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Bioinspired Adaptive Microdrugs Enhance the
Chemotherapy of Malignant Glioma: Beyond Their

Nanodrugs
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Jianping Chen, Sijia Liu, Jiahao Pan, Ying Wang, and Jun-Bing Fan*

Solid nanoparticle-mediated drug delivery systems are usually confined to
nanoscale due to the enhanced permeability and retention effect. However,
they remain a great challenge for malignant glioma chemotherapy because of
poor drug delivery efficiency and insufficient tumor penetration resulting from
the blood-brain barrier/blood-brain tumor barrier (BBB/BBTB). Inspired by
biological microparticles (e.g., cells) with excellent adaptive deformation, it is
demonstrated that the adaptive microdrugs (even up to 3.0 um in size) are
more efficient than their nanodrugs (less than 200 nm in size) to cross
BBB/BBTB and penetrate into tumor tissues, achieving highly efficient
chemotherapy of malignant glioma. The distinct delivery of the adaptive
microdrugs is mainly attributed to the enhanced interfacial binding and
endocytosis via adaptive deformation. As expected, the obtained adaptive
microdrugs exhibit enhanced accumulation, deep penetration, and cellular
internalization into tumor tissues in comparison with nanodrugs, significantly
improving the survival rate of glioblastoma mice. It is believed that the
bioinspired adaptive microdrugs enable them to efficiently cross physiological

1. Introduction

Glioma is recognized as one of the most
aggressive and malignant tumors due to
the high infiltration and invasion capabil-
ities of glioma cells.'?] The treatment of
glioma has been hindered by limited clin-
ical outcomes, attributed to the poor drug
delivery efficiency and inadequate tumor
penetration resulting from BBB/BBTB.>!
To address these challenges, numerous
studies have focused on solid nanoparticle-
mediated drug delivery systems to improve
the efficacy of chemotherapeutic drugs.[¢-®]
In designing these systems, a central
dogma is to minimize nanoparticle size
as small as possible. Based on the physi-
ological structures of BBB, nanoparticles
with sizes between 20 and 70 nm have
been identified as optimal for penetrating

barriers and deeply penetrate tumor tissues for drug delivery, providing an

avenue for the treatment of solid tumors.
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the tumor microenvironments.>!!l To
further augment their ability to cross the
BBB/BBTB, these nanoparticles are of-
ten functionalized with biomolecules,
such as cell-penetrating peptides or
BBB-targeting  ligands.'”>1  However,
even under these stringent conditions, the effectiveness of solid
nanoparticle-mediated drug delivery systems for glioma treat-
ment remains constrained.16-18]

The BBB/BBTB primarily consists of endothelial cells with
tight junctions, pericytes, astrocytic endfeet, and tumor cells.[']
To improve the crossing of the BBB/BBTB, the underlying sci-
ence of drug delivery systems remains to regulate the interac-
tion between drug particles and cells, such as enhancing their in-
terfacial binding, endocytosis, and transcytosis. Therefore, there
is an imperative need for new efficient solutions to further am-
plify the interaction to enhance the crossing of the BBB/BBTB.
In living systems, biological microparticles, such as cells, with
sizes even larger than 10 um, have the ability to transport a sig-
nificant amount of cargo and traverse various physiological bar-
riers with ease.?-2] This phenomenon raises profound ques-
tions: how do these micro-sized microparticles possess the ca-
pability to cross such barriers freely? The answer appears to be
their exceptional adaptive deformation capacities, which allow
them to deform multiple times to navigate through diverse phys-
iological barriers, beyond molecular recognition. Furthermore,
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these adaptive deformation capacities facilitate cell-to-cell com-
munication by increasing their contact interfaces.[**! Inspired
Dy this living phenomenon, the concept of adaptive deformation
may provide an alternative solution for drug delivery systems to
further amplify the interaction between drug particles and cells
(such as endothelial cells and tumor cells). Due to the increase in
contact interfaces resulting from adaptive deformation, there is
potential for enhanced interfacial binding and downstream en-
docytosis, which is beneficial to improving the crossing of the
BBB/BBTB.

Herein, inspired by the biological microparticles with excel-
lent adaptive deformation capacity, we demonstrated that micro-
sized microdrugs could efficiently cross BBB/BBTB when en-
dowed with good adaptive deformation capacity. Different from
the traditional concept, we found that the adaptive microdrugs
were more efficient than their nanodrugs in bringing drugs into
the glioblastoma tissues, allowing efficient accumulation, deep
penetration, and cellular internalization, thus greatly enhanc-
ing the anti-tumor efficacy of malignant glioma. In our design,
we used cross-linkable methoxy polyethylene glycol-sodium algi-
nate to fabricate adaptive drug particles, as proof of concept.[2-30]
Briefly, methoxy polyethylene glycol (mPEG)-oxidized sodium al-
ginate (mPEG-OSA) was firstly mixed with DOX, which was then
crosslinked to fabricate the adaptive drug particles in the pres-
ence of CaCl, under shearing. Subsequently, the obtained adap-
tive drug particles were further modified with ¢(RGDyK) pep-
tide (capable of binding with integrin avf3 receptor expressed
in neovascular endothelial cells and glioma cells).*'3%] During
the process of drug delivery, the receptor-ligand interaction pro-
vided the first driving force to achieve interfacial binding between
adaptive drug particles and cells. Subsequently, adaptive defor-
mation of the drug particles played its role in efficiently cross-
ing BBB/BBTB by adaptive deformation-mediated endocytosis.
In the downstream, they also exhibited excellent transcytosis ca-
pacity to allow deep penetration into tumor tissues. Therefore,
adaptive deformation-enhanced receptor-ligand-interfacial bind-
ing and endocytosis were the main contributions to the enhance-
ment of BBB/BBTB crossing and tumor tissue penetration of
adaptive drug particles. Owing to the more powerful binding ca-
pacity of microdrugs with cells, the adaptive microdrugs exhib-
ited more efficient drug delivery capacity and were able to carry
more drugs into cells than their nanodrugs. In addition, some
adaptive microdrugs and nanodrugs may also cross BBB/BBTB
due to leakage, which occurs as a consequence of the broken
integrity of the BBB during the progression of glioma. As ex-
pected, the enhanced accumulation, penetration, and cellular in-
ternalization of the adaptive microdrugs would be achieved, sig-
nificantly promoting the chemotherapy efficiency of malignant
glioma (Figure 1).

