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a b s t r a c t 

The need for more effective and precision medicines for cancer has pushed the exploration of new mate- 

rials appropriate for drug delivery and imaging, and alternative receptors for targeting. Among the most 

promising strategies, finding suitable cell surface receptors and targeting agents for cancer-associated 

platelet derived growth factor receptor β (PDGFR- β) + stromal fibroblasts is highly appealing. As a ne- 

glected target, this cell type mechanically and biologically supports the growth, progression, and infiltra- 

tion of solid tumors in non-small cell lung, breast, pancreatic, and colorectal cancers. We have developed 

a family of PDGFR- β-targeted nanoparticles based on biofabricated, self-assembling proteins, upon hierar- 

chical and iterative selective processes starting from four initial candidates. The modular protein PDGFD- 

GFP-H6 is well produced in recombinant bacteria, resulting in structurally robust oligomeric particles that 

selectively penetrates into PDGFR- β+ stromal fibroblasts in a dose-dependent manner, by means of the 

PDGFR- β ligand PDGFD. Upon in vivo administration, these GFP-carrying protein nanoparticles precisely 

accumulate in tumor tissues and enlighten them for IVIS observation. When GFP is replaced by a micro- 

bial toxin, selective tumor tissue destruction is observed associated with a significant reduction in tumor 

volume growth. The presented data validate the PDGFR- β/PDGFD pair as a promising toolbox for tar- 

geted drug delivery in the tumor microenvironment and oligomeric protein nanoparticles as a powerful 

instrument to mediate highly selective biosafe targeting in cancer through non-cancer cells. 

Statement of significance 

We have developed a transversal platform for nanoparticle-based drug delivery into cancer-associated 

fibroblasts. This is based on the engineered modular protein PDGFD-GFP-H6 that spontaneously self- 

assemble and selectively penetrates into PDGFR- β+ stromal fibroblasts in a dose-dependent manner, by 

means of the PDGFR- β ligand PDGFD. In vivo , these protein nanoparticles accumulate in tumor and when 

incorporating a microbial toxin, they destroy tumor tissues with a significant reduction in tumor volume, 

in absence of side toxicities. The data presented here validate the PDGFR- β/PDGFD pair as a fully versatile 

toolbox for targeted drug delivery in the tumor microenvironment intended as a synergistic treatment. 

© 2023 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Cancer represents a leading cause of death worldwide and an 

nmet clinical problem [1] . It is so despite the substantial eco- 

omic and human resources invested in anti-tumor drug discov- 

ry and the diversity of innovative therapeutic approaches and 

merging materials intended for more effective drug delivery that 

re currently under evaluation [2–6] . The generic lack of selec- 

ivity and high toxicity of most chemical drugs, the development 

f drug resistance and relapse and the multiple facets that sup- 

ort cancer development and progression make this goal espe- 

ially complex. Increasing drug selectivity for target cells through 

marter and selective drug vehicles and identifying complemen- 

ary therapeutic targets should both support significant steps to- 

ards successful cancer therapies. In the context of these non- 

xclusive alternatives, high precision drug delivery is being ex- 

lored mainly by the refinement of nanomedical tools [7–13] and 

y developing biocompatible materials within the nanoscale as 

rug carriers. Their building blocks are to be functionalized with 

pecific ligands of overexpressed tumoral markers for selective cy- 

otoxic drug delivery and the consequent cell destruction, in a se- 

ective way [ 11 , 14–16 ]. Based on such functionalization, oligomeric 

anoparticles benefit from the resulting cooperativity in receptor 

inding, enhanced endosomal engulfment and higher cell pene- 

rability compared to monomeric ligands [17–20] . Metastatic can- 

er stem cells are particularly appealing targets for high precision 

anomedicines as they are the origin of metastases, the main cause 

f patients’ death. So far, despite being theoretically promising, at- 

empts of selectivity in cancer nanomedicines have not generically 

eached accumulation in target tissues, being over 1-2 % of the 

dministered material [ 21 , 22 ]. Further, many nanoscale materials, 

ecause of their physicochemical properties or their natural inter- 

ctivity with biological receptors are in fact retained in liver or 

hagocyted [23–25] , precluding the desired biodistribution of the 

arrier and the payload drug. An interesting exception is the en- 

ineering of self-assembling tumor-targeted modular proteins, that 

ollow a highly desired tumor biodistribution [26–28] and which 

n some cases show values of tumor accumulation, upon systemic 

dministration, over 85 % of the total observed signal [ 29 , 30 ]. 

On the other hand, the identification of alternative or comple- 

entary targets for selective cell killing offers promising routes 

o designing innovative drugs [31] . Looking at those other poten- 

ial strategies, stroma refers to the tissue that surrounds epithe- 

ial cancer cells, including extracellular matrix, endothelial cells, 

mmune cells and fibroblasts, which modulate and participate in 

ancer development. Among these elements, fibroblasts, synthe- 

ize and remodel the extracellular matrix being then responsible 

or the cancer tissue architecture and structural properties [32] . Fi- 

roblasts are also responsible for the production of growth factors 

nd cytokines that will be secreted within the tumor [33] , support- 

ng its development [ 32 , 34 ]. In particular, a specific subpopulation 

f this cell type, namely platelet-derived growth factor receptor 

(PDGFR- β)-expressing fibroblasts are positively involved in can- 

er progression and its infiltration in tumors compromises patient 

urvival, especially in non-small cell lung, breast, pancreatic and 

olorectal cancer [35–38] . PDGFR- β is a transmembrane protein, 

ember of the family of Tyr kinases that participates in cell dif- 

erentiation, migration and proliferation processes in several neo- 

lasias [39] . Importantly, its expression levels in cancer-associated 

broblasts (CAFs) correlates with bad prognosis, relapse and drug 

esistance in several types of cancer [40–44] . Therefore, stromal 

DGFR- β+ fibroblasts are a pivotal, highly interesting cell type for 

maging, drug delivery or selective destruction in the context of 

ancer therapies [45] . Despite the robust data supporting PDGFR- 
+ fibroblasts as targets in cancer therapies [ 35 , 39 , 42 , 46 , 47 ], the

odest explorations have been so far limited to interfere signaling 
544 
48] , but appropriate drugs or drug vehicles have not been yet de- 

eloped and this type of approach has been essentially neglected. 

