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Abstract

The efficacy of therapeutics for brain tumors is seriously hampered by multiple drug delivery 

barriers, including severe destabilizing effects in blood circulation, the blood-brain barrier/blood-

brain tumor barrier (BBB/BBTB) and limited tumor uptake. Here we present a Sequential 

Targeting In CrosslinKing (STICK) nano-delivery strategy to circumvent these important 

physiological barriers to improve drug delivery to brain tumors. STICK nanoparticles (STICK-

NPs) could sequentially target BBB/BBTB and brain tumor cells with surface maltobionic acid 

(MA) and 4-carboxyphenylboronic acid (CBA), respectively, and simultaneously enhance 

nanoparticle stability with pH-responsive crosslinkages formed by MA and CBA in situ. STICK-

NPs exhibited prolonged circulation time (17-fold higher area-under-curve) than free agent, 

allowing increased opportunities to transpass BBB/BBTB via glucose transporter-mediated 

transcytosis by MA. Tumor acidic environment then triggered the transformation of STICK-NPs 

into smaller nanoparticles and revealed secondary CBA targeting moiety for deep tumor 
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penetration and enhanced uptake in tumor cells. STICK-NPs significantly inhibited tumor growth 

and prolonged the survival time with limited toxicity in mice with aggressive and chemo-resistant 

diffuse intrinsic pontine glioma. This formulation tackles multiple physiological barriers on-

demand with a simple and smart STICK design. Therefore, these features allow STICK-NPs to 

unleash the potential of brain tumor therapeutics to improve their treatment efficacy.

Graphical Abstract

Keywords

sequential targeting; transformable; pH-responsive; blood-brain barrier; diffuse intrinsic pontine 
glioma

Patients with aggressive brain tumors, such as glioblastoma (GBM) or pediatric diffuse 

intrinsic pontine glioma (DIPG), have a dismal prognosis.[1, 2] Particularly, for DIPG, a 

devastating and aggressive pediatric brain tumor arising in the ventral pons, radiotherapy is 

currently the only treatment modality. Children with DIPG have only around 2% five-year 

survival rate.[2] Many chemotherapeutic drugs such as vincristine (VCR) and novel 

epigenetic modulating agents, such as inhibitors for Histone deacetylase (HDAC), 

bromodomains of Bromodomain and Extra-terminal motif (BET), and enhancer of zeste 

homolog 2 (EZH2) showed promising results in the pre-clinical models.[1, 2] Unfortunately, 

all the clinical trials on the chemotherapy and epigenetic modulating agents failed to 

improve the treatment outcome compared to radiation alone.[3] The clinical therapeutic 

effect of these agents is markedly hampered by the poor drug delivery to brain tumors due to 

several physiological barriers, including strong destabilizing conditions during the 

circulation in blood (Barrier 1)[4], the blood-brain barrier (BBB)/blood-brain tumor barrier 
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(BBTB) (Barrier 2)[5], poor specificity for targeting tumor cells (Barrier 3)[6] and the 

relatively weak enhanced permeability and retention effect[7] displayed by brain tumors 

(Figure 1a). There is a clear and urgent need to develop new therapeutic strategies against 

brain tumors.

BBB was a complex biological barrier, composed of brain endothelial cells, pericytes, 

astrocytes, tight junctions and basal membrane, to provide a highly regulated barrier 

essential for maintaining homeostasis and blocking macromolecules, toxin, and infectious 

agents from the brain.[8-10] The BBTB, similar to the BBB, is a structural-funcitonal barrier 

located between brain tumor tissue and the microvaculature. With brain tumor progression 

and aberrant angiogenesis, the BBB gradually becomes impaired and “coverts” into the 

BBTB.[10, 11] The BBB/BBTB is the main obstacle to drug delivery and limits the efficacy 

of the brain tumor treatment.[12, 13] A variety of nanocarriers have been reported attempting 

to circumvent these biological barriers by actively targeting the receptors or transporters on 

the BBB/BBTB (e.g. glucose transporter 1 (GLUT1)[12, 13], transferrin receptors[14], low-

density lipoprotein receptor [15], choline transporter[16], and amino acids transporters[17])) 

and tumor cell/tissue (e.g. sialic acid[18], integrin family[19], tropomyosin receptor kinase 

