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a b s t r a c t 

In view of inevitable recurrences despite resection, glioblastoma (GB) is still an unmet clinical need. Deal- 

ing with the stromal-cell derived factor 1-alpha (SDF-1 α)/CXCR4 axis as a hallmark of infiltrative GB tu- 

mors and with the resection cavity situation, the present study described the effects and relevance of a 

new engineered micro-nanostructured SF-HA-Hep aerogel sponges, made of silk fibroin (SF), hyaluronic 

acid (HA) and heparin (Hep) and loaded with SDF-1 α, to interfere with the GB ecosystem and resid- 

ual GB cells, attracting and confining them in a controlled area before elimination. 70 μm-pore sponges 

were designed as an implantable scaffold to trap GB cells. They presented shape memory and fit brain 

cavities. Histological results after implantation in brain immunocompetent Fischer rats revealed that SF- 

HA-Hep sponges are well tolerated for more than 3 months while moderately and reversibly colonized 

by immuno-inflammatory cells. The use of human U87MG GB cells overexpressing the CXCR4 receptor 

(U87MG-CXCR4 + ) and responding to SDF-1 α allowed demonstrating directional GB cell attraction and 

colonization of the device in vitro and in vivo in orthotopic resection cavities in Nude rats. Not modifying 

global survival, aerogel sponge implantation strongly shaped U87MG-CXCR4 + tumors in cavities in con- 

trast to random infiltrative growth in controls. Overall, those results support the interest of SF-HA-Hep 

sponges as modifiers of the GB ecosystem dynamics acting as “cell meeting rooms” and biocompatible 

niches whose properties deserve to be considered toward the development of new clinical procedures. 

Statement of Significance 

Brain tumor glioblastoma (GB) is one of the worst unmet clinical needs. To prevent the relapse in the 

resection cavity situation, new implantable biopolymer aerogel sponges loaded with a chemoattractant 

molecule were designed and preclinically tested as a prototype targeting the interaction between the 

initial tumor location and its attraction by the peritumoral environment. While not modifying global 

survival, biocompatible SDF1-loaded hyaluronic acid and silk fibroin sponges induce directional GB cell 
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. Introduction 

Glioblastoma (GB) is a lethal tumor with high recurrence rates. 

ost recurrences occur within 2 cm of the resection cavity due to 

he infiltration of GB cells into the brain parenchyma [1–3] . Tar- 

eting residual tumor cells is crucial to improve patient outcomes. 

ew strategies are needed to selectively kill these cells while min- 

mizing damage to normal brain tissue. 

In contrast to direct targeting strategies that vectorize killing 

gents toward cancer cells, the reversal approach involves bring- 

ng the target toward a site of confinement by mimicking the pre- 

erred environment of infiltrating tumor cells [ 4 , 5 ]. Then, direct 

oco-regional delivery of a cell death signal, such as focalized ra- 

iotherapy or local delivery of cytotoxic chemotherapeutic agents, 

ould be applied for more effective treatment. 

The tumor cell trapping strategy has been applied by a few 

roups like De la Fuente et al. who designed a polyurethane scaf- 

old coated with collagen that was able to confine metastatic ovar- 

an cancer cells in mice peritonea showing an improvement in sur- 

ival [6] . Jain et al. designed aligned fibers of polycaprolactone to 

irect GB cells toward an extracortical killing sink [7] . Reduced tu- 

or size was observed; however, the invasive behavior of GB cells 

id not allow for a complete recovery. More research in this area 

hall be beneficial for the development of more effective glioblas- 

oma treatment. 

For this purpose, biocompatible biomaterials that can support 

ell infiltration should be chosen [ 8 , 9 ]. The scaffold should be

iomimetically functionalized to adapt its structure and compo- 

ition, including relevant extracellular matrix (ECM) components, 

uch as hyaluronic acid (HA), which is a crucial element of the 

erebral ECM [ 10 , 11 ]. Also, an active scaffold can contain specific

ellular signals that respond to the desired application, such as a 

hemokine to increase the recruitment of cancer cells. 

In this regard, it has been observed that infiltrative GB cells ex- 

ress the C-X-C chemokine receptor type 4 (CXCR4) [12–14] . This 

eceptor binds the chemoattractant stromal cell-derived factor 1 α
SDF-1 α), also known as CXCL12. A gradient of this chemokine in- 

uces the attraction of cells expressing the CXCR4 receptor [ 15 , 16 ].

herefore, we hypothesize that implanting a scaffold containing 

DF-1 α in the resection cavity can attract and confine infiltrative 

B cells into a specific site. 

Previously, our group developed freeze-dried aerogel sponges 

or this purpose: a silk fibroin (SF) with Hyaluronic acid (HA) 

ponge (SF-HA), and a SF with HA and heparin (Hep) (SF-HA-Hep) 

ponge, where heparin acts as a complexation agent for SDF-1 α
17] . This study aims to evaluate the capacity of this new scaffold 

o attract infiltrative GB cells in a rat model of the brain resection 

avity. 

The biocompatibility and biodegradability of sponges were first 

valuated. Direct placement of GB cells and glioma spheroids in 

ontact with the scaffolds was used to evaluate cellular inter- 

ctions and their cell hosting capacity. SF-HA-Hep sponges were 

elected for further application based on their degradation pro- 

le and enhanced cell adhesion. Our results showed that SDF-1 α- 

oaded sponges had a strong in vitro chemotactic response and 
262 
itro and in rats in vivo . Interestingly, they strongly shaped GB tumors in

growth in controls. These results provide original findings on application

s that shape tumors and serve as cell meeting rooms for further clinical

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

This is an open access article under the CC BY-NC-ND license

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 

nhanced colonization. In vivo assessment was conducted by the 

lacement of sponges 1-mm away to human GB cells expressing 

he CXCR4 receptor. Sponges attracted GB cells and induced local- 

zed tumor development in the resection spaces, which can be po- 

entially used for further focalized therapy in a concentrated area. 

he findings and limitations of this strategy are discussed for fur- 

her development of a safer and more efficient GB cell confinement 

evice. 

. Materials and methods 

.1. Materials 

Hepes, bovine serum albumin (BSA), resazurin, paraformalde- 

yde (PFA), sucrose, low melting point low gelling tempera- 

ure agarose, Sudan Black, Giemsa stain, Crystal violet, Phosphate 

uffered Saline (PBS, pH 7.4), Dulbecco′ s Modified Eagle′ s Medium 

DMEM) with high glucose and Aphidicolin (ADC) were purchased 

rom Sigma-Aldrich; glycerol (86–89 wt%) from Fluka and heparin 

odium salt (Mw 15,0 0 0 ± 20 0 0 g/mol) from Calbiochem (Billerca 

A, USA), N-(3-dimethylaminopropyl)-N′ -ethylcarbodiimide hy- 

rochloride (EDC) and N-hydroxysulfosuccinimide sodium salt 

NHS) from Acros Organics (New Jersey, USA). Hyaluronic acid 

HA) (Mw 360,0 0 0 g/mol) was purchased from Guinama (Valen- 

ia, Spain). Silk fibroin (SF) 8 wt% in an aqueous solution was pro- 

ided by IMIDA (Murcia, Spain). SDF-1 α was purchased from Mil- 

enyi Biotec (Paris, France). 

.1.1. Sponges’ preparation and characterization 

SF (4 %) with HA (2 %) (SF-HA) and SF (4 %) with HA (2 %)

nd heparin (1 %) (SF-HA-hep) sponges were synthesized and 

hysicochemically characterized as reported previously by Na- 

berg et al. (2020) [17] . Briefly, HA was dissolved in Hepes buffer 

CHepes = 20.10−3 M, CNaCl = 0.15 M, pH = 7.4) to obtain a final con- 

entration of 4% w/v. SF 8% w/v solution was gently mixed with 

n equivalent volume of HA 4 % solution in Hepes buffer with or 

ithout heparin sodium salt (Cf = 1% w/v). The SF-HA mixture was 

rosslinked using 5 mg/mL EDC and 1.8 mg/mL NHS. For formula- 

ions with heparin, 15 mg/mL EDC and 5.5 mg/mL NHS were used. 

he solutions were poured into a 96-well plate, covered, and al- 

owed to crosslink for 15 h at 4 °C. The gels were then frozen at

20 °C for 24 h and freeze-dried in a Telstar® LyoQuest at −70 °C 

nd 0.01 mBar overnight. The stabilization occurred by annealing 

he sponges in ethanol vapors, followed by freeze-drying again. 

The porosity, thickness, and pore size of the sponges (n = 3) 

ere evaluated by microcomputed tomography (microCT) using a 

ruker SkyScan 1272 (Kontich, Belgium). Scans were acquired at a 

oltage of 50 kV and a current of 200 μA, with a rotation step of

.3 °, pixel size of 5 μm, and no filter. Reconstruction of the ob- 

ained tomograms was carried out using NRecon software (Bruker) 

nd 3D rendered images of the samples were generated through 

riginal volumetric reconstructed images by CTVox (Bruker). The 

uantification of structure properties was evaluated using a cylin- 

ric volume of interest (VOI) of 30 mm3 centered in the middle 

f the samples. Before the analysis, datasets were binarized using 

http://creativecommons.org/licenses/by-nc-nd/4.0/
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 global threshold of 70–255 and a 3D despeckle process was ap- 

lied to reduce image noise. Finally, analysis was performed using 

TAn software (Bruker). 

Sponges, measuring 2 mm - height and 3 mm - diameter, un- 

erwent sterilization under UV light for 30 min on each side prior 

o both in vitro and in vivo procedures. 

.1.2. Cell lines and culture conditions 

NIH3T3 mouse fibroblast cells (CRL-1658TM ) and U87-MG cells 

ere acquired from ATCC (Rockville, Maryland, USA). U87-MG 

ells, transduced to express the CXCR4 receptor and red fluores- 

ent protein (RFP) as previously described [18] . Transduced cells 

ere selected with Blasticidine treatment (10 μg/mL) followed by 

ell sorting of a pure subpopulation expressing RFP and the CXCR4 

eceptor. These cells were called here as U87MG-CXCR4+ . All cell 

ines were cultured at 37 °C and 5 % CO2 in DMEM supplemented 

ith 10 % fetal bovine serum (FBS) and 1 % penicillin/streptomycin 

nd subcultured every 3.5 days. 

.2. In vitro methods 

.2.1. Flow cytometry 

U87MG-CXCR4 + cells were dissociated with trypsin, washed 

nd incubated with 10 μg/mL anti-CXCR4 primary antibody clone 

2G5, or IgG2a [18] in PBS containing 0.5 % BSA for 40 min at 4 °C.

fter washing with PBS/BSA, cells were incubated with 8 μg/mL 

econdary Ab (Polyclonal goat α-mouse IGs-FITC, Dako F0479) in 

BS containing 0.5 % BSA for 30 min at 4 °C protected from light. 

fter washing in PBS/BSA cells were analyzed in a MACSQuant®

nalyzer 10 Flow Cytometer (Miltenyi Biotec). 

.2.2. Western blot 

Total proteins were isolated from U87MG-CXCR4 + cells by soni- 

ation in a lysis buffer composed of 50 mM HEPES, pH 7.5, 150 mM 

aCl, 1 mM EDTA, pH 8, 2.5 mM EGTA, pH 7.4, 0.1 % Tween 20,

0 % glycerol, 0.1 mM sodium orthovanadate, 1 mM sodium fluo- 

ide, 10 mM glycerophosphate and 0.1 mM phenylmethylsulphonyl 

uoride (PMSF). After quantification by spectrophotometry using 

he Quick StartTM Bradford Protein Assay (Bio-rad), equal amounts 

f proteins (20 μg) were loaded onto 10 % polyacrylamide gels and 

ransferred to an Amersham GE Healthcare nitrocellulose mem- 

rane (0.45 μm pore size; Fisher Scientific). The following antibod- 

es were used according to the manufacturer’s instructions: rab- 

it anti-human Akt (Cell Signaling, #9272), phosphor-Akt (Ser473; 

9271), p44/42 MAPK Erk1/2 (#9102), phospho-p44/42 MAPK 

rk1/2 (Thr202/Tyr204; #9101), paxillin (#2542), and phosphor- 

axillin (Tyr118; #2541). A mouse anti-human actin (#MA5–11,869, 

nvitrogen) was used as a loading control. Anti-Rabbit IgG Sec- 

ndary Antibody, HRP conjugate (Fisher Scientific) was used at a 

ilution of 1:10,0 0 0. Detection was performed on SuperSignalTM 

est Femto Maximum Sensitivity Substrate (Fisher Scientific) with 

 ChemiCapt 30 0 0 imaging system (Vilber Lourmat, Marne-la- 

allée France). 

.2.3. Viability assay 

The cytotoxicity of sponges on NIH3T3 and U87MG cells was 

valuated by the indirect and direct contact methods, by ISO 

0,993–5:2009, at 24 h and 72 h intervals. 4 × 104 NIH3T3 cells 

ere seeded per well (24-well plates) for the 24-h assay and 

 × 104 cells/well for the 72-h assay. 8 × 104 U87MG cells were 

eeded per well for the 24-h assay and 2 × 104 cells/well for the 

2-h assay. Cells were kept at 37 °C and 5 % CO2 for 24 h before

dding the sponges. UV-sterilized 2 mm height and 3 mm diame- 

er sponges were washed 3 times with PBS, for residual crosslinker 

emoval, and equilibrated in complete medium before use. For the 

irect contact method, sponges were directly added on top of the 
263 
ell monolayer. Wells without sponges were used as controls. 24 h 

r 72 h after, sponges were removed by aspiration, and the me- 

ia was replaced with 500 μL of 44 μM resazurin. After 2 h, cell 

iability was estimated by the fluorescence intensity of the re- 

orufin (545–600 nm) using the ClarioStar microplate fluorometer 

BMG Labtech GmbH, Ortenberg, Germany). For the indirect con- 

act method, suspended culture inserts with the sponges inside 

MilliCell, PET, 8 μm) were placed in the wells containing cells. In- 

erts without sponges were used as controls. 200 μL of media was 

dded to completely cover the sponges. The viability of the cells 

as measured as described above. Triplicates were performed for 

ll used conditions. 

