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Abstract 1 

Peritumoral brain invasion is the main target to cure glioblastoma. Chemoradiotherapy and 2 

targeted therapies failed to combat peritumoral relapse. Brain inaccessibility and tumor 3 

heterogeneity explain this failure, combined with overlooking the peritumor 4 

microenvironment. Reduce graphene oxide (rGO) provides a unique opportunity to modulate 5 

the local brain microenvironment. Multimodal graphene impacts have been reported on 6 

glioblastoma cells in vitro but failed when translated in vivo because of low diffusion. We 7 

solved this issue by developing a new rGO formulation involving ultra-mixing during the 8 

functionalization with polyethyleneimine (PEI) leading to the formation of highly water stable 9 

rGO-PEI. Wide mice brain diffusion and biocompatibility were demonstrated. Using an 10 

invasive GL261 model, we observed an anti-invasive effect. A major unexpected modification 11 

of the peritumoral area was also observed with neutralization of gliosis. In vitro, mechanistic 12 

investigations were performed using primary astrocytes and cytokine array. The result 13 

suggests that direct contact of rGO-PEIUT neutralizes astrogliosis, decreasing several pro-14 

inflammatory cytokines that would explain a bystander tumor anti-invasive effect.  rGO also 15 

significantly downregulates several pro-invasive/pro-tumoral cytokines at the tumor cell level. 16 

Our results open the way to a new microenvironment anti-invasive nano-therapy using a new 17 

graphene nanomaterial that has been optimized for in vivo brain delivery.    18 

 19 

  20 
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1. Introduction 1 

Glioblastoma (GBM) is the most common and malignant primary brain tumor in adults 2 

associated with a high mortality rate and survival between 12 and 15 months after diagnosis.[1] 3 

Unfortunately, GBM poorly benefits from modern molecular therapies and the extensive 4 

progress in the field of radiology and interventional technology.[2] Despite the standard care, 5 

which consists of chemoradiation treatment after surgical removal of the tumor, these tumors 6 

remain incurable.[3] In 90% of cases, the cause of death is tumor recurrence within 2 cm of the 7 

original tumor resection site.[4,5] One of the obstacles to treat GBM is linked to individual 8 

cancer cell ability to migrate and infiltrate the peritumoral region. Those cells that get to 9 

escape from the complete surgical removal are the ultimate cancer cell seed that imbathed in 10 

the brain, waiting for the perfect time and condition to germinate, following with rapid 11 

growth.[6-8] The role of the brain microenvironment is crucial to modulate proliferation, 12 

differentiation, and quiescence driving resistance to therapies as well as post-therapeutic 13 

relapse. The peritumoral brain microenvironment (PBME) has been massively overlooked, 14 

despite being the main driving area in GBM relapse.[9] To date, from chemoradiotherapy to 15 

the last generation of targeted therapies, no curative strategies have been reported for 16 

glioblastoma. This dramatically contrasts with the exponential number of curative strategies 17 

reported in preclinical research and sheds light on a major concern for the relevance of 18 

preclinical models of glioblastoma.[10] Most of them are poorly invasive and not relevant 19 

enough for the human GBM, explaining the discrepancy between preclinical successes and 20 

human trial failures.[11] Moreover, when an invasive compartment is observed, the death is 21 

connected to the tumor mass. It is the opposite of the human situation: many effective 22 

therapies can neutralize the tumor mass, such as surgery or chemoradiotherapy.   23 

To target the infiltrate tumor cells is a mandatory step in addition to the standard protocol 24 

after resection surgery. However, the blood-brain barrier (BBB) has become one of the main 25 

obstacles for drug delivery outside the contrasted enhancing area.[12] The lack of available 26 

therapeutic agents capable of infusing through the BBB urgently needs solutions. Local 27 

delivery has been validated to solve this bottleneck, avoiding systemic diffusion with potential 28 

side effects.[13,14] Treating GBM cells by using chemotherapy or targeted therapies has failed 29 

because of tumor heterogeneity, and the capacity of GBM cells resists those treatments 30 

adapting their molecular and cellular pathways.[15]  31 

The brain microenvironment’s major role suggests that the use of nanoparticles could be a 32 

promising strategy targeting both invasive tumor cells and the connected microenvironment 33 