2. Results and Discussion

2.1. Synthesis, Characterization, and Biological Activities of the
Bioinspired Adaptive Nanodrugs and Adaptive Microdrugs In
Vitro

The bioinspired adaptive drug particles (including adaptive nan-

odrugs and adaptive microdrugs) were fabricated by crosslink-
ing DOX@mPEG-OSA under shearing and then modified with

Adv. Mater. 2024, 36, 2405165

2405165 (2 of 13)

www.advmat.de

c(RGDyK). In brief, mPEG-NH, was initially reacted with OSA-
COOH through an amidation reaction to produce mPEG-OSA.
Subsequently, DOX was encapsulated into the mPEG-OSA us-
ing Ca** crosslinking under shear conditions, resulting in the
creation of DOX@mPEG-OSA drug particles. These particles
were then further modified with ¢(RGDyK) via a reaction be-
tween the residual carboxyl groups of the OSA in mPEG-OSA
and the amino groups of ¢(RGDyK). Consequently, the bioin-
spired adaptive drug particles could be fabricated. In our study,
we defined that the adaptive drug particles with a size of more
than 0.5 um were adaptive microdrugs (AMD), while those with
a size of less than 0.5 pm were adaptive nanodrugs (AND). The
optimal molar ratio of mPEG and the alginate units in OSA in
fabricating adaptive particles was 1:10, as indicated by the cellu-
lar uptake and antiproliferation in GL261 cells (Figures S1 and
S2, Supporting Information). The composition of mPEG-OSA-
¢(RGDyK) was confirmed by '"H NMR and FTIR spectra (Figure
S3, Supporting Information).3#! As shown in Figure 2A, adap-
tive drug particles with different sizes from 0.12 + 0.03 to 3.25
+ 0.12 pm were fabricated by adjusting the shear velocity, as in-
dicated by dynamic light scattering (DLS) (Figure 2A,B; Figure
S4 and Table S1, Supporting Information). Transmission elec-
tron microscopy (TEM) images showed that the sizes of these
adaptive drug particles were approximately shrunk in half after
dehydration (Figure 2B,C; Figure S5, Supporting Information).
In addition, the stability of adaptive nanodrugs and microdrugs
in 50% FBS condition was evaluated. The results from DLS anal-
ysis indicated that the stability of these adaptive nanodrugs and
microdrugs was excellent when maintained in a 50% FBS en-
vironment (Figure S6, Supporting Information). Furthermore,
we assessed their stability in mouse blood after intravenous ad-
ministration at intervals of 0.5, 3, 6, 12, and 24 h. DLS results
indicated that the sizes of adaptive nanodrugs and microdrugs
nearly had no changes over the period from 0.5 to 24 h (Figure
S7, Supporting Information). In addition, TEM images demon-
strated that these adaptive microdrugs (AMD-0.8 um) adsorbed a
minimal quantity of proteins in blood after 0.5, 3, 6, 12, and 24 h
of intravenous injection, yet maintained their original morpholo-
gies and monodispersity across different time points (Figure
S8A, Supporting Information). When these adaptive drug par-
ticles were delivered into glioma tissues, they exhibited nearly
unchanged morphologies (Figure S8B, Supporting Information).
These results indicated that the adaptive nanodrugs and micro-
drugs had excellent stability and were resistant to disintegra-
tion in blood post-intravenous injection. UV-vis spectra revealed
that the adaptive drug particles had obvious absorption peaks of
DOX at 480 nm, indicating that DOX was successfully encap-
sulated (Figure S9, Supporting Information). The encapsulation
efficiency and loading efficiency of DOX are shown in Table S2
(Supporting Information).

