 3 and 24 h of incubation, whereas NW showed minimal binding (Fig. 2C 

and Fig. S2B). We confirmed the cellular uptake of linTT1-NWs into MKN-45P and CT-26 

cells by staining the cells for the presence of iron using Prussian blue cytochemistry (Fig. 

S3). These experiments show that linTT1-NWs target p32 expressed on the cell surface of 

cultured PC cell lines.

3.3. Internalized linTT1-NWs are routed to mitochondria and linTT1-D(KLAKLAK)2-NWs 
have a cytotoxic effect on MKN-45P cells

In activated cells, p32 pool is present at both on the cell surface and in the mitochondria 

[31]. Confocal imaging of MKN-45P cells demonstrated that after 3 h of incubation 

intracellular linTT1-NWs colocalized with cytochrome C, which is a mitochondrial marker 

(Fig. 3A). The pro- apoptotic D(KLAKLAK)2 peptide is thought to exert its cell-killing activity 

primarily by destabilizing the mitochondrial membranes [34]. We hypothesized that linTT1 

peptide may be well suited for mitochondrial targeting of D(KLAKLAK)2 effector module 

in the p32-positive PC cells. The two peptides were synthesized as a chimeric peptide for 

covalent coupling to the NWs through a 5 K-polyethylene glycol (PEG) linker. The final 

configuration was the following: NW-PEG-Cys-D(KLAKLAK)2- X-AKRGARSTA. The C-

terminal positioning of the homing peptide is important for the CendR motif to interact with 

neuropilin-1 (NRP-1) to trigger cellular uptake and tissue penetration.

The mitochondrial localization of internalized TT1-NW complex (Fig. 3 A) indicated that 

TT1 peptide is capable of delivering D(KLAKLAK)2 payload to its target site - the 

mitochondria. The CendR pathway has been partially characterized; the uptake of CendR 

peptide- coated NPs into cells is an endocytic process that resembles, but is distinct from 

micropinocytosis [35]. A recent study used a superresolution microscopy to document a 

direct endosomal-to-mitochon- drial transfer of intraendosomal iron [36]. The dissection of 

detailed mechanism of mitochondrial translocation of internalized TT1-NWs remains a 

subject of follow-up studies.
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We studied the effect of NWs coated with linTTl-D(KLAKLAK)2 chimeric peptide on 

viability of cultured MKN-45P, CT-26, and SKOV-3 cells and found that linTTl-

D(KLAKLAK)2-NWs reduced the viability of all three PC cell lines, with treatment at the 

highest concentration, 300 μg Fe/ml (~50 nmol of peptide) causing death of about 55–60% 

cells (Fig. 3B and Fig. S4). In contrast, control NWs coated with either peptide alone did not 

have an effect. These observations indicate that the linTT1-NW uptake pathway in PC cells 

is compatible with in vitro delivery of mitochondrially-acting pro-apoptotic peptide to 

induce cell death.

3.4. LinTT1-NWs home to peritoneal tumor lesions in vivo

We next studied the biodistribution of linTT1-NWs in mice inoculated with peritoneal 

MKN-45P tumors. First, two administration routes for targeted particles were compared: 

systemic IV administration and locoregional IP administration. For both routes, 

biodistribution of non-targeted NWs was also analyzed and no specific homing to tumors 

was seen (Fig. 5A and C). Five hours after IP injection of linTT1-NWs, we observed a 

widespread signal in the tumor tissue (Fig. 4A) and only a low background in the control 

organs (Fig. 4B). In contrast, IV injected linTT1-NWs gave a tumor signal (Fig. 4A) that 

was accompanied by a strong non-specific accumulation of linTT1-NWs in control organs, 

in particular in the liver (Fig. 4B). Quantitative imaging of the mice dosed IP or IV with 

linTT1-NWs showed that the FAM signal in the tumors was almost twice as high after IP 

injection, whereas the signal in control tissues was > 3-fold lower after IP administration 

(Fig. 4C). Based on these data, the IP administration route was used for subsequent studies.

