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A B S T R A C T

Brain tumors are difficult to target and treat. The blood-brain barrier (BBB) limits drug delivery to pathological 
sites, and standard mono-chemotherapy typically results in suboptimal efficacy and development of drug 
resistance. We here set out to load a synergistic drug combination in polymeric micelles, and combined them 
with ultrasound- and microbubble-mediated BBB opening in glioma models in mice. Via high-throughput 
screening of various chemotherapy combinations in different glioma cell lines, valrubicin and panobinostat 
were identified as a synergic drug combination and co-loaded in mPEG-b-p(HPMAm-Bz)-based polymeric mi
celles. Intravenous administration of double-drug micelles showed good tolerability and resulted in significant 
tumor growth inhibition in mice with subcutaneous GL261 gliomas. In orthotopically inoculated patient-derived 
HSJD-DIPG-007 diffuse intrinsic pontine gliomas, notoriously known to have an intact BBB and poor drug 
responsiveness, we provide initial experimental evidence showing that multidrug micelles plus sonopermeation 
can help to improve treatment efficacy. Our work exemplifies that synergistic drug combinations can be effi
ciently co-loaded in polymeric micelles, and that advanced nanosonochemotherapy combination regimens hold 
promise for the treatment of hard-to-treat brain tumors.

1. Introduction

Brain tumors, especially glioblastoma multiforme (GBM) and diffuse 
intrinsic pontine glioma (DIPG), are difficult to treat and have a very 
poor prognosis [1,2]. Surgery is often inoperable, especially in case of 
tumors located in or infiltrating the brain stem [1,2]. Administering 
mono-chemotherapy has been the standard of care, but has several 
downsides. Firstly, single drug therapies rapidly result in drug resistance 
and do not produce significant therapeutic efficacy [3]. Secondly, most 
standard chemotherapeutic drugs have – in general – suboptimal 

pharmacokinetics, resulting in low target-site accumulation and high 
off-target localization, thereby resulting in a poor balance between ef
ficacy and toxicity [4]. Moreover, the blood-brain barrier (BBB), which 
is characterized by inter-endothelial cell tight junctions, severely limits 
the delivery of chemotherapy drugs to brain tumors [5,6].

Several strategies have been explored to improve drug delivery to 
and anti-tumor efficacy against brain tumors. With regard to small 
molecules, multidrug combinations offer key advantages over mono- 
drug therapy. Drug combinations with different mechanisms of action 
can target multiple pathways in cancer cells [3,7]. This type of treatment 
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regimen reduces the likelihood of developing drug resistance and typi
cally enable inductions of synergistic anti-tumor effects [3,7]. For 
example, pairing the AXL tyrosine kinase inhibitor bemcentinib with the 
histone deacetylase inhibitor (HDACi) panobinostat demonstrated syn
ergy across a range of DIPG models [8], illustrating that optimal drug 
combinations hold promise to promote therapeutic outcomes in 
difficult-to-treat brain tumors.

To optimize the pharmacokinetics of drug molecules and the efficacy 
of drug combinations, various nanomedicines have been employed, 
including liposomes and micelles. Nanomedicines are 1–100(0) nm- 
sized pharmaceutical formulations that aim to improve target site 
accumulation while minimizing off-target localization [9,10]. A proto
typic example of a nanomedicinal drug product used for multi-drug 
delivery is Vyxeos®. This liposome formulation co-encapsulates 
daunorubicin and cytarabine at a fixed 1 to 5 M ratio, and it has 
shown significantly improved efficacy as compared to standard dual 
drug treatment in patients with secondary acute myeloid leukemia [11].

In patients with brain tumors wherein the BBB is intact, physical or 
pharmacological priming strategies are needed to help drugs and drug 
delivery systems reach the pathological site [4,5,10]. The combination 
of ultrasound (US) and microbubbles (MB), commonly referred to as 
sonoporation or sonopermeation, has been widely explored for this 
purpose [12]. MB are 1–10 μm-sized air-filled vesicles that are routinely 
used in the clinic as US contrast agents. In the presence of US, MB 
oscillation generates shear forces near vessel walls and endothelial cell 
membranes, promoting BBB permeability and nanomedicine delivery 
(in)to the brain [13,14]. Several ongoing efforts have demonstrated the 
clinical feasibility, efficacy and safety of sonopermeation as a means to 
open up the BBB in patients suffering from GBM [15,16].

Taking the above insights and advances into account, we set out to 
combine drug synergy, nanomedicine co-delivery and sonopermeation 
to improve the treatment of brain tumors. Anthracyclines, taxanes and 
HDACi were chosen as drug classes, as they have shown reasonably good 
efficacy against multiple brain tumor models [17–19]. In this study, four 
glioma cell lines were treated with combinations of anthracyclines, 
taxanes and HDACi, as pairing drugs with different mechanism of action 
can target multiple pathways in cancer cells, thereby inducing syner
gistic effects (Fig. 1A) [3,7]. The identified synergistic drug combination 
was co-encapsulated in polymeric micelles based on methoxy poly 
(ethylene glycol)-b-(N-(2-benzoyloxypropyl) methacrylamide) (i.e., 
mPEG-b-p(HPMAm-Bz)) block copolymers (Fig. 1B). The micelles were 
characterized in terms of physicochemical properties and drug loading 
and retention capabilities (Fig. 1B). Upon intravenous (i.v.) adminis
tration, the efficacy of the multidrug micelles was evaluated in a non- 
diffuse subcutaneous GL-261 glioma model, as well as – in combina
tion with sonopermeation - in a diffuse HSJD-DIPG-007 model (Fig. 1C). 

Our findings showcase the effect of multidrug micelles and sono
permeation for improving the treatment of high-grade brain tumors.