(TRK) family proteins[20], epidermal growth factor receptor (EGFR)[21], and folate 

receptor[22]), respectively. The BBB/BBTB is a highly regulated barrier that controls the 

traversal of blood-borne substances into the parenchyma of the central nervous system 

(CNS) and prevents toxic agents, including chemotherapeutic drugs from entering.[12, 14] 

Several nutrients including glucose are essential for the brain. The transport of glucose into 

the CNS is facilitated by GLUT1, which is specifically localized on the BBB/BBTB.
[12, 14, 17] Several studies have established that GLUT1 as a validated target for transporter-

mediated transcytosis of nanoparticles.[12] It is also known that many types of tumor cells 

(including those of brain tumors) show an increased sialic acid expression on membrane 

glycoproteins.[23] The hypersialation of a cell membrane during malignant transformation 

not only contributes to tumor growth and metastasis but also strongly associates with poor 

prognosis in cancer patients.[24] Thus, targeting tumor cells by their aberrant sialylation has 

been an attractive strategy for cancer treatment.[24] GLUT1 and sialic acid, had been 

separately targeted with different nano-carriers, but had never been dually/sequentially 

targeted with one particle design.

To tackle the challenge in brain tumor delivery, multifunctional nanoparticles must be 

designed with consideration of the whole-process in drug deli very to brain tumors as well as 

the dynamic requirements for each delivery stage. Several dual targeting strategies were 

developed attempting to address the multiple barriers in brain tumor delivery. For example, a 

dual-targeting peptide angiopep-2 was decorated on the nanoparticles to target both BBB 

and GBM cells, and this dual-targeting nanocarrier was demostrated to exhibit superior anti-

intracranial GBM effects.[25] He et al introduced polysorbate 80 (PS 80) to polymer-bound 

Trastuzumab (anti-Her2 Antibody) to target both BBB and Her2+ breast cancer brain 

metastasis.[26] In this system, the first step involved in the PS 80-mediated recruiment of 

circulating apolipoprotein resulting in transcytosis, and the second step was to target Her2 

on breast cancer cells with Trastuzumab after nanoparticle dissociation.[27] While 

conceptually attractive, these conventional dual targeting design are usually achieved by 
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simply decorating one or two different targeting moieties on the nanoparticle surface. These 

moieties ONLY serve for targeting purpose without adding various favorable physical 

features to the nanoparticle platform to sophisticatedly address the complicated problems in 

brain tumor delivery.

Herein, we utilized the “Interlocking Stratagems” from Sun Tzu On The Art of War and 

developed a simple-yet-effective Sequential Targeting In CrosslinKing (STICK) nano-

delivery approach to improve drug delivery to brain tumors. We strategically selected one 

unique pair of targeting molecules, maltobionic acid (MA, a glucose derivative) and 4-

carboxyphenylboronic acid (CBA) , as our dual targeting moieties for BBB and brain tumor 

via GLUT1 and sialic acid, respecitvley, to build interlocking STICK nanoparticles (STICK 

NPs). Beyond targeting functions, this pair of targeting moieties could form pH-sensitive 

boronate ester bonds to stabilize the nanocarriers with intermicellar crosslinks, thereby 

benefiting NP stability in blood circulation (Barrier 1). Excess MA (a glucose derivative) 

on the nanoparticle surface can be recognized by GLUT1 and then trigger the GLUT1-

mediated BBB/BBTB transcytosis[28] (Barrier 2). Upon exposure to the acidic extracellular 

pH in solid tumors, the intrinsic MA-CBA boronate ester crosslinkages are cleaved,[29] 

resulting in the transformation of STICK NPs into small secondary nanoparticles with newly 

unshielded surface CBA (a synthetic mimic of lectin) which allows deeper tumor penetration 

and recognition of tumor surface sialic acid, respectively[30](Figure 1a) (Barrier 3). In this 

study, we provided a step-by-step proof for the dynamic properties specifically designed to 

overcome each barrier with STICK approach, including their sequential targeting abilities, 

pharmacokinetics, and pH-dependent drug release/transformation features. Lastly, we 

demonstrated their superior anti-cancer targeting abilities using the dual-modality imaging 

and anti-cancer efficacies in two different aggressive orthotopic brain tumor models.