Cell surface p32 is expressed besides tumor cells also on other activated cells such as 

vascular and lymphatic endothelial cells and tumor-associated macrophages, especially in 

hypoxic and nutrient-deprived areas [20,31]. p32 expression level and subcellular 

localization has also been demonstrated to be affected by the tumor type [20,31]. We next 

phenotyped the linTT1-NW-positive cells in tumor tissue sections by immunofluorescence 

staining with a panel of cell type-specific antibodies. In MKN-45P tumors linTT1-NWs 

showed a colocalization with CD31-positive vascular structures (Fig. 4A and Fig. 5). In 

addition, overlap was seen with LYVE-1-positive lymphatic vessels and with CD11b-

positive macrophages; these cell types were found to be targeted by LyP-1 peptide, the first 

peptide shown to home to p32 in vivo (Fig. 5) [37,38]. A similar pattern was observed in 

SKOV-3 ovarian tumor tissue, where linTT1-NWs colocalized with blood vessels and 

macrophages (Fig. 5), suggesting that a combination of direct penetration from the IP cavity 

and indirect accumulation via systemic circulation drives tumor accumulation of the linTT1-

NWs, as was previously observed for iRGD-coupled polymersomes [16]. In the case of 

CT-26 tumors, we observed particularly extensive colocalization of linTT1-NWs with 

CD11b-positive macrophages (Fig. 5).

Iron oxide nanoparticles generate hypointense areas in T2-weighted magnetic resonance 

imaging (MRI) [40]. Magnetic relaxivity of iron oxide in MRI is further increased with 

elongated NWs compared to spherical iron oxide nanoparticles [29]. To investigate the 

potential of linTT1-targeted NWs as a tumor detection and imaging agent, we injected mice 

bearing MKN-45P tumors IP with linTT1-coated or control NW and subjected the mice to 
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MRI scans 5 h later. The tumors in mice injected with linTT1-NW showed hypointense 

regions, whereas untargeted NW produced no detectable signal decrease under the same 

imaging conditions (Fig. 6A and B). Post-MRI ex vivo fluorescence imaging of tumors and 

control organs confirmed selective accumulation of linTT1-NW in tumor tissue (Fig. S5).

The linTT1 peptide belongs to the family of tumor penetrating peptides. An important 

feature of this group of targeting ligands is their ability to cause bystander effect-increased 

target accumulation of coadministered payloads. Prototypic member of the family, iRGD, 

increases accumulation and activity of IP coadministered payloads, including anticancer 

drugs [41–44]. We hypothesized that interaction of the truncated form of the linTT1 with 

NRP-1 might trigger the transtissue transport pathway for co-administered compounds [22]. 

To determine if IP linTT1peptide coupled to NW has such activity, we co-administered 

linTT1-NWs (or iRGD-NWs as a positive control) with 70 kDa fluorescently-labeled 

dextran, collected the tissues 90 min later, and studied the biodistribution of the dextran in 

tissue sections. We observed a significant increase in tumor dextran accumulation with 

linTT1-NWs and iRGD-NWs, whereas only a minimal signal was present when dextran was 

injected alone (Fig. 7). This accumulation was not due to binding of the free dextran on the 

peptide-targeted NWs, as the free dextran did not form a complex with the NWs during in 
vitro incubation (Fig. S7).

To explore the translational relevance of the linTT1-NW platform, we assessed the binding 

and penetration of targeted NWs on fresh surgical explants of peritoneal human colon 

cancer. LinTT1-NWs showed binding and higher fluorescence in human colon cancer tissue 

explants during a short-term culture, whereas control NWs only weakly labeled the surface 

of the explants (Fig. S6).

These optical and MR imaging data show that IP-administered, linTT1-functionalized NWs 

accumulate in PC lesions in mouse models of PC and in clinical carcinoma explants.

3.5. IP linTT1-D(KLAKLAK)2-NWs show therapeutic efficacy on mouse models of PC

Accumulation of linTT1-targeted NWs in PC lesions and p32-de- pendent in vitro 
cytotoxicity of linTT1-D(KLAKLAK)2-NWs in PC cell lines prompted us to evaluate the 

suitability of linTT1-NW platform for the therapy of peritoneally disseminated MKN-45P 

and CT-26 tumors in mice.

We used the same treatment regimen previously used in systemic therapy of glioblastomas 

D(KLAKLAK)2-NWs targeted with different peptides given every other day at a NW dose 

of 5 mg/kg Fe) [27], but gave the injections IP. In the MKN-45P tumor model, the treatment 

with linTTl-D(KLAKLAK)2-NWs resulted in a significant decrease in tumor burden (weight 

of peritoneal malignant tissue) and in significant reduction in the number of tumor nodules 

(Fig. 8A and B). The control NW treatments did not differ from the vehicle control.