2. Results

2.1. Anthracyclines and histone deacetylase inhibitors show synergistic 
drug activity against glioma cells

We incubated four glioma cell lines with different drug combinations 
to assess synergistic drug activity effects. The cell lines used were U-87 
MG, GL-261, KNS-42, SF-8628. The drugs used were HDACi (pan
obinostat, vorinostat), taxanes (cabazitaxel, docetaxel, paclitaxel), and 
anthracyclines (epirubicin, pirarubicin, idarubicin, daunorubicin, val
rubicin, doxorubicin), and they were tested at concentrations of 1, 10, 
100 and 1000 ng/mL. Drugs from the three different classes were 
combined between them in all four cell lines (Fig. 2A). Finally, viability 
was assessed and synergy bliss excess was calculated based on the 
viability data (Supplementary Tables S1-S8).

Interestingly, the heat maps in Fig. 2D-E demonstrate that the com
bination of anthracyclines and taxanes induced strong antagonistic ef
fects, especially in KNS-42 and SF-8628 cell lines. Analogously, the 
combination of taxanes and HDACi showed strong antagonistic effects 
(Fig. 2E). Based on these findings, combinations of anthracycline-taxane 
and taxane-HDACi were excluded for further evaluation. On the con
trary, almost all anthracycline-HDACi combinations showed good syn
ergistic effects in U-87MG and KNS-42 cell lines (Fig. 2B and D). Also, in 
GL-261 and SF-8628, distinct combinations of anthracycline and HDACi 
demonstrated synergism (Fig. 2C and E). These results exemplify that 
the combination of anthracycline and HDAC inhibitors holds promise for 
co-encapsulation into polymeric micelles for producing synergistic drug 
activity in glioma tumors.

2.2. Producing polymeric micelles co-loaded with anthracyclines and 
histone deacetylase inhibitors

We next sought to develop nanomedicine formulations which are 
able to efficiently co-encapsulate anthracyclines and HDACi. For this 
purpose, mPEG-b-p(HPMAm-Bz)-based micelles were employed, given 
their previously shown ability to (co-)encapsulate hydrophobic drugs in 
the core [20–22]. Among the available anthracyclines and HDACi, we 
chose valrubicin (VAL) and panobinostat (PAN), since: (1) they are 
characterized by high hydrophobicity, and log P values of 2.67 and 3.16, 
enabling efficient (co-) loading and retention in micelles [22]; (2) both 
drugs are FDA-approved; (3) PAN has previously demonstrated excellent 
anti-tumor efficacy in multiple brain tumor models including DIPG 
[17,19].

Fig. 1. Study setup. (A) Drug combinations were screened for synergy in multiple glioma cell lines. (B) Synergistic drug combinations were subsequently co- 
encapsulated in mPEG-b-p(HPMAm-Bz) polymeric micelles. The micelle formulation was characterized in terms of morphology, size, encapsulation efficiency, drug 
release, and shelf-life stability. (C) The multidrug-loaded micelles were i.v. administered and their therapeutic efficacy was assessed in the non-diffuse subcutaneous 
GL-261 glioma model and, in combination with MB- and US-mediated sonopermeation, in the orthotopic HSJD-DIPG-007 pons glioma model.
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To achieve efficient co-encapsulation of VAL and PAN, the mPEG-b-p 
(HPMAm-Bz) polymer concentration was systematically increased dur
ing the micelle preparation (Fig. 3A). At increasing polymer concen
tration, the encapsulation efficiency (EE) of PAN was found to increase 
linearly, and for VAL the EE remained unchanged (Fig. 3B). Based on 
this, we used 80 mg/mL polymer and 3 mg/mL feed concentration of 
each drug to prepare the micelle formulation for our future experiments. 
This is because both VAL and PAN showed the highest EE and were co- 
loaded at a weight ratio of 1:1, enabling them to be administered at their 
respective maximum tolerated dose (indicated by red arrow; Fig. 3B-C). 
The optimized micelle formulation was subsequently characterized in 
terms of morphology, size, drug encapsulation, drug release and sta
bility. TEM image confirmed that the VAL-PAN micelles exhibited ho
mogeneous spherical morphology and a narrow size distribution 
(Fig. 3D). The double drug-loaded VAL PAN micelles displayed a mean 
size of 65 nm and polydispersity index <0.2 (Fig. 3E). Furthermore, both 
VAL and PAN were efficiently co-loaded in the micelles with an EE > 80 
% and loading capacity >3 % (Fig. 3F).

To simulate drug release under physiologically relevant (sink) con
ditions, the micelles were placed in a dialysis bag immersed in 4.5 % w/v 
bovine serum albumin-containing PBS media at pH 7.4 and at 37 ◦C. We 
found that 50 % of PAN was activated from the micelles within 1 h, 

indicating rapid burst release (Fig. 3G). On the contrary, 50 % of VAL 
was released after 48 h, highlighting a more sustained release profile 
(Fig. 3G). The stability of the co-loaded micelle formulation was also 
evaluated by storing them for prolonged periods of time at room tem
perature. We found that the concentration, size and PDI of micelles did 
not show any significant change after 4 weeks of storage (p > 0.05; 
Fig. 3H-I). Furthermore, > 80 % of VAL and PAN were still retained 
inside the micelles after 4 weeks of storage (Fig. 3J). Together, these 
results indicate that using high polymer concentrations during the 
formulation preparation result in efficient co-encapsulation of VAL and 
PAN, homogeneous micelle size, and shelf-stable micelles at room 
temperature.