.2.4. Agarose drop assay 

The ability of SDF-1 α (Miltenyi Biotec) to induce the migration 

f U87MG-CXCR4 + cells was evaluated using an adapted agarose 

rop assay [19] . Briefly, a 24-well plate was coated with the extra- 

ellular matrix from U87MG cells. To do so, wells were first coated 

ith poly-d-lysine (PDL, Sigma), then 5 × 104 U87MG cells were 

ultured for 48 h, lysed with deionized water, washed with PBS, 

nd air-dried under sterile conditions before use. Then, a 2 μL drop 

f 1% w/v agarose in PBS containing 1 × 105 cells was placed in 

he center of a well. The agarose was allowed to solidify at 4 °C 

or 10 min. Then, 500 μL of serum-free DMEM with or without the 

hemokine (40 ng/mL of SDF-1 α), and with or without 20 μg/mL 

phidicolin (ADC) acting as an inhibitor of proliferation, was added 

n top of the drops. Plates were incubated for 3 days at 37 °C and

 % CO2 . The distance of migration was measured at 4 points of 

he drop between the edge of the drop and the front of migration 

ith ImageJ. 

.2.5. Boyden chamber assay 

U87MG-CXCR4+ cells were starved in serum-free DMEM (SFM) 

or 24 h. Then cells were collected with Acutase solution, washed 

ith PBS and resuspended in SFM. 5 × 104 cells were deposited 

n top of 8-μm pore PET inserts (Corning 353,097) in 100 μL of 

FM. Then, 650 μL of SF DMEM containing 0, 40 or 120 ng/mL SDF- 

 α was deposited in the bottom well. After 18-h incubation cells 

ere fixed with 4 % PFA for 15 min at room temperature (RT) and 

tained with 0.1 % crystal violet solution for 30 min. After wash- 

ng, images were obtained in a VHX-70 0 0 microscope (Keyence, 

rance), and cells were counted with the QuPath software. 

.2.6. U87MG cells interaction with sponges 

The cell response of U87MG cells when cultured into the 

ponges matrix was evaluated by direct seeding of cells into the 

ponges. SF-HA and SF-HA-Hep (1 % heparin) sponges were hy- 

rated and cut in 2-mm height cylinders. After washing in PBS, 

hey were sterilized by 30-min UV cycles each side. Sponges were 

ashed with PBS and equilibrated in complete DMEM medium 

10 % FBS and 1 % antibiotics). The excess medium was blotted in 

terile gauzes for 20 s on each side. The sponges were then trans- 

erred to individual wells (24-well plate) and a drop containing 

 × 104 cells in 20 μL of medium was slowly deposited on top of 

he sponges. Sponges with cells were left for 30 min in the incuba- 

or to allow for cell adherence. Following this, 500 μL of complete 

MEM was added and the sponges incubated for 2 days at 37 °C 

nd 5 % CO2 . Revelation of the cellular response was performed by 

eplacing the medium with complete DMEM containing 44 mM re- 

azurin followed by incubation for 3 h. Controls well consisted in 

he same number of cells cultured on plastic. 

The adherence and spreading of U87MG cells in SF-HA and 

F-HA-Hep sponges were observed using a scanning electron mi- 

roscope (SEM) Evo LS15 (Zeiss, USA). 60 μL DMEM containing 

 × 105 U87MG cells was deposited onto a 2-mm height sponge 

nd cells were allowed to adhere for 1 h before the addition of 
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00 μL of complete DMEM in a 24-well plate. Constructs were 

ultured for 3 days at 37 °C and 5 % CO2 . 2.5 % glutaraldehyde

n 0.1 M phosphate buffer was used for fixation for 2 h. After 

BS and distilled water rinsing (1x for 5 min), constructs were 

ncubated in 1 % osmium tetroxide aqueous solution for 1 h at 

T. The samples were cut in half then rinsed with distilled wa- 

er (3x for 5 min), followed by dehydration performed in in- 

reasing concentrations of ethanol solutions 50, 70, and 95 % for 

0 min each, and 100 %, (3x for 30 min). Desiccation was per- 

ormed in ethanol:hexamethyldisilazane (HDMS) 1:1 for 45 min, 

nd HDMS overnight. A platinum coating was performed before 

he analysis of the surface and transverse sections of the different 

ponges. 

.2.7. Under agarose cell migration assay 

The assay was adapted from Heit and Kubes, 2003 [20] . Agarose 

as dissolved in PBS by microwave heating and mixed with 

erum-free DMEM at 70 °C. The resulting mixture containing 1.2 % 

garose in 75 % DMEM was sterile-filtered and equilibrated for 

5 min at 37 °C before depositing 3 mL into each well of a 6-well

late. Casted gels were left to solidify for 30 min at RT and 1 h

t 4 °C. Three punches were made in each gel using a homemade 

emplate and a 4-mm biopsy punch. The cut agarose was aspirated 

o create three reservoirs separated by equal distances of 2 mm. 

 × 104 U87MG-CXCR4 + cells previously treated with 1 μg/mL 

f ADC for 24 h in complete medium were seeded in 20 μL of 

MEM containing either 1 % FBS or 10 % FBS, and 5 μg/mL of 

DC, in the center well. Sterile sponges loaded with either 10 pmol 

r 100 pmol of SDF-1 α were deposited in the right chamber and 

overed with 15 uL of serum-free DMEM. PBS was put in the left 

ompartment acting as a control. To assess the effect of sponges 

ithout SDF-1 α, the latter were evaluated against only PBS that 

as deposited in the left compartment. The comparison of the cell 

igration response to sponges loaded with SDF-1 α (100 pmol) vs 

ponges alone was also carried out by placement of the former 

n the right wells and the sponges alone in the left well. After 3 

ays of incubation, the constructs were fixed with a mixture of 

ethanol and acetic acid (3:1) and after removal of the gels, cells 

ere stained with Giemsa stain (1:10), and washed 3x with dis- 

illed water. Pictures were taken with a VHX-70 0 0 digital micro- 

cope (Keyence, France) and the areas of migration from the edge 

f the center well toward the left and right flanks were quantified 

ith ImageJ. 

.2.8. Glioma spheroids assay 

U87MG-CXCR4 + cells were cultured at a density of 60 0 0 

ells/cm2 in defined medium consisting of a 1:1 mixture of low 

lucose DMEM and Ham’s F12 supplemented with 20 ng/mL EGF 

nd FGF-2, 5 μg/mL heparin, 1x B27 supplement and 1 % v/v Peni- 

illin/Streptomycin. Half of the medium was changed every 3.5 

ays and spheroids were subcultured every 7 days. A single D7- 

eurospheroid of around 200 μm was collected and deposited on 

op of a 2-mm height and 6-mm diameter UV-sterilized sponge 

hat was previously loaded with 60 μL serum-free DMEM contain- 

ng 100 pmol of SDF-1 α. Sponges without SDF-1 α were used as 

ontrols. After 1-h of incubation at 37 °C and 5 % CO2 , 400 μL

f DMEM supplemented with 1 % FBS, 1 % N1, and 1 % antibi-

tics was added carefully into the well (24 well plate). The con- 

tructs were left in culture for 6 days, fixed with 4 % PFA, perme-

bilized, and stained with DAPI before incubation in 0.3 % Soudan 

lack solubilized in 70 % ethanol to reduce the autofluorescence 

f sponges. Confocal images were obtained from the top view and 

he cross-section of sliced constructs. The on-top cell area and 

he cross-section invaded area were analyzed with the QuPath 

oftware. 
264
.3. In vivo studies 

.3.1. Animals 

Fischer and nude athymic female rats aged 8–10 weeks were 

btained from Janvier Labs (Le Genest-Saint-Isle, France). The pro- 

ocol was approved by the Ethical Committee for Animal Experi- 

entation of Pays de la Loire region, France (authorization number 

PAFIS #25889-2020 032620 074335 v3). 

.3.2. Evaluation of the biocompatibility of sponges 

.3.2.1. Implantation of sponges. Fisher rats were anesthetized by 

ntraperitoneal injection of a mixture of ketamine (80 mg/kg) and 

ylazine (10 mg/kg) with subcutaneous administration of ketopro- 

en (5 mg/Kg) and positioned in a Kopf stereotaxic instrument. A 

0 mm-long incision was made along the midline to create access 

o the surface of the skull. Following this, a burr hole (stereotactic 

oordinates: P: + 0.8 mm; L: −3 mm (right from the bregma)) was 

rilled into the skull using a high-speed drill to expose the brain 

issues underneath. A portion of the brain cortex was then care- 

ully cut using a biopsy punch device and subsequently removed 

sing vacuum suction to create a cavity that was approximately 

 mm wide and 2 mm deep. SF-HA and SF-HA-hep sponges were 

wollen in PBS, cut transversely to obtain 2 mm height cylinders, 

nd sterilized under UV light for 1 hour. The sponges were then 

ut one by one before implantation with a 3 mm diameter biopsy 

unch with a push-button and, immediately after, implanted in the 

avity with the biopsy punch. The wound was sutured, and the 

ats were allowed to wake without any further intervention. All 

ats became fully conscious within 2 h after surgery and did not 

isplay any sign of distress. In control rats, the same surgical pro- 

edure was also performed, but no scaffold was implanted. Keto- 

rofen was administered for 2 days after surgery. Two groups of 

ats were set up: one group consisted of 9 rats (3 implanted with 

F-HA sponges, 3 implanted with SF-HA-hep sponges, and 3 cavity 

ontrols - with no implants), and was intended for the short-term 

tudy (euthanized after 7 days) while the other group, consisted 

f 12 rats (4 implanted with SF-HA sponges, 4 with SF-HA-hep 

ponges and 4 controls), was intended for the long-term follow- 

p (euthanized after 118 days). MRI follow-up was performed on 

ays 6 and 76 post-implantation. 

.3.2.2. Histology. After euthanasia, the brains were collected and 

ubsequently fixed in formalin for a duration of 10 days, fol- 

owed by paraffin embedding. Next, 5 μm thick sections were ob- 

ained using an HM340E Microm Microtech microtome (France) 

nd stained with hematoxylin and eosin (HE) for analysis. The 

istopathological parameters considered included multinucleated 

iant cells, acute inflammatory cells, necrosis, chronic inflamma- 

ory cells, neoangiogenesis, hemorrhage, hemosiderin deposition, 

nd mineralization. These parameters were evaluated in randomly 

elected fields under 40 × magnification in the tissue sections. The 

nalyses were conducted at the Department of Cellular and Tissue 

athology, centre Hospitalier Universitaire d’Angers (CHU-Angers, 

rance). Microscopic images were captured using an Olympus mi- 

roscope. 

.3.3. Evaluation of SDF-1 α release in rat brains 

To study the potential release of SDF-1 α from the sponge to 

he brain, an SDF-1 α coupled with Alexa Fluor 647 (AF-SDF-1 α) at 

he C terminal (Almac, Scotland) was used. The SF-HA-Hep sponge 

as used for further in vivo experiments, as the SF-HA sponge 

as mostly degraded after 7 days. The same methods to prepare 

he sponges, including cutting and sterilization, were used as cited 

efore. Afterward, the 3 mm diameter sponges were taken out 

f the biopsy punch, the PBS excess was taken out by blotting 

hem on a gauze, producing slight dehydration, and rehydrated by 
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dding 3 μL of AF-SDF-1 α (150 ng) on the top of the sponge to 

nally implant them in the cavity of Fischer rats as described in 

ection 2.3.2.1 . With this process, the full volume of AF-SDF-1 α
as absorbed by the sponge, resulting in a theoretical 100 % load- 

ng. Rats were euthanized after 7 days, and the brains were snap- 

rozen in isopentane and stored at −80 °C right after collection. 

issues were cut coronally in the region of interest with a Cryostat 

eica CM3050 S (Leica Biosystems, Nussloch, Germany) to obtain 

0 μm thick slices that were deposited on gelatinated Superfrost 

lides (Thermo Fisher Scientific, Braunschweig, Germany), and kept 

t −20 °C until immunolabeling. 

.3.4. Evaluation of the sponge’s performance in vivo 

To assess the GB cell attractant capacity of sponges in vivo , two 

rthotopic models were tested in nude female rats, aged 8 to 10 

eeks. In the first model, 5 × 103 U87MG-CXCR4 + cells were in- 

ected into the striatum (P: + 0.8 mm; L: −3 mm (right from the 

regma); D: −2.5 mm from the cortex surface). After 10 days of 

umor development, a 3-mm diameter and ∼2-mm depth resec- 

ion cavity was performed in the same vertical axis of cell injection 

sing a biopsy punch. The tissue was then aspirated, and SF-HA- 

ep sponges (3-mm diameter and 2-mm height) were implanted 

oaded or not with 100 pmol of SDF-1 α. After 7 days, animals were

uthanized, and brains were collected and snapfrozen at −80 °C 

ntil analysis. GB cell identification was performed by RFP, CXCR4 

nd Ki67 analysis by IHC-IF. 