We first explored the entry mode of these adaptive drug
particles with different sizes in bEnd.3 and GL261 cells in
the presence of endocytic inhibitors (Figure S10, Support-
ing Information). In bEnd.3 cells, the nanodrugs of AND-
0.1 pm, AND-0.2 um, AND-0.4 um proceeded with clathrin-
mediated endocytosis and caveolin-mediated endocytosis. Micro-
drugs of AMD-0.8 um proceeded with both clathrin-mediated
and caveolin-mediated endocytosis; whereas the cellular uptake
of AMD-1.5 ym and AMD-3.0 ym were mainly proceeded with
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Figure 1. Schematic illustration of the bioinspired adaptive nanodrugs and microdrugs for the treatment of malignant glioma. The bioinspired adaptive
drug particles (including adaptive nanodrugs and adaptive microdrugs) were fabricated by crosslinking doxorubicin (DOX) loaded methoxy polyethylene
glycol (mPEG)-oxidized sodium alginate (mPEG-OSA) under high-speed shearing and then modified with c(RGDyK). The obtained adaptive drug particles
could first be interfacially bound through the interaction between c(RGDyK) and integrin avf3 receptor in neovascular endothelial and glioma cells.
Subsequently, these bound adaptive drug particles enabled them to deform to efficiently cross BBB/BBTB by adaptive deformation-enhanced endocytosis.
Owing to more powerful binding capacity of microdrugs with cells, the adaptive microdrugs exhibited more efficient drug delivery capacity and were able
to carry more drugs into cells than their nanodrugs. In addition, some adaptive microdrugs and nanodrugs may also cross BBB/BBTB due to leakage
as a result of BBB dysfunction. Thus, micro-sized microdrugs could also efficiently cross BBB/BBTB and penetrate into tumor tissues when endowed
with good adaptive deformation capacity, allowing the enhanced accumulation, deep penetration, and cellular internalization into tumor tissues in
comparison with nanodrugs.
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Figure 2. Synthesis, characterization and biological activities of the bioinspired adaptive nanodrugs and microdrugs. A) Schematic illustration of the
obtained adaptive nanodrugs and microdrugs with different sizes. B) The sizes of the obtained adaptive nanodrugs and microdrugs in swelling and
shrinking states. TEM images showed the sizes of these adaptive nanodrugs and microdrugs were approximately shrunk in half after dehydration. C)
TEM images of the obtained adaptive nanodrugs and microdrugs with different sizes. Scale bars in the three images on the left: 200 nm; Scale bars in
the three images on the right: 300 nm. D) The cellular uptake of DOX within adaptive nanodrugs and microdrugs in GL261 cells quantified by the same
dose of DOX (2.5 ug mL™"), as detected by flow cytometry. E) The cellular uptake of DOX within adaptive nanodrugs and microdrugs in GL261 cells
quantified by the same particle number (8 x 1012 particles mL™"), as detected by flow cytometry. The results indicated that the adaptive microdrugs had
more efficient internalization capacity than that of their nanodrugs. F) The DOX loading weight per particle with different sizes. G) Schematic illustration
of the in vitro BBB model constructed by bEnd.3 and GL261 cells. H) Confocal 3D images of the adaptive nanodrugs and microdrugs crossing BBB
in the in vitro BBB model. In addition to nanodrugs, microdrugs with approximate sizes of 1.5 and 3.0 um also effectively traversed the BBB. Scale
bars: 50 um. 1) In vivo fluorescence images of orthotopic intracranial GL261-luc glioma mice at 96 h after administration of Cy7 and Cy7-AND-0.1 um,
Cy7-AMD-0.8 um, Cy7-AMD-1.5 um, and Cy7-AMD-3.0 um. Results are represented as mean + SD (n = 3), *P < 0.05, **P < 0.01, ***P < 0.001.
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macropinocytosis. Similar results were also observed in GL261
cells. The results indicated that these adaptive drug particles with
different sizes enabled entry into cells through different path-
ways. Next, the cellular uptake of DOX and adaptive drug par-
ticles with different sizes were detected by Flow cytometry in
GL261 cells. We used the same dosage of DOX within adaptive
drug particles or the same number of adaptive drug particles to
compare the cellular uptake of DOX within adaptive nanodrugs
and adaptive microdrugs, respectively. The results showed that
the adaptive microdrugs (AMD-0.8 um, AMD-1.5 um) exhib-
ited more efficient internalization capacity than that of their
nanodrugs (AND-0.1 ym, AND-0.2 um). Among them, AMD-
0.8 um showed the best internalization capacity. In these in-
ternalized particles, the intracellular uptake of DOX in AMD-
0.8 um was =~3.2-fold higher than in AND-0.1 um and 2.1-fold
higher than in AND-0.2 um. The order of intracellular uptake of
DOX in internalized particles was: AMD-0.8 ym > AMD-1.5 ym
> AMD-3.0 pm > AND-0.4 um > AND-0.2 um > AND-0.1 um
(Figure 2D,E). To investigate why these adaptive microdrugs were
more efficient than their nanodrugs in internalization, we de-
tected the DOX loading weight in one particle by nanoparticle
tracking analysis (NTA) and UV-vis. The results indicated that
the DOX loading weight in one particle increased with an in-
crease of particle size (Figure 2F). These results demonstrated
that adaptive microdrugs were able to carry more drugs into cells
than their nanodrugs because of greater drug loading capacity. In
other words, one adaptive microdrug was comparable to several
nanodrugs in bringing drugs into a cell.

2.2. The Crossing BBB Capacity and Antitumor Efficacy of
Adaptive Nanodrugs and Adaptive Microdrugs In Vitro and In
Vivo

To evaluate the BBB-crossing capacity of the adaptive drug parti-
cles with different sizes, we constructed an in vitro BBB model
using bEnd.3 and GL261 cells. The bEnd.3 cells were seeded and
cultured on collagen I in the upper transwell chamber, while
GL261 cells were seeded and cultured on a coverslip in the lower
chamber (Figure 2G). The expression of ZO-1, Claudin-1, and
PECAM-1 proved that the in vitro BBB model was successfully
constructed (Figure S11, Supporting Information). The results
indicated that these adaptive drug particles with different sizes
crossed the in vitro BBB from bEnd.3 cells to downstream GL261
cells more efficient than DOX (Figure 2H; Figure S12, Support-
ing Information). In addition, the adaptive microdrugs, even with
sizes of ~1.5 and 3.0 um, also crossed the BBB efficiently. To
further confirm these capacities in vivo, we investigated the tu-
mor targeting and BBB-crossing capacity of Cy7-labeled adap-
tive drug particles with different sizes in nude mice bearing in-
tracranial GL261-Luc tumors via intravenous injection (Figure
S13, Supporting Information). Real-time images of biodistribu-
tions of free Cy7 and Cy7-labeled adaptive nanodrugs and mi-
crodrugs with different sizes were observed at different times af-
ter administration, through which the tumors were monitored
by the bioluminescence of GL261-Luc cells (Figure S13A, Sup-
porting Information). Mice were sacrificed at 96 h, and the ma-
jor organs (heart, liver, spleen, lung, kidney, and brain) were ex-
cised for comparison of drug accumulation by perfusion. The
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results showed that these adaptive nanodrugs and microdrugs
were mainly distributed in the liver, kidney, spleen, and tu-
mor (Figure 2I; Figure S13B, Supporting Information). The Cy7-
AMD-0.8 um exhibited the highest accumulation in the tumor,
suggesting that they possessed the best capacity to cross BBB
and target glioma tissues. Moreover, we observed that Cy7-AMD-
1.5 pm and Cy7-AMD-3.0 um could also cross BBB and efficiently
accumulate in tumor tissues.