Immunofluorescent staining of post-treatment tumor tissue sections showed a significant 

decrease in the number of CD31 positive blood vessels in the linTT1-D(KLAKLAK)2-NW 

group compared with the control group (Fig. 8C and Fig. S8). There were also fewer Ki67-

positive proliferating cells in these tumors (Fig. 8C and Fig. S8), and the count of apoptotic 
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caspase-3 positive cells was increased (Fig. 8C). These results suggest that the anti-tumor 

activity of linTTl-D(KLAKLAK)2-NW is due to a combination of decreased proliferation of 

cells, enhanced apoptosis, and reduced number of blood vessels in the tumor tissue.

CT-26 syngeneic tumors are highly aggressive, with death ensuing already at 14 days after 

tumor induction. Consequently, we started experimental therapy on the day 4 after tumor 

inoculation in this model. On day 13 the experiment was terminated, and the tumor volume, 

ascites and metastatic nodules were measured. We did not see any significant differences 

between the treatment groups in total tumor weight, but there was a trend towards reduced 

tumor burden in linTT1-D(KLAKLAK)2-NW group (Fig. S9A). One of the features of the 

CT-26 model is the presence of abundant ascitic fluid. The ascites volume was significantly 

lower in the linTT1-D(KLAKLAK)2-NW group compared to PBS group (Fig. S9B). These 

studies show that linTT1peptide targeting improves therapeutic efficacy of an IP-

administered nanosystem.

4. Discussion

IP therapy for the treatment of PC is a rapidly growing niche that is explored by numerous 

preclinical and clinical studies. Compared to free drugs, IP-administered nanoformulated 

cancer drugs may have favorable pharmacokinetic and biodistribution profiles [45], and at 

least 2 nano-therapeutics, Abraxane™ and Nanotax™ are being clinically evaluated in PC 

clinical trials [46,47]. Our study was designed to evaluate the effect of functionalizing NPs 

with the p32-binding linTT1 peptide on the tumor targeting and antitumor efficacies of drug-

loaded NPs upon IP administration. Our data indicate that linTT1 functionalization increases 

tumor selectivity of IP-administered nanoparticles and that this selectivity translates into 

improved anticancer response to the therapeutic NPs.

The PEGylated iron oxide NWs we used as the scaffold for the targeted nanotherapeutic are 

a versatile dual-use NPs, optimized for systemic in vivo targeting as a carrier of anticancer 

agents and as an MRI contrast agent [23,27,29,30]. The high aspect ratio of the NWs is 

thought to allow more efficient targeting with affinity ligands than is possible with 

equivalent spherical NPs [29,48]. Moreover, NWs have an increased tissue residence time 

upon extravasation than spherical NPs.

The linTT1 peptide has been previously validated as a tumor specific peptide. Significantly, 

the affinity of linTT1 for its target receptor, p32 (aka gC1qR), is lower than that of similar 

peptides, but it is particularly effective in causing tumor penetration of NPs [18,19]. The 

reason may be that the avidity effect of the multivalent presentation on NPs does not become 

so high that it would elicit the so-called “binding- site barrier”, which can hinder tissue 

penetration of compounds with a high affinity for their receptors [49,50].

The p32 protein has been used as a target molecule in systemic treatment of tumors 

[19,31,51,52], but this is the first study on PC. We show that a number of cell lines 

representing tumors that commonly present as PC express p32 at levels suitable for peptide-

based tumor targeting. The binding of linTT1-coated NPs to surface p32 of these cells 

resulted in cellular internalization into p32-expressing PC cell lines in vitro and in tumor 
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accumulation in vivo. Importantly, the internalized NPs were associated with mitochondria, 

as has been shown previously for a related peptide [28]. This is important because the drug 

payload we used acts on mitochondria, causing apoptosis. Thus, our targeting system directs 

the NPs into the tumor and all the way to the appropriate subcellular target.

Our data indicate that for targeting peritoneal tumor lesions, IP administration of linTT1-

NWs is superior to the systemic route, with improved tumor/background tissues ratio. Our 

study demonstrates that non-targeted NWs are taken up in organs that non-specifically 

capture all NPs (liver and spleen) or excrete NP degradation products (kidney), as has been 

demonstrated for systemic route [19]. Thus, despite the fact that the NWs are smaller than 

the openings of lymphatic stomata at the peritoneal barrier (> 500 nm) [53], IP-injected 

NWs appear to have intraperitoneal residence time sufficient to allow direct IP tumor 

targeting. The linTT1-coated NWs reached the PC tumor nodules via the blood vessels, but 

clearly where also able to penetrate into nodules in a circulation independent manner. This 

was particularly clearly demonstrated by the penetration of linTT1-NWs into human tumor 

explants ex vivo. Another important implication from this result is that human PC should 

also be targetable with linTTl. The NW platform used in the current study does not allow 

quantitative biodistribution analysis of the injected particles. We will use peptide-targeted 

silver nanoparticle cargo and ICP-MS analysis in the follow-up biodistribution studies.