2.3. Double-drug polymeric micelles improve anti-tumor efficacy in a 
subcutaneous mouse glioma model

We evaluated the efficacy of VAL plus PAN co-loaded micelles (VAL 
PAN-PM) in two different brain tumor models. GL-261 was chosen as a 
subcutaneous glioma model, because it is well-characterized and 
partially amenable to nanoparticle therapy [23]. Upon subcutaneous 
inoculation of GL-261 glioma cells, mice were i.v. administered twice 
weekly at a dose of 6 mg/kg VAL and PAN either co-loaded in micelles or 

Fig. 2. Drug synergy screening in glioma cell lines. (A) Overview of the drug synergy screening experimental setup. Eleven drugs: cabazitaxel (CBZ), docetaxel 
(DTX), paclitaxel (PTX), epirubicin (EPI), pirarubicin (PIRA), idarubicin (IDA), daunorubicin (DAU), valrubicin (VAL), doxorubicin (DOX), panobinostat (PAN), 
vorinostat (VOR); and four glioma cell lines: U-87 MG, GL-261, KNS-42, SF-8628 were employed. Upon incubating glioma cells with drug combinations in vitro, 
synergistic efficacy was assessed. Antagonism, additive and synergy scores are colour-coded in red, white and green, respectively. (B-E) Representative heat maps, 
showing that certain specific combinations of anthracyclines and HDACi resulted in moderate to strong synergy across the glioma cell lines. Scores were evaluated 
using bliss excess method derived from viability data, and represented as mean of three independent experiments. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.)

A. Dasgupta et al.                                                                                                                                                                                                                               Journal of Controlled Release 380 (2025) 818–828 

820 



co-administered as free drugs over six weeks or until tumor reached a 
size of 15 mm (Fig. 4A). At the end of the study, tumors were harvested 
and collected for histological analysis. We hypothesized that the co- 
loaded micelles would preferentially accumulate in tumors, due to 
passive endothelial leakiness and permeability processes, as well as to 
active trans-endothelial transport processes [24,25].

As depicted in Fig. 4B, the tumor growth of subcutaneously inocu
lated GL261 malignancies was prominently inhibited in mice treated 
with VAL and PAN double drug-loaded micelles. After the second 
treatment, the co-loaded micelles demonstrated more than a 3-fold 
decrease in tumor volume as compared to the free drug combination 
and to saline treated controls (p < 0.01; Fig. 4C). Computed tomography 
imaging of tumor volumes confirmed the suppression of tumor growth in 
mice treated with VAL and PAN co-loaded micelles (Fig. 4D). Moreover, 
the treatment was found to be well tolerated, as evidenced by stable 
body weights throughout the entire duration of the experiment (Fig. 4E). 
At the end of the experiment, tumors were harvested, and stained for 
Ki67 and TUNEL, to assess cell proliferation and apoptosis, respectively. 
Fluorescence microscopy analysis indicated slightly higher apoptosis 

induction for tumors treated with multidrug administered in free form or 
co-loaded in polymeric micelles (Fig. 4F-G).

2.4. Efficacy of double-drug micelles plus sonopermeation in an 
orthotopic patient-derived diffuse intrinsic pontine glioma mouse model

We finally evaluated the efficacy of VAL plus PAN co-loaded micelles 
in mice bearing orthotopic patient-derived DIPG lesions. To this end, we 
employed the HSJD-DIPG-007 model, which does not allow the 
extravasation of model drug Evans Blue indicating an intact BBB, a 
typical characteristic of DIPG lesions in patients [2,26]. The treatment 
regimen is depicted in Fig. 5A, wherein SonoVue® MB were i.v. 
administered combined with transcranial focused ultrasound (FUS). 
Subsequently, VAL and PAN were i.v. administered at a dose of 6 mg/kg 
either in free form or co-encapsulated in polymeric micelles. Treatment 
was performed once weekly, for a total of two weeks (Fig. 5A).

Representative bioluminescence images (BLI) of luciferase- 
expressing HSJD-DIPG-007 cells inoculated into the pons of mice 
showed indications of reduced signals in animals treated with multidrug 

Fig. 3. Generation of mPEG-b-p(HPMAm-Bz)-based polymeric micelles co-encapsulating valrubicin and panobinostat. (A) The polymer concentration was system
atically increased during micelle formulation to optimize the co-encapsulation of VAL and PAN. (B-C) At 80 mg/mL polymer concentration (red arrows), VAL and 
PAN showed maximal EE % and were co-loaded at a weight ratio of 1:1. (D) Transmission electron microscopy depicting spherical morphology of the co-loaded 
micelle formulation. (E-F) The micelles exhibited narrow size distribution with EE > 80 % for both drugs. (G) Drug release kinetics at physiologically sink condi
tions in 4.5 % (w/v) albumin-containing PBS media at pH 7.4. VAL was released in a sustained manner, while PAN displayed more rapid release. (H-J) Shelf-stability 
of the multidrug micelle formulations, illustrating no significant change in the micelle concentration, size, PDI, and drug retention upon 4 weeks of storage at room 
temperature. Data represent mean ± standard deviation of 3 independent micelle formulations. Statistical analyses in panels H-J were performed using two-way 
ANOVA, corrected for multiple comparisons. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.)
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micelles in combination with sonopermeation (Fig. 5B). These findings 
were most prominent at later time points, i.e., at day 23 and day 35 post 
treatment (Fig. 5B). Upon plotting absolute BLI signals vs. time curves 
for individual mice, we observed that combination treatment with VAL 
and PAN in free form and in micelles together with sonopermeation 
showed signs of tumor growth inhibition (Fig. 5C). Relative BLI over 
time curves showed that tumors in the mice treated with double drug- 
loaded micelles combined with sonopermeation tended to grow slower 
than tumors treated with the free drugs combined with sonopermeation 
(Fig. 5C).