We next assessed the anti-glioma efficacy of PBS, DOX, and
the obtained adaptive drug particles with different sizes in the
orthotopic GL261-Luc glioblastoma xenograft mice (Figure 3A).
The results indicated that the adaptive microdrugs, even with a
size of 0.8, 1.5, and 3.0 um could also cross the BBB to achieve
therapeutic effects on gliomas. As expected, they exhibited more
efficient anti-glioma efficacy than their nanodrugs. In particular,
the AMD-0.8 um group presented the best anti-glioma efficacy
in comparison with the other treatment groups (Figure 3B,C;
Figure S14, Supporting Information). The order of median sur-
vival time was: AMD-0.8 ym (66 d) > AMD-1.5 um (54 d) >
AMD-3.0 um (46 d) > AND-0.4 um (38 d) > AND-0.1 um (35
d) > AND-0.2 um (34 d) > DOX (27 d) and PBS (24 d). Further-
more, we performed immunohistochemical analyses of Ki67 and
CD34, which are markers of cell proliferation and endothelial-
lined blood vessels, respectively (Figure 3D). The expression lev-
els of Ki67 and CD34 in each group were as follows: PBS > DOX
> AND-0.2 ym > AND-0.1 ym > AND-0.4 ym > AMD-3.0 ym >
AMD-1.5 ym >AMD-0.8 pm (Figure S15, Supporting Informa-
tion). These results suggested that micro-sized adaptive micro-
drugs (AMD-0.8 pm, AMD-1.5 ym, and AMD-3.0 pm) could cross
the BBB to penetrate into tumor tissues and exhibited more effi-
cient capacity than their nanodrugs (AND-0.1 um, AND-0.2 um,
and AND-0.4 um) to suppress the growth of glioma.

2.3. The Mechanism of Adaptive Microdrugs on Crossing
BBB/BBTB for Enhanced Glioma Chemotherapy

We have proposed that, like natural biological microparticles
(e.g., cells), the adaptive deformation capacity of these micro-
sized microdrugs may play a key role in crossing BBB/BBTB for
efficient drug delivery and downstream glioma chemotherapy.

2.3.1. Fabrication of the Three Kinds of Adaptive Microdrugs with
Different Viscoelasticities

To verify our proposal, three kinds of adaptive microdrugs (AMD-
103 kPa, AMD-5.8 MPa, and AMD-15.4 MPa) with similar hy-
drodynamic diameters (approximately 0.85 um) but different vis-
coelasticities were controllably fabricated by adjusting the con-
centration of CaCl, (Figure 4A; Figure S16 and Table S3, Sup-
porting Information). The viscoelasticity of these adaptive mi-
crodrugs was determined by atomic force microscopy (AFM) and
the results demonstrated that the elastic modulus of the obtained
adaptive microdrugs was increased with the increase of the con-
centration of CaCl, (Figure 4B; Figure S17, Supporting Informa-
tion). Accordingly, their modulus were 103 + 0.04 kPa (AMD-
103 kPa), 5.8 + 0.31 MPa (AMD-5.8 MPa), and 15.4 + 0.23 MPa
(AMD-15.4 MPa), respectively. Moreover, to investigate the stabil-
ity of obtained adaptive microdrugs, we selected 50% fetal bovine
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Figure 3. The antitumor efficacy of adaptive nanodrugs and microdrugs in the orthotopic GL261-Luc glioblastoma xenograft mice model. A) In vivo
imaging system (IVIS) bioluminescent images of representative glioma-luc-bearing mice from each treatment group at different times. B) The biolumi-
nescent signal intensity curve of each treatment group (n = 6). Normalized to 0 days of glioma-luc-bearing mice in all groups. C) Kaplan—-Meier survival
curves of the mice in each treatment group. D) Representative immunohistochemistry images of Ki67 for cell proliferation and CD34 for the detection
of endothelium vessels in tumor tissues in each treatment group. The results indicated that the adaptive microdrugs, even with a size of 0.8, 1.5, and
3.0 um exhibited more efficient anti-glioma efficacy than their nanodrugs. Scale bars: 100 um. Results are represented as mean + SD (n = 6), *P < 0.05,
**P < 0.01, ***P < 0.001.
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serum (FBS) solution to mimic blood conditions, and the re-
sult showed the size and polydispersity index (PDI) of the ob-
tained adaptive microdrugs (AMD-103 kPa, AMD-5.8 MPa, and
AMD-15.4 MPa) did not change significantly within 168 h, in-
dicating their excellent stability (Figure S18, Supporting Infor-
mation). Moreover, the obtained adaptive microdrugs exhibited
good pH-responsive drug release due to the imine bond formed
by the aldehyde of OSA and amino of DOX (Figure S19, Sup-
porting Information).[*>*3] These results demonstrated that the
bioinspired adaptive microdrugs with controllable viscoelastici-
ties could be successfully fabricated.

