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High-grade malignant gliomas are characterized by a poor 
prognosis with a median overall survival (OS) lower than 
two years and a five-year survival rate below 10% (refs. 1–5). 

Even more remarkable is the fact that glioblastoma multiforme 
(GBM) prognosis and treatment strategy have not changed over the 
past 20 years: surgical resection of the primary mass followed by 
adjuvant radiation and systemic chemotherapy with temozolomide 
(TMZ) continue to be the sole approach6,7. GBM has the tendency to 
infiltrate the normal brain tissue8,9, thus causing disease recurrence 
already by six months after resection, usually adjacent to the origi-
nal resection cavity10,11. Additional factors contributing to the poor 
GBM prognosis are related to its heterogeneity and the presence of 
the blood–brain barrier (BBB), which limits drug penetration12–15.

While systematic interpatient genetic analyses identified dif-
ferent GBM transcriptional subgroups16–19, patient-specific analy-
ses documented the heterogeneous nature of the malignant tissue, 
where different cancer stem cells coexist with one another20,21. As 
such, high-grade gliomas would contain subsets of cells with dif-
ferent sensitivities to therapeutic molecules22, suggesting that 
combination therapies could improve prognosis over monothera-
pies, especially after resection23–26. Furthermore, most systemically 
administered therapeutic agents, at both the nano- and molecular 
scales, generally achieve moderate to negligible brain accumula-
tion levels, because of the BBB15,27,28. Different strategies continue 
to be tested to reversibly open this biological barrier, including 
the administration of vascular permeation enhancers29,30, and the 

application of focused ultrasound31–33. Also, specific ligand mol-
ecules targeting the malignant microvasculature have been identi-
fied to support transcytosis across the BBB34,35. So far, some of these 
approaches have succeeded in increasing the perivascular localiza-
tion of bloodborne therapeutic agents across the BBB but not their 
deep permeation into the brain tissue.

Locoregional therapies via drug depots directly inserted at the 
edge of the tumour resection cavity and convection-enhanced drug 
delivery appear as appealing alternatives to systemic administra-
tion36,37, particularly in the case of brain tumours, as these would 
circumvent the BBB and deliver sizable numbers of drug mol-
ecules to the tumour bed. In the late 1990s, a biodegradable wafer 
encapsulating carmustine was introduced for GBM treatment38. 
Despite a two-month improvement in median survival time, this 
implant has been seldom used39. Recently, the same wafer was 
upgraded to co-release carmustine and TMZ, confirming preclini-
cally a clear advantage for the combination therapy40. While the 
convection-enhanced infusion of small molecules and nanoparti-
cles in the tumour mass has often led to contradictory results37,41,42, 
polymeric in situ forming implants, patches and fibres continue to 
be actively explored for the sustained release of a variety of che-
motherapeutic43–48 and immunotherapeutic molecules49,50. Layered, 
flexible patches integrating microelectrodes have also been pro-
posed for the remotely controlled release of anticancer drugs in 
the brain51. The relevance of locoregional administration is fur-
ther emphasized by recent results obtained on chimaeric antigen  
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receptor T cell (CAR-T cell)-based immunotherapies in the treat-
ment of brain tumours52,53. Yet, the therapeutic efficacy of intra-
cranial drug depots continues to be impaired by the limited drug 
penetration and distribution within the diseased tissue.

In this study, the fabrication, characterization and preclinical 
testing of a polymeric micromesh (μMESH) is reported for the com-
binatorial treatment of GBM. The μMESH comprises two different 
compartments: a micrometric poly(lactic-co-glycolic acid) (PLGA) 
mesh (compartment 1), carrying hydrophobic small molecules, 
deposited over a poly(vinyl alcohol) (PVA) layer (compartment 
2), embedding nanomedicines. Upon dissolution of the PVA layer, 
nanomedicines are released and the PLGA mesh establishes an inti-
mate interaction with the surrounding biological environment. This 
boosts the μMESH therapeutic efficacy as compared with multiple 
control (CTRL) groups in three different orthotopic brain tumour 
models over an eight-month observation period.

Results
Fabrication and hierarchical structure of the µMESH. A 
top-down fabrication approach is employed to realize the µMESH, 
whereby specific geometrical features are transferred from a silicon 
master template to a PVA layer, passing through an intermediate 
polydimethylsiloxane (PDMS) template (Fig. 1a). Both the original 
silicon template and the final PVA layer feature a regular array of 
20 × 20 µm2 micropillars with a 3 μm pitch. This geometric arrange-
ment is documented by the electron microscopy images shown in 
Fig. 1b for the silicon (top) and PDMS (bottom) templates. Over 
the final PVA layer, a polymeric PLGA paste is uniformly dispersed 
to accurately fill up the empty ridges within the micropillars. Upon 
solvent evaporation, a solid PLGA mesh is returned, comprising 
a regular network of polymeric strands with a 3 × 5 μm2 rectangu-
lar cross-section defining arrays of 20 μm square holes (Fig. 1c). 
The strands and holes of this PLGA mesh reproduce the geometry 
of the PDMS template (Fig. 1b, bottom). Furthermore, during the 
μMESH realization, hydrophilic molecules and nanoparticles can 
be readily dispersed within the PVA layer too. For instance, 200 nm 
spherical polymeric nanoparticles (SPNs), labelled with the red 
fluorescent molecule rhodamine B (RhB), are incorporated in the 
PVA layer (Fig. 1d).

As such, the μMESH appears as a dual-compartment, hierarchi-
cally engineered drug depot where hydrophobic agents are dispersed 
within the PLGA strands while hydrophilic agents are incorporated 
in the PVA layer (Fig. 1e (left)). The fluorescent microscopy image 
in Fig. 1e (centre) presents a continuous green signal, associated 
with curcumin (CURC)-loaded PLGA strands, and a punctuated 
red signal, related to the RhB-SPNs dispersed in PVA. Figure 1e 
(right) shows the PLGA mesh and a plethora of SPNs, embedded 
within a partially dissolved PVA layer. These images document 
the regular structure of the polymeric mesh as well as the uniform 
distribution of its payloads within the two separate compartments. 
Given the top-down fabrication approach, the μMESH geometry 
can be precisely tuned in size and shape.

In vitro functional characterization of the µMESH. In a physiolog-
ical solution, the PVA layer progressively dissolves and releases its 
cargo. This is demonstrated in Fig. 2a, where a CURC-loaded mesh 
deposited over a PVA layer incorporating RhB-SPNs is exposed 
to an aqueous solution. Due to the overlap of CURC (green) and 
RhB-SPN (red) fluorescence, the μMESH appears initially yellow-
ish. However, as time progresses, more RhB-SPNs are released, 
turning the solution red and the polymeric mesh green (Fig. 2a and 
Supplementary Fig. 1). This documents the dual-compartment fea-
ture of the μMESH.