The principle of STICK approach is to select two different targeting moieties which could 

also form stimuli-responsive crosslinkages. Considering the barrier 2 and 3 in brain tumor 

delivery, we choose MA, glucose derivative, for GLUT1-mediated transcytosis through the 

BBB/BBTB endothelial cells, and CBA which is a type of boronic acid that can target highly 

expressed sialic acid on brain tumor cells.[18] We built the first STICK-NPs on our 

previously reported well-characterized micelle platform (nano-micelle (NM) formed by 

PEG-CA8).[31] A pair of the telodendrimers, MA4-PEG-CA8 and CBA4- PEG-CA8, (Figure 

1a; Figure S1a, Supporting Information) were synthesized, and the molecular weight, 

polydispersity index (PdI) and chemical structure of two telodendrimers were characterized 

by matrix-assisted laser desorption/ ionization time of flight mass spectrometry (MALDI-

TOF MS), gel permeation chromatography (GPC) (Figure S1b, Supporting Information) and 
1H nuclear magnetic resonance spectroscopy (1H-NMR) (Figure S1c,d, Supporting 

Information), respectively. Similar to PEG-CA8, both MA4-PEG-CA8 and CBA4-PEG-CA8 

telodendrimers could individually form well-defined small (Z-average size: 24.5 ± 0.7 nm, 

26.2 ± 0.3 nm, 23.0 ± 0.3 nm; PdI: 0.218 ± 0.015, 0.287 ± 0.017, 0.175 ± 0.031, 

respectively) spherical nanoparticles with a narrow size distribution (Figure 1b; Figure 

S2a,b, Figure S3a,b, Fiugre S4 and Figure S5, Supporting Information). In order to realize 

sequential targeting, for the first stage brain endothelial cells, a higher ratio of MA 

telodendrimer is required to remain free MA targeting moiety on the nanoparticle surface 
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after forming boronate ester bonds with a lower ratio of CBA telodendrimer (Figure 1c). 

Thus, different ratios (1:1, 5:1, and 9:1) of MA4-PEG-CA8 and CBA4-PEG-CA8 were mixed 

to form STICK-NPs. The intensity-weighted distribution, Z-average size, PdI, and brain 

endothelial cell targeting ability were assessed using dynamic light scatter (DLS) and 

fluorescence image, respectively (Figure S2a-c, Supporting Information). We discovered that 

with the increase of the MA4-PEG-CA8 ratio, the size of resulting nanoparticles and 

endothelial cell targeting ability increased, while the PdI had a different behavior, that 

increased firstly, reached a maximum (5:1) and then decreased at the ratio of (9:1). 

Considering all the factors mentioned above, the 9:1 ratio of MA4-PEG-CA8 and CBA4-

PEG-CA8 were determined as the optimal ratio as this formulation gave the most uniform 

nanoparticle (lowest PdI) among all ratios. Other ratios appeared to form both large and 

small nanoparticles indicating possible increased intramicelle crosslinkages (formed inside 

small micelles). Unlike the small micelles (Figure 1b, Figure S4, Supporting Information) 

formed based on one species of telodendrimers, STICK-NPs (Figure 1b,d; Figure S4, 

Supporting Information) were relatively large spherical in shape, and contained numerous 

smaller secondary micelles with a comparable size to non-crosslinked micelles (Figure 1b,d; 

Figure S5, supporting information). With the decrease of the pH (7.4 to 6.5), boronate ester 

bonds degraded and STICK-NPs (Z-average size: 137.8 ± 14.2 nm; PdI: 0.230 ± 0.046; 

TEM size: 92 ± 21 nm) were dissociated into numerous smaller secondary micelles (Z-

average size: 25.2 ± 0.2 nm; PdI: 0.207 ± 0.005; TEM size: 14 ± 3 nm, Figure 1d; Figure S4, 

supporting information). The cut-off pH value for pH-dependent transformation of STICK-

NPs is around 6.8 (Figure 1e; Figure S6, Supporting Information), and the transformation 

took place as early as 5 min and completed at around 1 hour upon exposure to pH 6.5 

environment (Figure 1f; Figure S7, Supporting Information).