2.3.2. The Biological Activities of the Three Kinds of Adaptive
Microdrugs with Different Viscoelasticities In Vitro

We investigated the in vitro biological activities of the three kinds
of adaptive microdrugs (AMD-103 kPa, AMD-5.8 MPa, and AMD-
15.4 MPa). Glioma cells LN229, GL261, U251, human cerebral
microvascular endothelial bEnd.3 cells with positive expression
of avp3 integrins, and normal glial HEB cells with negative con-
trol were selected to investigate the biological activities of adap-
tive microdrugs in vitro (Figure S20, Supporting Information).
The cellular uptake results indicated that the three kinds of adap-
tive microdrugs modified with ¢(RGDyK) could significantly en-
hance the uptake of avp3-positive GL261 and bEnd.3 cells com-
pared to those without modification, confirming the effect of
receptor-ligand binding on the particle—cell interaction (Figure
S21, Supporting Information). Compared to free DOX, the three
kinds of adaptive microdrugs (modified with ¢(RGDyK)), espe-
cially the AMD-5.8 MPa, showed excellent internalization capac-
ity in GL261, LN229, U251, and HEB cells (Figure 4C; Figure
S22, Supporting Information). Meanwhile, we used a laser scan-
ning confocal microscope to observe the cellular uptake of DOX
and 5-amino fluorescein-labeled adaptive microdrugs in GL261
cells. The results showed that the adaptive microcarrier of mPEG-
OSA (labeled with 5-amino fluorescein) with green fluorescence
was mainly located in the cytoplasm, while the loaded DOX with
red fluorescence was observed in the nucleus. Among these mi-
croparticles, AMD-5.8 MPa exhibited much higher cellular up-
take than other groups (free DOX, AMD-103 kPa, and AMD-
15.4 MPa) (Figure 4D; Figure S23, Supporting Information). Sim-
ilar results were also observed in U251 cells (Figure S24, Support-
ing Information). Accordingly, AMD-5.8 MPa exhibited the best
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antiproliferation in GL261 and LN229 cells. While the adaptive
microcarrier of mPEG-OSA had no obvious cytotoxicity (Figure
S25 and Table S4 , Supporting Information). Furthermore, we
compared the penetration ability of AMD-5.8 MPa and free DOX
in multicellular GL261 spheroids (Figure S26, Supporting Infor-
mation). The results indicated that the penetration capacity of
adaptive microdrugs (AMD-5.8 MPa) significantly surpassed that
of free DOX, indicating their superior penetration within multi-
cellular tumor spheroids.

Subsequently, we observed the interfacial interaction between
the adaptive microdrugs and GL261 cells. When the three kinds
of spherical adaptive microdrugs arrived on the surface of GL261
cells, an obvious viscoelastic deformation could be observed, re-
spectively. Interestingly, the three kinds of spherical adaptive mi-
crodrugs showed different entrances into the GL261 cells. The
AMD-103 kPa deformed into an excessive shape (oblate), while
the AMD-5.8 MPa deformed into a prolate ellipsoid. By con-
trast, the AMD-15.4 MPa only deformed slightly due to its higher
modulus (Figure 4E). These results indicated that the adaptive
deformation of microdrugs played a critical role in the intra-
cellular uptake; however, it is not that softer microdrugs were
more easily taken up by cells. We investigated the binding ca-
pacity of receptor-ligand between adaptive microdrugs and avp3-
positive bEnd.3 cells. The receptor-ligand binding between adap-
tive microdrugs and bEnd.3 cells enabled to reduction of the
intracellular free energy, which drove the membrane wrapping
for microdrug internalization.[*/l The dissociation constant K
of the adaptive microdrugs was calculated by dynamic equilib-
rium assay.[**°l As shown in Figure 4F, the Kj, of the three kinds
of adaptive microdrugs with different viscoelasticities increased
with increasing the modulus. Also, the K}, was highly dependent
on the size of adaptive drug particles. These results indicated that
more efficient deformation or larger particle size was, the lower
K, was, indicating a more powerful binding capacity of micro-
drugs with cells than their nanodrugs (Figure 4G).

_IRY(L),

[R]yis the concentration of free R (receptor), [L],is the concentra-
tion of free L (ligand), and [RL] is the concentration of receptor—
ligand complex.