A similar experiment was also conducted with free RhB mol-
ecules, substituting for RhB-SPNs (Supplementary Fig. 2). In Fig. 
2b, the fluorescent intensity of the solution is plotted against the 

separation distance from the μMESH edge (black dashed line, Fig. 
2a) for free RhB and RhB-SPNs, at 0 and 5 min. As expected, the 
nanoparticles (red curve) diffuse more slowly in the surrounding 
solution than RhB (blue curve). Importantly, the SPNs released 
from the PVA layer (µSPNs) preserve their spherical shape and 
narrow size distribution but tend to be slightly different from the 
original SPNs in terms of size and surface electrostatic potential ζ 
(Fig. 2c). While the original SPNs (before entrapment in PVA) have 
an average hydrodynamic diameter of 189.3 ± 1.1 nm and a ζ of 
−50.0 ± 1.7 mV, the µSPNs (released from PVA) present an average 
size of 236.3 ± 0.4 nm and a ζ of −33.2 ± 1.0 mV. This change could 
be ascribed to the formation of a nanoscopic PVA coating over the 
SPNs, which tends to dissolve slowly over time. Indeed, after 15 d of 
incubation in a physiological solution, the µSPN size reduces asymp-
totically to ∼190 nm (Supplementary Fig. 3). The presence of a PVA 
coating was also confirmed via a cryo-TEM (transmission electron 
microscopy) analysis (Supplementary Fig. 4a,b), returning particle 
diameters comparable to those quantified above via dynamic light 
scattering measurements, and a liquid chromatography–mass spec-
trometry analysis (Supplementary Fig. 4c,d), detecting PVA only on 
µSPNs. This residual PVA layer could persist for over 15 d, in agree-
ment with previous reports54,55.

As the PVA dissolves, the µMESH network of flexible 3 × 5 μm2 
PLGA strands emerges (Fig. 2d) and could conform around 
complex surfaces. This can be appreciated in Fig. 2e, where the 
µMESH wraps around a GBM tumour spheroid. The projected 
side views clearly demonstrate the intimate interaction between the 
tumour spheroid (green) and the μMESH (red). Notice that such 
wrapping cannot be realized with a flat PLGA substrate (FLAT) 
(Supplementary Figs. 5 and 6).

A wrapping μMESH could more effectively release its chemo-
therapeutic cargo directly in the malignant mass, as opposed to a 
flat, non-conforming PLGA layer. To confirm this, the μMESH and 
FLAT were loaded with the same amounts of docetaxel (DTXL), a 
potent chemotherapeutic molecule. The pharmacological proper-
ties of FLAT were finely tuned to ensure the same DTXL release 
rates as for the μMESH (Supplementary Fig. 7a,b). For a DTXL dose 
of 100 nM, the μMESH inhibits tumour spheroid growth more effi-
ciently than FLAT, leading to a zero proliferation rate (Fig. 2f). In 
contrast, the diameter of spheroids treated with FLAT almost triples 
in 15 d.

In vitro pharmacological activity of the µMESH. To include 
anticancer therapeutic properties, the µMESH was loaded with 
DTXL-SPNs, integrated in the PVA layer, and diclofenac (DICL) 
molecules, dispersed within the PLGA strands. On the basis of a 
previous work by the authors, DTXL-SPNs are expected to act 
directly on the malignant cells while DICL would sensitize them to 
chemotherapy23. Given the µMESH structure, several other thera-
peutic agents and combinations thereof could be readily included.

DTXL-SPNs present similar physicochemical properties 
to other SPN configurations and an encapsulation efficiency 
of 23.31 ± 4.97% (466.3 ± 99.4 μg of DTXL per preparation) 
(Supplementary Figs. 8 and 9a). DTXL can be dosed by chang-
ing the initial number of DTXL-SPNs, returning a linear loading 
curve with a constant embedding efficiency of ∼50% (Fig. 3a and 
Supplementary Fig. 9c–e). DTXL is slowly released from the SPNs 
within ∼3 d following a classical, diffusion-driven profile (Fig. 3b 
and Supplementary Fig. 9b).

As for DICL, the total embedded drug mass also increases in a 
linear fashion with the feeding amount (Fig. 3c). The embedding 
efficiency for DICL ranges between 45% and 60%, depending on the 
input (Supplementary Fig. 10). After an initial burst, DICL is slowly 
released at pharmacologically relevant doses for about a month, 
with a released amount of 0.15 μg at two weeks (Fig. 3d). Given 
the accurate control in DTXL and DICL loading, their ratio can be 

NATuRe NANoTeChNoLoGy | www.nature.com/naturenanotechnology

http://www.nature.com/naturenanotechnology


ArticlesNature NaNotechNology

a

b c

d

e

20 µm

3 µm

Drug 1 PLGA PVA

20 µm

Nanoparticle
with Drug 2

5 µm

1 µm

Nanoparticle
with drug 2

15 kV ×500 50 µm

15 kV ×500 50 µm 15 kV ×1,000 10 µm

15 kV ×500 50 µm

PDMS PVA Polymer paste

Silicon template
PDMS template

PVA layer µMESH

Fig. 1 | Fabrication and hierarchical structure of the μMeSh. a, Multistep procedures for µMESH realization. b, Scanning electron microscope (SEM) 
images of the master silicon template (top) and intermediate PDMS template (bottom), demonstrating the accuracy of the replica process. c, Confocal 
microscopy and SEM images of the PLGA mesh loaded with CURC (green) following full dissolution of the PVA layer. d, Confocal microscopy and SEM 
images of the PVA layer entrapping RhB nanoparticles (red). The 20 × 20 μm2 pillars in the PVA template appear brighter than the surrounding ridges 
because of their higher volume and, consequently, higher local number of RhB nanoparticles. e, Schematic representation of the 5 × 5 mm2 μMESH 
structure (left), highlighting the 3 × 5 μm2 PLGA strands loaded with drug 1 and the PVA layer loaded with nanomedicines (drug 2). The schematic matches 
the confocal microscopy image (centre) showing the CURC-loaded PLGA strands (green) and the PVA layer carrying RhB nanoparticles (red), as well the 
SEM images (right) displaying individual SPNs in the PVA layer.
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independent samples.) Statistical significance was determined by two-tailed t-test. ***P = 0.00011. d, SEM images of the μMESH showing the emerging 
network of PLGA strands following PVA dissolution after incubation in aqueous solution. e, SEM and confocal microscopy images showing the μMESH 
(red) wrapping around a GFP+ U-87 MG GBM spheroid (green). f, Growth rates for a U-87 MG spheroid treated with a 100 nM DTXL-loaded μMESH (red 
line), a 100 nM DTXL-loaded FLAT substrate (blue line) and the untreated case (CTRL—black line). (Data are expressed as mean ± s.d., n = 4 independent 
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Post hoc Tukey multiple comparison test results were the following: day 9, **P = 0.005 for μMESH versus CTRL; day 13, **P = 0.008 for μMESH versus 
CTRL; day 14, #P = 0.045 for μMESH versus FLAT; °°P = 0.0054 for FLAT versus CTRL; ***P = 0.0006 for μMESH versus CTRL).
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modified a priori during the μMESH fabrication within an ample 
range of concentrations by readily changing the input amounts of 
DTXL-SPNs and DICL.