In the second model, a resection cavity was created (P: 

 0.8 mm; L: −2.9mm (right from the bregma); D: ∼ −2 mm from 

he cortex surface). SF-HA-Hep sponges (3-mm diameter and 2- 

m height) were implanted loaded or not with 100 pmol of SDF- 

 α in 5 μL of PBS. Following this, 2.5 × 104 U87MG-CXCR4 + cells 

ere injected at 1 mm posterior from the edge of the resection 

Stereotactic coordinates: P: −1.7, L: −2.9, D: −2 mm from the sur- 

ace of the brain). Excess blood was removed with sterile gauze, 

he cavities were closed with non-absorbable bone wax and the 

ound was sutured. 

The animals recovered after 2 h and did not show signs of 

istress. Animals were monitored daily, observing food and wa- 

er intake, also weights were recorded. After 7 days, euthanasia 

as conducted, and all brains were extracted, snap-frozen and 

ept at −80 °C until analysis. The experimental design consisted of 

hree groups: resection control, PBS swollen sponges, and sponges 

oaded with SDF-1 α ( n = 3). A survival experiment was performed 

sing the same latter surgery procedures, but 1 × 103 U87MG- 

XCR4 + cells were injected instead ( n = 6 per group). Animals 

ere followed by MRI weekly and euthanized at defined endpoints. 

.3.5. MRI analysis 

MRI scans were performed with a Bruker Biospec 70/20 

ystem operating at 7T, under isoflurane (0.5 % 1 L/min O2 ) 

nesthesia, with the monitoring of respiratory parameters. T2- 

eighted images were acquired with a multi-spin echo sequence 

FOV = 35 ×35 mm, slice thickness = 0.8 mm, spacing between 

lices = 1.1 mm, matrix 256 ×256, TR = 2.5 s, TE = 33 ms]. 

.3.6. Immunohistochemistry and immunofluorescence 

For the SDF-1 α release study, 10 μm sections were fixed with 

FA 4 % (w/v) at 4 °C for 20 min, permeabilized with 0.25 % (w/v)

riton X-100 in PBS for 10 min and saturated with NGS 10 % (w/v)

n PBS for 2 h. They were then incubated overnight at 4 °C with

olyclonal rabbit IgG anti-SDF-1 α (1:500) (Abcam, Cambridge) fol- 

owed by 1 h incubation at RT with the secondary antibody goat 

nti-rabbit AF 488 (#4412 Cell Signaling). Cell nuclei were stained 

ith DAPI (1:20 0 0, Thermo Fisher Scientific, Waltham, MA) before 

ounting sections with Dako fluorescence mounting media (Dako, 
265
A, USA). Stained sections were visualized using a confocal micro- 

cope Leica TCS SP8 AOBS (Leica Microsystems, Wetzlar, Germany). 

For the sponge’s bioperformance study, 16 μm sections were 

xed for 10 min in methanol at −20 °C and rehydrated in PBS 

3 washes). After saturation in PBS/4 %BSA/10 %NGS/0.25 % Tri- 

onX100 for 1 h, sections were probed with the primary antibodies 

s follows: anti-CXCR4 polyclonal (1:2500, #PA3–305-Invitrogen) 

hich does not cross-react with rat tissue, or anti-Ki67 (1:200, 

b16 6 67-ABCAM), both overnight at 4 °C in a humidified cham- 

er. After washing (3x in PBS) the slices were incubated with 

 biotinylated secondary Ab (anti-mouse or anti-rabbit, 1:100 in 

BS/4 %BSA, Vector Laboratories) for 1 h at RT. Slices were re- 

ashed and incubated with Streptavidin-FITC (1:500, Interchim) 

r Streptevidin-AF647 (1:500, Life Technologies) in PBS for 45 min 

t RT. After washing, slices were incubated with DAPI, and finally 

ith Sudan Black for 15 min before mounting slides. Fluorescence 

as analyzed in a Leyca confocal microscope. 

.4. Statistical analysis 

Data are presented as mean ± SEM. Data were statistically ana- 

yzed using an ANOVA test with Prism 7 software. Tukey’s multiple 

omparison test was used to compare individual groups. For analy- 

is considering only two groups, a two-tailed t-test was performed. 

ACMA data was analyzed with a two-tailed paired t-test. In all 

tatistical comparisons p < 0.05 was considered statistically signifi- 

ant. For the survival analysis, all and single groups were compared 

sing the Log-rank (Mantel-Cox). 

. Results 

In vitro studies 

.1. U87MG-CXCR4 + cells are responsive to SDF-1 α

Human GB U87MG cells were transduced for the expression of 

he CXCR4 receptor (U87MG-CXCR4 + ) and the receptor expression 

as confirmed by flow cytometry ( Fig. 1A ). Then, their molecu- 

ar response was evaluated by incubation of cells with serum-free 

edium containing 40 ng/mL of SDF-1 α. Results showed an in- 

reased p-Akt/Akt ratio after 15 min, which was maintained at 1 h 

f incubation with SDF-1 α, whereas the p-Erk/Erk ratio was in- 

reased after 15 min of incubation but then reduced at 1 h. These 

esults match early findings on patient de-novo- and recurrent- 

erived GB cell lines [ 14 , 21 ]. On the other hand, p-Paxillin/Paxillin

atio was gradually increased at 15 min and 1 h of evaluation 

 Fig. 1B ), suggesting a gradual formation of focal adhesions [22] . 

To assess the functional response of U87MG-CXCR4 + cells to 

DF-1 α, first, their ability to migrate across an 8-μm porous mem- 

rane was evaluated in Boyden chambers. On average, a 3-fold in- 

rease in the number of migrating cells was observed after 18 h 

f incubation for both 40 and 120 ng/mL of SDF-1 α as compared 

o controls ( Fig. 1C ). Then, the ability of U87MG-CXCR4 + cells to 

eave a confined spot of agarose was measured by the length of 

he migrating cell halo surrounding the cell-laden agarose drop 

 Fig. 1D ). On average a 2-fold increase in the migrated distance 

as observed for cells treated with 40 ng/mL of SDF-1 α relative 

o controls. 

To discriminate against the effect of proliferation, the latter as- 

ay was performed in the presence of the proliferation inhibitor 

phidicolin (ADC). Although a reduced cell hallo was observed as 

ompared to non-ADC treated cells, approximately the same ra- 

io of 2-fold increase in the migrated length for SDF-1 α treated 

rops was maintained relative to controls. This result suggests 

hat the chemoattractant effect of SDF-1 α was independent of cell 

roliferation. Moreover, U87MG cells without receptor expression 
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Fig. 1. Cellular model and its response to SDF-1 α. A) Design of the cellular model: U87MG cells were transduced for constitutive expression of the CXCR4 receptor and 

red fluorescent protein (RFP). B) Molecular response: phosphorylation of Akt, Erk, and Paxillin shows the activation of the CXCR4/SDF-1 α pathway in U87MG-CXCR4+ cells 

in response to SDF-1 α ( n = 3). C) Transwell migration of U87MG-CXCR4+ cells: after 18-h incubation of cells deposited on top of the porous membranes, migrating cells 

were more abundant in wells containing both 40 and 120 ng/mL of SDF-1 α compared to controls ( n = 3–4 replicates, with three repetitions). D) Agarose drop assay. (i)(ii) 

Migration of U87MG-CXCR4+ from a confined spot of agarose was higher for cells treated with 40 ng/mL of SDF-1 α as compared to controls. Inhibition of cell proliferation 

by the addition of Aphidicolin ( + ADC) reduced the measured distance of migration but did not change the ratio of migration respective to controls. (iii) U87MG cells without 

expression of the CXCR4 receptor (U87MG-CXCR4−) did not show a significative difference when treated with SDF-1 α compared to control drops ( n = 3 replicates, with two 

repetitions). Levels of significance are: ∗: p < 0.05, ∗∗: p < 0.01, ∗∗∗: p < 0.001. 

266 



R. Molina-Peña, N.H. Ferreira, C. Roy et al. Acta Biomaterialia 173 (2024) 261–282 

Fig. 2. Aerogel sponges, synthesis, structure, and cellular response. A) Synthesis and structure of the silk fibroin (SF), hyaluronic acid (HA), and heparin (Hep) sponges. Dry 

SF-HA-Hep sponges (i) rapidly absorb PBS and maintain their shape (ii). Stereomicroscopic images [(iii) and (iv)], and scanning electron micrographs [(v), (vi), (vii) and 

(viii)] showing the superficial and cross-sectional porous structure of SF-HA-Hep sponges. B) Microcomputed tomography (μCT) images for the evaluation of the porosity of 

sponges, the size and wall thickness of their pores, and the percentage of their connected pores with troughs > 15 μm. Depicted are representative μCT images of superficial 

[(i) and (ii)], and cross sections [(iii) and (iv)] of sponges without heparin (SF-HA) and with 1 % Heparin (SF-HA-Hep). C) The cell response of NIH/3T3 and U87MG cells 

after incubation with leachables from sponges (indirect method) and after direct contact of sponges with a cell monolayer (direct method) was evaluated using the resazurin 

assay. Depicted in the graphs are the percentages of the relative fluorescent units (RFU) respective to control wells that contained no scaffolds ( n = 3 replicates, with three 

repetitions). D) The response of cells directly seeded into scaffolds. U87MG cells were directly deposited into scaffolds. After 2 days, the cellular response in SF-HA and 

SF-HA-Hep scaffolds was evaluated by incubation with media containing resazurin (i). The produced fluorescence in the media was normalized to control wells with cells 

seeded on plastic and is expressed as the percentages of RFU (ii) ( n = 5 replicates, with 2 repetitions). U87MG cells (red arrows) seen under scanning electron microscopy 

3 days after seeding in SF-HA sponges (iii) and SF-HA-Hep sponges (iv). Levels of significance are: ∗: p < 0.05, ∗∗: p < 0.01, ∗∗∗: p < 0.001. 
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U87MG-CXCR4-) did not respond to SDF-1 α, in terms of chemoat- 

raction, as observed by the equal distances of migration for both 

on-treated and treated cells ( Fig. 1D ). 

.2. Sponges are highly porous, with interconnected pores and 

resent shape memory 

Aerogel sponges presented similar structure and physical ap- 

earance independently of heparin content ( Fig. 2A ). A porosity of 
267 
93% was observed for both types of sponges SF-HA and SF-HA- 

ep (1 % heparin). However, the pore size distribution was affected 

y the presence of heparin ( Fig. 2B ). A larger dispersion of pore

izes was observed in sponges without heparin 126.67 (90.84) μm, 

hile sponges with heparin showed a narrower pore size distribu- 

ion of on average 69.01 (22.53) μm. This reduction in the average 

ore size correlates to the higher content of total solids due to the 

ddition of heparin. 
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The thickness of the pore walls was consistent between all 

ypes of sponges. On average, a 9.6 μm wall thickness, which repre- 

ents a ∼9.6/69 = ∼14 % of the diameter of a pore including walls

or sponges containing heparin, reflects the spongy nature of the 

caffolds. Thirdly, all sponges showed open, interconnected pores. 

his can be observed by tracking the maximal length of the path 

ith troughs larger than 15 μm that can be followed without in- 

erruption in both orthogonal axes of the cross sections of sponges. 

inally, all the sponges presented shape memory as observed by 

heir capacity to regain their original shape upon an external force 

as applied, and then released, over the sponges’ hydrated form 

 Video S1 ). 

.3. SF-HA-Hep sponges present mild to moderate cytotoxicity in 

itro 

The viability of NIH/3T3 mouse fibroblasts and U87MG glioblas- 

oma cells was evaluated via the indirect and direct contact meth- 

ds at 24 and 72 h incubation with SF-HA and SF-HA-Hep sponges 

 Fig. 2C ) . NIH/3T3 cells were chosen due their high sensitivity to 

hemical-induced toxicities (Xia et al., 2008). After 72 h of direct 

ontact, SF-HA sponges significantly decreased the viability only 

or NIH/3T3 cells (71 ± 14 %). SF-HA-Hep sponges, however, pre- 

ented mild cytotoxicity after 72 h of indirect contact (63 ± 19 % 

iability), and moderate cytotoxicity after 72 h of direct contact 

ith NIH/3T3 cells (39 ± 9 % viability). Mild cytotoxicity was seen 

n U87MG cells after direct contact with SF-HA-Hep sponges at 24 

76 ± 9 % viability) and 72 h (64 ± 9 % viability). 

Different washing techniques were tested aiming to eliminate 

races of crosslinkers to improve the cytocompatibility of SF-HA- 

ep1 % sponges. The first consisted in a 24-h wash in PBS under 

gitation, and the second in 5 × 30 s sonication cycles followed by 

gitation for 1 h in PBS. However, after 72-h of direct incubation of 

ashed sponges with NIH/3T3 cells, no improvement was observed 

 Fig. S1 ). To determine whether EDC and NHS or Heparin were re-

ponsible for this cytotoxicity, two new sponges were produced. 

he first was composed of SF and HA crosslinked with the same 

oncentration of crosslinkers as SF-HA-Hep (CEDC = 15 mg/mL, 

NHS = 5.5 mg/mL) and was called SF-HA( + ). The second was com- 

osed of SF, HA and Hep crosslinked with the same concentration 

f crosslinkers as SF-HA (CEDC = 5 mg/mL, CNHS = 1.8 mg/mL) 

nd was called SF-HA-Hep(-). Because of the lower concentration 

f crosslinkers in the SF-HA-Hep(-) sponge, its shape was lost in 

he media. 