Figure 4. The mechanism of adaptive microdrugs with different viscoelasticities to cross BBB/BBTB for efficient glioma chemotherapy. A) Schematic
illustration and TEM images of the obtained adaptive microdrugs. Three kinds of adaptive microdrugs with similar sizes but different viscoelasticities
could be controllably fabricated. Scale bars: 200 nm. B) The Young’'s modulus of the obtained adaptive microdrugs. The Young’s modulus of these
adaptive microdrugs was 103 + 0.04 kPa (AMD-103 kPa), 5.8 + 0.31 MPa (AMD-5.8 MPa), and 15.4 + 0.23 MPa (AMD-15.4 MPa), respectively. C)
Flow cytometry detection of the cellular uptake of DOX and adaptive microdrugs in GL261 cells. D) Laser scanning confocal microscope images of the
intracellular localization of 5-amino fluorescein-labeled adaptive microdrugs in GL261 cells. Scale bars: 20 um. Compared to free DOX, the three kinds of
adaptive microdrugs, especially the AMD-5.8 MPa, exhibited more efficient internalization capacity. E) The process of the endocytosis of AMD-103 kPa,
AMD-5.8 MPa, and AMD-15.4 MPa in GL261 cells. Membrane actin and adaptive microdrugs were labeled by phalloidin (green) and Cyanine5.5 (red),
respectively. Scale bars: 2 um. The AMD-103 kPa deformed into an excessive shape (oblate), while the AMD-5.8 MPa deformed into a prolate ellipsoid.
By contrast, the AMD-15.4 MPa only deformed slightly due to its higher modulus. F,G) Binding capacity analysis. Effect of dissociation constant K
for different-viscoelastic or different-sized adaptive drug particles. The results indicated that more efficient deformation or larger particle size was, the
lower Ky was, indicating a more powerful binding capacity of microdrugs with cells than their nanodrugs. H,1) Effects of temperature and mitochondrial
inhibitor sodium azide (NaN3) on adaptive microdrugs with various viscoelasticities or sizes intracellular uptake in bEnd.3 cells. The results suggested
that although the excessive deformation or larger particle size could enhance the multivalent binding between adaptive microdrugs and cells due to the
increase of their contact areas, softer particles (AMD-103 kPa) or larger particles (such as AMD-3.0 um) required more energy for membrane wrapping.
Results are represented as mean + SD (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001.
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Furthermore, we tested the energy expenditure of internaliz-
ing the adaptive nanodrugs and microdrugs in bEnd.3 and GL261
cells by treating them with 4 °C or mitochondrial ATP inhibitor
(NaNj), respectively. The results indicated that when cells were
incubated at 4 °C or treated with NaNj, the internalization capac-
ity of the three kinds of viscoelastic microdrugs, especially the
AMD-103 kPa, was dramatically decreased. The result suggested
that softer microparticles (AMD-103 kPa) needed much more en-
ergy for membrane wrapping than the AMD-5.8 MPa and AMD-
15.4 MPa during the cellular internalization process (Figure 4H;
Figure S27, Supporting Information). In addition, adaptive mi-
crodrugs needed much more energy for cellular internalization
than those nanodrugs, especially the AMD-1.5 um and AMD-
3.0 ym (Figure 41I; Figure S28, Supporting Information). The
above results suggested that although the excessive deformation
or larger particle size could enhance the multivalent binding be-
tween adaptive microdrugs and cells due to the increase of their
contact interfaces, softer particles (AMD-103 kPa) or larger parti-
cles (such as AMD-3.0 um) required more energy for membrane
wrapping to proceeded the downstream endocytosis.[*’] There-
fore, we may conclude that moderate deformation and size of
adaptive microdrugs (such as AMD-0.8 um with a modulus of
5.8 mPa) are essential for crossing BBB/BBTB. In these adaptive
microdrugs, the multivalent interfacial binding and endocytosis-
associated energy consumption may reach a state of maximum
equilibrium. This results in a more efficient crossing of the
BBB/BBTB compared to other adaptive drug particles.

2.3.3. The Biological Activities of the Three Kinds of Adaptive
Microdrugs with Different Viscoelasticities In Vivo

Next, the in vivo biodistribution and tumor-targeting capacity of
Cy7-labeled adaptive microdrugs were investigated. We first de-
tected the retention of Cy7 and Cy7-labeled adaptive microdrugs
with different viscoelasticities in the blood of SD rats. The re-
sults indicated that the fluorescent signal of Cy7-AMD-5.8 MPa
was stronger than that of Cy7, Cy7-AMD-103 kPa, and Cy7-AMD-
15.4 MPa, even after 120 h (Figure S29, Supporting Informa-
tion). Subsequently, we measured the DOX concentration in the
plasma of SD rats at different times after intravenous injection
of DOX, AMD-103 kPa, AMD-5.8 MPa, and AMD-15.4 MPa. The
results indicated that the maximum concentration and half-life
of DOX in AMD-5.8 MPa were significantly higher than that
in free DOX, AMD-103 kPa, and AMD-15.4 MPa (Figure S30
and Table S5, Supporting Information). Next, we detected the
accumulation of the three kinds of adaptive microdrugs in tu-
mors. The Cy7-AMD-5.8 MPa exhibited the highest accumula-
tion in tumors, which was 27, 5.8, and 3.5 times as high as
the Cy7, Cy7-AMD-103 kPa, and Cy7-AMD-15.4 MPa, respec-
tively (Figure S31, Supporting Information), suggesting that Cy7-
AMD-5.8 MPa possessed the best capacity to cross BBB and target
glioma tissues. Furthermore, we detected the DOX concentration
inorgansat1, 6, and 24 h after intravenous administration of free
DOX and the three kinds of adaptive microdrugs (AMD-103 kPa,
AMD-5.8 MPa, and AMD-15.4 MPa). It was found that the DOX
accumulation of adaptive microdrugs (AMD-103 kPa (2.13% +
0.30%), AMD-5.8 MPa (5.43% =+ 0.36%), and AMD-15.4 MPa
(3-23% + 0.18%)) in tumor tissues at 24 h were significantly

Adv. Mater. 2024, 36, 2405165

2405165 (9 of 13)

www.advmat.de

higher than that in the free DOX group (0.11% =+ 0.06%), es-
pecially in AMD-5.8 MPa (Figure S32, Supporting Information).
As time extended to 120 h, the drug delivery efficiency of AMD-
5.8 MPa remained stable at 3.8% + 0.07% (Figure 5A). We investi-
gated the interaction between the reticuloendothelial system and
adaptive microdrugs by measuring the cellular uptake of adaptive
microdrugs in RAW264.7 (Figure S33, Supporting Information).
The results indicated that the cellular uptake of these adaptive mi-
crodrugs in RAW264.7 was increased with the increase of mod-
ulus, indicating that immune systems may tend to phagocytize
more stiffness particles, which is consistent with the results of
previous reports.!*3% It was widely recognized that the interfa-
cial interaction between drug delivery systems and cells signif-
icantly influences their fates, including transport, metabolism,
and distribution. Aside from deformation, strategies such as mul-
tiple ligand synergistic modification (utilizing angiopep-2 pep-
tide, ApoE peptide, transferrin, and so on), autologous cell /tissue-
derived active biomaterials as delivery vehicles (extracellular vesi-
cles, extracellular matrix hydrogel) or employing cell membrane
camouflage may offer an alternative approach to further enhance
drug delivery efficiency in tumor tissues.