Then, the in vitro therapeutic efficacy of the μMESH was tested 
on U-87 MG green fluorescent protein (GFP)+ spheroids in addition 
to conventional experiments on cell monolayers (Supplementary 
Figs. 11 and 12). Six experimental groups were considered, includ-
ing free DICL, free DTXL, the combination of free DTXL and 
DICL (DTXL/DICL), µSPNs, the µMESH loaded with DICL and 
DTXL-SPNs and the empty µMESH. The size of the tumour spher-
oid was monitored for 8 d (Fig. 3e and Supplementary Figs. 13 and 
14) and a half-maximum inhibitory concentration (IC50) value was 
estimated by measuring the red fluorescence intensity (cell death) 
associated with each spheroid (Fig. 3f). The µMESH was more effec-
tive than all other treatments already in vitro, returning an IC50 of 
~1.6 nM. The same trend was observed when assessing the tumour 
spheroid size over time (Fig. 3g and Supplementary Figs. 15 and 16). 
The ability of the μMESH to outperform all other treatment strat-
egies is even clearer when analysing the tumour spheroid growth 
rates on days 1 and 8 after treatment (Fig. 3h). A statistically sig-
nificant difference between μSPNs and μMESH can be appreciated 
already at 1 nM. Also, the μMESH only induced a negative growth 
rate on day 8. This demonstrates the higher pharmacological activ-
ity of the μMESH as compared with other therapeutic groups, 
including the direct μSPN application and FLAT (Supplementary 
Figs. 5, 6 and 16).

Tissue transport performance of µMESH-released nanoparticles. 
As mentioned above, μSPNs have a slightly larger diameter and sur-
face electrostatic potential than SPNs, which could affect their tissue 
penetration. The transport of μSPNs and SPNs was tested side by 
side in five different assays.

In a first experiment, the penetration depth of RhB-labelled 
nanoparticles was assessed in a Matrigel matrix, mimicking the 
tumour microenvironment56 (Fig. 4a–c). Equal numbers of μSPNs 
and SPNs (Supplementary Fig. 17) were deposited above the 
Matrigel and observed to slowly permeate into the gel (Fig. 4b). By 
analysing similar images, the fluorescence profile was generated at 
different time points. While at 4 h the fluorescence profiles of the 
two nanoparticles are relatively similar, significant statistical differ-
ences start to appear in the 0–500 μm region already at 12 h and in 
deeper regions at 36 h (Fig. 4c and Supplementary Figs. 18 and 19).

In a second assay, SPNs loaded with 10 nm gold nanoparticles 
(AuNPs) and tagged with Cy5 molecules (Au-Cy5-SPNs) were 
incubated with U-87 MG spheroids to perform correlative light–
electron microscopy (CLEM) imaging. The size and surface prop-
erties of Au-Cy5-SPNs were comparable to those of the other SPN 
configuration (Supplementary Fig. 20). After incubation with equal 
numbers of nanoparticles, tumour spheroids were cut into mul-
tiple slices, then the relative mean fluorescence was measured on 
different concentric annuli and normalized to the mean fluores-
cence of the whole spheroid area (Fig. 4d and Supplementary Fig. 
21). The two types of nanoparticle exhibited different distribution 

patterns, with SPNs forming isolated clusters on the spheroid and 
μSPNs presenting a more uniform distribution around and inside 
the spheroid (Fig. 4e). The fluorescence intensity decreases from the 
spheroid surface (−200 μm) to the core (0), with SPNs showing the 
strongest reduction (Fig. 4f and Supplementary Fig. 23). This trend 
was also confirmed by analysing the same slices via TEM for AuNPs 
(Supplementary Fig. 22).

In the third experiment, Cy5-labelled nanoparticles were depos-
ited on the surface of the brain in healthy mice. After 3 d, the fluo-
rescent signal was acquired via spinning-disc confocal microscopy, 
returning an almost twofold statistically significant increase in 
μSPN accumulation (Supplementary Figs. 24 and 25).

In the fourth assay, the whole μMESH was deposited on the brain 
surface of healthy mice and intravital microscopy was used to mea-
sure the penetration depth of Cy5-labelled nanoparticles. As μSPNs 
were continuously released from the μMESH, the intensity fluores-
cent profile was detected over 10 d as a function of the penetration 
depth (Fig. 4g). This plot shows an increase over time of the nanopar-
ticle concentration in deep brain regions underneath the μMESH. 
Notably, a still relevant concentration gradient is observed at day 10, 
which would suggest that particle penetration may continue for lon-
ger times after the µMESH application (Supplementary Fig. 26).

In the fifth assay, SPNs and the μMESH were deposited on the 
surface of a malignant mass. Again, μSPNs appeared to be retained 
more efficiently within the area of the μMESH application (Fig. 4h) 
and penetrate deeper within the tumour tissue as compared with 
SPNs (Fig. 4i and Supplementary Fig. 27).

All these in vitro and in vivo characterizations confirm that 
µSPNs released from a conforming µMESH can permeate biologi-
cal tissues more efficiently than SPNs. This behaviour could be 
ascribed to the lower negative ζ, which has been shown to miti-
gate the adhesive interactions with the extracellular matrix57,58; the 
nanoscopic PVA coating, which could facilitate particle sliding as 
it progressively dissolves59; and the µMESH intimate contact with 
the surrounding environment, which would realize a depot at the 
tumour margins with a very highly localized nanoparticle gradient.

Preclinical therapeutic efficacy of the µMESH. Murine orthotopic 
models of glioblastoma were used to test in vivo the therapeutic 
potential of the μMESH as compared with the clinical standard 
TMZ and other CTRL groups. Two different cell types were used: 
the glioma cell line U-87 MG Luc+, which still represents a stan-
dard reference in the field; and patient-derived Luc+ cancer stem 
cells (hCSCs)60. These cells were injected into the prefrontal cor-
tex 1.0 mm from the skull in the ‘no tumour removal’ model and 
0.75 mm from the skull in the ‘tumour removal’ model (Fig. 5a,b). 
Treatments were initiated only after detecting a strong biolumines-
cence signal (1 × 106 p s−1 cm−2 sr−1—Supplementary Fig. 28), con-
firming a stable tumour growth.