due to their ability to modulate tumor cell dormancy, proliferation, and migration.[16] These 34 
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physical and environmental therapies probably overcome more easily the tumor cell resistance 1 

machinery to highly targeted therapies.  2 

The discovery of graphene, the single-atom-thick sheet of sp2-bonded carbon, has drawn a 3 

massive attraction in the field of biology and biomedicine over the past few years because of 4 

its various tunable physiochemical properties.[17,18] Graphene oxide (GO), the oxidized form 5 

of graphene, is gaining more and more attention in the drug and gene delivery field.[19] GO 6 

presents different oxygenated groups onto its surface, rendering it highly hydrophilic and 7 

colloidal stable in water or other polar solvents.[20] Other than that, GO nanosheets have been 8 

reported to be capable to retard or inhibit cell migration and invasion in A549 lung carcinoma 9 

cells,[21,22] MDA-MB-231 human breast cancer cells, PC3 human prostate cancer cells, and 10 

B16F10 mouse melanoma cells[23] using in vitro technique. Other research groups have found 11 

that in vitro and in vivo polyethyleneimine functionalized GO can act as an effective 12 

nanocarrier for delivery of plasmid DNA,[24] siRNA and drug like doxorubicin.[25,26]  13 

A multimodal impact of GO was demonstrated in GBM in vitro, targeting cell cycle, 14 

apoptosis, oxidative phosphorylation, migration, trans-differentiation, and epigenetic as well 15 

as chemo-radio-resistance.[27-35] Unfortunately, GO behaves like many other nanoparticles that 16 

tend to aggregate in physiological conditions.[36] One of the main challenges is to reduce the 17 

aggregation in biological fluids.[37] In vivo intra-cerebral delivery remains the challenge to 18 

translate these unique properties.  19 

In this study, we tried to solve the dispersibility issue by developing a new “ultra-mixing” 20 

(UT) reduced GO-PEI form (rGO-PEIUT).[36] We demonstrate that rGO-PEIUT is highly 21 

compatible with mice brain delivery. Optimizing the syngeneic GL261 mice GBM model, we 22 

focused on the impact on the PBME. We validated its anti-invasive impact on glioblastoma 23 

mouse cell line in vitro and in vivo. Moreover, an unexpected impact was observed on the 24 

non-tumoral PBME by the inhibition of gliosis.  This original material formulation and the 25 

results presented in this paper represent a cutting-edge strategy to target tumor 26 

microenvironment modulation therapy in glioblastoma patients. In this study, we also 27 

addressed the clinical relevance of our findings thanks to a multidisciplinary interaction 28 

between chemists, neuro-oncologists, neurosurgeons, and biologists. 29 

 30 

2. Results 31 

2.1 Material preparation and characterization 32 

In this study, we have used a reduced GO that underwent a treatment with ozone (rGO-O3) to 33 

increase the number of epoxide groups, subsequently reacted with small molecular weight PEI 34 
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chains, obtaining rGO-PEIMS (MS for magnetic stirring) and rGO-PEIUT (UT for ultra-1 

mixing), respectively. rGO-O3, rGO-PEIMS, and rGO-PEIUT were analyzed by 2 

thermogravimetric analysis (TGA) (Figure S1a). rGO-O3 curve displays the typical mass loss 3 

at about 190°C associated to the removal of oxygenated groups. As expected, PEI 4 

functionalization of rGO-O3 shows a higher mass loss above 320°C, associated to the 5 

degradation of PEI chains attached to the graphitic surface. In addition, rGO-PEIUT has a 6 

higher mass loss upon 800°C with respect to rGO-PEIMS. To get additional information on the 7 

functionalization of GO we recorded the XPS data. XPS survey of rGO-PEIUT (Figure S1b) 8 

shows that the material is only composed of C, N and O. The deconvoluted high resolution 9 

spectrum of C1s (Figure S1c) shows three different contributions assigned to C sp2/sp3 (284.6 10 

eV), C-O and C-N (286.3 eV) and the carboxylic acid groups (288 eV).[38] N1s high 11 

resolution spectrum (Figure S1d) displays the presence of two peaks centered at 398.8 and 12 