Another particular feature of STICK-NPs is their capability to encapsulate both hydrophobic 

and hydrophilic payloads, which offers a significant advantage over conventional micelles 

that generally only load hydrophobic drugs. STICK-NPs were self-assembled selectively in 

low-polarity solvents into core-inversible micelles driven by hydrophilic interactions and 

formed plenty of hydrophilic spaces as reported in another study.[32] The formation of 

intermicellar crosslinkages preserves the hydrophilic spaces in the subsequent assembly 

procedures in aqueous solution together with the newly formed hydrophobic cores. This 

allows the trapping of hydrophilic agents between secondary micelles and hydrophobic 

agents in the hydrophobic cholic acid core, like other control micelles (Figure 1a). We 

already demonstrated both hydrophilic agents (e.g. indocyanine green (ICG), gadopentetic 

acid (Gd-DTPA), doxorubicin hydrochloride (DOX·HCl)) and hydrophobic agents (e.g. 

Cyanine7.5 (Cy7.5), 1,1’-Dioctadecyl-3,3,3’,3’-tetramethylindodicarbocyanine 4-

chlorobenzenesulfonate (DiD), VCR and paclitaxel (PTX)) could be encapsulated into 

STICK-NPs with high loading efficiency (Table S1, Supporting Information). Gd-DTPA and 

Cy7.5 could be co-loaded together into STICK-NPs with a Z-average size of 140.2 ± 11.8 

nm for a variety of theranostic applications as shown in the subsequent sections.

To validate our hypothesis, we formulated STICK-NPs in diverse solvents with various 

polarities (Figure 1g). In a nonpolar solvent, the size of the inversible micelles was 

maintained at over 116 nm even with the solvent evaporation and re-hydration in phosphate-

buffered saline (PBS). Even strong detergents, such as sodium-dodecyl sulfate (SDS), failed 
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to break down the micelles, as MA4-PEG-CA8 and CBA4-PEG-CA8 were able to form 

stable intermicellar crosslinkages in the presence of a nonpolar solvent. In contrast, in polar 

solvents, MA4-PEG-CA8 and CBA4-PEG-CA8 were not able to form core-inversible 

micelles and the final nanoparticles showed a smaller size as compared to other control 

micelles. Such smaller micelles could be easily destroyed in the presence of SDS (Figure 

1g), which was likely due to the lack of formation of enough boronate cross-linkages to 

stabilize the nanoparticles.

The distinctive drug loading in different compartments of STICK-NPs led to different drug 

release profiles of the hydrophilic and hydrophobic payloads in response to pH changes. 

Hydrophilic Gd-DTPA and hydrophobic Cy7.5 dye were used as model drugs for co-loading 

into STICK-NPs, and a drug release study was performed in pH 7.4 medium initially and 

then in pH 6.5 medium after 4 hours (Figure 2a,b). This experiment was purposely designed 

to model the two-stage in vivo drug release (pH 7.4 in blood and pH 6.5 in tumor 

microenvironment), as described previously.[13] Hydrophilic Gd-DTPA could not be loaded 

into NMs efficiently, and thus NM+ free Gd-DTPA was used in this study. Figure 2a showed 

that free Gd-DTPA was released immediately, while Gd-DTPA was released from STICK-

NPs at a much lower rate but could be accelerated upon changing to pH 6.5 solution. This 

was because hydrophilic Gd-DTPA was trapped between micelles and could gradually 

diffuse but only rapidly release upon pH-dependent cleavage of intermicellar crosslinkages. 