In the present study, we have combined structural concepts 

rom biomaterial design and self-assembling and from cell-targeted 

ancer nanomedicines based on ligand-receptor pairs, with the po- 

ential use of PDGFR- β-expressing stromal fibroblasts as targets 

or anticancer therapies, either as single agents or in combina- 

ion with additional targeted drugs. Taking the concept of mod- 

lar proteins as versatile and convenient materials for bio-inspired 

nd clinically-oriented uses [49–60] , we have generated protein- 

nly nanoparticles based on self-assembling building blocks and 

argeted to cell-surface receptors of these cells. These materials, 

roduced by simple and fully scalable biofabrication processes, 

ave been successfully validated here as highly selective targeting 

gents which allow internalization in PDGFR- β+ fibroblasts, both 

n cell culture and in vivo , using multiple analytical procedures. By 

ncorporating a potent microbial toxin, the targeted nanoparticles 

romote a precise and selective destruction of tumor in an animal 

ubcutaneous model of colorectal cancer, resulting in reduction of 

umor volume growth. Altogether, the obtained data fully supports 

he concept of selective drug carriers based on nanoscale protein 

aterials to target the main architectonic agents in solid tumors 

or their further development and use in the clinical setting. 

. Experimental section 

.1. Protein description 

Four peptide ligands of PDGFR- β were selected from literature 

nd described hereafter. Platelet derived growth factor B (PDGFB) 

nd platelet derived growth factor D (PDGFD) are both human lig- 

nds of PDFGR- β [61] . PDGFRP1 is a small cationic peptide isolated 

y phage display [62] , while Z09591 is an anionic affibody also 

dentified by phage display and commonly used for radiolabeling 

nd imaging of PDGFR- β expression in different cancers [ 46 , 63 , 64 ].

.2. Protein design, production, and purification 

The sequences of four green fluorescent PDGFR- β targeted pro- 

eins and the PDGFR- β targeted nanotoxin PDGFD-NT-H6 were 

esigned in house as codon-optimized genes and subcloned into 

ET22b plasmids using NdeI and HindIII restriction enzymes. Gen- 

art (ThermoFisher) provided the recombinant plasmids. For fluo- 

escent proteins, PDGFR- β targeted domains were placed at the N- 

erminus of each protein, followed by a flexible linker (GGSSRSS), 

he green fluorescent protein (GFP) and the hexa-histidine tag H6. 

he H6 tag allows both protein purification but it also promotes 

ssembling through coordination with divalent cations [65] . For 

he nanotoxin, PDGFD was located at the N-terminus, followed by 

 furin cleavable site (GNRVRRSV) flanked by two flexible linkers 

GGSSRSS), the catalytic domain of Pseudomonas aeruginosa exo- 

oxin A (PE24), the H6 tag and the C-terminal subcellular location 

ignal KDEL. The recombinant pET22b vectors were transformed 

nto Escherichia coli by heat shock at 42 ºC for 45 s. PDGFRP1-GFP- 

6 and Z09591-GFP-H6, lacking intramolecular or intermolecular 

isulfide bonds, were produced in BL21 (DE3), PDGFB-GFP-H6 in 

rigami B (BL21 DE3, OmpT −, Lon 

−, TrxB 

−, Gor −, Novagen), and

DGFD-GFP-H6 and PDGFD-NT-H6 in BL21 (DE3) previously engi- 

eered for the expression of sulfhydryl oxidase and DsbC [ 66 , 67 ]

kindly provided by Prof. A. de Marco). 

Protein production was carried out at the optimal conditions 

or each candidate. In this sense, PDGFRP1-GFP-H6 and Z09591- 

FP-H6 were produced overnight at 20 ºC and 250 rpm in Luria 

roth (LB) supplemented with 100 μg mL −1 ampicillin, upon ad- 

ition of 1 ×10 −4 M of isopropyl- β-d-thiogalactopyronaside (IPTG), 

t OD 0.6-0.8 units. PDGFB-GFP-H6 was produced overnight 
550nm 
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t 16 ºC and 250 rpm in LB supplemented with 100 μg mL −1 

mpicillin, 12.5 μg mL −1 tetracycline and 15 μg mL −1 kanamycin, 

pon addition of 1 ×10 −4 M IPTG, at OD 550nm 

0.6-0.8 units. Cells 

ere then harvested by centrifugation (15 min, 50 0 0 g ) and stored

t -80 ºC. For protein purification, cells were resuspended in wash 

uffer (2 ×10 −2 M Tris-HCl, 5 ×10 −1 M NaCl, 1 ×10 −2 M imida- 

ole, pH 8.0) in presence of protease inhibitors (cOmplete EDTA- 

ree, Roche Diagnostics) and disrupted in an EmulsiFlex-C5 system 

Avestin) by 3 rounds at 80 0 0 psi. The soluble fraction was then

ollected by centrifugation (45 min at 150 0 0 g) and proteins puri- 

ed by an immobilized metal affinity chromatography (IMAC) us- 

ng a HisTrap HP column (GE Healthcare) in an ÄKTA pure system 

GE Healthcare). Elution was achieved by a lineal increase of im- 

dazole concentration (Elution Buffer, 2 ×10 −2 M Tris-HCl, 5 ×10 −1 

 NaCl, 5 ×10 −1 M imidazole, pH 8.0). 

For PDGFD-GFP-H6 and PDGFD-NT-H6 protein production, bac- 

eria were grown in LB supplemented with 100 μg mL −1 ampi- 

illin and 34 μg mL −1 chloramphenicol at 37 ºC until OD 550nm 

eached 0.4-0.5 units. In that moment, the expression of sulfhydryl 

xidase and DsbC was induced by adding 0.5 % (m/v) of L- 

rabinose and temperature was lowered to 30 ºC. 45 min later, 

emperature was lowered to 16 ºC (PDGFD-GFP-H6) or 20 ºC 

PDGFD-NT-H6) and 1 ×10 −3 M of IPTG was added to induce 

vernight expression. In both cases, cells were then harvested by 

entrifugation (15 min 50 0 0 g ) and an osmotic shock was per-

ormed to remove the metallophores from the periplasmic frac- 

ion [68] . For that, cells were first resuspended in a hypertonic 

olution (20 % sucrose, 1 ×10 −3 M ethylenediaminetetraacetic acid 

EDTA), 5 ×10 −2 M 4-(2-hydroxyethyl)-1-piperazineethanesulfonic 

cid (HEPES), pH 7.9) and centrifuged (30 min, 70 0 0 g , 4 ºC). Su-

ernatant was discarded and cells were then resuspended in a hy- 

otonic solution (5 ×10 −3 M MgSO 4 ), placed 10 min at 4 ºC and

ubsequently centrifuged (15 min, 4500 g ) to remove again the su- 

ernatant. Bacterial cells, now without periplasm, were finally re- 

uspended in wash buffer in presence of protease inhibitors and 

tored at -80 ºC. Disruption and purification were carried out as 

tated for the other proteins. For comparison purposes, GFP-H6 

as produced and purified as previously described [69] . 