400.2 eV associated respectively to amino and protonated amino groups of PEI chain onto the 13 

rGO surface.[39] The data obtained by XPS allowed also to quantify the degree of 14 

functionalization. rGO-PEIMS has an amount of 9.5 % of nitrogen atoms (as previously 15 

reported),[38] while in the case of rGO-PEIUT N loading reached 10.4 %. This higher 16 

functionalization degree can be associated to the UT mixing treatment. Epoxide ring opening 17 

is a fast reaction that starts upon the first minutes. However, during the functionalization, 18 

there is also a columbic attraction between the rGO layers and the polymer chains that can 19 

induce their agglomeration into thicker flakes of only partially functionalized material, thus 20 

limiting the access of the PEI chains to unreacted epoxides. The use of UT mixing is able to 21 

increase the diffusion speed of both GO and PEI fast enough to compete with the 22 

functionalization/agglomeration rates and thus inducing the formation of more stable and 23 

more highly functionalized material. The different conjugates were further characterized by 24 

transmission electron microscopy (TEM). This analysis shows that the flakes were not 25 

damaged by Ultra Turrax (Figure S2). 26 

Additionally, when dispersed in complete cell culture media, rGO-PEIMS is present in 27 

agglomerated form, while agglomeration is remarkably reduced in the case of rGO-PEIUT. 28 

Corona formation of GO with serum proteins is a complex process involving different driving 29 

forces, including columbic attractions, H-bonds, and hydrophobic interactions.[36] We have 30 

previously demonstrated how the UT stirring reduces the "coronation" process significantly 31 

enhancing its colloidal stability and positively impacting GO cell uptake and 32 

biocompatibility.[36] In this work, we have applied the "ultra-mixing" during the 33 

functionalization step. By this treatment, we found that the UT has a positive effect on the 34 
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functionalization rate homogenizing the nanomaterial surface and reducing aggregation state 1 

in complete cell culture media.  2 

2.2 Cell migration and invasion assays 3 

To assess both the material's direct impact on the glioblastoma cell migration and invasion, 4 

we performed a transwell assay, a widely used migration, and an invasion measurement 5 

technique. GL261 cells were seeded on transwell. While for migration assay test, transwell 6 

was not coated with Matrigel®, for invasion test, a layer of Matrigel® was deposited on the 7 

membrane before cell seeding. The culture medium containing 10%FBS was used as a 8 

chemo-attractant for cell migration and invasion. The cells were allowed to adherend onto the 9 

membrane or Matrigel® before being exposed to 40 µg/mL of rGO-PEIUT, rGO-PEIMS, or the 10 

same volume of PBS in a serum-free medium. The cells were allowed to adhere to mimic the 11 

cells entering in the state of migration or invasion like those at the peritumoral area before 12 

exposure to graphene materials. In Figure 1, the result showed that GL261 cells treated with 13 

rGO-PEIUT or rGO-PEIMS had a significantly reduced migration and invasion ability when 14 

compared to the control group after 24 h of incubation. These data indicate that both the 15 

material morphology (aggregation versus dispersion) and modification with PEI can maintain 16 

a decreased migration and invasion capability when tested on GL261 cells for 24 h. 17 

 18 

Figure 1. Cell migration and invasion assays. Inhibition effect on cell migration and invasion 19 
on GL261 cell line using rGO-PEIUT and rGO-PEIMS. The cells were adhered on Matrigel 20 
before incubation with rGO-PEIUT, rGO-PEIMS or without any rGO-PEI for 24 h. Nucleus 21 
was stained with DAPI presented in blue in the images.  Data are presented as a ratio of 22 
average migrated and invaded cell numbers over respective control. The values represent the 23 
means ± SEM, a total of n=4 from two independent experiments with a duplicated 24 
measurement from each. ***p < 0.0001, ****p < 0.00001. Images are representative of each 25 
condition (scale bar: 500 µm). 26 
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2.3 Functionalized rGO dispersions in mice brain 1 