When interpreting the results of this orthotopic DIPG tumor growth 
study, it should be noted that the patient-derived HSJD-DIPG-007 tumor 
cells that were employed have been previously shown to infiltrate the 
olfactory bulb [2]. This specific tumor growth feature massively impacts 
both the smell sensation and the food intake of mice [2]. Consequently, 
several mice lost body weight and had to be terminated preliminarily 
during the course of the experiment, compromising the statistics of the 

treatment read-outs. Furthermore, as this tumor model is known to show 
slow drug responsiveness, we extrapolated the mean BLI curve until 50 
days to predict the treatment efficacy. Mice treated with double drug- 
loaded micelles and sonopermeation displayed reduced tumor burden 
by 2–3 folds at day 50 post treatment (Supplementary Fig. S1). Despite 
being a hard-to-treat and an aggressiveness tumor model, our approach 
on combining sonopermeation and multidrug polymeric micelles dis
played early signs of treatment efficacy.

3. Discussion

Drug delivery to brain tumors is very challenging and typically re
sults in poor treatment efficacy [1,2]. Several strategies have been 
employed to improve drug targeting and therapeutic outcomes in high- 
grade brain tumors. For instance, administration of multiple drugs 
including combinations of indotecan-niraparib and temozolomide- 
doxorubicin has been used as synergistic drug combinations in brain 

Fig. 4. Valrubicin and panobinostat co-loaded micelles improve therapeutic efficacy in a non-diffuse GL-261 glioma model. (A) GL-261 cells were subcutaneously 
injected into mice. VAL and PAN were administered intravenously in polymeric micelle (co-loaded; VAL PAN-PM) or in free form (co-administered; VAL PAN), each 
at a dose of 6 mg/kg, when tumors became palpable. Treatment was performed twice weekly over six weeks or until tumor reached a size of 15 mm. Subsequently, 
tumors were harvested for ex vivo histological analysis. Micelles were hypothesized to preferentially accumulate in tumors via inter-endothelial gaps or active 
transport processes, thereby increasing the likelihood of anti-tumor efficacy. (B) Caliper-based tumor volumes of individual mice treated with saline, free VAL PAN 
and micellar VAL PAN. (C) Mean tumor volume of mice treated with VAL PAN micelles was significantly reduced after the second injection. (D) Representative 3D 
rendering CT images showing reduced tumor volume in mice treated with VAL PAN micelles. (E) Body weight measurements demonstrating good tolerability of the 
treatment. (F) Fluorescence microscopy of ex vivo tumor tissues stained for DAPI (nuclei in blue), Ki67 (cell proliferation in green) and TUNEL (apoptosis in red). 
Scale bar represents 100 μm. (G) Quantitative analysis indicates slightly higher TUNEL signals in case of VAL and PAN co-loaded micelles. Data represent mean ±
standard deviation, N ≥ 3. Statistical analysis for panel C was performed using one-way ANOVA. For panels E and G, two-way ANOVA corrected for multiple 
comparisons was used. **p < 0.01. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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tumor treatment [27,28]. Nanomedicines, such as liposomal doxoru
bicin and albumin-based paclitaxel, have also been explored to enhance 
anti-tumor efficacy [29]. An increasingly popular strategy is to combine 
MB and US to permeate the BBB, thereby facilitating the accumulation of 
drugs and drug delivery systems in the brain. This technology is 
commonly referred to as sonopermeation, and has been used to deliver 
olaparib, panobinostat, doxorubicin and Doxil® to high-grade brain 
tumors [2,16,30–32]. To date, the above-mentioned approaches have 
mostly been used in glioma models.

We here propose a multipronged nanosonochemotherapy approach, 
combining (1) a synergistic drug combination, (2) multi-drug nano
medicine and (3) BBB sonopermeation to eventually boost treatment 
efficacy in hard-to-treat brain cancers. In the context of drug synergism, 
HDAC inhibitors were combined with anthracyclines as they produced 
synergistic effects in several glioma cell lines. HDACi are known to cause 
an increase in histone H3 acetylation, thereby resulting in an open 
chromatin conformation and transcription. Subsequently, as the DNA 
becomes more accessible, anthracyclines can intercalate in the DNA 
more efficiently, thereby inducing synergistic effects [33,34]. Other 

than brain cancers, HDACi and anthracycline combinations are also 
known to have synergistic effects also in gastric cancers, breast tumors 
and lymphoma [33–35]. Next, we developed a nanomedicine formula
tion incorporating the synergistic drug combination, based on π 
electron-stabilized polymeric micelles, which can efficiently (co-)load 
hydrophobic drugs [20–22]. This polymeric micelle platform enabled 
co-loading of the synergistic drug combination in micelles, and inhibited 
tumor growth in a subcutaneous glioma model. Previously, the appli
cation of sonopermeation has been shown to improve the delivery of 
small and large molecule therapeutics including ribavirin, dextran and 
pHPMA polymer – the building block of micelle - in an in vitro BBB 
model [36,37]. Here, we employed an in vivo orthotopic DIPG model, 
and found that the application of sonopermeation and multidrug mi
celles displayed initial signs of efficacy in the pons region of the brain. 
Regarding the balance between target vs off-target delivery, we have 
previously shown that FUS application in the pons region in HSJD-DIPG- 
007 tumor significantly enhances drug accumulation in the pons area, 
while only modest or no significant drug accumulation was observed in 
other brain regions [2]. Since our study employed the same 

Fig. 5. Multidrug micelles co-loaded with valrubicin and panobinostat combined with sonopermeation show signs of efficacy in orthotopically implanted patient- 
derived HSJD-DIPG-007 xenograft gliomas in mice. (A) Luciferase-expressing HSJD-DIPG-007 cells were inoculated into the brain stem of mice. At day 14 post tumor 
implantation, SonoVue® microbubbles were infused, and they were activated by transcranial US to enhance BBB permeation and drug delivery. Immediately af
terwards, VAL and PAN were co-administered either in micellar or in free form, at a dose of 6 mg/kg. Treatment was performed once weekly for two weeks, BLI was 
performed at regular intervals to assess tumor growth and treatment response. (B) Representative BLI images illustrating reduced tumor burden for mice treated with 
co-loaded micelles and sonopermeation at day 23 and day 35 post treatment. (C) Absolute and relative BLI signals vs. time curves of individual mice treated with 
saline, free drugs and multidrug micelles in combination with sonopermeation.