Sponges with the same concentration of crosslinkers showed 

he same cytotoxicity, with a lower concentration of crosslinker 

eading to an increase in viability ( Fig. S1 ). A tradeoff between sta- 

ility and cytotoxicity had to be made, and therefore the original 

F-HA-Hep1 % sponge was kept for further studies. Additional eval- 

ation of its 24-h cytotoxicity by the direct contact method on cells 

esemblant to resident cells of the normal brain parenchyma was 

erformed. In this case, murine BV-2 and human HMC3 microglial 

ells showed a viability of 64.4 and 82.3 %, respectively ( Fig. S2 ). 

.4. The matrix of SF-HA-Hep sponges allowed a better U87MG GB 

ell response 

To assess the response of cells in the scaffold’s matrix, U87MG 

ells were directly deposited into the sponges as a cell suspension 

nd cultured for 2 days. The cell response was evaluated by the 

esazurin assay ( Fig. 2D - i ). Results showed that SF-HA-Hep sponges 

llowed a better response compared to SF-HA sponges ( Fig. 2D - 

i ). After 3 days of culture, SEM images showed cell aggregates in 

F-HA sponges with no or little spreading of their soma ( Fig. 2D -

ii ), whereas cells in SF-HA-Hep1 % sponges attached, spread, and 
268 
ormed large protrusions, suggesting a better interaction with GB 

ells ( Fig. 2D - iv ). 

.5. SDF-1 α-loaded sponges directionally attract U87MG-CXCR4 + 

ells in vitro 

To evaluate the chemoattractant capacity in vitro , sponges 

oaded with SDF-1 α (10 and/or 100 pmol) were added in the right 

ell, contiguous to a well containing U87MG-CXCR4 + cells in an 

garose gel ( Fig. 3 ). A well containing only PBS was also included

o the left. After 3 days of culture with the addition of Aphidicolin 

s a proliferation inhibitor, results showed that there was a larger 

rea of cells that migrated under the agarose towards the SDF-1 α- 

oaded sponges as compared to controls located in the wells left 

o the cells. The migrated area depended on the dose of SDF-1 α
nd the percentage of FBS used for cell seeding. Indeed, FBS was 

ecessary for cells to adhere. This effect corresponded to a 3-fold 

ncrease of the invaded area for the 10 pmol loading and an 11.3- 

old increase for the 100 pmol loading as compared to controls, 

n the case of 1 % FBS seeded cells ( Fig. 3A - iii ). A larger area in

oth directions, towards the sponges and controls, was observed 

hen cells were seeded with medium containing 10 % FBS. How- 

ver, increasing area ratios of 2.2-fold and 3-fold showed prefer- 

ntial migration of cells towards the sponges loaded with 10 and 

00 pmol of SDF-1 α, respectively ( Fig. 3A - iii ). To evaluate if the

ponges alone were able to attract GB cells in vitro , the experiment 

as repeated with sponges containing only PBS compared to wells 

lled with only PBS ( Fig. 3B - i ). Results showed no significant differ-

nce in the areas of cell migration. When SDF-1 α-loaded sponges 

ere compared to sponges containing only PBS, only the former 

ere able to show cell attraction ( Fig. 3B - iii ), showing a similar

attern than agarose gels where only PBS was used as a negative 

ontrol ( Fig. 3B - ii ). 

.6. SDF-1 α in SF-HA-Hep sponges enhanced their colonization in 

itro 

To assess the cell hosting capacity of sponges, single ∼ 200- 

m U87MG-CXCR4 + spheroids were cultured on top of SF-HA- 

ep sponges that were loaded or not with 100 pmol of SDF-1 α
 Fig. 4B ). Results showed that after 6 days of culture, there was a

.4-fold larger area of glioma spheroids attachment on the surface 

f the sponges loaded with SDF-1 α in relation to control sponges 

oaded with PBS ( Fig. 4B - iii ). In addition, a 1.6-fold larger infil-

rated area and a 1.3-fold maximal infiltrated length in the sponges 

oaded with SDF-1 α were observed compared to controls. How- 

ver, cells remained within the contours of the glioma spheroids 

nd did not spread out ubiquitously within the sponge in the 6- 

ay time frame of the experiment. 

In vivo studies 

.7. Sponges are biocompatible and biodegradable in vivo 

SF-HA and SF-HA-Hep sponges were implanted in the resec- 

ion cavities of Fisher rats to evaluate the foreign body reaction 

n the brain as well as their biodegradability ( Fig. 5 ). MRI images

howed the presence of the sponges at D6 from implantation but 

ompletely degraded after 76 days as shown by the watery con- 

ent in the cavities ( Fig. 5A ). SF-HA sponges were mostly absorbed 

fter one week of implantation, which was confirmed by histolog- 

cal analysis ( Fig. 5B ). The cellular response was characteristic of 

 foreign body reaction with an acute inflammatory response at 

eek one post-implantation, with the presence of polymorphonu- 

lear (PMN) cells that was more important for SF-HA-Hep sponges 

ompared to SF-HA sponges. 
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Fig. 3. In vitro cellular attraction. A) In vitro chemoattractant capacity of SDF-1 α-loaded sponges: (i) agarose gel showing the disposition of cells (center well), sponges (right 

well), and control wells containing PBS (left well) to assess the induction of directional migration. Top panel: images (10x objective) of a representative experiment on day 

three after cell seeding. The assembled image shows the pattern of cell migration under the agarose gel. Some cells were detected near the sponges loaded with SDF-1 α

(100 pmol) (black arrows), with some cells undergoing cell death (asterisks). Of note is the “squeezed” shape of cells under the agarose, whereas cells that invade the right 

agarose-gel-free well regain a “spindle-like” morphology. (ii) Giemsa staining of cells that migrated under the agarose after three days of incubation. Cells were seeded in 

media containing either 1 % or 10 % FBS and 5 μg/mL of Aphidicolin as a proliferation inhibitor. (iii) Quantification of the cell area of the binary images in the most proximal 

quarters (Q) to either control wells (Q1) or sponges (Q2) as depicted in the representative image in the center well of (i) ( n = 3 replicates, with three repetitions). B) The 

effect of the sponges alone containing only PBS (i) or of sponges loaded with 100 pmol of SDF-1 α (ii), as compared to wells loaded with only PBS (left wells). (iii) The effect 

of sponges containing 100 pmol of SDF-1 α vs. sponges loaded with only PBS. ( n = 3 replicates, with three repetitions). Levels of significance are: ∗: p < 0.05, ∗∗: p < 0.01, 

∗∗∗: p < 0.001. 
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Fig. 4. In vitro cellular colonization of sponges. (i) Representation of the spheroid culture assay for the evaluation of the capacity of SF-HA-Hep sponges to be colonized 

by GB cells coming from GB spheroids. A single U87MG-CXCR4+ gliomaspheroid was deposited on top of a SF-HA-Hep sponge loaded or not with SDF-1 α. After 6 days of 

culture, the on-top cell area, the infiltrated cross-sectional area, and the maximal infiltrated length were imaged (ii) and quantified (iii) ( n = 3; 2 experimental repetitions). 

Levels of significance are: ∗: p < 0.05, ∗∗: p < 0.01, ∗∗∗: p < 0.001. 
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The presence of multinucleated giant cells was rare, but the 

oncomitant presence of macrophages and lymphocytes show- 

ng up from the initial stages after implantation demonstrates a 

rocess of debridement and chronic inflammation that was pro- 

onged to up to the third month post-implantation. The forma- 

ion of new blood vessels was more evident on day 7 of eval- 

ation for all groups suggesting that the brain damage caused 

y the surgical resection and the consequent signals induced 

his neoangiogenic response. On the third month of evaluation, 

he acute inflammation was resolved, and the chronic inflamma- 

ion lessened. Interestingly, only the cavities of rats implanted 
270 
ith sponges kept some lymphocytes in the long term com- 

ared to cavity controls alone. The presence of hemosiderin-laden 

acrophages and calcification zones (mineralization) showed the 

ate stages of cicatrization. Overall, the residual cavities were 

orencephalic, i.e., filled with resident cerebral cells but with 

he loss of brain matter, however no collagen deposition nor fi- 

rotic tissue was observed in the implantation zone, suggesting 

 good reabsorption of the sponges without the formation of a 

car. As SF-HA sponges were mostly degraded within the first 

eek of implantation, SF-HA-Hep sponges were chosen for further 

xperiments. 
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Fig. 5. In vivo biocompatibility and biodegradability of sponges. A) MRI scans of brains with implanted sponges. B) Characterization of the in vivo cellular response to 

implanted sponges in the rat brain cortex. Histological (H&E) staining (nuclei: blue/purple; cytoplasm: pink). SF-HA sponges were completely degraded after 7 days, while 

SF-HA-Hep sponges were still present. A representative image is shown of a SF-HA-Hep sponge that came out of the cavity during the slicing process (bottom left panel). 

Left panels: H&E representative images 7 days post-implantation showed an acute inflammatory response in rats implanted with SF-HA-Hep sponges. The acute response 

was less marked in the other groups. There was a local chronic inflammatory response with the presence of lymphocytes that were more frequent in the cavity controls 

and in SF-HA implanted rats. At this 1-week time point, the formation of blood vessels (neoangiogenesis) was observed in all groups. Right panels: After 3 months, the 

acute inflammation was resolved, and the chronic inflammation lessened in the control cavity and SF-HA groups and remained in the SF-HA-Hep group. At this 3-month 

time point, mineralization and hemosiderin deposition were observed in all groups. Symbols are as follows: infiltrating polymorphonuclear (PMN) cells ( �), Necrosis ( ♦ ), 

macrophages (→ ), lymphocytes ( �), neoangiogenesis ( ♠ ), hemosiderin (∗), mineralization (#). Scores are as follows: (−) = nil, (-/ + ) = rare, ( + ) = mild, ( ++ ) = moderate, 

and ( +++ ) = marked. Interrupted-line bordered images are magnifications of the smaller squares indicated in their respective left images. 
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.8. SDF-1 α was retained in SF-HA-Hep sponges in vivo 

To evaluate the in vivo biodistribution of SDF-1 α in the brain 

fter the sponge’s implantation, SF-HA-Hep sponges were loaded 

ith 150 ng of AF-647 tagged SDF-1 α and implanted in the re- 

ection cavities of Fisher rats. Results showed that 7 days post- 

mplantation, AF647-SDF-1 α was detected inside the sponges, and 

n the margins of the resection cavity as bulges detaching from 

he edges of the sponges that were undergoing degradation; but 

as not detected in the brain tissues beyond the resection limits 

 Fig. 6A ). Interestingly, AF647-SDF-1 α was distributed as droplets 

f about 10–100 μm diameter which corresponded to the inter- 

al structures observed in the sponges ( Fig. 6A -third panel). En- 

ogenous SDF-1 α was stained indirectly with an antibody cou- 

led with FITC and was distinguished from the exogenous SDF-1 α
hat was loaded into the sponges, as the latter was not recognized 

y the primary antibody ( Fig. 6B ). Endogenous SDF-1 α was found 

nly scarcely expressed in small blood vessels surrounding the re- 

ection cavity. Interestingly, more nuclei were observed inside the 

ponges containing SDF-1 α compared to the brain tissue. This cor- 

elates with the colonization of sponges by PMN cells as observed 

n Fig.5B . 

.9. CXCR4 + GB cells interacted with SDF-1 α loaded sponges 7 days 

ost-implantation 

To assess the GB cell attractant capacity of sponges in vivo , two 

rthotopic models were tested in nude rats. In the first model, 

 × 103 U87MG-CXCR4 + cells were injected into the striatum. Af- 

er 10 days of tumor development, a ∼2-mm depth resection cavity 

as performed in the same vertical axis of cell injection, and SF- 

A-Hep sponges were implanted loaded or not with SDF-1 α. After 

 days, animals were euthanized, and brains were collected and 

nalyzed by IHC-IF. Cell tracking by RFP, CXCR4 and Ki67 expres- 

ion revealed colonization in only one implant loaded with SDF-1 α
out of 3 animals) ( Fig. S3 ). Although this experiment showed that 

DF-1 α-loaded sponges can be colonized by tumor cells after re- 

ection, the main complication found here was the lack of a repro- 

ucible resection. For instance, the tumor was completely removed 

n some cases and the distances between the tumors and scaffolds 

ere not reproducible. To overcome this limitation, the second ex- 

erimental set-up consisted in placing the implants and cells dis- 

anced from ∼1 mm in the horizontal plane of the frontal brain 

ortex at the same time. First, SF-HA-Hep sponges with PBS or 

DF-1 α were implanted in the frontal cortex, followed by stereo- 

actic injection of 2.5 × 104 U87MG-CXCR4 + cells 1 mm backward 

rom the cavity edges ( Fig. 7 ). Control rats were subjected to the

ame surgical and tumor cell injection procedures in the absence 

f sponges. After euthanasia, 7 days post-implantation, the brains 

ere removed, snap-frozen and analyzed by IHC-IF. We observed a 

odification in the behavior of cells near the sponges compared to 

he cavity control alone. Cells constituting the anterior front of the 

umor were able to interact with the surface of the sponges with a 

ignificant portion of CXCR4 + cells detaching from the main tumor 

ass towards the cavity containing the SDF-1 α-loaded sponges or 

BS-loaded sponges as compared to and cavity controls ( Fig. 7 ). 

owever, at this point, the interaction of cells with sponges was 

nly observed at the intermediate zone between the tumor lead- 

ng edge and the edge of the sponges facing it. 