The two rGO-PEI materials were injected into the brain, applying the same conditions, with 2 

the injection pump set at 1 µL/min to ensure no difference in pressure and speed between the 3 

two different materials during the injection process, by orthotopic technic. HE staining clearly 4 

showed aggregation of rGO-PEIMS in normal brain tissues close to the injection site making 5 

diffusion inside the brain very limited (Figure 2A). On the contrary, rGO-PEIUT entered the 6 

brain parenchyma with higher diffusivity inside the brain. These histological data were 7 

validated by MALDI-Tof imaging (Figure 2B, C), demonstrating the specificity of in situ rGO 8 

detection.  9 

 10 
Figure 2. Functionalized rGO distribution in mouse brain sections. A, images from left to 11 
right represent the same animal from each group with a distant of 30 µm from each section. 12 
rGO-PEIMS and rGO-PEIUT were injected at a speed of 1 µL/min into normal C57B6 mouse 13 
brain by a stereotaxic apparatus. Experimental animals were euthanized 24 h material post-14 
injection. Present images were taken under 4× and 40× magnification optic lens with an 15 
Olympus BX41 brightfield microscope. B, typical MALDI-TOF mass spectra in negative ion 16 
mode of a brain tissue sample from a control mouse (top), pure rGO-PEI from solution 17 
(middle) and brain tissue from a rGO-injected mice (bottom). Carbon cluster ions C4, C5, C6, 18 
C7, C8 and C9 correspond to m/z 48.0, 60.0, 72.0, 84.0, 96.0 and 108.0. Other ions in the 19 
spectra may correspond to commonly observed photoionization fragments. C, MALDI IMS 20 
images showing the distribution of rGO-PEI in brain. Carbon cluster ions C4, C5, C6, C7, C8 21 
and C9 were selected to generate the MSI images of control brain (left top), injection of rGO-22 
PEIMS (left middle) and rGO-PEIUT (left bottom). Magnification images coorespond to the 23 
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injection of rGO-PEIMS (top right) and rGO-PEIUT (bottom right). Color squares indicate the 1 
respective sample. The color bar on the right of each row indicates the intensity increase from 2 
bottom to top. Scale bars: 2 mm. 3 
 4 

2.4 Biocompatibility and macrophage immune response 5 

In order to examine the microglial and macrophage immune reaction in the presence of rGO-6 

PEIUT compared to control, Iba1 antibody was used. We obtained Iba1 stained area average 7 

percentage from the observation of five regions of interest (ROI), with an area of 62500 µm2 8 

in every single animal slide sample (Figure 3A-J) was plotted with the average value from 9 

each animal slice, tested using the outliner test-Grubbs (Alpha = 0.05) followed by an analysis 10 

test to obtain the statistical p-value. The results showed no significant difference between 11 

control and rGO-PEIUT, demonstrating the absence of attracting extra microglial reactivity 12 

when in contact with rGO-PEIUT.  13 

 14 

Figure 3. Biocompatibility and macrophage immunostaining. One out of five 62500 µm2 15 
representative ROI image of each animal from control (A-E) and rGO-PEIUT (F-J). Values 16 
correspond to the ratio of Iba1 over the DAPI percentage area of fluorescence over the area of 17 
ROI (K). Error bars, SEM (n=5 control, n=5 rGO-PEIUT). The p-value calculated using the 18 
Mann-Whitney U test, a non-significant difference between two groups, p-value > 0.05.     19 

 20 

2.5 In vivo cell invasion test 21 

Hematoxylin's blue stain was used as an indication marker to recognize the mass of tumor 22 

formation location on slides (Figure 4). The results showed a significant difference in the 23 

tumor area with a p < 0.005 when we compared rGO-PEIUT to the PBS control group using 24 

the analytical Mann Whitney U test. The measured "area difference over control" values were 25 

obtained by analyzing the stained percentage area in pixel of the tumor using Image J 26 

software. The average percentage pixel value of each sample from the control group was used 27 

to normalize. At the tumor periphery, pyknotic cells and microcystic formations were 28 

observed with rGO-PEIUT compared to the control.  29 



  

9 
 

 1 

Figure 4. HE stainings were used to identify the tumor area over the whole brain. Images 2 
show every single animal from each group, control (A-F. Scale bar, 2000 µm. A’ peritumoral 3 
magnification, Scale bar, 200 µm), rGO-PEIUT (G-L, Scale bar, 1000 µm. G’ peritumoral 4 
magnification, Scale bar, 200 µm). The concentration of rGO-PEIUT is 5 mg/mL, and 3 µL of 5 
rGO-PEIUT whereas mixed with 1×105 cells before implantation. For the control group, PBS 6 
was replaced for rGO-PEIUT. The dark brown color that can be observed on the rGO-PEIUT 7 
treated group corresponds to rGO-PEIUT. The graph on the top right represents the distribution 8 
of each sample value with SEM. **p<0.005. 9 