The release rate of hydrophobic Cy7.5 loaded in the hydrophobic interior of secondary 

micelles of STICK-NPs was dramatically slower than that of Gd-DTPA at pH7.4, which is 

likely due to the hydrophobic property of Cy7.5 (Figure 2b). At acidic pH, the release of 

Cy7.5 from STICK-NPs was slightly enhanced, probably due to the mild crosslinkage 

formed within the secondary micelles. In contrast, Cy7.5 loaded non-crosslinked non-

targeting micelles (NM@Cy) showed faster drug release under pH7.4 and had minimal 

response to pH changes as there were no pH-responsive crosslinkages (Figure 2b). These 

results demonstrated that STICK-NP can rapidly release hydrophilic drugs in a lower-pH 

responsive manner and deliver hydrophobic drugs into tumors through a secondary micelle 

release mechanism. Taking advantage of the co-loaded Cy7.5 and Gd-DTPA, STICK-NPs 

could potentially be applied for dual-modal imaging (magnetic resonance imaging (MRI) 

and near-infrared fluorescence (NIRF) imaging) (Figure 2c; Figure S3c-e, Supporting 

Information). Upon exposure to a lower pH environment, STICK-NP@Cy@Gd transformed 

and released hydrophilic Gd-DTPA, resulting in a recovered T1 signal comparable to that of 

free Gd-DTPA. The r1 of STICK-NP@Cy@Gd increased from 1.061 mM−1*s−1 to 4.447 

mM−1*s−1 when the pH was changed from 7.4 to 6.5 (Figure S3e, Supporting Information).

The first biological barrier for brain tumor nanoparticle delivery is the strong destabilizing 

effects in blood circulation that includes: extreme dilution, an ionic environment, and 

interaction with blood proteins and lipoproteins (e.g. HDL, LDL), resulting in nanoparticle 

dissociation and premature drug release.[33] Stabilized by inter-micellar crosslinkages, 

STICK-NP@Cy@Gd retained their size in PBS and even in the presence of 50 mM SDS 

and 10% FBS/PBS over a period of 35 days (Figure 2d). Since STICK was dependent on the 

formation of the boronate ester bond between CBA and MA (glucose derivative with two 

cis-diols), there was a concern for the possible competition from the serum glucose resulting 

in the degradation of crosslinkages. Therefore, we performed additional experiments and 
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demonstrated that crosslinkage was very stable at the physiological levels of glucose and up 

to a glucose concentration reaching 100 mmol/L (Figure 2e; Figure S8, Supporting 

Information). Of note, the level of serum glucose for healthy human is around 3.9-5.5 

mmol/L (70-100 mg/dL),[34] and even patients suffering from diabetes are unlikely to reach 

a glucose level of 50 mmol/L. Additionally, STICK-NP performed exceptionally in a 

pharmacokinetic study in rats. Compared to conventional NM and free Cy7.5 formulations, 

STICK-NP@Cy@Gd increased the area under the curve (AUC(0-∞)) by 5.4 times and 17.6 

times, respectively (Figure 2f; Table S2, Supporting Information). Besides, STICK-NP@Cy 

exhibited the highest Cmax (35.0 ± 3.6 mg/L, or 5 times higher than NM@Cy), and longest 

t1/2z (34.7 ± 12.1 hours, or 2 times longer than NM@Cy). These results strongly support that 

STICK-NPs exhibited superior stability during circulation and prevented premature drug 

release due to inter-micellar crosslinkages. Such improvements that significantly increase 

systemic circulation time offer a prolonged drug delivery window to brain tumors.

The second barrier encountered by the STICK-NPs is the BBB/BBTB, tight junctions 

formed by the brain microvessel endothelial cells.[6] Excess ratios of MA (glucose 

derivative) on STICK-NPs are the first exposed targeting moiety for GLUT1 mediated 

endothelial cell transcytosis, while CBA is shielded in the STICK (Figure 1a). To validate 

our hypothesis, we cultured mouse brain endothelial cells (bEnd.3) cells in the top chamber 

of a Transwell® system and the formation of the tight junctions was confirmed by the 

transendothelial electrical resistance (TEER) > 200 Ω.cm2 (Figure 3a).[8, 35] The evaluation 

of the total fluorescence intensities in the bEnd.3 cells (during transcytosis) (Figure 3b; 