.10. SF-HA-Hep sponges shaped the tumors and allowed their 

ocalized development 

To assess the effect of sponges in the long term, the same or- 

hotopic model used to evaluate the colonization of sponges was 

mplemented, but this time 1 × 103 U87MG-CXCR4 + cells were 
272 
njected. Animals were followed up until the defined endpoint, 

nd tumor evolution was followed by MRI every week. All ani- 

als recovered within 2 h after the procedure and did not show 

ny signs of distress. Animals behaved normally and started to 

resent symptoms from week 4 after surgery. Results showed that 

he survival of rats did not improve by sponge implantation in ei- 

her case loaded or not with SDF-1 α ( Fig. 8A ) compared to cav- 

ty controls. We observed that SDF-1 α tended to reduce the me- 

ian of survival to 27.5 days as compared to controls (31 days), 

hough non-significant statistically (the fact that there is one an- 

mal from the SDF-1 α group crossing the other survival curves 

akes this non-significant). This effect correlates with the average 

ize of the tumor that tends to be larger (as a tendency as no sta-

istical difference was observed) for rats implanted with SDF-1 α- 

oaded sponges as shown in Fig. 8A right panel . Therefore, SDF-1 α
ontained within the sponges may be exerting an effect on tumor 

volution favoring its development. This result can be explained 

y the fact that no killing signal was included in the study. How- 

ver, we observed an effect of the sponges on the tumor shape 

nd localization. Interestingly, the shape of the tumors fitted bet- 

er to the projections’ shape of the cross sections of the sponges 

n the three axes imaged and they were more rounded compared 

o the tumors where sponges were not present ( Fig. 8B ). Indeed, 

he reduced tumoral areas outside the projection of sponges, sug- 

est that the tumor is better confined in the volume behold by 

he sponge’s structure. This result highlights the relevance of the 

ponge implantation as a strategy to confine the tumor in a con- 

rollable area and confer a spherical shape that can facilitate their 

urther treatment. 

. Discussion 

The main problem facing glioblastoma therapy is the infiltra- 

ive nature of GB cells remaining after standard treatment. cDNA 

xpression analysis revealed that CXCR4 is overexpressed in 57 % 

f primary glioblastoma (GB) tumors and in 88 % of GB cell lines 

hat were analyzed [23] . CXCR4 expression is considered a prog- 

ostic marker in gliomas. Patients with CXCR4-positive GB had a 

educed postoperative life expectancy [24] . CXCR4 was expressed 

n more than 50 % of astrocytomas and 100 % activated form 

phosphorylated) in grades 2–4 astrocytomas and 76 % in grade 

 astrocytomas [25] . Previously, it was shown that the CXCR4 re- 

eptor confers to GB cells increased infiltrative capacity into the 

rain parenchyma [18] , and that the CXCR4/SDF-1 α axis is related 

o the chemotaxis attraction of GB cells in vitro [ 14 , 26 ] and of

lioma stem cells (GSCs) to the tumor vasculature [27] . Here, a 

upture concept was investigated. The strategy was to exploit the 

XCR4/SDF-1 α axis to attract GB cells to a confining biodeposit 

onsisting of a SF-HA-Hep sponge. This study aimed to investi- 

ate the preclinical feasibility and benefit of a new interventional 

pproach using SDF-1 α-loaded SF-HA-Hep aerogel sponges as im- 

lantable scaffolds into the brain resection cavity. Fischer rats were 

sed to assess the in vivo biocompatibility of scaffolds to observe 

he complete foreign body reaction. However, to evaluate the in 

ivo performance of sponges, athymic nude rats were chosen be- 

ause of the human cellular model that was used. The sponges are 

iodegradable. They were well tolerated for more than 3 months 

nd reabsorbed after implantation into rat brains. The disappear- 

nce of the sponges is attributed to the inherent biodegradabil- 

ty of the scaffolds, primarily through hydrolysis and solubiliza- 

ion of the components. In vitro studies reported 85 % degrada- 

ion within 3 weeks [17] , under conditions mimicking in vivo en- 

yme presence. This gradual degradation can facilitate temporary 

ccommodation of cancer cells within the cavity, minimizing the 

isk of long-term adverse reactions or the need for surgical re- 

oval. Their shape memory permitted fitting into the resection 
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Fig. 6. In vivo distribution of SDF-1 α. A) Implantation of SF-HA-Hep sponges containing SDF-1 α tagged with AF-647, in the resection cavity in the frontal cortex of Fisher 

rats (Created with BioRender.com). Control sponges contained only PBS. Seven days after implantation, brains were collected and sliced. AF-647-SDF-1 α was localized within 

the structure of the sponge (red channel, third column). Degradation of sponges was observed at their edges in contact with the borders of the resection cavity, and the 

detaching bulges containing AF-647-SDF-1 α were located adjacent to the brain parenchyma (white asterisks). Further labeling with an anti-SDF-1 α antibody and revelation 

by the Strep-FITC amplification method did not show the presence of AF-647-SDF-1 α as the latter was not recognized by the anti-SDF-1 α, see (B). The presence of small 

blood vessels positive for the anti-SDF-1 α antibody was rarely observed in the margins of the resection (white arrows, second column, green channel). Scale bar = 100 μm. 

B) WB analysis for the immuno-detection of SDF-1 α and AF-647-SDF-1 α. The same anti-SDF-1 α antibody recognized only the non-tagged SDF-1 α but not the AF-647 tagged 

SDF-1 α, which is however revealed by excitation with an IR laser. 
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Fig. 7. In vivo response of GB cells to implantation of sponges. A model of the resection cavity in the brain cortex was developed in nude rats. U87MG-CXCR4+ cells 

were injected near the sponges loaded or not with SDF-1 α, or near the created cavity alone (i) (Created with BioRender.com). After seven days following implantation, 

cell detection was performed in cryosections by RFP expression and CXCR4 immunolabeling (yellow) (ii). Depicted are the composite images resulting from the merging 

of the different channels. An increased cell number of dissociated cells lying in the anterior/intermediate zone between the tumor and the sponges in rats bearing SF-HA- 

Hep sponges loaded with SDF-1 α (SF-HA-Hep + SDF-1 α) or sponges alone (SF-HA-Hep + PBS) was observed as compared to rats with the resection cavity alone with no 

implanted sponge (iii) ( n = 3; ∗: p < 0.05, ∗∗: p < 0.01). The right panel shows an example of images from single channels as follows: WF (white field), RFP (red fluorescent 

protein), CXCR4 (yellow), DAPI (cell nuclei), 488 (green autofluorescence of sponges) (iv). 
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avities and their highly interconnected pores supported cell in- 

ltration and growth. 

To assess the in vivo sponges’ bioperformence, a cavity resec- 

ion model was developed. Due to the difficulty of reproducibility 

f resected tumors by using a punch biopsy pen and an aspiration 

ethod, the developed rat model here shows that concomitant 

lacement of implants and GB cells is feasible to investigate the 

unctionality of interventional scaffolds in a model of the residual 

isease were infiltrating cells are situated adjacent to the cavities 

n the brain parenchyma. This strategy might be used to assess dif- 

erent scenarios including the distance between cells and scaffolds, 

nd the number of injected cells. Here, by 1-mm distant placement 

f GB cells relative to resected zones, it was revealed that GB cells 

nteracted with the sponges 7 days post-implantation. Serving as 

 chemokine reservoir in the tissue, SDF-1 α remained within the 

ponges after 7 days of implantation. 

In vitro , sponges loaded with SDF-1 α directionally attracted 

87MG-CXCR4 + GB cells and enhanced cell colonization within 

he scaffold. The function of SDF-1 α is observed in the under- 

garose assay in vitro from a distance that is 2-fold larger than the 
274 
ponge implanted in vivo . The sponges alone did not show a differ- 

nce relative to only wells containing PBS ( Fig. 3 B-i). And sponges 

oaded with SDF-1 α attracted cells vs sponges alone ( Fig. 3 B-iii). 

his means that the signaling provided by the released SDF-1 α is 

ecessary to attract GB cells distantly placed in a semi-confined 

ite. In this case, the agarose gel provides a layer between the 

lastic and the gel that cells can invade. Moreover, the in vitro as- 

ay using tumor cells grown as spheroids demonstrated the im- 

ortance of SDF-1 α for improving the sponge colonization. In vivo , 

ells were injected approximately 1 mm away from sponges. This 

earer placement of sponges as compared to the in vitro exper- 

ment, can influence the interaction of cells growing from the 

ain tumor as observed in the intermediate zones and edges of 

he sponges facing the tumors in Fig. 7 . Interestingly, SF-HA-Hep 

ponges were able to shape and locate the tumors inside the cavi- 

ies. The effect of shaping of the tumor by sponges alone ( Fig. 8D )

an be explained by the attraction of cells by mechanisms yet un- 

etermined and independent from SDF-1 α. In vivo , on day 7 af- 

er cell injection, there was no significant difference between the 

ositive detections of cells in the intermediate zone located be- 
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Fig. 8. Evolution of tumor growth and survival analysis of implanted rats vs cavity controls. A) Survival Analysis. Although no significant statistical difference is observed 

between groups, the calculated smaller median survival (27.5 d) for sponges loaded with SDF-1 α correlates with a higher average tumor volume on day 27 (as a tendency 

as no statistical difference is observed, P = 0.059). B) The shape of the tumor is affected by the presence or absence of sponges. The area of the tumor out of the enclosed 

and shaped cross-sectional area projected from the sponge is depicted in the lower panels. The circularity is calculated as the area of the tumor cross-section divided by 

the area of the adjusted circle according to the tumor perimeter (4 πA/P2 ). Three slices were analyzed for each projection plane for each animal ( n = 3 animals per group). 

Levels of significance are: ∗: p < 0.05, ∗∗: p < 0.01, ∗∗∗: p < 0.001. 
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ween the tumor and sponges loaded with SDF-1 α or sponges 

lone ( Fig. 7 ). This can be linked to the effect of sponges loaded

r not with SDF-1 α on tumor shaping. The MRI images provided 

n Fig. 8B corresponding to day 27 suggest a displacement of the 

umor towards the cavities that contained sponges. Results did not 

eflect a survival improvement, but this was in part expected as no 

illing signal was introduced. The tumor-shaping and -sitting effect 

ccurred regardless of SDF-1 α loading, suggesting it is associated 

ith the properties of the SF-HA-Hep sponges. 
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.1. SF-HA-Hep sponges as a tool for intervention: instructing the 

umor ecosystem 

The dynamic crosstalk between cancer cells and their environ- 

ent might be interfered to instruct the GB ecosystem and poten- 

ially improve treatment. Cancer cell behavior and fate are strongly 

ssociated with non-cellular components, such as the ECM. Thus, 

he unique composition and architecture of the brain ECM can of- 

er opportunities, being implemented as a target and as an instru- 
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ent for various therapeutic strategies [28–30] . GB cell morphol- 

gy, migration and proliferation can be influenced by the compo- 

ition of the biomaterial [31–33] . And parameters such as poros- 

ty, permeability and the stiffness of the scaffold can be crucial in 

erms of cell ingrowth, cell growth, migration, and scaffold colo- 

ization [34] . 

Previously, the physicochemical and mechanical similarities be- 

ween the brain ECM and SF-HA-Hep sponges were described [17] . 

ere, we demonstrated that the multiple interconnected 69μm- 

ore-channel networks of SF-HA-Hep sponges played a signifi- 

ant role in GB cells’ infiltration and spreading by providing ad- 

quate internal space and support for cell growth. Pore size is 

 fundamental factor implicated in the invasion and migration 

f GB cells [35] , which occur after matrix degradation when the 

ross-sectional area of the interfibrillar pore is less than 7 μm ²
36] . Above this value, cells can undergo physical deformations to 

queeze through the pores of the brain ECM and migrate [37] . The 

patial arrangement of the matrix fibers near primary tumor sites 

an influence the motility of tumor cells, and aligned fibers of- 

er tracks that are more conducive to migration [ 38 , 39 ]. With this

egard, Jain et al. (2014) demonstrated that aligned fibers can be 

sed as guidance elements to direct brain resident GB cells toward 

n extracortical zone. In contrast, SF-HA-Hep sponges presented 

ere did not feature any structural alignment [7] . Other works us- 

ng non-aligned porous scaffolds made use of an attracting sig- 

aling strategy, trying to imitate metastatic niches. For example, 

e la Fuente et al. (2015) used extracellular vesicles to demon- 

trate the luring capacity of ovarian cancer cells when loaded into 

he scaffold’s matrix [6] . Moreover, Azarin et al. (2015) showed 

hat the implantation of PLG microporous scaffolds in mice mam- 

ary fat pads induced the recruitment of immune cells by cy- 

okines including CCL22, that in turn induced the recruitment of 

etastatic breast cancer cells [40] . In the context of glioblastoma, 

liadel wafers used for carmustine delivery are FDA approved, but 

o other porous scaffolds like sponges have been used for the trap- 

ing of GB cells. This paper hence describes a new system. Porous 

F-HA-Hep sponges offer the possibility of covering a larger space 

nd taking advantage of the resection cavity after implantation. 

hese sponges are biodegradable, so a second surgery to remove 

he device would not be necessary. 