A. Dasgupta et al.                                                                                                                                                                                                                               Journal of Controlled Release 380 (2025) 818–828 

823 



experimental protocol, we strongly believe that FUS application will 
also likely enhance micelle accumulation in the pons region causing 
therapeutic efficacy, while no significant accumulation is expected in 
the off-target brain regions.

Despite these encouraging findings, there are several shortcomings 
and multiple ways to further improve the performance of multidrug 
micelles and sonopermeation for brain cancer therapy. First, apart from 
evaluating the synergistic effects of the free drugs, synergism should also 
be assessed in vitro for drugs co-encapsulated in micelles. Second, p- 
glycoprotein (P-gp), a carrier-mediated efflux transporter present in 
brain tumors, is known to actively pump drugs out of cells and thereby 
resulting in ineffective drug delivery [38]. To overcome this obstacle, 
drugs such as P-gp inhibitors can also be co-encapsulated in micelles, to 
block the efflux of chemotherapy drug molecules and to further enhance 
drug retention in brain tumors. Third, for achieving enhanced thera
peutic efficacy, it will be important to maximize (nano)drug accumu
lation in brain tumors upon sonopermeation. US settings such as peak- 
negative pressure, frequency, mechanical index can be optimized to 
improve the degree of BBB permeability, thereby enhancing drug 
accumulation [39,40]. Drug properties such as albumin binding capac
ity or nanoformulation properties such as size, drug loading capacity, 
active targeting should also be optimized as they can significantly 
impact free drug vs. nanodrug accumulation [41–43]. Furthermore, 
antibody-targeted MB can be employed to promote binding to (tumor) 
blood vessels in the brain, in order to more efficiently permeate the BBB 
in metastatic lesions and improve (nano)drug accumulation [44]. 
Fourth, to elucidate the benefit of double drug-loaded micelle, it will be 
key to systematically study and compare the therapeutic efficacy of 
dual-drug micelles vs. single drug formulations. Finally, the HSJD-DIPG- 
007 model employed here grows heterogeneously, complicating effi
cient ultrasound treatment planning and execution. Moreover, the 
tumor cells in DIPG models tend to metastasize to the olfactory bulb, 
causing weight loss and negatively affecting mouse well-being, resulting 
in preliminary loss of animals from all the groups [2]. Future studies 
with more and better controllable DIPG models are needed to further 
explore and confirm the potential of nanosonochemotherapy treatment 
protocols.

The use of multidrug micelles and sonopermeation may help to 
improve drug delivery also outside of the brain. For example, in 
pancreatic cancer, blood vessels are poorly perfused and the stroma is 
known to be very dense, impeding efficient drug delivery [45]. Also in 
this situation, sonopermeation may help, as shown previously by Dim
cevski and colleagues, who demonstrated that patients with stage IV 
pancreatic had a median survival time of 18 months upon combining 
gemcitabine with ultrasound and microbubbles, as compared to only 9 
months for gemcitabine alone [46]. In such setups, one could envision 
nanosonochemotherapy protocols in which micelles or liposomes 
contain, besides an anticancer drug, also an anti-fibrotic agent, to help 
degrade the dense collagen matrix in desmoplastic tumor microenvi
ronments, thereby further augmenting drug delivery, penetration and 
efficacy [47]. Altogether, our efforts exemplify that multidrug nano
medicines combined with sonopermeation hold promise for drug de
livery applications in brain cancer and beyond.

4. Conclusion

The combination of anthracyclines and HDACi produced synergistic 
effects in glioma cell lines. Valrubicin, as an anthracycline, and pan
obinostat, as a HDACi, were efficiently co-loaded in [mPEG-b-p 
(HPMAm-Bz)]-based polymeric micelles. In mice bearing GL-261 glioma 
model, intravenously administered co-loaded micelles were shown to 
suppress tumor growth more efficiently than the co-injected free drugs. 
Finally, in a diffuse glioma model setting, we found that administering 
co-loaded micelles in combination with microbubbles and focused ul
trasound resulted in modest anti-tumor efficacy. These findings high
light the promise of combining multidrug micelles, microbubbles and 

ultrasound for improving drug delivery to and therapeutic efficacy in 
brain tumors.

5. Materials and methods

Materials. Panobinostat and vorinostat were purchased from Bio
chempartners, BCP01816 and Toronto research chemicals, M373425, 
respectively. Daunorubicin, doxorubicin and epirubicin were obtained 
from LC Laboratories (US). Idarubicin and pirarubicin were purchsed 
from AbMole BioScience (US). Valrubicin was bought from United States 
Pharmacopeia (USA). mPEG-b-p(HPMAm-Bz) block copolymer (Mn ~ 
22 kDa and D ~ 1.7 based on gel permeation chromatography) was 
purchased from Chem Connection (now Ardena). SonoVue® was pur
chased from Bracco. HSJD-DIPG-007 cells were generously provided by 
Dr. Ángel Montero Carcaboso, Sant Joan de Déu Barcelona Hospital. 
Milli-Q water was used for all experiments and all other reagents were of 
appropriate analytical grade.