In the no tumour removal model, the therapeutic efficacy of the 
μMESH was tested against eight different CTRL groups, includ-
ing three systemic treatments—intravenously injected (i.v.) TMZ, 
i.v. DTXL and SPNs loaded with DTXL and DICL (i.v. SPNs); four 

Fig. 3 | In vitro pharmacological activity of the µMeSh. a, DTXL amount in the μMESH growing quasilinearly with the initial input of DTXL-SPNs dispersed 
in the PVA layer (n = 3 independent samples). b, Release profile over time for DTXL from DTXL-SPNs (n = 3 independent samples). c, DICL amount in the 
μMESH growing quasilinearly with the initial input of DICL dispersed within the PLGA mesh (n = 12 independent samples per 50 μg and 14 independent 
samples for 500 and 1,000 μg). d, Release profile over time for DICL from the μMESH. Data are presented as instantaneous rates rather than cumulative 
drug release rates. Note that, in confined volumes, these DICL doses are clinically relevant (n = 10 independent samples). e, Representative fluorescent 
images of U-87 MG GFP+ spheroids (green channel not shown here) after 8 d of treatment with free DTXL, free DTXL/DICL, μSPNs and µMESH at two 
different drug concentrations, namely 1 and 50 nM (blue, nuclei; red, propidium iodide staining for dead cells) (scale bar: 250 μm). f, IC50 curves for the 
U-87 MG GFP+ spheroids subjected to the above-listed treatments. (Data are expressed as mean ± s.e.m., n = 4 independent samples.) g, Growth rate of 
U-87 MG GFP+ spheroids subjected to the above-listed treatments, at 1 nM equivalent DTXL (n = 4 independent samples). h, Comparison between growth 
rates, on days 1 and 8, of U-87 MG GFP+ spheroids treated with SPNs and μMESH, for 1 and 100 nM equivalent DTXL. (*P = 0.0119, for the comparison of 
the same concentration, on the same day, in the two groups, by the two-tailed t-test.) (Data are expressed as mean ± s.d., n = 4 independent samples).
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local treatments—empty μMESH, μMESH loaded with DICL only 
(DICL-μMESH), μMESH loaded with DTXL only (DTXL-μMESH) 
and locally deposited SPNs (L-SPNs); and the untreated mouse 
(CTRL). Note that both SPNs and L-SPNs are loaded with DTXL 
and DICL in the same ratio as the μMESH (Supplementary Fig. 29). 
In the no tumour removal model, a drop in radiance is documented 

for the μMESH as compared with all other groups (Fig. 5c and 
Supplementary Figs. 30–32). Equally informative are the Kaplan–
Meyer curves in Fig. 5c, where all the mice eventually succumb 
except for one mouse in the μMESH group that survives until day 
250. The μMESH extended the OS by almost threefold as compared 
with TMZ, and by twofold against the local and systemic SPN treat-

10
a

e f

g h

b c d
100 25 15

150

100

50

0

150

250
CTRL

1 nM 100 nM

Days
1 8

1 nM 100 nM

200

150

100
30
20
10

5

0

–5

Free DTXL
DTXL/DICL

µSPNs
µMESH

200

150

100

50

0
0 2 4 6 8

Days
10

100

50

150

150

100

50

0
–2

*

0 2 4

100

50

0
–2 0 2 4

–2
log[DTXL concentration (nM)]

log[DTXL concentration (nM)]

log[DTXL concentration (nM)]

0 2 4
0

–2
log[DTXL concentration (nM)]

DTXL/DICL

0 2 4

10
5

0.4
0.2

0
2 6 24 48 96 336 504 720

Time (h)

Free DTXL

R2 = 0.84

IC50 = 3.4 nM

IC50 = 2.7 nM

IC50 = 1.6 nM

µSPN

µMESH

IC50 = 8.9 nM

R2 = 0.81

R2 = 0.79

R2 = 0.83

20

15

10

5

0
50 500 1,000
Feeding amount (µg)

80

60

40

20

0
0 20 40

Time (h)

R
el

ea
se

 (%
)

60 80

1

0.1

0.01
1 5 50

Feeding amount (µl)

CTRL

Free DTXL

DTXL/DICL

µSPNs

µMESH

1 nM 50 nM

D
TX

L 
am

ou
nt

 (µ
g)

G
ro

w
th

 ra
te

 (%
)

G
ro

w
th

 ra
te

 (%
)

Am
ou

nt
 (µ

g)

Am
ou

nt
 re

le
as

ed
 (µ

g)

C
el

l v
ia

bi
lit

y 
(%

)
C

el
l v

ia
bi

lit
y 

(%
)

C
el

l v
ia

bi
lit

y 
(%

)
C

el
l v

ia
bi

lit
y 

(%
)

200 500

µSPNs

µMESH

NATuRe NANoTeChNoLoGy | www.nature.com/naturenanotechnology

http://www.nature.com/naturenanotechnology


ArticlesNature NaNotechNology

–1
,50

0
–1

,25
0

–1
,00

0
–7

50
–5

00
–2

50 0
25

0
0

50

100
SPNs µSPNs

36 h

4 h

z depth (µm)

Fl
uo

re
sc

en
ce

 in
cr

ea
se

 (%
)

Matrigel

Interface

Medium

–1,500

0

100

10–50 µm

60–100 µm

110–150 µm

z
110–150

µm

60–100
µm

10–50
µm

µSPNs

–250 –200 –150 –100 –50 0
0

20

40

60

80

100

120

10–50 µm
60–100 µm
110–150 µm

Distance from slice centre (µm)

Fl
uo

re
sc

en
ce

 in
te

ns
ity

 (%
)

SPNs

–250 –200 –150 –100 –50 0
0

20

40

60

80

100

120

10–50 µm
60–100 µm
110–150 µm

Distance from slice centre (µm)

Fl
uo

re
sc

en
ce

 in
te

ns
ity

 (%
)

0 500 1,000 1,500 2,000 2,500
0

20

40

60

80

Depth (µm)

Fl
uo

re
sc

en
ce

 in
te

ns
ity

 (%
) SPNs

µSPNs

1,500 2,000 2,500
0

5

10

15

0 100 200 300 400 500
0

20

40

60

80

100

120
Day 0
Day 2
Day 4
Day 6
Day 8
Day 10

Penetration depth (µm)

Fl
uo

re
sc

en
ce

 in
te

ns
ity

 (%
)

0

–1,000 µm

–1,500 µm

a b c

d e f

g h i

SPNs µSPNs

50 µm

100 µm

100 µm

50 µm

100 µm

100 µm

ROI

SPNs

µSPNs

500 µm

µSPNsSPNs

z d
ep

th
 (µ

m
)