.3. Physicochemical characterization of proteins and protein 

aterials 

After purification, proteins were dialyzed against an appropriate 

olution, namely sodium carbonate (166 mM NaCO 3 H, pH 8.0) for 

DGFRP1-GFP-H6 and PDGFD-NT-H6 and sodium carbonate with 

alt (166 mM NaCO 3 H, 333 mM NaCl, pH 8.0) for Z09591-GFP-H6, 

DGFB-GFP-H6 and PDGFD-GFP-H6. A particular amount of ZnCl 2 
as added to pure solutions of PDGFRP1-GFP-H6 (3:1 molar ra- 

io, Zn 

2 + : Histidine residues in H6) and Z09591-GFP-H6 (1:1 molar 

atio, Zn 

2 + : Histidine residues in H6) to promote protein assem- 

ling and nanoparticle formation. Protein purity and integrity was 

etermined by sodium dodecyl sulfate polyacrylamide gel elec- 

rophoresis (SDS-PAGE), and western blot immunodetection using 

n anti-His (Santa Cruz Biotechnology) and an anti-GFP (Santa Cruz 

iotechnology) antibody. The same molar amount was used for 

ach protein. Protein concentration was determined by the Brad- 

ord assay (Bio-Rad). Dynamic light scattering (DLS) was used to 

etermine the volume size distribution of each type of nanopar- 

icle. Measurements were conducted in a Zetasizer Advanced Pro 

lue (Malvern Instruments Limited) at 25 ºC and 633 nm (n = 3) 

sing a quartz cuvette. Also, the GFP fluorescence was evaluated 

n a Varian Cary Eclipse Fluorescence Spectrophotometer (Agilent 

echnologies). Protein concentration was set to 5 μM, the excita- 

ion wavelength to 488 nm and the emission recorded at 511 nm. 

or green fluorescent proteins, the percentage of intrinsic fluores- 

ence was calculated in comparison to the non-targeted control 
545
FP-H6. Protein stability in the in vitro culture media (Dulbecco’s 

odified Eagle Medium, DMEM, Gibco; supplemented with fetal 

ovine serum, FBS, Gibco) was measured by incubating the pro- 

eins at the maximum concentration used in in vitro experiments 

1 ×10 −3 M), for the maximum time of exposure (24 h) at 37 ºC,

nd separating the soluble and insoluble fractions by centrifugation 

15 min, 150 0 0 g ). A protein electrophoresis gel, followed by an 

nti-His Western Blot, were finally performed. Size exclusion chro- 

atography was used to reveal oligomeric status of PDGFB-GFP-H6 

nd PDGFD-GFP-H6. Both proteins were analyzed using Superdex 

0 0 Increase 10-30 0 GL (Cytiva) operated at 4 ºC, 0.5 mL/min, and

.5 mg/mL (total amount 2.5 ×10 4 g). For PDGFD-GFP-H6, an ad- 

itional analytical size exclusion chromatography was performed 

o discriminate among different populations of nanoparticles. For 

hat, Superose 6 Increase 10-300 GL (Cytiva) was used under the 

ame settings previously described for Superdex 200 Increase 10- 

00 GL. 

.4. Ultrastructural characterization 

Nanoscale morphometry (size and shape) of the different pro- 

ein nanoparticles was visualized at nearly native state with two 

apid high-resolution imaging techniques. Drops of 5 μL of sam- 

les diluted at 0.2 μg mL −1 in its stock solution were deposited in 

ilicon wafers (Ted Pella) and observed in a field emission scan- 

ing electron microscope (FESEM) Merlin (Zeiss) operating at 1 kV 

nd equipped with an in-lens secondary electron detector. Drops 

f samples diluted at 0.2 μg mL −1 in its stock solution were nega- 

ively stained with 2 % uranyl acetate (Merck) in 400 mesh carbon- 

oated copper grids (Electron Microscopy Sciences) and observed 

n a transmission electron microscope (TEM) JEM 1400 (Jeol) op- 

rating at 80 kV and equipped with an Orius SC200 CCD camera 

Gatan). Representative images of general fields and nanoparticles 

etails were obtained at three magnifications. 

.5. Three-dimensional models and visualization 

In silico three-dimensional structure prediction of the four 

DGFR- β targeted modular proteins was performed using Al- 

haFold Colab. [70] ChimeraX software version 1.2 [71] was used 

hen for their 3D structure visualization. GraphPad Prism 8 was 

sed for graphics and statistical tests. 

.6. Cell lines and cell culture 

Mouse Embryonic Fibroblasts (MEFs) and Mesenchymal Stem 

ells (MSCs) were kindly provided by Prof. Antonio Garcia de Her- 

eros [ 72 , 73 ]. MEFs, MSCs, and the mouse colorectal cancer cell 

ine MC-38 (Kerafast) were cultured in Dulbecco’s Modified Eagle’s 

edium (DMEM) 4.5g/L glucose, supplemented with 10 % Fetal 

ovine Serum (FBS), 100 U/mL penicillin, 100 μg/mL streptomycin 

nd 2 mM glutamine (Life Technologies) and incubated at 37 °C and 

 % CO 2 in a humidified atmosphere. 