High-throughput drug screening. Human cell lines used in this 
study were U-87MG (NCI), GL-261 (ATCC), KNS-42 (japanese Colleco
tion of Research Bioresources) and SF-8628 Human DIPG H3.3-L27M 
(Merk). The cells were tested for mycoplasma before use. U-87MG and 
KNS-42 were routinely cultured in EMEM medium (Sigma) supple
mented with 5 % fetal bovine serum (FBS, Sigma Aldrich), 2 mM L- 
Glutamine (Sigma Aldrich) and 100 U/mL Penicillin–Streptomycin 
(Thermo Fisher Scientific). SF8628 and GL261 were routinely cultured 
in DMEM medium (Sigma) supplemented with 10 % fetal bovine serum 
(FBS, Sigma Aldrich), 2 mM L-Glutamine (Sigma Aldrich) and 100 U/mL 
Penicillin–Streptomycin (Thermo Fisher Scientific). All cells were 
maintained at 37 ◦C with 5 % CO2 and 80 % relative humidity and 
passaged according to in-house protocols. Cells used in experiments 
never exceeded passage 25.

Cells were plated with 35 μL complete growth medium in 384-well 
black tissue culture treated plates (Corning). The seeding numbers for 
the cells were optimized to ensure that the cells dit not reach full con
fluency before the endpoint readout. The following seeding desities were 
used: U-87MG 1800 cells per well, KNS-42 3000 cells per well, GL-261 
800 cells per well and SF-8628 300 cells per well. Following seeding, 
plates were shaken (1,600 rpm, 30 s) to ensure uniform sedimentation of 
cells. Subsequently, the cells were allowed to adhere for 24 h before drug 
addition.

For the drug combination screen, all drug compounds were disolved 
in DMSO to a stock concentration of 1 mg/mL. A Tecan D300 dispenser 
was used to add the drug compounds in combinations and as single 
drugs to assay plates with the various cells. All drug compounds were 
tested at 4 concentrations (1, 10, 100, 1000 ng/mL) alone and in pair
wise combinations with the other drug compounds. Assay wells without 
the addition of drug compounds were included as referance. DMSO was 
added to the assay wells to normalize the DMSO concentration to 0.5 %. 
Three technical replicates on separate plates were included for all con
ditions. Cells were incubated at 37 ◦C with 5 % CO2 and 80 % relative 
humidity. Cell viability was assessed by reading luminescence after 10 
min incubation with the CellTiter-Glo 2.0 reagent (20 μL/well, mixed 
1:1 with PBS prior to addition) in a Beckman Coulter liquid handling 
robotic system with an integrated Molecular Devices SpectraMax i3x 
microplate reader. Drug synergy was evaluated by calculating Bliss 
excess synergy index based on the average viability of the assay wells 
relative to the viability in untreated control wells according to the 
formulae below [48]. Negative and positive values indicate synergistic 
and antagonistic effects, respectively. 

Bliss excess = Viability (Drug A+Drug B) − Viability (Drug B)
×Viability (Drug A)

(1) 

Multidrug micelle preparation. Valrubicin and panobinostat co- 
loaded polymeric micelles were prepared via a nanoprecipitation 
method [20]. To optimize the micelle formulation, different 
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concetrations of the mPEG-b-p(HPMAm-Bz) block copolymers (20, 40, 
60 and 80 mg) were mixed with 3 mg of valrubicin and 3 mg of pan
obinostat and dissolved in 1 mL of THF:methanol (1:1) organic phase. 
The solutions were added dropwise to 1 mL of Milli-Q water under 
vigorous stirring at 1000 rpm for 2 min. Subsequently, the samples were 
kept at RT for 48 h to allow evaporation of THF and methanol. The 
micellar suspension was centrifuged at 5000 g for 10 min to remove any 
precipitate, and the supernatant was collected. Later, the volume of the 
micellar formulations was adjusted to 1 mL with Milli-Q water, and the 
suspensions were filtered through a 0.45 μm polyethersulfone (PES) 
filter. Finally, the micelle formulations were stored at 40C until further 
use.

Dynamic light scattering. The hydrodynamic diameter (Z-average, 
size) and polydispersity index (PDI) of valrubicin and panobinostat co- 
loaded micelles were evaluated using a Zetasizer Nanoseries ZS90 
(Malvern instruments Ltd., UK). DLS samples were prepared by diluting 
50 μL of the micelle formulations in 950 μL of Milli-Q water in dispos
able polystyrene cuvettes. All samples were measured 3 times with 10 
runs per measurement at 25 ◦C. Finally, size, PDI, and size distribution 
histograms of the co-loaded micelles were derived based on the auto
correlation function.

Transmission electron microscopy. The co-loaded micelles were 
diluted 1000-fold in Milli-Q water. The samples were adsorbed on glow 
discharged formvar‑carbon-coated nickel grids (Maxtaform, 200 mesh, 
Plano, Wetzlar, Germany) for 10 min. TEM images were examined using 
a Hitachi HT7800 TEM (Hitachi, Tokyo, Japan), operating at an accel
eration voltage of 100 kV.

High performance liquid chromatography. To evaluate the 
loading efficiency of panobinostat in the micelles, 50 μL of VAL PAN 
micelles were diluted in 450 μL of ACN and methanol (1:1) to dissolve 
both the polymers and the drugs. Subsequently, the solution was filtered 
through 0.2 μm PTFE filters, and the amount of panobinostat was 
quantified using reversed-phase HPLC (1260 II Infinity LC system, Agi
lent technologies, USA). For the mobile phase, a gradient elution method 
was used with a ACN/water mixture ranging from 39/61 (v/v) to 65/35 
(v/v), and contained 0.1 % trifluoroacetic acid in each solvent. The in
jection volume was 25 μL and the samples were measured at a flow rate 
of 1 mL/min using a C18 column (4.6 × 150 mm, 5 μm) as a stationary 
phase. Calibration curve of panobinostat at 227 nm was generated and 
was utilized to quantify the panobinostat encapsulation in the micelles 
using the integrated area under the peak.