In the present work, we explored the effect of loading a 

hemoattractant into SF-HA-Hep sponges and found that SDF-1 α
loaded sponges were able to attract GB cells in vitro . In vivo , clus-

ers of tumor cells and individual cells were observed infiltrating 

he intermediate zone between the anterior tumor border and the 

ponges, which was promoted by the SDF-1 α load compared to the 

avity controls. However, we also found that tumor shaping and lo- 

alization were favored to fit the resection cavities containing im- 

lants, and this occurred independently of SDF-1 α loading. Inter- 

stingly, the shape of the tumors matched the shape of the cross- 

ectional projections of the sponges in the three MRI axes imaged, 

eing more rounded when compared to the tumors where sponges 

ere absent. This suggests that the implants exerted an attraction 

orce from the site of cell injection toward the resection cavity. In- 

eed, the sponge structure was not seen anymore during the 4th 

eek of MRI imaging. This can be explained by 1) the total colo- 

ization of the sponges by U87MG-CXCR4 + cells during the exper- 

ment, hindering the sponges’ structure, 2) the complete sponge’s 

egradation favored by the tumoral environment, and 3) the ejec- 

ion of sponges by the tumor’s center of mass displacement and 

urther elimination of the sponges. 

Despite not knowing the precise mechanism, the attraction of 

B cells seen at the sponge-parenchyma intermediate zone after 

 days of implantation, even in the absence of SDF-1 α, suggests 

hat sponges alone may modulate GB cell behavior. Cancer cells 

an be guided towards laminin and hyaluronan molecules in the 
276 
CM by internal integrins and CD44 receptors respectively, and via 

aptotaxis by chemokines and growth factors immobilized along 

racks [ 41 , 42 ]. In line with this, HA may have contributed to tumor

ell presence inside SF-HA-Hep sponges, via CD44/HA axis [43] , 

s the majority of U87MG-CXCR4 + cells expressed the CD44 re- 

eptor ( Fig. S4 ). In addition, in vitro U87MG cells responded bet- 

er when directly seeded into SF-HA-Hep sponges as compared 

o SF-HA sponges ( Fig. 2D ), highlighting the effect of the matrix 

tructure and composition. Heparin and other glycosaminoglycans 

GAGs) can regulate glioma cell adhesion to ECM proteins lead- 

ng to cell proliferation or cell migration, according to the ECM 

omposition, thus modulating tumor cell properties [44] . Heparin 

an be safely used when it is modified or covalently incorporated 

nto scaffolds f or biomedical applications [45–47] offering cell con- 

act sites by the recruitment of molecules promoting cell adhesion. 

herefore, the enhanced in-vitro cell response observed here could 

e explained by the trapping of factors from the media contain- 

ng FBS such as fibronectin and vitronectin, both of which harbor 

eparin binding sites [ 4 8 , 4 9 ]. 

Furthermore, the strong heparin-chemokine complex was re- 

ponsible for SDF-1 α retention in SF-HA-Hep sponges [ 17 , 50 ]. As 

his chemokine can be rapidly turned over [51] and inactivated by 

itration in vivo [52] , the SDF-1 α immobilization in the sponges 

ombined with their slow degradation rate can offer an advantage 

s a reservoir reinforcing its role in haptotaxis versus chemotaxis, 

ere pivotal for directional cell migration and colonization of the 

ponge. SDF-1 α linked to heparin-binding domains had similar ac- 

ivity to the free chemokine [53] . Here, fragments of SF-HA-Hep 

ponges as AF647-SDF-1 α bulges were seen in the edges of the 

rain cavities containing a high number of cell nuclei. These bulges 

ight have induced a haptotaxis response [54] . 

The recruitment of immune cells in the site of scaffold im- 

lantation has been described as having a role in the creation of 

remetastatic niches for the capture of breast cancer cells. Leuko- 

ytes can be recruited into scaffolds reorganizing as a site of pre- 

etastasis in a murine breast cancer model. This is due in part to 

he secretion of soluble factors from recruited Gr1hiCD11b + cells 

hat can attract cancer cells [ 40 , 55 ]. SDF-1 α is a cytokine that can

e secreted by immune cells including neutrophils [56] . Despite 

MN cells were recruited into the sponges, endogenous SDF-1 α in 

he site of implantation was not detected in both implanted and 

ock surgery resected rats. Besides, other soluble factors can at- 

ract cancer cells which do not exclude the possible effect of im- 

lantation of SF-HA-Hep sponges alone as a premetastatic niche. 

urther experiments need to consider the distant placement of 

ponges ( > 1 mm) from the primary tumor site to assess their 

remetastatic potential. 

Alternatively, the attraction driving force might have been phys- 

cal. Cells were injected after scaffold implantation, so the sponge 

as most probably not exerting any absorption of liquid, as they 

ere already equilibrated with the liquids inside the cavity. By ex- 

lusion, this effect may be related to sponge stiffness, as stiffness 

radients can induce cell migration [ 57 , 58 ]. Considering this, the 

oung modulus of SF-HA-Hep sponges (13 KPa) [17] is larger than 

hat of the human brain (1–10 KPa) [ 59 , 60 ], but may better suit

he tumor microenvironment, where the altered ECM presents en- 

anced matrix stiffness (11.4 to 33.1 KPa) [61] . Thus, SF-HA-Hep 

ponges may confer to cells a suitable substrate with stronger me- 

hanical forces than the brain ECM, allowing them to move up- 

radient, in a durotaxis response. 

The reverse effect of the ECM on cancer cells and the progres- 

ion of tumors remains to be investigated [ 28 , 29 , 62 , 63 ]. Here, we

howed that alteration of the tumor ecosystem can be done by the 

mplantation of SF-HA-Hep sponges in the resection cavity. The ex- 

ct underlying mechanisms of how SF-HA-Hep sponges helped to 

he resection cavity siting and shaping of the tumors remain to 
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e completely determined. Further studies including scaffold-to- 

umor distance variation, the measuring of mechano-sensing mark- 

rs and the identification of immune cells can give more clarifica- 

ion in this matter. Overall, the biological and mechanical proper- 

ies of SF-HA-Hep sponges may allow the concentration of remain- 

ng GB cells in a controllable area for further elimination. 

.2. Limits and perspectives 

Incorporating dynamic biological information into scaffolds to 

atch the in vivo environment of the native tissue has gained great 

ppreciation [64] . However, this design can be a colossal challenge 

onsidering the complexity of the aberrant cues and signaling of 

ancer. The increasing understanding of the pre-metastatic niches 

nd their roles in welcoming metastatic dissemination [65–67] has 

nspired scientists to create different strategies to trap migrating 

ancer cells [ 6 , 68–70 ]. In our exploration of SDF-1 α as a bait to

ttract GB cells, we have encountered several challenges. 

.2.1. Release and control of SDF-1 α into the brain parenchyma 

We were previously able to observe the capacity of SF-HA-Hep 

ponges to integrate SDF-1 α into their structure according to the 

oading methods used by simple dropping [17] . The distribution 

rofile of the protein inside the sponge was visualized using SDF- 

 α coupled to AlexaFluor 647 thus demonstrating a radial concen- 

ration gradient from the center (where the drop was deposited) 

oward the edges of the sponges [17] . The ability of heparin to bind

DF-1 α in polymer matrices is a proven fact thus facilitating the 

oading of chemokine [ 71 , 72 ]. Here, the SDF-1 α retention capacity 

isplayed by the SF-HA-Hep sponge correlates with the presence 

f AF 647-SDF-1 α within the sponges in the brain parenchyma on 

ay 7 of evaluation. 

For strategies envisaging to attract cancer cells from a distant 

ite, chemoattraction is an attractive strategy. The first challenge is 

elated to the design of the scaffold to provide a releasing signal 

o that it creates a gradient, perdures and gets to the site of can- 

er cell residence. SF-HA-Hep sponges showed strong retention of 

DF-1 α. The initial burst of SDF-1 α that occurred during the first 

ay was about 4 % of the total load, quickly reaching a 5 % cumu-

ative release plateau thereafter [17] . In vitro , this initial burst of 

DF-1 α was enough to chemoattract U87MG-CXCR4 + cells. Indeed, 

he calculated concentration in 30 μL of liquid within the well of 

he agarose gel (1070 ng/mL) was sufficient to create a gradient of 

DF-1 α. And, even if all the released SDF-1 α were diffused within 

he 3-mL gel, the final concentration (10.7 ng/mL) would still be 

ctive [14] . Nevertheless, these remarks may not apply to the in 

ivo scenario. In this case, 32 ng of SDF-1 α are released in a wa-

ery volume of ∼20 μL corresponding to the resection cavity. As- 

uming a homogeneous distribution, the after-burst concentration 

f the soluble SDF-1 α within the resection would be 1600 ng/mL. 

owever, the surgical procedure involves leakage from drained liq- 

ids, including blood; therefore, it seems difficult that this concen- 

ration remains within the cavity. Moreover, if we consider SDF-1 α
egradation by enzymes and the inflammatory environment, the 

alculated SDF-1 α initial concentration would be further reduced. 

n addition, SDF-1 α being a small cytokine is rapidly dispersed in 

 water environment but the diffusion coefficient in the brain may 

e different. 

Importantly, no AF647-SDF-1 α was detected by fluorescence in 

he brain parenchyma, apart from the signal present in the detach- 

ng bulges from the edges of the sponges corresponding to the 

eparin complexed form of SDF-1 α ( Fig. 6A ). Of note is that the

evels of detection of the fluorescent protein by WB were only pos- 

ible at 100 ng of protein concentrated in a band ( Fig. 6B ). There-

ore, it is possible that lower levels of AF-647 were not detected 
277 
n the brain parenchyma. Further studies need to consider differ- 

nt time points to evaluate the in vivo releasing profile of SDF-1 α
rom the sponges using a radiolabeled protein. Discerning between 

hemotaxis and haptotaxis can be addressed by varying the place- 

ent of cells relative to sponges. Here, the effect of SDF-1 α can 

e explained in part by a combination of chemotaxis and hapto- 

axis signaling as cells were injected beside the sponges. Under the 

remise that if SDF-1 α is not released then chemoattraction can be 

imited, to improve the releasing profile of the chemokine, another 

trategy can be envisaged such as the incorporation of the protein 

nto nanoparticles [ 73 , 74 ] for further integration into the sponges. 

The optimal concentration of SDF-1 α for GB-cell attraction may 

epend on several factors such as the stage of the disease, the type 

f cells involved, and the presence of other factors that may in- 

uence the chemokine activity. The effects of SDF-1 α on cancer 

ell behavior can be concentration-dependent. Low concentrations 

f SDF-1 α can promote cancer cell migration and invasion, while 

igh concentrations can inhibit these processes by causing recep- 

or internalization and desensitization [75] . Pasquier et al. (2015) 

howed that low concentrations of SDF-1 α promote the migration 

f breast cancer cells through the activation of RhoA, while high 

oncentrations increased adhesion through the activation of Rac1 

76] . Therefore, the task involves the design of a releasing profile 

o reach a steady state biological concentration of the chemokine 

uring the time required to reach the target, which implies further 

nd in-depth knowledge of the system. 

.2.2. Pleiotropic effects of SDF-1a 

The concept of tumor entrapment aims to confine and elimi- 

ate cancer cells within a controlled microenvironment. Two pri- 

ary strategies involve synergy with locoregional irradiation and 

he use of compounds to counteract tumor cell growth and re- 

istance. SDF-1 α, a versatile signaling molecule, plays a pivotal 

ole in various biological processes. Its initial advantages, such as 

hemoattraction and migration, can turn detrimental to inhibiting 

roliferation. Hence, the development of diverse SDF-1 α analogs 

ffers promise for selectively modulating its functions [77] . Explor- 

ng distinct SDF-1 isoforms like SDF-1 γ , with unique biomatrix 

inding properties, can further optimize the balance between ben- 

ficial chemotaxis and reduced proliferation [78] . 

The SDF-1 α network is intrinsically connected with several ge- 

etic and molecular events in the tumor microenvironment [79] , 

eflecting in tumor growth and cell invasion. CXCR4-mediated 

hemotaxis can be mediated by the activation of PI3 kinase (PI3K) 

y both G βγ and G α subunits of the activated G-protein coupled 

eceptor. PI3K activation results in the phosphorylation of several 

ocal adhesion components, paxillin among them [80] . Tyr118, the 

ain residue of paxillin phosphorylation by focal adhesion kinase 

FAK) was found here in gradual phosphorylated levels according 

o the increasing time of exposure to SDF-1 α, suggesting a gradual 

ormation of focal adhesions [22] . However, we also found activa- 

ion of Akt and Erk. Independent activation of Akt and ERK1/2 by 

DF-1 α can support cell growth [81] , and exert a positive effect on 

he survival of GB cells [14] . 

Therefore, although the initial strategy of using SDF-1 α as a 

hemoattractant was coherent with the observed gradual increase 

n p-paxillin and the strong chemotactic in-vitro response, the uti- 

ization of SDF-1 α to attract infiltrative GB cells in vivo entails a 

isk of tumor progression and dissemination that must be eval- 

ated. Indeed, we found that the effect of SDF-1 α on migration 

as independent of cell proliferation in vitro . However, the reduced 

ell hallo observed in the ADC-treated agarose drops (prolifera- 

ion inhibited), also suggests a positive effect of SDF-1 α on sur- 

ival and/or proliferation. Moreover, the in vivo observations about 

he larger average tumor size and reduced median survival suggest 

hat SDF-1 α contained within the sponges may favor the devel- 
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pment of the tumors. Therefore, this may lead to an increase in 

umor aggressiveness if not controlled. 