.7. Immunodetection 

MEFs, MSCs and MC38 cells were plated in p100 dishes (3 ×10 5 

ells/p100) and exposed to nanoparticles at different concentration 

from 25 nM to 100 nM) for two time periods (1 h, 24 h). When

ndicated, cells were treated with 50 ng/mL of platelet derived 

rowth factor B homodimer (PDGF-BB. Prepotech) 30 min prior 

xposure. Cells were washed with PBS, detached from the plate, 

nd trypsinized (1 mg/ml trypsin, Life Technologies) for 15 min at 

7 °C to remove membrane binding of the nanoparticles. RIPA ly- 

is buffer plus phosphatase and protease inhibitors (Roche) was 

sed to obtain whole-cell extracts. Protein extracts were loaded 
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nto 10-12 % acrylamide SDS-PAGE gel and transferred to a nitro- 

ellulose membrane to detect GFP (Santa Cruz Technologies, sc- 

334), PDGFR- β (Cell Signaling, 3169) and tubulin (Cell Signaling, 

148) by western blotting. Bands were visualized using ChemiDoc 

RS + imaging system (Bio-rad). Bands densitometry quantitation 

as performed with ImageJ software. All experiments were per- 

ormed in triplicate. 

.8. Flow cytometry 

Internalization of nanoparticles was quantified by GFP fluores- 

ence signal using FACS Calibur (BD Biosciences). MEFs and MSCs 

ere exposed at 25, 50, 100, 250, 500 and 1000 nM for 1 h or

4 h. After treatment, cells were washed with PBS, detached from 

he plate and trypsinized for 15 min at 37 ºC to eliminate non- 

nternalized nanoparticle. Data were analyzed using the Flow Jo 

oftware and represented as mean fluorescence intensity (MFI) fold 

hange with respect to buffer-treated cells. All experiments were 

erformed in triplicate. 

.9. Confocal microscopy 

For fluorescence microscopy, 1 ×10 4 cells were seeded on a cov- 

rslip in 24-well plate and exposed to 25, 50 or 100 nM nanopar- 

icles for 1 h. When indicated, 50 ng/mL PDGF-BB (Prepotech) was 

dded 30 min before exposure to assess competition. After in- 

ubation with nanoparticles, cells were washed, fixed with 4 % 

ormaldehyde (ThermoFisher Scientific) and blocked with 3 % BSA. 

hen, nuclei were stained with DAPI and coverslips were mounted 

ith ProLong TM Gold Antifade Mountant (ThermoFisher Scientific). 

amples were visualized with SP5 Leica Microscopy. 

.10. Cell viability assay 

Cell viability upon exposure to PDGFB-GFP-H6, PDGFD-GFP-H6 

nd PDGFD-NT-H6 was assessed with the Cell Proliferation Kit II 

XTT) (Roche) according to the manufacturer’s instructions. Briefly, 

 ×10 3 cells (MSCs) or 2 ×10 3 cells (MEFs, MC38) were seeded in 

6-well plates and treated with different concentrations of PDGFB- 

FP-H6 or PDGFD-GFP-H6 (250, 50 0 and 10 0 0 nM) for 24 or 48h,

r PDGFD-NT-H6 (100 nM) for 48 h. XTT reagent was added to 

he plate and further incubated at 37 ºC for 4h, then absorbance, 

hich directly correlates to the number of viable cells, was mea- 

ured using a multi-well spectrophotometer (FLUOstar Optima, 

MG Labtech). All experiments were performed in triplicate. 

.11. Mice and procedures for the administration of nanoparticles 

All mice and procedures were carried out in accordance with 

he EU regulations on animal research and approved by Catalonia’s 

nimal ethics committee (reference 9721). Eight-week-old female 

57BL/6 were purchased from Charles River (France), housed in a 

pecific pathogen-free (SPF) environment with sterile food and wa- 

er ad libitum . The subcutaneous tumor model was generated by 

ubcutaneous injection of 1 million MC-38 cells mixed with 0.5 

illion MEFs in the flank of the animal. For biodistribution assay, 

ice bearing tumors around 10 0-20 0 mm 

3 were administrated in- 

ravenously with 200 μg of either PDGFB-GFP-H6 or PDGFD-GFP- 

6 nanoparticles. This model and associated procedures have been 

reviously validated in independent laboratories and shown to be 

obust for preclinical analyses [74–77] . Control animals were ad- 

inistrated with the stock buffer for nanoparticles. Animals were 

uthanized 2 h post-administration and an ex vivo measurement of 

uorescence intensity (FLI) of tumors was performed using IVIS®

pectrum 200 (PerkinElmer). Tumors and organs were collected, 
546 
xed in 4 % formaldehyde solution and paraffin-embedded. Fluo- 

escence intensity (FLI) data are expressed as average radiant ef- 

ciency and values have been calculated subtracting the FLI sig- 

al of buffer-treated mice to the FLI signal of nanoparticle treated 

nimals. For antitumor evaluation, mice with 20-30 mm 

3 tumors 

ere randomised and intravenously administered with 1 mg/kg 

f PDGFD-NT-H6 nanotoxin or NaHCO 3 , daily up to 7 doses. Tu- 

ors were harvested 72 h after last dose and measured ex vivo to 

alculate their volume. Tumour samples were paraffin-embedded 

or histological analysis. Tumor volume was calculated as width 2 x 

ength x 0.5 . Mice were weighed twice a week since tumor implan- 

ation. Plasma obtained from whole cell blood extracted at the end 

oint was used to detect Uric acid, Albumin, Creatinine (CRE) and 

ransaminases (AST, ALT). 

.12. Histopathology 

Paraffin-embedded 4 μm tissue sections were used for immuno- 

istochemical analysis in DAKO Autostainer Link48 following the 

anufacturer’s instructions. Antigen Retrieval was done in PT Link 

ith pH high solution. The antibodies used were PDGFR β (1:100, 

ell Signaling 3169) and GFP (1:200, Santa Cruz sc-8334). Rep- 

esentative images were captured using an Olympus DP73 digital 

amera and processed with the Olympus CellD Imaging 3.3 soft- 

are. Hematoxylin-eosin slides were scanned using Pannoramic 

can II (3D-Histech), and necrotic area quantification was per- 

ormed using the measurement tool of Slide Viewer 2.5 software 

3D-Histec). The percentage was calculated by dividing the necrotic 

rea by the total tumor area. 

.13. Statistical analyses 

Statistical analyses were performed using the GraphPad Prism 5 

oftware (GraphPad Software, San Diego, California USA). Quantita- 

ive data were tested for both normal distribution and homogene- 

ty of variances, using Kolmogorov-Smirnov and Levene’s tests, re- 

pectively. Then, pairwise comparisons were made with t -Student 

r U -Mann-Whitney tests. Differences were considered statistically 

ignificant when p -values ≤ 0.05. 