 10 
Immunofluorescence technique was used to stain the activated astrocyte with GFAP antibody, 11 

while proliferated cells were stained with Ki67 antibody, and the nucleus was co-stained with 12 

DAPI. The number of invasive cancer cells was estimated with Image J software. First, we 13 

scanned all the slices under the same conditions. Next, 62500 µm2 ROI from each brain slice 14 

was selected for analysis, mainly focusing on the peritumoral area (Figure 5A). 15 

The double blue and green Ki67 stain signal cells were then counted manually (Figure 5B). 16 

Average invasive cell counts of four images from each sample were used for further analysis 17 

with the outliner test. The values underwent a Mann Whitney U test and afforded a significant 18 

difference of p = 0.0095. This result showed that the rGO-PEIUT group significantly reduced 19 

the number of cells infiltrated into the peritumoral region (Figure 5C). Figure 5D illustrates 20 

the values obtained by measuring the percentage of red GFAP fluorescence area over the ROI 21 

area. The average percentage area from the control group was used as a baseline to quantify 22 

each sample. The Mann Whitney U test was used to measure the level of difference between 23 
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the two groups. We obtained again a significantly different value of p = 0.0095. This 1 

difference indicates the rGO-PEIUT group significantly reduced the area of activated 2 

astrocytes. 3 

 4 
Figure 5. In vivo cell invasion test. Example of location selection for four 62500 µm2 ROI 5 
images of brain slices from control and rGO-PEIUT mixture. Scale bar, 500 µm (A). Example 6 
of cells that count as positive invasive proliferate tumor cells outside the tumor mass. Scale 7 
bar, 100 µm (B). Values correspond to the average cells count on invasive proliferate tumor 8 
cells as described for each animal and group of brain slides (C). Values correspond to 9 
detectable GFAP fluorescence over the area of ROI (D). Error bars, SEM (n=6 control, n=5 10 
rGO-PEIUT). The P-value was calculated using the Mann-Whitney U test, **p < 0.005.  11 

 12 
2.6 In vitro mechanistic study using protein and PCR arrays 13 

We investigated whether it is a direct or indirect effect of rGO-PEIUT down-regulated GFAP 14 

expression on astrocytes (Figure 6). GL261 cells were cultured with and without the presence 15 

of rGO-PEIUT. Both CM were collected separately and further used to culture the astrocytes. 16 

For direct effect, we performed the experiment by adding rGO-PEIUT on astrocytes and 17 

cultured them with GL261 CM. In Figure 6B, the result shows that rGO-PEIUT treated 18 

astrocytes have a significant reduction of GFAP stained area per cell with a p-value of 19 

0.0021compared to control through student unpair T-test. 20 

Furthermore, there is no significant difference in GFAP expression on astrocytes when 21 

cultured under GL261 treated or untreated rGO-PEIUT CM (Figure 6D). By concluding this 22 

part of the results, no modulation of GFAP expression was observed, with the control CM and 23 
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CM from GL261 being cultured with rGO. A significant decrease of GFAP expression was 1 

observed only when astrocytes were in direct contact with rGO, so the main effect of 2 

suppressing the astrocyte GFAP expression is through direct contact. 3 

 4 
Figure 6. GL261exporsed rGO-PEIUT and GL261 conditioned medium (CM) impact on mice 5 
primary astrocytes. Representative image view of staining, control and rGO-PEIUT direct 6 
contact with primary astrocytes in GL261 CM, and quantified values corresponding to the 7 
percentage of GFAP stain area over the numbers of cells (A-B). Astrocyte cultured in control 8 
or rGO-PEIUT GL261 CM, and quantified values corresponding to the percentage of GFAP 9 
stain area over the numbers of cells (C-D). Error bars, SD (n=3). The P-value was calculated 10 
using the Student unpaired T- test, **p < 0.005.  Scale bar =500µm 11 
 12 

To further understand the cause of the effect, we isolated the protein from treated and 13 

untreated astrocytes to investigate the putative modulation of cytokine secretion through 14 