The statistically significant decrease in the count of tumor nodules we observed in PC mice 

treated with LinTT1-D(KLAKLAK)2-NWs is important because IP (micro)metastases that 

remain after de-bulking surgery and adjuvant chemotherapy are a main cause of treatment 

failure [54–56]. In CT-26 tumor model, which is prone to ascites fluid accumulation, we 

observed a significant reduction of the volume of ascites following treatment with the NWs. 

Buildup of malignant ascites involves interference of tumor cells on the peritoneal surface 

with normal venous and lymphatic drainage and increased vascular permeability. An ability 

of treatment to reduce ascites formation could be of high clinical importance, as ascites 

buildup is one of the main causes of PC morbidity [57,58].

Clinical cancers are notoriously heterogenous and it is likely that not all clinical PC cases 

are susceptible to p32-targeted interventions. MR imaging of linTT1-targeted NW may 

provide a convenient companion diagnostic tool to establish the sensitivity of the particular 

clinical case to p32 targeted therapies. Importantly, we also demonstrated that IP linTTl-

NWs trigger significant bystander effect and increase tumor retention of coadministered 70 

kDa dextran. This is an important observation that suggests that in the context of PC, 

linTT1-NW may act simultaneously as a drug carrier, imaging agent, and an adjuvant to 

increase uptake of coadministered drugs and/or imaging agents. The therapeutic potentiation 

of anticancer drugs by linTT1-NW will be a subject for the follow-up studies.

Our present report on linTT1-mediated targeting of the PC is a sequel to our recently 

published studies on tumor homing iRGD peptide for the targeting of peritoneal cancer 

[16,17]. Both iRGD and linTT1 peptides belong to a novel class of tumor-targeting peptides, 

tumor penetrating peptides, defined by the presence of cryptic R/KXXR/K C- end Rule 

(CendR) motif (iRGD: CRGDKGPDC, linTT1: AKRGARSTA) that is activated by 

proteolytic cleavage to enable NRP-1 binding and activation of CendR cell- and tissue 
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penetration pathway [59]. iRGD and linTT1use different primary receptors for initial tumor 

recruitment: iRGD binds first to angiogenic integrins overexpressed on tumor cells and on 

angiogenic endothelial cells [60]; linTT1 peptide recognizes first cell surface p32 - a 

mitochondrial protein aberrantly displayed on the surface of activated tumor cells and cells 

in tumor stroma (macrophages, lymphatic endothelial cells, endothelial cells) [18]. Thus, 

linTT1 and iRGD have a differing and likely complementary targeting landscapes and can 

be potentially used in combination for synergistic targeting of the peritoneal tumors - a 

testable hypothesis for the follow-up studies.

LinTT1 peptide is a member of a family of p32-targeting ligands identified in our laboratory 

over the years. LyP-1 peptide, the first peptidic ligand of p32, was identified by in vivo 
phage display screening for peptides that target lymphatic vessels [38]. LinTT1 peptide was 

identified using biopanning on purified p32 protein in a cell free system, and was found to 

have about 10-fold improved affinity compared to LyP-1 [18]. In vitro, linTT1 peptide is 

cleaved by a tumor- associated protease, urokinase type plasminogen activator (uPA), to 

convert it from p32-binding peptide to NRP-1 binding CendR peptide (C/AKRGAR↓STC/A, 

cleavage site indicated by arrow, CendR motif underlined [19]. The relevance of uPA 

processing for in vivo tissue penetrative targeting of linTT1 peptide is under active 

investigation. Finally, we have used high-throughput screens of chemical libraries to identify 

low molecular weight compound leads that target linTT1- binding site on p32 and used the 

compounds to make nanoparticles that home to p32-positive tumors in vivo [18]. These 

different p32 ligands are likely to have differing molecular interaction profiles that result in 

distinct in vivo targeting profiles of the PC lesions.