Panobinostat EE % and LC % was calculated as follows: 

EE =
weight of panobinostat loaded into micelles

feed weight of panobinostat
×100% (2) 

LC =
weight of panobinostat loaded into micelles
weight of loaded panobinostat and polymer

× 100% (3) 

Fluorescence plate reader. To quantify valrubicin content, 10 μL of 
co-loaded micelles were diluted in 90 μL of DMSO. This step destroyed 
the micelles and dissolved the polymer and drug. The amount of val
rubicin incorporated into the micelles was then quantified using a 
microplate reader TECAN Infinite M200 Pro (Tecan Group Ltd., Ger
many). The fluorescence excitation wavelength was set at 498 nm and 
the emission wavelength was 596 nm. Finally, EE and LC were deter
mined as follows: 

EE =
weight of valrubicin loaded into micelles

feed weight of valrubicin
× 100% (4) 

LC =
weight of valrubicin loaded into micelles
weight of loaded valrubicin and polymer

× 100% (5) 

Drug release. The release profiles of valrubicin and panobinostat 
from the micelles were evaluated under sink conditions. A solution of 
4.5 % bovine serum albumin (BSA)- in PBS at pH 7.4 was used as the 
medium. The co-loaded micelles were transferred into a Float-A-Lyzer 

dialysis device (300 kDa MWCO), and the dialysis device was sub
merged in the medium at 37 ◦C under continuous shaking. 50 μL of the 
sample was withdrawn from the dialysis device at different time points. 
To compensate the loss in volumes from the dialysis devices, 50 μL of 
fresh medium was added. The withdrawn samples were diluted 10-fold 
in a mixture of ACN and methanol (1:1), and centrifuged at 5000 g for 
10 min to remove the precipitated BSA. Subsequently, the amount of 
drug in the supernatant was determined via HPLC (Panobinostat) or 
fluorescence plate reader (valrubicin), as explained above. Finally, the 
release % of panobinostat and valrubicin were evaluated by subtracting 
the % content in the supernatant from 100 %.

Stability of multidrug micelles. Valrubicin and panobinostat co- 
loaded micelles in Milli-Q water were stored at room temperature for 
stability evaluation. The derived count rate, size and PDI were measured 
by DLS. The retention of valrubicin and panobinostat inside the micelles 
were studied over a period of 4 weeks using fluorescence plate reader or 
HPLC, respectively.

Cell culture. GL-261 cells were maintained in Dulbecco’s Modified 
Eagle’s Medium—4.5 g/L glucose (ThermoFisher) supplemented with 
10 % fetal bovine serum (PAN-Biotech) and 1 % penicillin-streptomycin 
(10,000 U/mL). Cells were maintained at 37 ◦C in a humidified incu
bator with 5 % CO2, and passaged every 3–4 days. HSJD-DIPG-007 cells 
were obtained from the University of Barcelona and were grown as 
suspension cultures in 1:1 Neurobasal-A and Advanced DMEM/F-12 
medium containing 10 mM HEPES buffer, 1 × MEM non-essential 
amino acids, 1 % GlutaMAX, 1 mM sodium oyruvate, 1 × B-27 minus 
vitamin-A, 10 ng/mL PDGF-AA, 10 ng/mL PDGF-BB (ThermoFisher), 20 
ng/mL bFGF, 20 ng/mL EGF (Princess Maxima Center pharmacy), 2 μg/ 
mL heparin (StemCell Technologies) and 1 mg/mL primocin (Inviv
oGen). Furthermore, these cells were transduced to express firefly 
luciferase using a previously described protocol, to enable in vivo 
bioluminescence imaging of tumor growth [49].

Animal experiments. All animal procedures on the GL-261 mouse 
model were approved by the German State Office for Nature, Environ
ment and Consumer Protection (LANUV) North Rhine-Westphalia. All 
experiments were performed in adherence to institutional guidelines, 
EU Directive 2010/63/EU, and the German federal law on the protection 
of animals. All animal procedures on the DIPG-HSDJ-007 model were 
performed in accordance with guidelines of the Dutch Ethical Commit
tee and the Animal Welfare Body of Utrecht University 
(AVD3990020209445, approval date: 11/02/2020). In these studies, 
injections were administered i.v. into the lateral tail vein unless stated 
otherwise.