Proteome Profiler Mouse XL Cytokine Array (Figure 7). Only thromboplastin and FGF-1 15 

were detected, and FGF-1 was significantly down-regulated by rGO-PEIUT with a p-value of 16 

0.0079 (Figure 7A-B). 17 
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 1 
Figure 7. Proteome Profiler Mouse XL Cytokine Array analysis. The total protein from 2 
astrocytes and astrocytes treated with rGO-PEIUT in GL261 CM (A-B) and the GL261 CM in 3 
contact with or without rGO-PEIUT (C-D). Quantified values represent the Integrated Density 4 
of each dot. Statistical significance was determined using Holm-Sidak method, with alpha = 5 
0.05. Each row was analyzed individually without assuming a consistent SD. Error bars, SD. 6 
*p < 0.05, and **p < 0.005. 7 
 8 

Furthermore, we then used the PCR Array Mouse Wound Healing with isolated RNA from 9 

rGO-PEIUT treated and untreated cells to better understand and estimate the possible 10 

mechanistic interaction between rGO and GL261 cell. Figure 8 show there were few genes 11 

found to be up or downregulated more than 2-fold after treated with rGO-PEIUT like Col14a1, 12 

Col1a1, Col3a1, Cxcl11, Itga5 and Stat3 were upregulated and Col5a3, Ccl7, Il6 and Itga2 13 

were downregulated. To identify if the presence of rGO-PEIUT material would affect the 14 

cytokines secretion of the GL261, the collected CM were used to measure the differences. 15 

Figure 7C-D shows that few secreted cytokine expressions of GL261 were significantly 16 

modified when it cultured with rGO-PEIUT. They were ang2 (p-value = 0.001), 17 

thromboplastin (p-value = 0.004), CXC11(p-value = 0.021), and mmp2 (p-value = 0.003). In 18 

contact with all were down-regulated but not cystatine C.  19 
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 1 

 2 

 3 

Figure 8. RT² Profiler™ PCR Array Mouse Wound Healing with gene fold regulation 4 
increase or decrease more than 2-fold when compare GL216 with rGO-PEIUT to the control 5 
group. 6 

 7 

Finally, we take advantage of the available free web database: STRING v10 and Pathway 8 

Commons Search. We combined both in vitro data from the RNA and protein assay studies 9 

for the analysis. From the interaction network that obtained from STRINGv10 showed il6, 10 

ccl7 and cxcl10 are co-expresses that matched with our results from the protein and RNA 11 

studies. Then is the interaction network that we achieved from “Pathway Commons Search” 12 

shown the main drivers of reduce migration and invasion of GL261 is mostly on cytokine-13 

cytokine receptor interaction (Figure 9A-B). 14 

 15 
 16 

Figure 9. The interaction between the identified proteins and RNA according to the STRING 17 
v10 (A) and Pathway Commons Search (B). 18 

A B 
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 1 

 2 

3. Discussion  3 

GBM is highly infiltrative, spreading all over the surrounding brain tissue. This behavior 4 

makes surgical resection impossible to remove all the tumor cells,[40,41] explaining 5 

glioblastoma relapse in the 2-3 cm periphery of the surgical cavity.[42]  The peritumoral 6 

infiltrative area is a specific microenvironment that has been poorly explored. The BBB is 7 

altered in the core tumor area, and it is only poorly modified in the infiltrated peritumoral 8 

area.  This microenvironment modifies the penetration of most drugs as well as protects tumor 9 

cells from the effect of radio-chemotherapy participating directly in resistance and adaptation 10 

to therapy. Using polymers containing drugs or radioactive compounds, local drug delivery 11 

has been developed, including convective infusion strategies.[43,44] BBB opening with 12 

ultrasound is an alternative strategy recently validated in phase I-II trials. However, most 13 

clinical trials trying to neutralize glioblastoma invasion resulted negative until now.[45] The 14 

poor deciphering of molecular processes of these inaccessible tumor cells also explains the 15 

absence of relevant identified targets. In this context, renewing our approaches to fight 16 

peritumoral invasion and relapse is mandatory. The role of the non-tumoral brain niche beside 17 

the tumor cells is probably pivotal in the invasive and relapse characteristic of GBM-attained 18 

patients. Targeting the brain peritumoral microenvironment with nanomaterials is an 19 

emerging strategy.  20 

rGO is a devoted material harboring a high potential interaction with cells and biomolecules. 21 

rGO has been extensively investigated for glioblastoma therapy. Antiproliferative, apoptotic, 22 

differentiation effects have been reported in vitro.[30,31] Impact on mitochondrial metabolism, 23 

apoptosis, differentiation, invasion or migration, and epigenetic regulations were evaluated to 24 

explain these effects. All the preclinical models used in these studies were U87 or C6 25 

glioblastoma models known to be solid tumor formation with a very low invasive phenotype. 26 