In addition, we detected the accumulation of AMD-5.8 MPa
in intracranial GL261-luc-bearing mice to further verify the tar-
geting and penetration capacity. In a full-field image of brain tis-
sues by fluorescence microscopy imaging system BZ-X800E, a
high abundance of AMD-5.8 MPa was observed accumulation
in the whole glioma tissues, while they were rarely observed
in the normal brain tissues, indicating excellent tumor target-
ing and permeation capacity (Figure 5B). Similarly, TEM im-
ages also indicated that AMD-5.8 MPa has an excellent ability
to cross BBB/BBTB and penetrate into tumors in the brains of
intracranial GL261-luc bearing mice (Figure 5C; Figure S34B,
Supporting Information). Furthermore, we used a laser scan-
ning confocal microscope and TEM to assess the ability of adap-
tive microdrugs (AMD-5.8 MPa) to cross BBB/BBTB and intra-
tumor distribution post-intravenous administration in intracra-
nial GL261-bearing mice at different times. As shown in Figure
S34A (Supporting Information), at 0.5 h, a significant portion of
the cy5-labeled AMD-5.8 MPa (purple) was observed in the tu-
mor blood vessels (green, marked with CD34). However, some
of these particles were also seen to be extravasating from the tu-
mor blood vessel into the tumor tissues, indicating that there is
an active crossing of BBB/BBTB and penetrating brain tumor
tissue. With the extension of time, more and more cy5-labeled
AMD-5.8 MPa were observed to be distributed in the glioma tis-
sues. The efficient BBB/BBTB crossing and penetration capaci-
ties of AMD-5.8 MPa should be associated with their good tran-
scytosis. Previous studies have demonstrated that transcytosis
is associated with caveolin-mediated endocytosis.l>!! Our exper-
iments showed that the cellular uptake of AMD-103 kPa, AMD-
5.8 MPa, and AMD-15.4 MPa mainly proceeded with caveolin-
mediated endocytosis in GL261 cells (Figure S10, Supporting In-
formation). Therefore, we investigated the transcytosis ability of
adaptive microdrugs from GL261 cells to GL261 cells using DOX
as a control by flow cytometry (Figures S35 and S36, Support-
ing Information).®?l The GL261 cells (A cells, red subpopula-
tion) were co-incubated with adaptive microdrugs for 4 h. Fol-
lowing this, the culture medium of the GL261 cells (A cells, red
subpopulation) was replaced and Hochest33342-stained GL261
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cells (B cells, orange and blue subpopulation) were introduced
and co-incubated for an additional 1.5 h. Flow cytometry detected
dual-fluorescent channels (PE/DOX and V450/Hochest33342)
and the cells with PE+V450+ (blue subpopulation) were gated
to their transcytosis efficiency. First, we compared the transcyto-
sis capability of adaptive microdrugs with or without ¢(RGDyK)-
modification. The results indicated that the adaptive microdrugs
(with ¢(RGDyK)-modification) exhibited better transcytosis ef-
fects than those of adaptive microdrugs (without c¢(RGDyK)-
modification), suggesting that receptor-mediated endocytosis
could enhance their transcytosis efficiency.>*** In particular,
AMD-5.8 MPa (with ¢(RGDyK)-modification) presented the best
transcytosis efficiency (Figure 5D). Furthermore, we compared
the transcytosis capabilities of adaptive nanodrugs and micro-
drugs. The results indicated that adaptive microdrugs exhib-
ited superior transcytosis capacity compared to their adaptive
nanodrugs. Notably, the AMD-0.8 um variant exhibited an even
greater transcytosis ability (Figure S37, Supporting Information).
These results demonstrated that the obtained adaptive micro-
drugs, especially the AMD-5.8 MPa, exhibited excellent capaci-
ties for crossing BBB/BBTB, tumor targeting, and transcytosis,
allowing effective accumulation and deep permeation in glioma
tissues, which is beneficial to improve the antitumor efficacy.

2.3.4. The Antitumor Efficacy of Three Kinds of Adaptive Microdrugs
with Different Viscoelasticity In Vivo

Next, we assessed the antitumor efficacy of PBS, DOX, AM-
0.8 um, and the obtained adaptive microdrugs (AMD-103 kPa,
AMD-5.8 MPa, and AMD-15.4 MPa) in intracranial GL261-luc
xenograft mice. The results indicated that the AMD-5.8 MPa
group presented the best anti-glioma efficacy in comparison with
the other treatment groups (Figure 5E). In the overall survival
analysis, the AMD-5.8 MPa group presented the best median sur-
vival, compared with the other treatment groups (Figure 5F). The
order of median survival time was as follows: AMD-5.8 MPa (66.5
d) > AMD-15.4 MPa (48 d) > AMD-103 kPa (40 d) > DOX (29.5
d) > AMs (24.5 d) and PBS (24 d). The body weights of mice
in the treatment groups are shown in Figure S38 (Supporting
Information). Furthermore, we performed immunohistochemi-
cal analyses of Ki67 and CD34, which are markers of cell prolif-
eration and endothelial-lined blood vessels, respectively (Figure
S39, Supporting Information). The expression levels of Ki67 and
CD34 in each group were: PBS > DOX > AMD-103 kPa > AMD-
15.4 MPa > AMD-5.8 MPa. Similar results were obtained in an

www.advmat.de

intracranial LN229-luc xenograft mice model (Figure S40, Sup-
porting Information). Moreover, the biochemical indicators (ala-
nine aminotransferase (ALT), aspartate aminotransferase (AST),
blood urea nitrogen (BUN), and creatinine (Cre)) related to liver
and kidney function in the adaptive microdrugs presented simi-
lar level as control (Figure S41, Supporting Information). In ad-
dition, we did not observe the damaged tissue in major organs
in the treatment groups, suggesting the good biosafety and bio-
compatibility of these adaptive microdrugs for glioma treatment
in vivo (Figure S42, Supporting Information).