Fig. 4 | Tissue transport performance of µMeSh-released nanoparticles. a, Schematic representation of a square well in a microscope slide filled with Matrigel 
and medium. b, Representative confocal three-dimensional reconstruction images of Matrigel enriched with slowly diffusing nanoparticles, at 36 h. c, Percentage 
increase in fluorescence intensity in Matrigel along the z axis, orthogonal to the well bottom. (Data are expressed as mean ± s.d., n = 6 independent samples.) 
d, Schematic representation of a U-87 MG GFP+ spheroid (top) identifying the location of the slices used in the penetration studies, and optical fluorescent 
image (bottom) of a representative slice showing the concentric annuli used for analysis (scale bar: 50 μm). e, Representative fluorescent images of slices 
cut at different heights in the spheroid, where the red signal is associated with Cy5-labelled nanoparticles. f, Mean fluorescence intensity on the slice regions 
plotted along the radius of the spheroid, from the surface (−200 μm) to the core (0 μm). (Data are expressed as mean ± s.e.m., n = 15 slices for each of the three 
regions over three independent samples.) g, Fluorescent intensity profile along the direction normal to the brain surface for Cy5-labelled μSPNs, released from 
μMESH deposited in healthy mice. (Data are expressed as mean ± s.d., n = 9 regions of interest (ROIs) for each of the three animals.) h, Spatial distribution of 
SPNs and μSPNs 8 d after deposition over the brain of tumour-bearing mice. The dashed rectangle represents one of 12 different adjacent ROIs considered for 
the analysis, per slide. i, Averaged fluorescence intensity profile along the direction normal to the brain surface (that is, depth = 0) to the inner part of the brain 
(depth = 2,500 μm) for SPNs and μSPNs. (Data are expressed as mean ± s.e.m., n = 12 adjacent ROIs for each of the three independent samples).
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ments and the DTXL-μMESH. These in vivo results would again 
suggest that SPNs released from the μMESH are more effective than 
the same nanoparticles administered either systemically (SPNs) or 
locally (L-SPNs). Also, it is confirmed that DICL potentiates the 
cytotoxic activity of DTXL. Notably, the CTRL groups i.v. DTXL 

and i.v. SPNs returned OSs very close to the clinical gold standard 
(i.v. TMZ). Furthermore, the μMESH CTRL groups, namely empty 
μMESH, DICL-μMESH and DTXL-μMESH, presented much lower 
OS as compared with the μMESH. As such, these five therapeutic 
groups were not further considered.
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The bioluminescence and survival data for the tumour removal 
model are presented in Fig. 5d (Supplementary Figs. 33–35) for 
U-87 MG and in Fig. 5e (Supplementary Figs. 36 and 37) for hCSCs. 
As expected, a marked drop in radiance is observed upon tumour 
removal, which is then followed by a progressive growth in signal. 
This clearly documents the existence of post-resection margins and 
their post-surgery aggressive proliferation (Supplementary Figs. 
34e and 37b). Note that the median OS for the CTRL group (no 
treatment) in the tumour removal model was slightly higher than 
that for the no tumour removal model (19 versus 14 d—P = 0.027) 
(Supplementary Fig. 38).

For the U-87 MG cells, the therapeutic efficacy of the locally 
deposited μMESH was directly compared against three CTRL 
groups—i.v. TMZ, locally administered SPNs (L-SPNs) and the 
untreated mouse. The μMESH and L-SPNs were deposited within 
the resected cavity. The systemic administration of TMZ did not 
alter the overall median survival (OS 12 d), although one mouse in 
the group was still alive on day 68 after treatment. Only the μMESH 
induced a 250 d survival in 90% of the treated mice. The L-SPNs 
returned an OS of 36 d (Fig. 5d). A typical histological image taken 
at 15 d after therapy initiation shows the μMESH (yellow line) 
deposited over the growing tumour mass region, establishing an 
intimate contact with the proliferating tumour cells (Fig. 5f and 
Supplementary Fig. 39), while inducing a remarkable reduction in 
tumour mass.

The proneural Luc+ hCSCs (L0605) were selected for their 
characteristic infiltrative nature60 and used in a tumour removal 
model. hCSC tumours showed a much slower growth rate, so 
tumour removal and treatment started on day 53 rather than 15 
(Supplementary Figs. 36 and 37). In this model, the μMESH eradi-
cated disease recurrence. Specifically, on day 300, all mice treated 
with the μMESH presented virtually no bioluminescence signal and 
were all alive, while 75% of the CTRL mice had succumbed already 
by day 175 (Fig. 5e and Supplementary Figs. 36 and 37).

In general, the two locally administered treatments, namely 
L-SPNs and μMESH, were more effective than all the others. This 
is not surprising given the presence of the BBB. Notably, in all the 
experiments, the amounts of DTXL delivered through the μMESH 
and L-SPNs were much lower than those provided with the systemic 
treatments. In fact, only 15 μg of DTXL was administered once via 
the μMESH and L-SPNs, whereas 60 μg of DTXL was systemically 
provided for each of the ten single injections. Also, local treatments 
would reduce the systemic toxicity associated with chemotherapy 
(Supplementary Fig. 40).

Conclusion
Leveraging the accurate dimensional control offered by nano/micro-
fabrication techniques, a hierarchical drug depot (μMESH) has 
been engineered to deliver the combination of DTXL-loaded nano-
medicines and DICL to malignant gliomas. The modular structure 
of the μMESH allows the loading of a broad variety of therapeu-
tic molecules and nanomedicines, potentially including RNA and 

immunotherapeutic agents. Furthermore, the absolute amounts of 
each therapeutic agent can be finely and independently tuned dur-
ing the fabrication process, thus supporting patient-specific dosing 
and interventions.

In orthotopic models of glioblastoma, the μMESH abrogates 
disease recurrence following resection and extends survival when 
applied to non-resected tumours. One single μMESH application 
is more effective than multiple i.v. administrations of TMZ as well 
as the one-time intracranial administration of DTXL/DICL-loaded 
nanoparticles. At 250 d after tumour resection, a single μMESH 
application promotes an 80% and 100% survival rate in U-87 MG 
and hCSC tumours, respectively.

The superior performance of the μMESH compared with more 
conventional treatments, such as the systemic administration of 
TMZ or the intracranial injection of nanomedicines, rests on its 
ability to conform and interact with complex surfaces, realize a 
highly localized drug depot and facilitate the deep tissue penetra-
tion of the loaded nanomedicines. These features all together rep-
resent an ideal combination to improve the prognosis of the most 
aggressive brain tumour using a battery of combination therapies.
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Methods
Fabrication of the μMESH. A top-down approach was developed to fabricate 
the µMESH. First, a master silicon template, reproducing the specific µMESH 
geometrical pattern, was realized. The pattern consisted of an ordered series of 
pillars, with a 20 µm2 base length and a 5 µm height, separated by a 3 µm gap. This 
silicon master was realized using the direct laser writing technique. Specifically, 
chrome was deposited by evaporation on top of a silicon wafer and then coated 
with a photopolymerizable resist (AZ5214E). Polymer crosslinking was realized by 
exposure to laser light at 405 nm. Following the Bosch process, deep reactive ion 
etching was used to dig into the silicon wafer to the required depth. Finally, chrome 
and resist were removed from the silicon wafer. The resulting silicon master 
template was replicated in a PDMS template by casting PDMS (elastomer:curing 
agent ratio equal to 10:1) onto it. From this negative template, a PVA template was 
obtained by simply adding the PVA solution on top of the PDMS and drying it at 
60 °C for 3 h. The final PVA layer presented the same geometry of the pillars as the 
silicon master. Within the PVA solution, any hydrophilic molecules or nanoparticle 
could be readily dispersed.