In vivo therapy study in subcutaneous GL-261 model. 100,000 
GL-261 cancer cells were subcutaneously injected into the flank of 
BALB/cAnN-Fox1nu/nu/Rj mice (female mice, 4–8 weeks old, Janvier 
Labs). Mice were housed 20–24 ◦C, with 12 h light/dark cycle, a hu
midity of 45–65 % and under specific pathogen-free conditions, ac
cording to the guidelines of the “Federation for Laboratory Science 
Associations” (FELASA). Food and water were offered ad libitum and 
mice were housed in groups of up to 5. They were assigned individual 
earmarks enabling identification and randomly distributed in the 
treatment groups. The daily monitroing of each animal as well as per
forming the experiments were done by two experienced unblinded re
searchers. Treatment was started when tumors became palpable. Mice 
were randomly divided in three groups, n = 5: (i) saline, (ii) 6 mg/kg 
valrubicin and panobinostat in free form, (iii) 6 mg/kg valrubicin and 
panobinostat in micellar form. Treatment was continued for six weeks or 
until the tumor reached 15 mm in one dimension. Intravenous injections 
and CT imaging were performed on anesthetized mice. Inhalation 
anesthesia was induced in a chamber (Drägerwerk AG, Lübeck, Ger
many) using 5 Vol% isoflurane (Forene, Abbott, Wiesbaden, Germany) 
in oxygen, and maintained at 2–2.5 Vol%. The tumor size was evaluated 
daily via caliper measurements (width, w and length, l). To validate the 
tumor sizes, micro-computed tomography of the whole body was per
formed at the beginning and end of the experiment using the U-CT 
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device (MILabs B.V. a Rigaku Company, Utrecht, The Netherlands). In a 
full-rotation in step-and-shoot mode, 480 projections (1944 × 1536 
pixels) were acquired with an X-ray tube voltage of 55 kV, power 0.17 
mA, exposure time of 75 ms, and low-dose (≈0.1 Gy/whole body scan). 
To cover the entire animal, two subscans were acquired. Imaging data 
was processed and reconstructed using the Imalytics Preclinical software 
(Gremse-IT GmbH, Germany) for segmentation and analysis of the 
tumor size [50]. Mice were killed during isoflurane anesthesia via cer
vical dislocation. The tumor volume was calculated as follows: 

V =
l
2
×w2 (5) 

In vivo therapy study in orthotopic HSJD-DIPG-007 model. The 
HSJD-DIPG-007 model was obtained according to ‘t Hart et al. [26]. 
Briefly, 6–8-week-old male Hsd:Athymic Nude-Foxn1nu mice (Envigo, 
Horst, The Netherlands) were anesthetized by isoflurane and fixed in a 
stereotaxic platform. The skin on the scull was opened and a small hole 
was drilled at 0.8 mm posterior and 1.0 mm lateral to the lambda. 
Subsequently, a needle (5 μL Hamilton syringe fitted with a 26-gauge 
needle) was inserted 4.5 mm into the brain to reach the pontine area 
of the mouse. 0.5 × 106 cells in saline were injected at a rate of 2 μL/min. 
The needle stayed in this position for 7 mins before the needle was 
slowly removed from the brain. Before and after surgery, the animals 
were provided carprofen in the drinking water. Before the hole was 
drilled, lidocaine was placed on the skull.

Subsequently, 14 days after tumor injection, animals were treated 
with sonopermeation, after which VAL and PAN in free form or VAN and 
PAL co-loaded micelles were injected. The sonopermeation is described 
in detail by ‘t Hart and Haumann et al. [51]. Briefly, animals were 
provided buprenorphine s.c. before sonopermeation. Subsequently, an
imals were anesthesized by isoflurane and mounted on a stereotaxic 
platform. Animals were i.p. administrated with 150 mg/kg D-luciferin. A 
BLI image was acquired and was loaded into the software and the tumor 
was localized. Mice were then placed onto the stereotactic platform and 
a hydrophone (Precision Acoustics, United Kingdom) was positioned 
behind the left ear of the animal to monitor scattered cavitation signal. 
60 μL of SonoVue® MB were i.v. administered, and FUS was applied at 1 
MHz, with 1.6 Hz pulse repetition frequency and 400 kPa pressure, in a 
hexagonal pattern of 10 millisecond tone bursts. Later, VAL and PAN in 
free form or VAL and PAN co-loaded micelles were injected. After 
treatment, the tumor was monitored thrice by BLI imaging. Briefly, the 
mice were anesthetized by isoflurane and 150 mg/kg D-luciferin was i.p. 
injected in the mouse. Subsequently, an image was performed by the BLI 
and peak intensity was used to analyse the data. Absolute BLI was 
plotted to demonstrate the heterogeneity in the starting tumor volumes 
and growth curves. Furthermore, relative BLI, i.e. the ratio of BLI at day 
X to day 0, was also plotted to ensure that all mice had same starting 
relative BLI values, thereby enabling head-to-head comparisons in 
tumor growth kinetics between the groups.

Histology. After sacrificing the mice, tumors were excised and 
embedded in specimen matrix for cryosectioning (Tissue-Tek OCT, 
Sakura, USA). Frozen tumor tissue was cut in 10 μm slices using a 
cryotome (Cryostat CM3050 S, Leica Biosystems, Nussloch, Germany). 
The tumor sections were fixed with 4 % PFA for 15 min, followed by 
three times washing in PBS for 10 min. The cells were permeabilized 
using each 0.1 % of Triton-X-100 and sodium citrate in aqua dest for 2 
min, followed by three times washing in PBS for 10 min. For (immuno) 
fluorescence stainings, apoptotic (TUNEL) and proliferating (Ki-67) cells 
were marked using a TUNEL staining kit (Roche) and an anti-Ki-67 
antibody (#ab15580, Abcam). TUNEL and antibodies incubation was 
always performed in a humidified chamber in the dark, followed by a 
DAPI staining (Merck) and three times PBS washing for 10 min. Finally, 
slides were mounted with Mowiol (Carl Roth) and glass-covered. A total 
of 8 images per animal were stained, and 10× objective was used to 
image large areas (900 × 676 μm) with an average of 3,000 cells per 
image. Images were acquired using an AxioImager M2 microscopy 

system with an AxioCamMRm Rev.3 camera (Carl Zeiss Microscopy 
Deutschland GmbH). Representative images were used to count 
apoptotic and proliferating cells using QuPath [52].

Statistical analysis. Data are represented as mean ± standard de
viation. All results were analyzed using GraphPad Prism 9.1.1. Statisti
cal analysis was performed using one-way ANOVA, or two-way ANOVA 
corrected for multiple comparisons, as indicated in the figure legends. 
Significance was determined at the following cutoff points: * p < 0.05, ** 
p < 0.01, *** p < 0.001 and **** p < 0.0001.
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