A better understanding of SDF-1 α pathways’ activation after 

oading into SF-HA-Hep sponges might help to find an optimal 

ondition. For instance, SDF-1 α forms oligomers upon binding to 

ree GAGs in brain ECM, which implies the regulation of chemokine 

unction [78] . Whether chemoattraction alone can be activated in 

he SDF1 α /CXCR4 axis is not known. However, evidence exists that 

he SDF-1 γ isoform did not induce robust cell motility unless it 

as bound to heparin [ 53 , 82 ]. Then, a modification of the scaffold-

hemokine interaction or the use of a different isoform might favor 

hemotaxis against proliferation or survival. 

.2.3. Tumor heterogeneity, the evolution of cancer cells and 

ndogenous signals 

SDF-1 α has been shown to exert a chemoattractant effect in 

itro on GB patient-derived cell lines expressing the CXCR4 recep- 

or [14] . In addition, U87MG-CXCR4 + cells are infiltrative into the 

ormal mouse brain parenchyma [18] . However, cell lines may not 

epresent completely GB as a heterogeneous tumor. Even if the 

ell of origin might be a common neural stem cell or progeni- 

or cell [83] , the evolution of the tumoral cell content is dictated 

y the tumoral ecosystem, and different glioma stem cells with 

heir progeny may be present [84] . Therefore, the expression of the 

XCR4 receptor might be variable, reducing the targeting efficiency. 

Furthermore, the expression of endogenous signals in the brain 

an represent competitional zones for cell attraction. For exam- 

le, we observed SDF-1 α expression in blood vessels, which are 

ites of GB cell migration. Macrophage migration inhibitory factor 

MIF) can also bind to the CXCR4 receptor, and it is expressed by 

87MG cells ( Fig. S5 ), therefore the autologous/paracrine signaling 

rom the tumor itself can also interfere with the efficiency of the 

hemoattraction strategy. 

.2.4. Cellular/tissue barriers to migration 

Another consideration is related to the body’s reaction to the 

aterial itself. Fibrotic capsules are often formed in materials rec- 

gnized as strange bodies as implanted devices [85] . The cellular 

nd tissue barriers formed around them, represent then an obsta- 

le to cell colonization. For example, the M-Trap device showed in- 

reased mean survival of human ovarian cancer xenografted rats 

6] , but has failed to demonstrate safety and efficacy in clinical 

rials. This was attributed to surgical complexity and the numer- 

us intraperitoneal adhesions developed after implantation, pre- 

enting tumor cells from reaching the devices [86] . In the brain 

ontext, Autier et al. (2019), designed bacterial cellulose (BC) mem- 

ranes for tumor bed implantation, as a system for trapping resid- 

al GB cells. In vitro assessments showed that F98 tumor cells were 

rapped and unable to move onto the surface of the membranes. 

owever, a fibrous capsule was observed around the material after 

rain implantation, which may prevent or decrease cell access [87] . 

his reaction was not observed for any of the implanted sponges as 

emonstrated by the histological analysis in rats, however the host 

eaction might be different as observed in humans for the M-trap 

evice. 

.2.5. Tumor microenvironment (TME)’s response 

SF-HA-Hep sponges caused an acute and chronic inflammatory 

esponse that was characteristic of a foreign body reaction with 

he recruitment of PMN cells, macrophages and lymphocytes. The 

resence of diverse cell types within the GB TME can influence the 

rogression of the disease. For instance, GB cells are thought to in- 

uce an immunosuppressive environment by secretion of different 

actors. Among them, M-CSF, TGFb-1 and IL-10 skew macrophages 

o the immunosuppressive M2 phenotype [88] . The presence of 
278 
2-stage macrophages is correlated with vessel dilation and ma- 

ignancy in different human glioma samples [89] . Furthermore, 

ormal monocytes exposed to glioma cells acquire properties like 

hose of myeloid-derived suppressor cells (MDSCs) [90] . Secretion 

f VEGF induces neoangiogenesis, inhibits maturation of dendritic 

ells, hinders infiltration of effector T-cells and activates antigen- 

pecific regulatory T cells [91] . In addition, reactive astrogliosis 

roduces growth factors, cytokines and metabolites that promote 

liomagenesis [92] . We observed the presence of PMN cells and 

hronic inflammatory cells in both SF-HA-Hep and control cavities 

ithout sponges. Although this observation was true in the im- 

unocompetent Fischer rats, nude rats (with 70 % Fischer back- 

round, Janvier Labs) may have a similar response due to the pres- 

nce of most of these immune cells except for mature T-cells. In 

ude animals, SF-HA-Hep implantation alone did not influence sur- 

ival as compared to cavities, therefore the discrimination of a 

ositive effect of the inflammatory response on tumor progression 

annot be discerned. To explore the effect of the whole immune 

ystem, the complete immunocompetent model would have to be 

sed. Whether these immune reactions could be exploited for tar- 

eting cancer cells remains to be explored, i.e., the reversion into 

 positive factor for GB treatment. 

Taken together, these listed factors should be considered in 

he design of a tumor cell trapping strategy, independently of the 

olecules used. Their adequate consideration may increase the ef- 

cacy of the cell trapping capacity. 

.3. The resection cavity as a part of the pathology and perspectives 

n sponges as “meeting rooms” to direct the GB ecosystem 

In operable GB, the resection cavity is part of the pathology. 

fter tumor surgical resection, the brain parenchyma is extremely 

ragile, and the cavities present unpredictable shapes and sizes. 

hese aspects hinder the local administration of post-operative 

reatments, resulting in a high probability of recurrence ( ∼90 % 

f the cases) [93] . Mainly, tumor cells present in the peritumoral 

rain zone are responsible for that, and today it is impossible 

o image and target them using the maximum tolerated dose 

f radiotherapy after surgery [87] . However, the resection space 

an also offer an opportunity for the treatment of recurrent GB. 

he two main limitations contributing to the failure of conven- 

ional therapy are i) treatment resistance and ii) sub-optimal de- 

ivery of active principles. Different strategies have been inves- 

igated for the local and enhanced delivery of chemotherapeutic 

gents. Convection-enhanced delivery (CED) allows direct delivery 

f chemotherapeutics via a catheter in the tissue surrounding the 

B resection cavity, but this method results in unpredictable brain 

iffusion and requires the use of several surgical procedures, lead- 

ng to a high risk of infection or bleeding [94] . Other strategies in-

lude the use of hydrogels and other implantable scaffolds [ 95 , 96 ]

or the sustained and local delivery of chemotherapeutics. How- 

ver, only Gliadel wafers, consisting of an implantable copolymer 

hat allows the controlled release of carmustine within the cav- 

ty, have reached the clinic. Recently, it was reported that adjuvant 

reatment with Gliadel may prolong the overall survival of malig- 

ant glioma patients [97] , but their association with a high rate of 

omplications is still controversial [98–100] . 

Alteration of the GB ecosystem may offer a new perspective for 

he targeting of the residual disease. Luring of GB cells is now be- 

ng explored to concentrate GB cells for further elimination [ 7 , 87 ].

or this purpose, the use of an implantable support as means of di- 

ect contact with the brain parenchyma is fundamental for the tar- 

eting of residual GB cells. In this line, shape-memory lasting SF- 

A-Hep sponges may allow the brain parenchyma to have better 

tructural support, preventing a collapse of this tissue after surgery 

nd lasting long enough to permit cell infiltration. 
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However, the limitations presented and discussed for the tumor 

ell trapping strategy may still impede the complete eradication 

f infiltrative GB cells. Combined approaches, such as the use of 

hemoattractants and killing agents [101] , local radiotherapy [18] , 

r the delivery of cellular components such as engineered tumori- 

idal neural stem cells [102] may help a better outcome. 

Switching the focus from the cancer cell alone to one that 

ncludes the normal host environment offers new perspectives 

 28 , 103 ]. SF-HA-Hep sponges and other implants [ 6 , 87 ] caused a

ocal inflammatory response. Moreover, the presence of CD11b/c- 

ositive cells inside the sponges and GFAP-positive cells in the 

icinity of the cavities seven days post-implantation ( Supp. Fig. 6 ) 

ndicate that various cell types can interact with the implant, re- 

ardless of whether it is loaded with SDF-1 α or not. These interac- 

ions could potentially impact the TME. Integrin CD11b is primar- 

ly expressed in monocytes, macrophages, neutrophils, dendritic 

ells (DCs), NK cells, and a subset of B and T cells (absent in the

ase of nude rats). Conversely, CD11c is a widely used marker for 

efining DCs [104] . The Glial fibrillary acidic protein (GFAP), on 

he other hand, is specifically found in the astroglial cytoskele- 

on [105] . Ideally, implantable materials should have a regenerat- 

ng anti-inflammatory and neuro-regenerative effect after surgical 

esection of the tumor [ 28 , 106 ]. However, the inflammatory cells 

bserved in the cavities might be reeducated for the tackling of 

umor cells. GB is known to create an immunosuppressive envi- 

onment [107] . This is due to the crosstalk between glioma and 

mmune cells, which opens the possibility of the immunomodu- 

ation of the TME. Therefore, the presence of macrophages and 

ymphocytes after implantation of SF-HA-Hep sponges could be 

everted in a positive factor to improve the immune response 

gainst the tumor by loading other chemokines and immunos- 

imulatory molecules. Additionally, the chronic inflammatory cells 

an help to break down the ECM and increase blood flow to the 

umor, improving drug penetration and increasing treatment ef- 

cacy [108] . Further research is needed to fully understand the 

otential benefits of this approach as a “cell meeting room” im- 

lantable scaffold to remodel the GB ecosystem for better therapy 

utcomes. 

. Conclusion 

The plethora of strategies investigated for GB treatment is im- 

ressive, but the reflection on patient survival is nowadays limited. 

his is due to the high infiltrative capacity of GB cells. Considering 

B as an ecosystem disease may help in the designing of thera- 

eutic strategies that explore the alteration of its elements such 

s migratory niches. Here, SF-HA-Hep sponges were able to attract 

B cells from the parenchyma surrounding the created brain cavity 

n rats, and sited and shaped the tumors in the resection spaces. 

esides, the sponges demonstrated to have characteristics compat- 

ble with an implantable biomaterial, adequate for the brain tissue. 

his work has shown this scaffold is a potential tool for GB treat- 

ent, although there are yet some limitations regarding the use 

f SDF-1 α. The concentration of GB cells and the shaping of the 

umor may improve cancer treatment by improving post-surgical 

utcomes, enhancing the effectiveness of chemotherapy and other 

argeted therapies, and improving the precision of radiation ther- 

py. Still, limitations exist for the complete attraction of residual 

ells, therefore other combinatorial and immune-modulating ap- 

roaches can be considered. 
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J. Wormer, B.V. der Swaan, B. Lenarčič, L. Juliano, S. Mehta, C.J.F. Van Noor- 

den, T.T. Lah, Cathepsin K cleavage of SDF-1 α inhibits its chemotactic activity 
towards glioblastoma stem-like cells, Biochim. Biophys. Acta. Mol. Cell Res. 

1864 (2017) 594–603, doi: 10.1016/j.bbamcr.2016.12.021 . 
[16] H. Kim, H.S. Roh, J.E. Kim, S.D. Park, W.H. Park, J.-Y. Moon, Compound K at-

tenuates stromal cell-derived growth factor 1 (SDF-1)-induced migration of 
C6 glioma cells, Nutr. Res. Pract. 10 (2016) 259–264, doi: 10.4162/nrp.2016.10. 

3.259 . 
[17] M. Najberg, M. Haji Mansor, T. Taillé, C. Bouré, R. Molina-Peña, F. Boury, 

J.L. Cenis, E. Garcion, C. Alvarez-Lorenzo, Aerogel sponges of silk fibroin, 

hyaluronic acid and heparin for soft tissue engineering: composition- 
properties relationship, Carbohydr. Polym. 237 (2020) 116107, doi: 10.1016/j. 

carbpol.2020.116107 . 
[18] D. Séhédic, I. Chourpa, C. Tétaud, A. Griveau, C. Loussouarn, S. Avril, C. Legen-

dre, N. Lepareur, D. Wion, F. Hindré, F. Davodeau, E. Garcion, Locoregional 
confinement and major clinical benefit of 188Re-loaded CXCR4-targeted 

nanocarriers in an orthotopic human to mouse model of glioblastoma, Ther- 

anostics 7 (2017) 4517–4536, doi: 10.7150/thno.19403 . 
[19] R. Milner, G. Edwards, C. Streuli, C. Ffrench-Constant, A role in migration for 

the alpha V beta 1 integrin expressed on oligodendrocyte precursors, J. Neu- 
rosci. 16 (1996) 7240–7252 . 

[20] B. Heit, P. Kubes, Measuring chemotaxis and chemokinesis: the under-agarose 
cell migration assay, Science’s STKE 2003 (2003) pl5–pl5, doi: 10.1126/stke. 

2003.170.pl5 . 

[21] N. Ishii, D. Maier, A. Merlo, M. Tada, Y. Sawamura, A.-C. Diserens, E.G. Van 
Meir, Frequent co-alterations of TP53, p16/CDKN2A, p14ARF, PTEN tumor sup- 

pressor genes in human glioma cell lines, Brain Pathol. 9 (1999) 469–479, 
doi: 10.1111/j.1750-3639.1999.tb00536.x . 