In summary, functionalization of therapeutic iron oxide NWs with the linTT1 peptide 

potentiates their tumor selectivity and anti-tumor activity upon IP administration. In a panel 

of mouse models of PC and on clinical tumor explants linTT1-NW showed efficient tumor 

accumulation that was not detected with untargeted nanoworms. These observations 

establish linΤΤ1/ρ32 targeting paradigm for peritoneally disseminated carcinomas and 

encourage future pre-clinical and clinical studies to validate the system for the treatment of 

PC.
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Fig. 1. 
Characterization of iron oxide NWs used in this study. (A) Physicochemical properties of 

NWs. Size distribution of non-functionalized NWs measured by DLS at 25 C. PdI - 

polydispersity index. Error bars represent standard deviation (n = 3). TEM image of non-

functionalized NWs (scale bar is 100 nm, magnification 160,000 ×). Average diameter 

calculation was based on DLS (n = 3); zeta potential was measured with NWs functionalized 

with linTT1 peptide (n = 3); the amount of peptide is given as μmol/g of iron. (B) Binding of 

FAM-labeled linTT1-NWs, RPARPAR-NWs or control FAM-NWs to recombinant p32. 

Thirty μg/ml of NWs were incubated with immobilized his-tagged p32 for 1 h, followed by 

washes to remove unbound NWs and quantification of bound FAM-NWs by spectrometry. Y 

axis is the NW fluorescence in arbitrary units (a.u.). N = 3; statistical analysis by one-way 

ANOVA; error bars, mean + SEM, ***p < 0.001.
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Fig. 2. 
LinTT1-NWs bind to peritoneal carcinomatosis cell lines in a p32-dependent manner. (A) 

Flow cytometry of MKN-45P, SKOV-3 and CT-26 cells incubated with linTT1-NWs and 

control FAM labeled NWs. Cells in suspension were incubated with NWs (at 30 μg/ml Fe) 

for 1 h followed by washes, and flow cytometry analysis. Green line: cells incubated with 

linTT1- NWs; red line: cells incubated with NWs; black line: cells without NW incubation. 

(B) Anti-p32 antibody inhibition of NW binding to MKN-45P, SKOV-3 and CT-26 cells. 

Suspended cells were pre-incubated with 20 μg/ml of p32 antibody, followed by NW 

incubation for 1 h, washes and flow cytometry. The labeling colour scheme is the same as in 

A. (C) Fluorescence confocal imaging of cultured adherent MKN-45P, CT-26 and SKOV-3 
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cells incubated with linTT1-NWs or non-targeted NWs for 3h. Green: NWs; blue: DAPI. 

Scale bars: 30 μm. (For interpretation of the references to colour in this figure legend, the 

reader is referred to the web version of this article.)
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Fig. 3. 
Internalized linTT1-NWs are routed to mitochondria and linTT1-D(KLAKLAK)2-NWs have 

a cytotoxic effect on MKN-45P cells. (A) Internalized linTT1-NWs colocalize with a 

mitochondrial marker, cytochrome C. MKN-45P cells were incubated with linTT1-NWs for 

3 h, washed, and fixed for immunofluorescence staining. The cells were incubated with 

rabbit anti-FITC primary antibody to detect the NWs and with mouse anti-cytochrome C to 

label mitochondria, followed by incubation with anti-mouse Alexa Fluor-546 and anti-rabbit 

Alexa Fluor 647 secondary antibodies; nuclei stained with DAPI. LinTT1-NW: green; 

cytochrome C (Cyt-C): red; DAPI: blue; colocalization of FAM and cytochrome C signal: 

white. Scale bar: 5 μm. (B) Treatment with linTT1-NW coupled to the pro-apoptotic peptide 

D(KLAKLAK)2, decreases viability of MKN-45P cells. MKN-45P cells were incubated with 

the indicated NWs over a range of iron concentrations (3, 10, 30, 100, 300 μg/ml), and cell 

viability was assessed after 6 h incubation by a colorimetric assay based on reducing the 

tetrazolium dye MTT. KL: D(KLAKLAK)2. Statistical analysis was performed by ANOVA. 

n = 3; error bars indicate ± SEM; ***p < 0.001, **p < 0.01, *p < 0.05. (For interpretation of 

the references to colour in this figure legend, the reader is referred to the web version of this 

article.)
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Fig. 4. 
Intraperitoneal linTT1-NWs have improved tumor selectivity over systemically administered 

NWs. (A) Representative fluorescence confocal images of linTT1-NW at 5 h after IP (first 

column) or IV injection (second column) demonstrates tumor homing for both routes of 

administration. Cryosections of tumor tissues were stained with a CD31 antibody to 

visualize the blood vessels. Green: NWs; Red: CD31, Blue: DAPI. Representative fields 

from multiple sections (n ≥ 3) prepared from at least 3 tumors are shown. Scale bars: 100 