A few reports explored graphene impact in vivo, showing massive in situ aggregation. 27 

Macrophage and microglial uptake were also demonstrated to have no diffusion in the brain 28 

and no impact on tumor growth.[46] One of the main bottlenecks in the use of graphene based 29 

nano-materials is their low colloidal stability in biological fluids leading to aggregation 30 

induced by protein coronation at the graphene surface. 31 

We demonstrated the high anti-invasive impact of rGO-PEI in vitro on the GL261 cells. We 32 

integrated the need for delivery in the peritumoral area and investigated the material toxicity 33 

in the normal mice brain (Figure 2). No deleterious effects were observed. However, 34 
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aggregation and low diffusion were major observed disadvantages. Therefore, developing 1 

graphene based materials compatible for brain diffusion was the first objective of this paper. 2 

Using a new UT-based fast mixing strategy during the functionalization step, we increased 3 

PEI loading onto rGO surface and increased its colloidal stability favoring the nano-material 4 

diffusion into the biological tissues upon injection. We demonstrated that rGO-PEIUT could be 5 

delivered and diffuse in the mice brain. rGO-PEIUT neutralized the intra-cerebral aggregation 6 

at the injection site. Local aggregation was not observed with an effective diffusion inside the 7 

brain.  No significant histological modifications were detected, such as neuronal toxicity or 8 

inflammatory reaction. A previous report in vitro demonstrated the low macrophage reactivity 9 

of UT rGO in vitro,[36] which is in line with our observation of the absence of Iba1 10 

modification after intracerebral delivery. Material dispersibility is an essential characteristic 11 

for local brain drug delivery as more disperse and less aggregate material will increase the 12 

coverage and target of the inhibition area.  13 

For this reason, we focused on rGO-PEIUT material.  rGO-PEIUT demonstrated an anti-14 

invasive and anti-migratory effect on cancer cells in vitro. We confirmed that PEI 15 

modification did not affect the anti-invasion property of rGO on the transwell (Figure 1) by 16 

using the GL261 syngeneic mouse cell line that diffusely infiltrates the peritumoral 17 

region.[47,48]  18 

To date, several papers reported the impact of GO on tumor invasion,[32,35,49] differentiation, 19 

and cytotoxic effect. However, the poor dispersibility did not provide the opportunity to 20 

demonstrate an in vivo efficacy. The GL261 model has been optimized to be highly invasive. 21 

Being syngeneic and highly aggressive makes it a good model for glioblastoma.  Additionally, 22 

it is resistant to radio-chemotherapy,[50] and it was used as a preclinical model for 23 

immunotherapy. As in most GBM preclinical models, the death is mainly caused by the 24 

growing tumor mass, which prompts us to focus on the peritumoral area. We deepen our 25 

investigation in vivo since in vitro does not take into account the brain microenvironment. 26 

Indeed, the cancer cell interacts with surrounding cells like astrocyte[51] and tumor-associated 27 

microglia,[52,53] which play an important role in cancer cell invasion. For these purposes, an 28 

orthotopic xenograft mice model was used for in vivo studies. Our findings suggest that rGO-29 

PEIUT constrains the tumor formation area (Figure 4). We found that in vivo rGO-PEIUT 30 

reduces or decreases cancer cells infiltrating the peritumoral area (Figure 5). Significant 31 

inhibition of peritumoral brain invasion was demonstrated. Moreover, besides this tumor-32 

focused finding, we detected a major modification of the brain peritumoral glial reaction. 33 

After a massive overlooking, the peritumoral brain microenvironment is becoming a more 34 
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recognized driving actor of GBM aggressiveness, resistance to therapy, and relapse. For 1 

example, reports focus on the pro-tumoral role of activated surrounding astrocytes.[53-56] 2 