[22] Y. Hu, J. Lu, X. Xu, J. Lyu, H. Zhang, Regulation of focal adhesion turnover in
SDF-1 α-stimulated migration of mesenchymal stem cells in neural differenti- 

ation, Sci. Rep. 7 (2017) 10013, doi: 10.1038/s41598- 017- 09736- 7 . 

[23] A. Sehgal, C. Keener, A.L. Boynton, J. Warrick, G.P. Murphy, CXCR-4, 
a chemokine receptor, is overexpressed in and required for prolifer- 

ation of glioblastoma tumor cells, J. Surg. Oncol. 69 (1998) 99–104 
2 < 99::aid−jso10>3.0.co;2-m., doi: 10.1002/(sici)1096-9098(199810)69 . 

[24] S. Chatterjee, B. Behnam Azad, S. Nimmagadda, Chapter Two - The in- 
tricate role of CXCR4 in cancer, in: M.G. Pomper, P.B. Fisher (Eds.), Ad- 

vances in Cancer Research, Academic Press, 2014, pp. 31–82, doi: 10.1016/ 

B978- 0- 12- 411638- 2.0 0 0 02-1 . 
[25] B.M. Woerner, N.M. Warrington, A.L. Kung, A. Perry, J.B. Rubin, Widespread 

CXCR4 activation in astrocytomas revealed by phospho-CXCR4-specific 
antibodies, Cancer Res. 65 (2005) 11392–11399, doi: 10.1158/0 0 08-5472. 

CAN- 05- 0847 . 
280
[26] X. Bian, S. Yang, J. Chen, Y. Ping, X. Zhou, Q. Wang, X. Jiang, W. Gong,
H. Xiao, L. Du, Z. Chen, W. Zhao, J. Shi, J.M. Wang, Preferential expres- 

sion of chemokine receptor CXCR4 by highly malignant human gliomas and 
its association with poor patient survival, Neurosurgery 61 (2007) 570–579, 

doi: 10.1227/01.NEU.0 0 0 0290905.53685.A2 . 
[27] L. Cheng, Z. Huang, W. Zhou, Q. Wu, S. Donnola, J.K. Liu, X. Fang, A.E. Sloan,

Y. Mao, J.D. Lathia, W. Min, R.E. McLendon, J.N. Rich, S. Bao, Glioblastoma 
stem cells generate vascular pericytes to support vessel function and tumor 

growth, Cell 153 (2013) 139–152, doi: 10.1016/j.cell.2013.02.021 . 

[28] A. Belousov, S. Titov, N. Shved, M. Garbuz, G. Malykin, V. Gulaia, A. Kagansky, 
V. Kumeiko, The extracellular matrix and biocompatible materials in glioblas- 

toma treatment, Front. Bioeng. Biotechnol. 7 (2019) https://www.frontiersin. 
org/articles/10.3389/fbioe.2019.00341 . (Accessed 17 March 2023) . 

[29] D. Sood, M. Tang-Schomer, D. Pouli, C. Mizzoni, N. Raia, A. Tai, K. Arkun, 
J. Wu, L.D. Black, B. Scheffler, I. Georgakoudi, D.A. Steindler, D.L. Kaplan, 

3D extracellular matrix microenvironment in bioengineered tissue models of 

primary pediatric and adult brain tumors, Nat. Commun. 10 (2019) 4529, 
doi: 10.1038/s41467- 019- 12420- 1 . 

[30] E. Mohiuddin, H. Wakimoto, Extracellular matrix in glioblastoma: opportu- 
nities for emerging therapeutic approaches, Am. J. Cancer Res. 11 (2021) 

3742–3754 . 
[31] S.S. Rao, J. DeJesus, A.R. Short, J.J. Otero, A. Sarkar, J.O. Winter, Glioblas- 

toma behaviors in three-dimensional collagen-hyaluronan composite hydro- 

gels, ACS Appl. Mater. Interfaces 5 (2013) 9276–9284, doi: 10.1021/am402097j . 
[32] C. Wang, X. Tong, F. Yang, Bioengineered 3D brain tumor model to elucidate 

the effects of matrix stiffness on glioblastoma cell behavior using PEG-based 
hydrogels, Mol. Pharm. 11 (2014) 2115–2125, doi: 10.1021/mp50 0 0828 . 

[33] J.-W.E. Chen, S. Pedron, P. Shyu, Y. Hu, J.N. Sarkaria, B.A.C. Harley, Influ- 
ence of hyaluronic acid transitions in tumor microenvironment on glioblas- 

toma malignancy and invasive behavior, Front. Mater. 5 (2018) https://www. 

frontiersin.org/articles/10.3389/fmats.2018.0 0 039 . (Accessed 17 March 2023) . 
[34] M. Bartoš, T. Suchý, R. Foltán, Note on the use of different approaches to de-

termine the pore sizes of tissue engineering scaffolds: what do we measure? 
Biomed. Eng. Online 17 (2018) 110, doi: 10.1186/s12938-018-0543-z . 

[35] M. Saif Ur Rahman, J. Wu, H. Chen, C. Sun, Y. Liu, S. Xu, Matrix mechanophys-
ical factor: pore size governs the cell behavior in cancer, Adv. Phys. 8 (2023) 

2153624, doi: 10.1080/23746149.2022.2153624 . 

[36] K. Wolf, M. Te Lindert, M. Krause, S. Alexander, J. Te Riet, A.L. Willis,
R.M. Hoffman, C.G. Figdor, S.J. Weiss, P. Friedl, Physical limits of cell migra- 

tion: control by ECM space and nuclear deformation and tuning by prote- 
olysis and traction force, J. Cell Biol. 201 (2013) 1069–1084, doi: 10.1083/jcb. 

201210152 . 
[37] K. Polyak, R.A. Weinberg, Transitions between epithelial and mesenchymal 

states: acquisition of malignant and stem cell traits, Nat. Rev. Cancer 9 (2009) 

265–273, doi: 10.1038/nrc2620 . 
[38] P.P. Provenzano, D.R. Inman, K.W. Eliceiri, S.M. Trier, P.J. Keely, Contact guid- 

ance mediated three-dimensional cell migration is regulated by Rho/ROCK- 
dependent matrix reorganization, Biophys. J. 95 (2008) 5374–5384, doi: 10. 

1529/biophysj.108.133116 . 
[39] C.D. Paul, P. Mistriotis, K. Konstantopoulos, Cancer cell motility: lessons from 

migration in confined spaces, Nat. Rev. Cancer 17 (2017) 131–140, doi: 10. 
1038/nrc.2016.123 . 

[40] S.M. Azarin, J. Yi, R.M. Gower, B.A. Aguado, M.E. Sullivan, A.G. Goodman, 

E.J. Jiang, S.S. Rao, Y. Ren, S.L. Tucker, V. Backman, J.S. Jeruss, L.D. Shea, In
vivo capture and label-free detection of early metastatic cells, Nat. Commun. 

6 (2015) 8094, doi: 10.1038/ncomms9094 . 
[41] S. Aznavoorian, M.L. Stracke, H. Krutzsch, E. Schiffmann, L.A. Liotta, Signal 

transduction for chemotaxis and haptotaxis by matrix molecules in tumor 
cells, J. Cell Biol. 110 (1990) 1427–1438, doi: 10.1083/jcb.110.4.1427 . 

[42] Z. Fan, F. Zhang, T. Liu, B.Q. Zuo, Effect of hyaluronan molecular weight on 

structure and biocompatibility of silk fibroin/hyaluronan scaffolds, Int. J. Biol. 
Macromol. 65 (2014) 516–523, doi: 10.1016/j.ijbiomac.2014.01.058 . 

[43] K.J. Wolf, P. Shukla, K. Springer, S. Lee, J.D. Coombes, C.J. Choy, S.J. Kenny, 
K. Xu, S. Kumar, A mode of cell adhesion and migration facilitated by CD44- 

dependent microtentacles, Proc. Natl. Acad. Sci. 117 (2020) 11432–11443, 
doi: 10.1073/pnas.1914294117 . 

[44] C.B.N. Mendes de Aguiar, B. Lobão-Soares, M. Alvarez-Silva, A.G. Trentin, Gly- 

cosaminoglycans modulate C6 glioma cell adhesion to extracellular matrix 
components and alter cell proliferation and cell migration, BMC Cell Biol. 6 

(2005) 31, doi: 10.1186/1471-2121- 6- 31 . 
[45] W.I. Choi, A. Sahu, C. Vilos, N. Kamaly, S.-M. Jo, J.H. Lee, G. Tae, Bioinspired

heparin nanosponge prepared by photo-crosslinking for controlled release of 
growth factors, Sci. Rep. 7 (2017) 14351, doi: 10.1038/s41598- 017- 14040- 5 . 

[46] E.M. Rodrigues, A.L.G. Cornélio, P.H. Godoi, P.I. da Costa, C. Rossa-Junior, 

G. Faria, J.M. Guerreiro Tanomaru, M. Tanomaru-Filho, Heparin is biocompat- 
ible and can induce differentiation of human dental pulp cells, Int. Endod. J. 

52 (2019) 829–837, doi: 10.1111/iej.13061 . 
[47] B. Zhao, Z. Zhao, J. Ma, X. Ma, Modulation of angiogenic potential of tissue- 

engineered peripheral nerve by covalent incorporation of heparin and loading 
with vascular endothelial growth factor, Neurosci. Lett. 705 (2019) 259–264, 

doi: 10.1016/j.neulet.2019.01.017 . 

[48] E.G. Hayman, M.D. Pierschbacher, S. Suzuki, E. Ruoslahti, Vitronectin–a major 
cell attachment-promoting protein in fetal bovine serum, Exp. Cell. Res. 160 

(1985) 245–258, doi: 10.1016/0014-4827(85)90173-9 . 
[49] X. Zhong, O. Arnolds, O. Krenczyk, J. Gajewski, S. Pütz, C. Herrmann, R. Stoll, 

The structure in solution of fibronectin type III domain 14 reveals its syner- 

https://doi.org/10.1200/JCO.2003.05.063
https://doi.org/10.3389/fphar.2019.00887
https://doi.org/10.2217/fon.13.30
https://doi.org/10.1093/jnci/djv184
https://doi.org/10.1038/nmat3878
https://doi.org/10.1016/j.bioactmat.2019.11.002
https://doi.org/10.1016/j.carpta.2021.100067
https://doi.org/10.3390/cells9092113
https://doi.org/10.1021/acs.biomac.0c00045
https://doi.org/10.1038/sj.onc.1209302
https://doi.org/10.2353/ajpath.2008.071197
https://doi.org/10.1074/jbc.M206222200
https://doi.org/10.1016/j.bbamcr.2016.12.021
https://doi.org/10.4162/nrp.2016.10.3.259
https://doi.org/10.1016/j.carbpol.2020.116107
https://doi.org/10.7150/thno.19403
http://refhub.elsevier.com/S1742-7061(23)00621-9/sbref0019
https://doi.org/10.1126/stke.2003.170.pl5
https://doi.org/10.1111/j.1750-3639.1999.tb00536.x
https://doi.org/10.1038/s41598-017-09736-7
https://doi.org/10.1002/(sici)1096-9098(199810)69
https://doi.org/10.1016/B978-0-12-411638-2.00002-1
https://doi.org/10.1158/0008-5472.CAN-05-0847
https://doi.org/10.1227/01.NEU.0000290905.53685.A2
https://doi.org/10.1016/j.cell.2013.02.021
https://www.frontiersin.org/articles/10.3389/fbioe.2019.00341
https://doi.org/10.1038/s41467-019-12420-1
http://refhub.elsevier.com/S1742-7061(23)00621-9/sbref0030
https://doi.org/10.1021/am402097j
https://doi.org/10.1021/mp5000828
https://www.frontiersin.org/articles/10.3389/fmats.2018.00039
https://doi.org/10.1186/s12938-018-0543-z
https://doi.org/10.1080/23746149.2022.2153624
https://doi.org/10.1083/jcb.201210152
https://doi.org/10.1038/nrc2620
https://doi.org/10.1529/biophysj.108.133116
https://doi.org/10.1038/nrc.2016.123
https://doi.org/10.1038/ncomms9094
https://doi.org/10.1083/jcb.110.4.1427
https://doi.org/10.1016/j.ijbiomac.2014.01.058
https://doi.org/10.1073/pnas.1914294117
https://doi.org/10.1186/1471-2121-6-31
https://doi.org/10.1038/s41598-017-14040-5
https://doi.org/10.1111/iej.13061
https://doi.org/10.1016/j.neulet.2019.01.017
https://doi.org/10.1016/0014-4827(85)90173-9


R. Molina-Peña, N.H. Ferreira, C. Roy et al. Acta Biomaterialia 173 (2024) 261–282 

 

 

 

 

 

 

 

gistic heparin binding site, Biochemistry 57 (2018) 6045–6049, doi: 10.1021/ 
acs.biochem.8b00771 . 

[50] F.H. Seeger, T. Rasper, A. Fischer, M. Muhly-Reinholz, E. Hergenreider, 
D.M. Leistner, K. Sommer, Y. Manavski, R. Henschler, E. Chavakis, B. Assmus, 

A.M. Zeiher, S. Dimmeler, Heparin disrupts the CXCR4/SDF-1 axis and impairs 
the functional capacity of bone marrow–derived mononuclear cells used for 

cardiovascular repair, Circ. Res. 111 (2012) 854–862, doi: 10.1161/CIRCRESAHA. 
112.265678 . 

[51] N. Rusetska, K. Kowalski, K. Zalewski, S. Zięba, M. Bidziński, K. Goryca, 
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