For the realization of the μMESH, a polymeric paste was uniformly deposited 
over the PVA layer, already including SPNs. This returned a continuous 
microscopic mesh structure with 3 µm strands separated by holes of 20 × 20 µm2. 
The polymeric paste was composed of PLGA. Any hydrophobic molecule could 
be readily added to the PLGA paste. Specifically, in the context of this work, either 
CURC or DICL was added to the PLGA paste. For the μMESH, 5 mg of PLGA 
mixed with 500 μg of CURC or different amounts of DICL, namely 50, 500 and 
1,000 µg, were used per template. For all the experiments, the µMESH size was 
5 × 5 mm2, derived by precisely cutting the original 3 × 2.5 cm2 template with a 
surgical scalpel.

Loading and release of DICL in the µMESH. The amount of DICL dispersed 
within the µMESH PLGA strands was calculated for three different feeding 
amounts, namely 50, 500 and 1,000 µg (n > 10 for each condition), via 
high-performance liquid chromatography (HPLC) analysis (DICL absorbance at 
280 nm). To analyse the DICL release, the µMESH was placed in tubes (n = 10) 
filled with 1 ml of PBS, and kept at 37 °C. This volume was selected as it is 
comparable to the volume to which the μMESH would be exposed in vivo upon 
intracranial implantation. At each time point, tubes were centrifuged at 15,000 g 
for 5 min to separate the supernatant with the released DICL from the µMESH. 
Then, the pelleted µMESH, carrying the residual amount of DICL, was dissolved in 
acetonitrile:water (1:1). The resulting unreleased amounts of DICL were analysed 
via HPLC. Release data were presented in the form of cumulative percentage 
release (Supplementary Fig. 9b) as described for the DTXL-SPNs.

Aqueous dissolution of the PVA layer. An SEM was used to image the μMESH at 
different time points, namely before contact with an aqueous solution, after 30 min 
and after overnight incubation. μMESHes were placed on a silicon substrate, 
sputter-coated with 15 nm of gold and then imaged at 15 keV using an analytical 
low-vacuum SEM (JSM-6490, JEOL).

Release of molecules and nanoparticles from the PVA layer. Either free RhB 
molecules or RhB-SPNs were included in the PVA solution to eventually obtain 
the corresponding μMESH. This was also loaded with the green fluorescent 
CURC to enhance the contrast between the PLGA mesh (green) and the PVA layer 
(red). The resulting μMESH was placed on the bottom of a Petri dish. Then, it 
was imaged over time via epifluorescent microscopy, while PBS was continuously 
added to dissolve the PVA layer, from which particles were progressively released. 
At different time points, ranging between 15 s and 10 min, fluorescence intensity 
profiles were recorded along 18 parallel lines, running orthogonally to the μMESH 
edge deep into the PBS solution up to 500 μm (Supplementary Figs. 1 and 2). For 
each time point, the amounts of released free RhB or RhB-SPNs were determined 
by normalizing the measured fluorescent intensities along the 18 parallel lines by 
the averaged fluorescent intensities detected at the μMESH edge (20 μm width).

Loading and embedding efficiency of nanoparticles in the PVA layer. Different 
volumes of DTXL-SPNs, namely 1, 5, 50, 200 and 500 µl, at a fixed concentration 
of 1 mM, were added to the PVA solution before realizing the PVA layer. Using 
HPLC and following the protocols described above for the release of nanoparticles 
from the PVA layer and drug loading into SPNs, the loading and embedding 
efficiency of DTXL was determined for all the tested PVA configurations (n = 10). 
The embedding efficiency was calculated as the percentage ratio between the final 
DTXL amount in the entire µMESH template (that is, 30 single μMESHes) and the 
DTXL input in the SPN-enriched PVA solution used for μMESH fabrication.

Interaction of tumour spheroids with the μMESH. FLAT was fabricated by 
spreading the PLGA polymeric paste over a flat PVA layer. μMESH and FLAT were 
loaded with different amounts of DTXL, namely 5, 25, 50 and 75 μg, following the 
same procedures as described above for the μMESH. DTXL loading was assessed 
via HPLC analysis upon dissolving a 5 × 5 mm2 piece, derived from either the 
μMESH or FLAT, in an acetonitrile:water (1:1) solution. For the release study, the 
μMESH or FLAT were placed in tubes with 1 ml of PBS and kept at 37 °C. At the 

desired time points, the PBS was removed and substituted with fresh PBS. The 
collected PBS was mixed with acetonitrile:water (1:1) and analysed using HPLC.

For the therapeutic experiments, μMESH or FLAT were deposited at the 
bottom of a PDMS-coated Petri dish. Subsequently, tumour spheroids of U-87 MG 
GFP+ cells (n = 4 per condition) were positioned on top of the μMESH or FLAT 
surface, and after 2 h fresh medium was added. After 24 h, the samples resulting 
from the interaction of the tumour spheroids with either the μMESH or FLAT 
were prepared for confocal microscopy, SEM and TEM imaging analyses. In the 
first case, the μMESH or FLAT was also previously loaded with RhB to better 
distinguish it from the spheroid. Samples were gently washed with PBS, fixed with 
a 4% paraformaldehyde solution and washed again three times. Finally, samples 
were imaged using confocal microscopy (Plan Apo ×20, Nikon A1). For the SEM 
analyses, the samples were fixed with glutaraldehyde 2% in a sodium cacodylate 
buffer, 0.1 M at pH 7.4, and then post-fixed with 1% osmium tetroxide solution, 
dehydrated with an alcohol series at 4 °C and infiltrated with hexamethyldisilazane. 
After overnight drying, samples were sputter-coated with a thin (10 nm) layer of 
gold. Imaging was performed with an analytical low-vacuum SEM (JSM-6490, 
JEOL) at 15 kV. To prepare the samples for TEM imaging, spheroids were fixed 
with glutaraldehyde 2% in a sodium cacodylate buffer, 0.1 M at pH 7.4, post-fixed 
with 1% osmium tetroxide solution, dehydrated with an alcohol series at 4 °C 
and subsequently infiltrated with Lowicryl resin under ultraviolet light (360 nm). 
Finally, the region of the spheroids in contact with the FLAT or the μMESH was 
cut into 70-nm-thick slices and imaged using a TEM (100 kV, JEOL JEM-10119).