. Results and discussion 

Four modular GFP-based proteins were designed for recombi- 

ant production, each carrying a specific PDFGR- β ligand, namely 

DGFRP1, Z09591, PDGFB, or PDGFD ( Fig. 1A ). H6 tags were incor- 

orated into the constructs to promote their self-assembly as reg- 

lar protein-only nanoparticles [65] , because of the interaction of 

he imidazole ring of the His residues with divalent cations [ 50 , 78 ].

n silico modeling of the constructs did not anticipate any struc- 

ural constraint for the solvent display of the ligand or any steric 

mpediment for the proper folding of the domains ( Fig. 1B ), as 

hey were separated by a peptide linker (gray box, in Fig. 1A ). The

ecombinant production of these constructs in bacteria rendered 

ood yields of full-length protein species (between 5 and 120 

g/L), which, upon purification, resulted in discrete bands of the 

xpected molecular weights ( Fig. 1C ). The integrity and high level 

f purity of all these constructs were further assessed by SDS-PAGE 

nd independent Western blot analyses directed against alterna- 

ive epitopes (Fig. S1A). The main biophysical profiles of the lig- 

nds and the resulting fusions, as well as the production and opti- 

al storage conditions, are depicted in the Table S1. Upon dialysis, 

DGFB- and PDGFD-based constructs rendered particulate materi- 

ls of 16 and 26 nm (with a secondary minor peak of around 100 

m in the case of PDGFB-GFP-H6, Fig. 1D , Table S2), as expected for 

odular constructs based on H6-tagged GFP proteins with cationic 



E. Voltà-Durán, L. Alba-Castellón, N. Serna et al. Acta Biomaterialia 170 (2023) 543–555 

Fig. 1. Design and production of PDGFR- β targeted-proteins. (A) Modular disposition of each candidate, from the N-terminal (left) to the C-terminal (right) end. Modular 

proteins consist in a targeting peptide at the N-terminus (colored boxes), a flexible linker (GGSSGGS, grey box), the green fluorescent protein (GFP, green box) and a hexa- 

histidine tag (H6, orange box) at the C-terminus. The amino acid sequence of each targeting peptide is shown below. (B) Three-dimensional models of each candidate 

obtained by AlphaFold approach. Color code is as in panel A. (C) Protein gel electrophoresis, showing the obtained protein purity and the proteolytic integrity after affinity 

purification and further dialysis. P1 refers to PDGFRP1-GFP-H6 (29.7 kDa), Z to Z09591-GFP-H6 (34.6 kDa), B to PDGFB-GFP-H6 (40.5 kDa) and D to PDGFD-GFP-H6 (42.2 

kDa). M indicates the marker lane, and the siding numbers the molecular mass of the markers expressed in kDa. (D) Particle size determined by DLS expressed in nm. 

Numbers indicate the mean peak size for every material. Additional data can be found in Table S2. (E) Representative FESEM images of isolated nanoparticles. The white 

bars represent 50 nm. Broader fields and TEM images for PDGFB-GFP-H6 and PDGFD-GFP-H6 are shown in the Fig. S2. 
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-terminal domains [79] . As in the case of related protein con- 

tructs [80] , the assembly was spontaneous and did not require 

dditional cation supply. PDGFRP1-GFP-H6 and Z09591-GFP-H6 re- 

ulted in smaller nanoparticles of around 9 nm that were only 

ormed when cationic Zn was added to the solution. All these ma- 

erials were disassembled in the presence of detergent (Fig. S1B), 

onfirming that they were oligomers formed by the recruitment 

f monomeric building blocks. Size exclusion chromatography data 

emonstrated the absence of monomeric populations of PDGFD- 

FP-H6, whereas PDGFB-GFP-H6 presented multiple conformations 

Fig. S1C), compatible with the results obtained by DLS ( Fig. 1D ). 

nterestingly, the analysis of PDGFD-GFP-H6 revealed the presence 

f protein nanoparticles with different sizes (Fig. S1D), which were 

idden in the broad peak obtained by DLS. In this regard, size ex- 

lusion chromatography demonstrated the absence of monomeric 

opulations of PDGFD-GFP-H6, whereas PDGFB-GFP-H6 organized 

n multiple conformations with different hydrodynamic sizes (Fig. 

1C), compatible with the results obtained by DLS ( Fig. 1D ). Inter- 

stingly, the analysis of PDGFD-GFP-H6 revealed the presence of 

rotein nanoparticles with different sizes (Fig. S1D), which were 

idden in the broad peak obtained by DLS. 

Using electron microscopy, the assembled materials were visu- 

lized as discrete entities with sizes compatible to those obtained 

y DLS ( Fig. 1E ). A detailed morphometric exploration of selected 

arger materials in wide and narrow fields revealed a regular, virus- 

ike geometry and a notable structural robustness (Fig. S2). 

Envisaging functional analyses of all these materials once ex- 

osed to cells and whole bodies, their fluorescence emission was 

ompared to that of the parental GFP-H6 and assessed as a suit- 

ble monitoring tool. Noteworthy, all the constructs, in the assem- 

led form, were fluorescent and appropriate for further tracking 

n cell culture and in vivo , in the worst case, reaching 70 % of the
547 
FP-H6 emission (Fig. S3A). In addition, the proteins remained pro- 