Priego et al. showed that a subpopulation of reactive astrocytes plays a role in brain 3 

metastasis.[51] We found a significant decrease in activated astrocytes surrounding the tumor 4 

area, and we suggest rGO-PEIUT could block astrocytes and decrease cancer cell invasion 5 

(Figure 5D). We conducted an in vitro study using primary astrocytes to decipher the 6 

connected mechanisms. rGO needs direct contact with astrocytes to neutralize gliosis, as 7 

demonstrated by the decreased GFAP expression observed in vitro (Figure 6A-B). Cytokines 8 

are major players inside the peritumoral brain microenvironment, regulating the cross-talk 9 

between cell types to modulate tumor phenotypes. rGO significantly decreases FGF-1 10 

secretion by primary astrocytes. FGF-1 is a major cytokine involved in proliferation, invasion, 11 

and angiogenesis. FGF-1 secretion modulation by graphene could explain the anti-invasive 12 

effect.[57] Similarly, some of the major pro-tumoral and pro-invasive cytokines were also 13 

downregulated by rGO-PEIUT, such as CXCL10,[58] ang2,[59,60] thromboplastin, and mmp2 14 

(Figure 7C-D). CXCL10 has been reported to be involved in tumor chemotaxis, mmp2 is 15 

related to migration or invasion, then is ang2 and thrombaplastin which related to 16 

angiogenesis, comforting thrombosis, and hypoxia are major triggers for invasion. Similarly, 17 

mmp2 reshapes the extracellular matrice to favor invasion. The combined blockage of these 18 

cytokines and FGF-1 astro-paracrine blockage, could explain a major bystander effect at the 19 

peritumoral level. Cytokines are major regulators of the GBM microenvironment cellular and 20 

molecular cross-talk and major therapeutical targets. Their massive deregulation could explain 21 

the in vivo effect observed with rGO (Figure 10).  22 

 23 
Figure 10. Astrocyte and tumor cells schematic of related cytokines proteins. The detected 24 
modified cytokines proteins by direct cell contact with rGO-PEIUT material, which neutralizes 25 
astrogliosis and decreases migration and invasion of glioma cells. 26 
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 1 

In conclusion, we develop a new rGO nano-formulation harboring excellent dispersive 2 

characteristics that provide unique brain delivery properties that are mandatory for targeting 3 

brain tumor invasion cells. The anti-invasive property demonstrated in vitro was translated in 4 

vivo with an invasive syngeneic mice model. Surprisingly, besides the classical direct anti-5 

tumoral effect, we demonstrated a significant modification of the brain non-tumoral 6 

microenvironment by neutralizing peritumoral gliosis. This provides the first line of evidence 7 

for a new graphene based microenvironment modulation strategy, permissively lowering 8 

tumor invasion. These results will be further comforted in the future using big animal model 9 

such as swine glioblastoma. rGO-PEIUT developed here could be easily produced in GMP 10 

conditions, supporting potential pilot trials in human patients. As well as extensively 11 

developed regenerative therapy strategies, we open a new microenvironment anti-invasive 12 

therapy using a devoted graphene nanomaterial optimized for in vivo brain delivery.   13 

The discussion of the translational relevance of preclinical validation of innovative therapies 14 

in GBM should be included in all the preclinical research investigations to avoid overselling 15 

and inadequate clinical translation in classical phase 0-3 trials. Our model is syngeneic, highly 16 

invasive, but it remains a mice model. Microenvironment modulation with anti-invasive and 17 

anti-gliosis impact is an important finding that could help in the GBM battle. We enhance 18 

graphene diffusion, but the diffuse whole brain target remains impossible. Gliosis modulation 19 

could provide a remote local and immunological effect that could be synergistic with 20 

immunotherapy as well as radio-chemotherapy. The consensus analysis of these results by our 21 

interdisciplinary neuro-oncology group is to implement a phase 0 trial. Pre-surgery 22 

stereotactic delivery materials at the peritumoral brain area of a GBM patient, in which the 23 

area will be removed during surgery, such as the frontal cortex, may be the best strategy. 24 

Delivery efficacy, impact on peritumoral brain microenvironment, and safety will pave the 25 

way for a rigorous translation of our preclinical results.  26 
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