μm. (B) Biodistribution of linTT1-NWs injected IP or IV in non-target organs (liver and 

kidney) in mice bearing MKN-45P tumors. NWs were injected at a dose of 5 mg/kg, and 

tissues were collected after 5 h. Blue, DAPI; green: FAM. Scale bars: 100 pm. (C) 

Quantification of green fluorescence signal in tumor, liver and kidney after IP or IV injection 

of linTT1-FAM-NWs. Fluorescence signal intensity was quantified by ImageJ software and 

normalized for tissue area. Representative fields from multiple sections from tumors in three 

mice are shown. (For interpretation of the references to colour in this figure legend, the 

reader is referred to the web version of this article.)
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Fig. 5. 
Targeted NW homing in different models of peritoneal carcinomatosis. (A) Confocal 

Imaging of tumor sections. Mice bearing MKN-45P (upper panel), CT-26 (middle panel) 

and SKOV-3 (lower panel) tumors were Injected with linTT1-NWs (5 mg iron/kg). Tissues 

were collected 5 h after IP injection of NWs, and cryosections of tumor tissue were stained 

with antibodies against CD31 (blood vessels). LYVE-1 (lymphatic vessels) and CD11b 

(macrophages). Green: NWs; Red: CD31, LYVE-1 or CD11b. Blue: DAPI. Scale bars: 100 

μm. (B) Colocalization analysis of linTT1-NWs with CD31, LYVE-1 and CDllb in 
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MKN-45P, CT-26 and SKOV-3 tumor models based on Manders (M) coefficient [39] 0 = no 

colocalization; 1 = perfect colocalization. Analysis was performed by ImageJ software. 

Error bars, mean ± SEM (C) Quantification of green fluorescence intensity in the confocal 

images of tissue sections prepared from MKN-45P, CT-26 and SKOV-3 tumors. 

Representative fields from multiple sections representing tumors from 3 mice per group are 

shown. Analysis by Image J, N > 3 mice; Statistical analysis: Student’s t-test; error bars: 

mean ± SEM; **p < 0.01, *p < 0.05. (For interpretation of the references to colour in this 

figure legend, the reader is referred to the web version of this article.)
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Fig. 6. 
Tumor imaging with linTT1-NWs. T2-weighted magnetic resonance images of mice bearing 

IP MKN-45P tumors. The mice were injected intraperitoneally with linTT1-coated or 

control FAM-coated NWs (5 mg/kg of iron). (A) Coronal images of the tumors were 

acquired using 9.4 T Bruker MR system (TR/TE =1.8 s/ 23 ms; slice thickness 0.5 mm) 

before NW injection (pre-scan) and 5 h after NW injection (post scan). T, tumor; M, muscle 

(B) linTT1-NWs produced significant hypointensities in the tumor tissue whereas control 

NWs gave no signal. The signal intensity was normalized to the adjacent muscle tissue. Five 

images per time point were analyzed. Statistical analysis: Student’s t-test; error bars: mean 

+SEM; **p ˂ 0.01.
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Fig. 7. 
IP linTT1-NWs increase MKN-45P tumor accumulation of coadministered 70 kDa dextran. 

Mice bearing disseminated MKN-45P tumors were injected IP with the indicated NW 

formulations (5 mg/kg Fe) and 0.3 mg Lys-Dextran 70 kDa in 1 ml PBS. After 90 min, the 

mice were perfused and tissues processed for confocal imaging.
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Fig. 8. 
Experimental therapy of mice bearing peritoneal MKN-45P tumors. (A) Mice bearing 

disseminated IP MKN-45P tumors were injected IP every other day during two weeks with 

the indicated NW formulations (5 mg/kg Fe). (B) Total tumor weight and (C) number of 

peritoneal tumor nodules after treatment are shown. KL: D(KLAKLAK)2 apoptotic peptide 

coupled to NWs. N=8 mice in each group in both panels A and B. Statistical analysis was 

performed by one-way ANOVA; error bars, mean+ SEM. (D) Quantification of the 

fluorescence intensity from CD31 (blood vessels), Ki67 (proliferating cells) and cleaved 
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caspase-3 (apoptotic cells) staining. Image J software was used, and 8–10 confocal images 

were analyzed per group. Statistical analysis: Student's t-test; error bars, mean ± SEM; ***p 

˂ 0.001. **p < 0.01, *p < 0.05.
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