eolytically stable and soluble in complex culture media (Fig. S3B), 

ndicating that they might be used in further studies. In these anal- 

ses, a first internalization screening of the nanoparticles into two 

DGFR- β+ mesenchymal cell types, namely mouse embryonic fi- 

roblasts (MEFs) and mesenchymal stem cells (MSCs), showed a 

ifferential uptake ( Fig. 2 ). PDGFB- and PDGFD-based constructs 

very especially PDGFD-GFP-H6) showed good cell penetrability at 

hort exposure times (1 h), as determined by GFP immunodetec- 

ion ( Fig. 2A ) and further densitometry analysis ( Fig. 2B ), flow cy-

ometry ( Fig. 2C ), or by confocal microscopy ( Fig. 2D ). The smaller

DGFRP1-GFP-H6 and Z09591-GFP-H6 particles, in contrast, ren- 

ered internalization values indistinguishable from the background 

hown by the parental GFP-H6 ( Fig. 2B ). The amount of detected 

rotein was slightly higher at 1 h than at 24 h ( Fig. 2B ), proba-

ly because of a combination of fast and efficient cell entry and 

 moderate lysosomal proteolysis of the engulfed material. In this 

egard, the dotted distribution of the PDGFD-GFP-H6 fluorescence 

 Fig. 2C ) was indicative of an endosomal internalization route. In- 

erestingly, in none of the taken analyses, the exposed cells showed 

igns of death or cytotoxicity ( Fig. 2 ). For the two internalizing 

anoparticles, namely PDGFB-GFP-H6 and PDGFD-GFP-H6, a dose- 

ependent entry was also demonstrated (Fig. S4), and no plateau 

as observed, at least up to 1 μM (Fig. S4A, B). This was indica- 

ive of the high internalization capacity of both tested nanoparti- 

les and the cell tolerance to the uptake. At 100 nM, the GFP fluo- 

escence of both nanoparticles was widely distributed throughout 

he cytoplasm of the target cells (Fig. S4C). Again, at high doses of 

xposed nanoparticles, cells did not exhibit any symptoms of toxi- 

ity at different times of exposure to high doses of PDGFB-GFP-H6 

Fig. S5A) or PDGFD-GFP-H6 (Fig. S5B). This was consistent with 

he intrinsic biocompatibility of proteins as building blocks of se- 



E. Voltà-Durán, L. Alba-Castellón, N. Serna et al. Acta Biomaterialia 170 (2023) 543–555 

Fig. 2. Internalization of CAFs-directed nanoparticles. Two mesenchymal cell types, mouse embryonic fibroblasts (MEFs) and mesenchymal stem cells (MSCs), were exposed 

to 100 nM of different nanoparticles. (A) GFP, PDGFR- β and Tubulin immunoblotting of MEFs and MSCs whole cell extracts after 1 h exposure. (B) GFP bands of three 

independent experiments were quantified to compare internalization between of PDGFB-GFP-H6 and PDGFD-GFP-H6 nanoparticles. (C) Nanoparticle internalization analysed 

by flow cytometry in MEFs and MSCs upon 1 h or 24 h exposure. Values are expressed as mean fluorescence intensity fold change respect to untreated cells. (D) GFP 

detection by confocal microscopy upon 1 h exposure, Blue: DAPI. Selected fields are enlarged in the insets for a better visualization. ∗∗ p ≤0.01; ∗∗∗ p ≤0.001. Bars size: 50 

μm. 

548 
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Fig. 3. PDGFR- β is required for internalization of nanoparticles. MEFs were incubated with 50 ng/mL PDGF-BB for 30 min following 100 nM PDGFB-GFP-H6 or PDGFD-GFP- 

H6 treatment for 1 h. (A) Fixed cells were stained with DAPI and analysed by confocal microscopy. (B) Whole cell extracts were used for detection of PDGFR and GFP, by 

immunoblotting. Tubulin was used as loading control. (C) Graphs represents densitometry quantification of 3 independent assays. ∗ p ≤ 0.05; ∗∗ p ≤ 0.01; ∗∗∗ p ≤ 0.001 Bar 

size: 50 μm. 
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ective nanoscale materials, and encouraged us to further analyze 

he performance of these protein materials, focusing on clinically 

riented applications. 

In the context of the observed uptake of both tested nanopar- 

icles ( Fig. 2 ), a clear confirmation of the specificity of the process

nd the requirement of the PDGFR- β as a functional receptor was 

equired. In this regard, the soluble version of the ligand, added 

efore exposure to nanoparticles, blocked their uptake, as deter- 

ined visually by confocal microscopy ( Fig. 3A ) or analytically, by 

mmunoblotting ( Fig. 3B , C). These competition experiments con- 

rmed that PDGFB-GFP-H6 and PDGFD-GFP-H6 nanoparticles bind 

o and penetrate target cells upon selective attachment to PDGFR- 

. A further confirmation of selectivity was done by immunode- 

ecting GFP in CAFs (MEFs, displaying PDGFR β) but not in tumor 

MC38, not displaying the receptor) cell lines exposed to PDGFD- 

FP-H6 (Fig. S6). 

To evaluate the in vivo performance of PDGFB-GFP-H6 and 

DGFD-GFP-H6 nanoparticles, C57BL/6 mice were subcutaneously 

mplanted with the syngeneic colorectal cell line MC38 and MEFs 
549 
o generate a convenient cancer model, in which PDGFR- β was ex- 

ressed in the tumor stromal compartment, where activated fi- 

roblasts are located ( Fig. 4A ). The high homology between hu- 

an and mouse PDGFR- β (86 %) and PDGFR- β ligands (89 % for 

DGFB and 91 % for PDGFD) allowed the testing of the nanoparti- 

les containing human ligands in a mouse model. Two hours after 

DGFB-GFP-H6 or PDGFD-GFP-H6 intravenous administration, and 

n concordance with the in vitro data, PDGFD-GFP-H6 nanoparti- 

les accumulated in the tumor ( Fig. 4B ,C). Concomitantly with its 

etter performance in cell culture ( Fig. 2 ), PDGFD-GFP-H6 showed 

igher retention in target tissues than PDGFB-GFP-H6 ( Fig. 4B ,C). 

he immunohistochemistry detection of the material in the tumor 

nd off-target main organs confirmed the high tumor accumula- 

ion and CAFs tumor-selectivity of PDGFD-GFP-H6, which was ab- 

ent in liver and kidneys ( Fig. 4D ). In contrast, significant amounts 

f PDGFB-GFP-H6 nanoparticles, whose internalization into PDGFR- 
+ fibroblasts was moderate ( Figs. 2 , 4A ,B), were unexpectedly re- 

ained in the kidneys ( Fig. 4D ). This observation suggested that 

DGFB-GFP-H6, even when showing a promising selectivity in cell 
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Fig. 4. Biodistribution and in vivo uptake of PDGFB-GFP-H6 and PDGFD-GFP-H6. (A) Immunohistochemistry detection of PDGFR- β within tumors. (B) GFP fluorescence 

detection by IVIS-Spectrum in tumors upon 2 h after PDGFB-GFP-H6 or PDGFD-GFP-H6 administration. (C) Quantification of fluorescence in buffer, PDGFB-GFP-H6 or PDGFD- 

GFP-H6 treated tumors n = 4. (D) Immunohistochemistry against GFP to detect CAFs-targeting nanoparticle in tumor, kidney, and liver of treated mice. ∗ p ≤0.05. Bars size: 

50 μm (A,D) and 5 mm (B). 