In discussion, the aforementioned results indicated that these
adaptive drug particles, particularly the microdrugs, had great po-
tential to cross BBB/BBTB by enhanced interfacial binding and
endocytosis via adaptive deformation. In addition, the integrity of
the BBB may be compromised during glioma progression, result-
ing in a leaky BBB.[>>*¢] This condition may potentially facilitate
the passage of the drug particles across the BBB via leakage.*’]
Meanwhile, the degrees of BBB leakage in different glioma mod-
els (such as transplanted models, virus- or drug-induced models)
may be different.’®5°! As such, the degrees of leaky BBB may
also affect the crossing capacity of the drug delivery system, al-
though the parallel comparison analysis and underlying mecha-
nisms in different glioma models remain not well-explored. And,
previous reports have proved that nanodrugs, with sizes ranging
from 20 to 70 nm, are more effective in crossing and leaking
the BBB into glioma microenvironments compared to particles
of other sizes.[* ] In our study, although the leaky BBB is pos-
sible, we parallelly compared the capacity of different groups in
crossing BBB/BBTB, including the adaptive microdrugs, adap-
tive nanodrugs and free small molecule DOX. The results sug-
gested that bioinspired adaptive microdrugs exhibited enhanced
efficiency in crossing the BBB/BBTB compared to their adaptive
nanodrugs and free DOX. Therefore, beyond the drug delivery by
leaky BBB, the adaptive deformation-enhanced receptor-ligand-
interfacial binding and endocytosis should be the main contri-
butions to the enhancement of BBB/BBTB crossing and tumor
tissue penetration of adaptive microdrugs.

3. Conclusion

In summary, we developed bioinspired adaptive microdrugs for
enhanced chemotherapy of malignant glioma. The bioinspired
micro-sized adaptive microdrugs were more efficient than nano-
sized nanodrugs in crossing the BBB/BBTB, allowing more
drugs to be delivered into tumor tissues. When they crossed

Figure 5. The biological activities of the three kinds of adaptive microdrugs with different viscoelasticities in vivo. A) DOX accumulation in tumors of
GL261 glioma-bearing mice at different times treated with DOX, AMD-103 kPa, AMD-5.8 MPa, and AMD-15.4 MPa (equal with DOX concentration
2.5 mg kg™") after administration via tail vein. B) Fluorescence microscopy images of the distribution of adaptive microdrugs (AMD-5.8 MPa) into
tumor tissues of GL261-luc bearing glioma mice after intravenous injection. The nucleus was stained by Hoechst 33342 and the red signal represented
DOX. T denotes tumor tissues and N denotes normal tissues. Scale bars in images from left to right: 2 cm, 100 um, and 50 pm. In a full-field image of
brain tissues by fluorescence microscopy imaging system BZ-X800E, high abundance of AMD-5.8 MPa was observed accumulation in the whole glioma
tissues (T), while they were rarely observed in the normal brain tissues (N), indicating excellent tumor targeting and permeation capacity. C) TEM images
of the AMD-5.8 MPa crossing BBB/BBTB and accumulation in glioma tissues. Scale bars in images from left to right: 1 pm, 2 um, and 500 nm. D) The
transcytosis efficiency of DOX, c(RGDyK)-modified AMD-103 kPa, AMD-5.8 MPa, and AMD-15.4 MPa from GL261 cells to GL261 cells determined by
PE+/V450+ of flow cytometry. A cells: GL261 cells, red subpopulation. B cells: Hochest33342-stained GL261 cells. The subpopulation cells of PE+/V450+
(blue color) represented transcytosis efficiency. E) IVIS bioluminescent images of representative glioma-luc-bearing mice from each treatment group at
different times. F) The bioluminescent signal intensity curve of each treatment group (n = 6). Normalized to 0 days of glioma-luc-bearing mice in all
groups. G) Kaplan—-Meier survival curves of the mice in each treatment group. Results are represented as mean + SD (n = 6), *P < 0.05, **P < 0.01,
**%P < 0.001.
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the BBB/BBTB, they were able to experience adaptive deforma-
tion to increase receptor-ligand-interfacial binding and endocy-
tosis, significantly enhancing the drug accumulation, deep pene-
tration, and cellular internalization into tumor tissues in com-
parison with their nanodrugs and thereby promoting the sur-
vival rates of glioblastoma mice. Therefore, we may conclude that
the adaptive deformation capacity of bioinspired adaptive micro-
drugs enabled them to further amplify their interfacial interac-
tion with cells (such as endothelial cells and tumor cells). This
was achieved through an increase in contact interfaces between
adaptive microdrugs and cells as a result of adaptive deforma-
tion, and thereby amplifying the receptor-ligand-interfacial bind-
ing and endocytosis. As a result, there was a significant improve-
ment in the crossing of BBB/BBTB and downstream chemother-
apy efficiency of malignant glioma. We strongly believe that the
bioinspired adaptive microdrugs provide important clues for de-
signing more efficient drug delivery systems by utilizing adaptive
deformation to regulate the interfacial interactions, which would
be utilized to enhance the therapeutic efficacy of solid tumors.[®]

4. Experimental Section

Experimental details are included in the Supporting Information.
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