For the cytotoxic efficacy study, the μMESH or FLAT were prepared by 
dispersing 0.5 μg of DTXL in the polymeric paste to obtain a 0.1 μM drug 
concentration in the well. Spheroids were added to the dish as described above 
for the imaging experiments. The area of the spheroids was monitored over time, 
relying on the green fluorescence signal provided by the U-87 MG GFP+ cells.

Cytotoxicity of the μMESH on tumour cell spheroids. 500 U-87 MG GFP+ cells 
were seeded in a Gravity TRAP ULA plate (inSphero) following the manufacturer’s 
protocol. After 1 d, spheroids were transferred to a 48-well plate, whose bottom 
was covered with PDMS to avoid spheroid adhesion and limit the diffusion of 
medium and drugs within its impermeable matrix. Different initial numbers 
of cells, namely 200, 500, 1,000 and 2,500, were considered to form spheroids 
of different sizes. For the chosen number of initial U-87 MG GFP+ cells (500), 
spheroids grew moderately fast, and at 10 nM DTXL the spheroid diameter halved 
within 72 h, similarly to the cell monolayer (Supplementary Fig. 12). Spheroids 
were exposed to different therapeutic groups for a week (n = 4 per condition): free 
DTXL, free DICL, free DTXL/DICL combination at 1:5 ratio w/w, DTXL-loaded 
SPNs from the PVA template (μSPNs), the μMESH loaded with DICL and carrying 
the DTXL-SPNs, and the empty μMESH. For DTXL-related treatment, the 
concentrations used were 1, 10, 50, 100 and 1,000 nM. The DICL concentration 
was five times higher than that of DTXL when used in combination23. In one 
study, the amount of DICL was kept fixed at 15 μg, mimicking the preferred 
loading condition of DICL into the μMESH (that is, the case with 1 mg of DICL 
for input). Also for the µMESH, the amount of DICL was fixed to be 15 μg, with 
a final concentration of around 50 µM. Over 1 week, the area of the spheroids was 
monitored, relying on the U-87 MG GFP+ green fluorescence signal. At each time 
point, the equatorial surface was considered using the software ImageJ (NIH) to 
extrapolate the area. The growth rate was estimated as the percentage increase of 
the spheroid equatorial radius on a particular day compared with the size on day 0.

Finally, a ReadyProbes cell viability imaging kit (Molecular Probes) was used 
to quantify the proportions of live and dead cells within the spheroid. At the end of 
the treatment, the dye propidium iodide, which recognizes dead cells, was added to 
each well, and after an incubation time of 20 min the spheroids were imaged. The 
fluorescence intensity was then used to calculate the percentage increase in dead 
cells compared with CTRL spheroids. To this end, after background subtraction, 
two extreme conditions were defined, namely 0 and 100% cell viability. The 
latter was the average fluorescent value associated with the untreated spheroids 
(CTRL), whilst the former corresponded to the highest fluorescence intensity in 
each treatment condition. From this analysis, an IC50 value was derived for each 
treatment type and concentration.

Depth of penetration of nanoparticles in Matrigel. Matrigel was used as a model 
matrix to mimic a three-dimensional extracellular environment. A solution of 
10 mg ml−1 of Matrigel was poured into an eight-well microscopy glass slide and 
left to polymerize at 37 °C. Then RhB-SPNs and RhB-μSPNs (released from a 
PVA layer) were dispersed into cell culture medium and deposited on top of 
the Matrigel. Then, using confocal microscopy, the nanoparticle dynamics was 
followed over time, taking still images at 4, 12, 24 and 36 h (n = 6 for each group). 
The top and bottom of the Matrigel were properly identified along the z axis. The 
fluorescent profile associated with the nanoparticles was quantified along the z axis 
using ImageJ. The fluorescence intensity at time 0 was used as the baseline so that 
fluorescent intensities at later time points were expressed as a percentage variation 
of the time 0 value, along the z axis.

Depth of penetration of nanoparticles in tumour spheroids. Preformed U-87 
MG GFP+ spheroids were placed in contact for 2 h with a U-87 MG monolayer to 
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firmly anchor them at the bottom of a glass slide. Then, spheroids were incubated 
with SPNs and μSPNs (n = 3 for each condition). However, in this case, both 
nanoparticles were tagged with Cy5 and loaded with 10 nm AuNPs. By using a 
fluorescent reporter (Cy5) and an electron dense agent (AuNPs), CLEM imaging 
was adopted to locate the nanoparticles deep in the spheroids. Nanoparticles 
were incubated with the spheroids for 24 h. Then, spheroids were fixed with 4% 
paraformaldehyde + 0.1% glutaraldehyde in a sodium cacodylate buffer, 0.1 M at 
pH 7.4, post-fixed with 1% osmium tetroxide solution, dehydrated with an alcohol 
series at 4 °C and subsequently infiltrated with Lowicryl resin under ultraviolet 
light (360 nm). This resin could infiltrate and polymerize within the spheroids 
without damaging its structure or the nanoparticles. Finally, resin blocks were cut 
every 10 μm from the slide anchorage point of the spheroids in two 70-nm-thick 
slices. One of these was placed on a glass slide for confocal microscopy imaging, 
while the other was placed onto formvar-coated finder grids for CLEM imaging. 
To evaluate the penetration in the spheroids, confocal microscopy images were 
individually analysed, drawing circular concentric ROIs of different sizes from the 
centre of the spheroids to the outer surface (Fig. 4d). The mean fluorescence of 
each ROI was normalized to the mean fluorescence of the more external region, 
fixed as a reference to 100%. Data were presented as percentage of fluorescence 
intensity to account for the fact that slides were exposed to light for different times 
during the cutting of the resin blocks. Finally, data from each slice were collected 
into three groups, representing different regions of the spheroids from the bottom 
to the equatorial plane, namely the 10–50 μm region, the 60–100 μm region and 
the 110–150 μm region. For CLEM, spheroid slices were placed onto finder grids to 
facilitate the identification of ROIs by proper markers. The slices were first imaged 
using the confocal microscope and those presenting fluorescent signals were also 
analysed with the TEM (100 kV, JEOL JEM-10119).

Depth of penetration of nanoparticles in brains of tumour-bearing mice. 
After establishing an orthotopic intracranial GBM model, on the first day of 
therapy, Cy5-SPNs and an SPN-loaded μMESH were deposited on top of the brain 
surface. After 8 d, mice were killed and their brains were collected, fixed in 4% 
paraformaldehyde and frozen sectioned using a microtome–cryostat with a 10 μm 
slice. The sections were then placed on HistoBond microscope slides (Marienfeld) 
and stained with 4,6-diamidino-2-phenylindole to facilitate the identification 
of the ROI. Brain slices were imaged using a confocal microscope (Nikon) in a 
2.5-mm-long and 2.5-mm-deep region, matching the site of application. This 
region was analysed, measuring the average fluorescence intensity profile along 
the z axis of 12 parallel distinct rectangular areas with dimensions 200 μm wide 
and 2.5 mm deep. For each slice, data were normalized to percentages, defining 
the maximum value of fluorescent intensity in the whole slice as 100%, and then 
grouped and averaged every seven z-stack positions (approximately 10 μm).