550 
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Fig. 5. Antitumoral activity of a PDGFR- β targeted protein nanotoxin. (A) Modular disposition of the nanotoxin PDGFD-NT-H6, from N-terminal (left) to C-terminal (right), 

based on the catalytic domain of Pseudomonas aeruginosa exotoxin A (PE24), whose sequence is depicted in blue. The modular protein also contains the targeting domain 

PDGFD, flexible linkers (grey boxes), a furin cleavable site (FCS, in black), a H6 tag (orange box) and a subcellular location signal (KDEL tetrapeptide). (B) Three-dimensional 

model of PDGFD-NT-H6, obtained by AlphaFold approach. Color code as in panel A. (C) Particle size of PDGFD-NT-H6 determined by DLS. Number indicates the mean peak 

size. Additional data can be found in Table S2. (D) Viability of MSCs and MC38 exposed to 100 nM PDGFD-NT-H6 for 48 h. Untreated cells viability was set as 100 %. (E) 

Schematic representation of experimental design to assess antitumor activity in vivo . (F) In vivo measurements of tumor volume throughout the experiment. (G) Tumor 

volume measured ex vivo at the end point after cleaning. (H) Haematoxylin-eosin staining of representative images of necrotic area (dotted line). The scale bars represent 

100 μm. (I) Quantification of the necrotic area observed in the tumors of both experimental groups, shown at (H). (J). Mice weight as recorded throughout the experiment. 

Values are presented as the mean ± SEM. Statistical analysis was performed using the Student’s t-test (D) or Mann-Whitney (F,G) ∗p < 0.05, ∗∗∗p ≤0.001. Tumor volume over 

time was analysed comparing areas under the curves (AUC). 
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ulture ( Fig. 3 ) might be unsuitable as a PDGFR- β+ CAFs-targeting 

gent since its biodistribution was not satisfactory. Although it 

ould be not fully discarded that oligomerization might impair re- 

eptor binding, this fact has been not observed in any of the simi- 

ar modular constructs previously developed for tumor cell target- 

ng in vivo , in which the ligand is displayed at the solvent-exposed 

-terminus of GFP [81] . However, it has been indeed described 

hat the size of the oligomers or the oligomerization status might 

eeply affect biodistribution of protein materials with properly dis- 

layed cell surface ligands [82] . No signs of systemic toxicity were 

bserved in any of the cases (data not shown). 

To test the ability of PDGFD to deliver antitumoral functional 

omains to PDGFR- β+ CAFs, a targeted PDGFD-based nanotoxin 

as designed (PDGFD-NT-H6, Fig. 5A ), containing the catalytic do- 

ain of Pseudomonas aeruginosa exotoxin A (PE24). This protein 

egment is highly cytotoxic and it has been previously used with 

uccess in other types of targeted antitumor protein nanoparti- 

les directed to cancer cells [ 83 , 84 ]. In fact, PE24 has been clini-

ally approved for the treatment of hairy cell leukemia (moxetu- 

omab pasudotox) [85] . Upon recombinant production and purifi- 

ation performed as for PDGFD-GFP-H6 (Supplementary Table 1), 

he toxin-based multi-domain protein ( Fig. 5B ) rendered nanopar- 

icles of about 44 nm in diameter ( Fig. 5C ), coincident with the

alue (around 50 nm) determined as optimal for endosomal for- 

ation and receptor-mediated endocytosis [86–88] and within the 

ize range of the materials suited for the enhanced permeability 
551 
nd retention (EPR) effect [89] . The assembled PDGFD-NT-H6 pro- 

oted a significant decrease in the viability of cultured MSCs (but 

ot MC-38 tumor cells) upon incubation for 48 h at 1 ×10 −7 M 

 Fig. 5D ). Therefore, an in vivo experiment was designed to assess 

he antitumor activity of the construct ( Fig. 5E ). C57BL/6 mice were 

ubcutaneously implanted with the syngeneic colorectal cell line, 

C38, and MEFs to generate a convenient cancer model. The drug 

rototype was intravenously administered to 1 mg/kg of PDGFD- 

T-H6, daily for up to 7 doses ( Fig. 5E ). Interestingly, the tumor 

rowth was significantly reduced ( Fig. 5F ,G), which was associated 

ith induction of necrosis ( Fig. 5H , I ). The histopathological anal- 

sis revealed an increase in the necrotic area within the tumor of 

DGFD-NT-H6-treated animals as compared with the buffer-treated 

ontrol set ( Fig. 5H ). Interestingly, no signs of side toxicities were 

bserved and in agreement, the body weight of the treated animals 

volved as the control group ( Fig. 5J ). In agreement, the histological 

xamination of liver and kidneys in treated animals revealed again 

bsence of undesired acute toxicities (Fig. S7A), a fact that was fur- 

her confirmed by unaffected levels of relevant blood markers (Fig. 

7B). These data robustly demonstrate the antitumor capability of 

DGFD-NT-H6 through the targeting and destruction of PDGFR- β+ 

AFs in vivo , that was highly selective as demonstrated by the cor- 

ect mouse weight evolution. 

In summary, by addressing the need to develop non-toxic, non- 

enobiotic, and highly selective materials for delivery into tumor- 

ssociated PDGFR- β+ CAFs, we have constructed and characterized 
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 set of 4 modular proteins, targeting such receptor via alterna- 

ive peptidic ligands that organize as stable and regular oligomeric 

anoparticles ( Fig. 1 ). Ligand-carrying protein oligomers benefit 

rom multiple surface presentations of the ligand in a virus-like 

ashion [90] and from the cooperativity in the receptor binding 

nd endosome formation [91–93] , that results in the final cyto- 

lasmic delivery of the engulfed material. Being protein-based de- 

elopment of cell-targeted nanoparticles a matter of assay and er- 

or, PDGFRP1-GFP-H6 and Z09591-GFP-H6 particles failed in an ef- 

cient and selective cell binding ( Fig. 2 ). Their small size around 

 nm (Figs. 1 , S2) probably contributed to this issue, as larger 

anoparticles ranging from ∼ 15 to 80 nm have been repeat- 

dly observed to be as optimal for receptor-dependent cell up- 

ake [ 8 , 9 , 94–97 ]. Noteworthy, the introduction of these ligands did

ot promote detectable toxicity upon exposure to target cells (Fig. 

5) or off-target toxicity in vivo (Figs. 5 J, S7). Both PDGFB-GFP-H6 

nd PDGFD-GFP-H6 nanoparticles, ranging from 16 to 26 nm, se- 

ectively targeted and entered PDGFR- β+ CAFs ( Fig. 3 ), maintain- 

ng the fluorescence of the integrated GFP ( Figs. 2–4 ). However, 

DGFB-GFP-H6, upon in vivo administration in a convenient mouse 

ancer model, did not show a good biodistribution, being mainly 

ound in the kidney ( Fig. 4 ). Despite its good receptor targeting and

electivity in cell culture ( Fig. 3 ), the protein was unable to per-

orm well in vivo regarding the desired biodistribution. This might 

e attributed to its slight structural instability, as determined by 

LS and SEC, as this protein construct is separated into populations 

f distinct sizes (Table S2, Fig. S3C). In contrast, PDGFD-GFP-H6 

esulted in nanoparticles with higher stability and relatively low 

olydispersion, with a convenient size of around 26 nm and high 

otency for receptor-dependent specific cell uptake ( Figs. 2 , 3 ). Al- 

hough a small fraction of this protein tends to form small soluble 

ggregates under specific in vitro analytical conditions (Fig. S3D), 

his fact did not impair protein functionality in cell culture or in 

ivo . 

In fact, this nanoparticle was the candidate most efficiently in- 

ernalized by target cells ( Fig. 2 ), showing an exquisite biodistribu- 

ion in mice ( Fig. 4 ), with a very selective accumulation in tumoral

issues. This construct was able to target, penetrate and selectively 

ake PDGFR- β+ CAFs fluorescent ( Fig. 4 ) because of the integrated 

FP ( Fig. 1 ), that remained bioactive despite the multiple biolog- 

cal barriers that the construct surpassed after their intravenous 

dministration. The substitution of GFP by a cytotoxic protein drug 

pproved in clinics ( Fig. 5A ,B) equally resulted into stable nanopar- 

icles ( Fig. 5C ) that upon in vivo administration, promoted an im- 

ortant reduction in tumor growth and induction of necrosis inthe 

arget tissue ( Fig. 5F –G), thus validating the developed platform 

s a potent and original approach for the generation of anticancer 

rugs. 

According to the results shown in the present study, PDGFD- 

FP-H6 (and the derived cytotoxic construct) has been fully vali- 

ated, among the set of starting candidates, as a potent prototype 

or molecular delivery, imaging and theranostics in cancer through 

he so far unexplored targeting of CAFs. When a cytotoxic protein 

s incorporated into the constructs ( Fig. 5A ), treated animals un- 

ergo a significant reduction of tumor growth ( Fig. 5F ) linked to 

nduction of necrosis ( Fig. 5H , I ). This must be attributed to a selec-

ive destruction of target CAFs, since the tumor cells used to gen- 

rate the animal model (MC38) do not internalize the nanoparticle 

Figs. 5 D, S6). 

Importantly, this is the first report of the bacterial produc- 

ion and use of PDGFD as a targeting ligand, a fact that opens 

 spectrum of opportunities for clinical actions. In this context, 

t was worthy to stress that protein nanoparticles resulting from 

ligomeric self-assembly can be functionalized through intrinsic, 

iologically active protein domains [98] , by chemically coupling 

rugs [99] , or through combining both strategies [100] , opening a 
552
pectrum of therapeutic possibilities among which the use of fused 

rotein drugs has been demonstrated here. In particular, chemi- 

ally attaching conventional small molecular weight drugs to cell- 

argeted protein-only nanoparticles (based on modular constructs 

imilar to those developed here) is fully feasible and it has ren- 

ered interesting prototypes under preclinical development for dif- 

erent types of cancers [ 27 , 99 , 101 ]. Here, nanoparticles, apart from

roviding targeting, enlarge the drug size over the renal cut-off

nd prevent a fast clearance through the kidneys [26] . Importantly, 

he selective presence of PDGFD-GFP-H6 in tumor ( Fig. 4 ) and spe- 

ially, the absence of side toxicities observed when administering 

he highly cytotoxic PDGFD-NT-H6 ( Figs. 5 , S7) suggest a high level 

f accumulation. Although experimental data regarding this issue 

s still missing, similar protein constructs targeted to metastasis 

ancer stem cells resulted in accumulation levels between 60 and 

6 % of the material detectable in the body [ 29 , 30 ], much over the

onventional 1-2 % commonly observed in targeted nanomedicines 

21] . Although needing experimental confirmation, the results pre- 

ented here could be in the line of such high values. In addi- 

ion, the set of results generated in the study totally supports the 

eneric concept of proteins as editable, versatile and biodegradable 

uilding blocks suited to construct nanoscale oligomers for clinical 

urposes. Among other materials under exploration such as lipids, 

arbon nanotubes, ceramics, metals, and non-protein polymers, 

hat might pose concerns regarding cell toxicity and permanence 

n the media [102–108] , proteins, as main biological molecules, are 

uilding blocks convenient for the biofabrication of nanomaterials. 

. Conclusion 

Taking concepts from molecular interactomics and protein 

aterials, the modular proteins PDGFD-GFP-H6 and PDGFD-NT- 

6 have been designed to self-assemble as protein-only, homo- 

ligomeric nanoparticles. These materials specifically bind and in- 

ernalize PDGFR- β+ stromal fibroblasts, the non-cancer cell type 

hat supports growth, progression and dissemination of high- 

ndicence solid tumors. The delivered GFP or NT (the microbial 

oxin PE24) are functional upon internalization and either en- 

ighten or destroy target cells depending on the functional protein 

ncoreporated to the building block. The toxin-mediated cell de- 

truction in vivo results in significant tumor growth reduction and 

ecrosis, validating the developed platform as promising in oncol- 

gy. The clinical relevance of targeting cancer-associated fibroblasts 

nd the previous unavailability of molecular tools in this regard, 

upport the proposed concepts as applicable in the molecular de- 

ivery, imaging, therapy and theragnostics of cancer by a so far ne- 

lected and unconventional strategy. 
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