Orthotopic brain tumour models. For the orthotopic intracranial GBM tumour 
model, 5–6-week-old female athymic nude mice were stereotactically inoculated 
with U-87 MG Luc+ cells (Charles River). Animals were grouped in ventilated 
cages and able to freely access food and water. They were maintained under 
controlled conditions: temperature (21 ± 2 °C), humidity (50 ± 10%) and light 
(12 h of light and 12 h of dark). All animal experiments were performed according 
to the guidelines established by the European Communities Council Directive 
(2010/63/EU of 22 September 2010) and approved by the National Council on 
Animal Care of the Italian Ministry of Health. All efforts were made to minimize 
animal suffering and use the smallest possible number of animals required to 
produce statistically relevant results, according to the ‘3Rs’ (replacement, reduction 
and refinement) concept. Before cell injection, animals were anaesthetized with a 
mixture of ketamine (100 mg kg−1) and xylazine (10 mg kg−1), administered via a 
single intraperitoneal injection. For tumour development, 5 × 105 U-87 MG Luc+ 
cells were resuspended in 3 μl cold PBS and injected into the right hemisphere of 
the mouse brain (1.5 mm posterior to the bregma, 1.4 mm lateral to the midline 
and 1 mm or 0.75 mm depth from the skull, on the basis of the model). Cells were 
injected at a speed of 0.3 μl min−1 using a 10 μl sterile Hamilton syringe fitted with 
a 26-gauge needle attached to a stereotaxic frame. Wounds were closed with sterile 
wound clips, and animals were carefully monitored until they had recovered from 
anaesthesia. Tumour growth was followed using an IVIS Spectrum (Perkin Elmer) 
every 2 d, and analysed with Living Image 4.5.5 (Perkin Elmer).

For the model without tumour removal, when tumours reached an average 
radiance of about 1 × 106, mice were randomly divided into different treatment 
groups: saline (CTRL, n = 9), i.v. TMZ (3 mg kg−1 every other day, n = 9), i.v. 
DTXL (3 mg kg−1 every other day, n = 9), DTXL/DICL-SPNs (systemic SPNs, 
3 mg kg−1 every other day, n = 9), empty μMESH (n = 5), DICL-μMESH (n = 5), 
DTXL-μMESH (n = 7), locally administered DTXL/DICL-SPNs (L-SPNs, n = 7) 
and μMESH (n = 10). For L-SPNs and μMESH, 0.75 mg ml−1 (that is, 15 μg) of 
DTXL was administered. For the case of DICL-μMESH, the same amount of DICL 
as used for the μMESH mice (that is, 0.75 mg kg−1) was used.

For the tumour removal animal model, before starting the treatment, a larger 
hole of about 3 mm was realized at the same stereotactic coordinates by using 
a trephine—2.7 mm diameter. The portion of the tumour closer to the surface 
was resected using a scalpel. Then, the skull was sealed using a drop of silicon 
elastomer and mice were divided into four treatment groups: saline (CTRL, n = 9), 

i.v. TMZ (3 mg kg−1 every other day, n = 7), L-SPNs (n = 6) and μMESH (n = 8). In 
this model too, L-SPNs and μMESH were loaded with 0.75 mg ml−1 of DTXL.

Regarding the patient-derived xenograft model, tumour cells were stably 
transfected to be Luc+. Tumour growth was monitored using the IVIS Spectrum 
system as for the U-87 MG cases. The only difference was that the primary human 
cells grew as neurospheres in NeuroCult NS-A (STEMCELL Technologies), thus 
before intracranial injection they were dissociated by gentle repetitive pipetting, 
avoiding any cell damage. Surgical operation, treatment and follow-up were 
performed as in the recurrence model. For this model, mice were divided into two 
groups, namely saline (CTRL, n = 4) and μMESH (0.75 mg ml−1 DTXL, n = 4). In 
all the different orthotopic tumour models, whole-animal imaging with the IVIS 
Spectrum was performed the day after the surgery to assess tumour resection, 
avoiding any additional stress to the animals. The average radiance was assessed 
using the Living Image 4.5.5 software (Perkin Elmer), drawing a circular ROI (2 cm 
in diameter), kept constant for all the mice at all time points analysed. All mice 
were euthanized at the onset of neurological or systemic deficits. Survival curves 
were plotted using the Kaplan–Meier method. The two-sided log-rank test was 
used to test the statistically significant difference in survival curves.

Statistical analyses and reproducibility. When comparing two groups, an F test 
was used to check for the absence of statistical significantly different variances, 
followed by the two-tailed t-test. Multiple comparisons (that is, three or more 
groups to compare in the same experiment) were performed using the Brown–
Forsythe test for the equality of variance among the groups, followed by a one-way 
analysis of variance test. The Tukey post hoc test was used to discriminate 
differences in two-pair comparisons. All the tests and the graphs were performed 
and realized using GraphPad Prism. Differences were considered statistically 
significant when returning a P value lower than 0.05. All the experiments were 
performed at least three times independently, and results were reproducible.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
The data that support the plots within this paper and other findings of this study 
are available from the corresponding author upon reasonable request.
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Cell line source(s) U-87 MG cells were obtained from ATCC. U-87 MG GFP+ cells were provided by the laboratory of Dr. Davide 
De Pietri Tonelli (Italian Institute of Technology, Genova, IT), starting from the ATCC counterpart. U-87 MG Luc+ cells were 
obtained from Perkin Elmer. The proneural LUC+ hCSC line (L0605) were isolated from a patient with glioblastoma 
multiforme at the Hospital San Raffaele in Milano by Dr. Alberto Gallotti and Dr. Rossella Galli, and then stably LUC 
transfected.

Authentication Cell lines identities were frequently checked for their morphological features but have not been authenticated by the 
short tandem repeat (STR) profiling.

Mycoplasma contamination All cell lines were tested for mycoplasma contamination. No mycoplasma contamination was found

Commonly misidentified lines
(See ICLAC register)

Despite the fact that U-87 MG still represent a reference in the field, recently the one from ATCC were proved to be different 
from the original Uppsala Univeristy's collection. This was proved by Allen et al. (Science Translational Medicine; 8:354; 
354re3), still declaring those cell as a bona fide human glioblastoma cell line of unknown origin.
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Laboratory animals For the experiments, 5-6 week old female athymic nude mice (Charles River) were used.

Wild animals The study did not involve wild animals.
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Ethics oversight All animal experiments were performed according to the guidelines established by the European Communities Council Directive 
(Directive 2010/63/EU of 22 September 2010) and approved by the National Council on Animal Care of the Italian Ministry of Health.
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