Figure S10, Supporting Information) and the medium in the lower chamber (post-

transcytosis) (Figure 3c) were performed at different time points after loading nanoparticles 

on the top chamber. Figure 3b demonstrated that STICK-NP@Cy and MA-NP@Cy (also 

targeting GLUT1 via MA) had the highest intracellular signals among all groups. Consistent 

with this finding, STICK-NP@Cy and MA-NP@Cy groups had the highest tight-junction 

transversed amounts into the lower chambers (Figure 3c). When GLUT1 was blocked by the 

GLUT1 inhibitor (WZB-117) (Figure S9a,b, Supporting Information), the transverse of 

STICK-NP@Cy was diminished. The most intriguing finding was that the size of the 

STICK-NP@Cy remained similar before transcytosis and after transcytosis through bEnd.3 

cells when comparing the size of STICK-NP@Cy in the upper and lower chambers (Figure 

3d). When we assessed the subcellular distribution of STICK-NP@DiD in bEnd.3 cells, we 

discovered that STICK-NP@DiD did not co-localize with lysosome with a low Pearson’s 

coefficient index of 0.057.[36] Presumably, the low lysosomal pH (5.5) should have 

destroyed the crosslinkages and initiated the release of secondary smaller micelles if a 

lysosomal-dependent pathway occurred. Those collective evidence supported our notion that 

STICK-NP transpass BBB probably via a transytosis pathway and further detailed 

mechanism studies are undergoing.

As orthotopic brain tumor model may not have intact BBB due to mechanical disruption, we 

decided to validate the ability of the STICK-NPs for delivery of the poor brain permeable 

chemotherapeutic drug (VCR)[3] in vitro and in normal Balb/c mice. Similarly, STICK-

NP@VCR could transpass brain endothelial cells and deliver significantly higher VCR to 

the lower chamber, compared to free and NM@VCR in the BBB transwell modeling system 

(Figure S9c, Supporting Information). In the Balb/c model, at 6 hours post-injection, whole 
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brains were harvested and tissue drug concentrations were measured by LC/MS. We 

demonstrated around double amounts of VCR retained in the normal brain parenchyma after 

STICK-NP@VCR, compared to free VCR, or other non- or single targeting formulations 

(Figure 3f). Collectively, these results confirmed that STICK-NPs could efficiently 

transverse the BBB/BBTB via GLUT1 mediated transcytosis.

Lastly, after passing through the BBB, STICK-NPs then enter the acidic tumor 

microenvironment (Barrier 3). In response to the lower extracellular pH, STICK was broken 

down resulting in the release of secondary small micelles (Figure 3d,g). CBA was originally 

shielded as part of STICK and now to be exposed after cleavage of crosslinking as the 

secondary tumor targeting moiety for brain tumors (Figure 1a and Figure 3g). Next, we 

investigated the brain tumor cell targeting and cellular uptake abilities of secondary STICK-

NPs using fluorescence imaging. Human U87-MG (GBM) cells were treated with STICK-

NP@Cy and other control formulations under both pH 7.4 and pH 6.5 for 4 hours (Figure 

3h, i). Results demonstrated that the overall cellular uptake was relatively lower at pH 7.4 in 

all groups, including STICK-NPs with shielded CBA. In contrast, pretreatment with pH 6.5 

exposed CBA which significantly enhanced brain tumor cell uptake of STICK-NP@Cy. 

Conversely, there was no significant enhancement in free Cy7.5, MA-NP@Cy, CBA-

NP@Cy, and NM@Cy groups even with pre-treatment at pH 6.5. To further explore the 

potential role of sialic acid expression in the nanoparticle uptake, cells were treated with 3-

Azidothymidine (AZT) to increase surface sialic acid expression.[37] Such treatment further 

facilitated tumor cell uptake of STICK-NPs (pH 6.5) (Figure 3h-j). Furthermore, the CBA 

mediated cellular uptake of STICK-NPs (pH 6.5) could be radically blocked by excess free 

CBA (Figure 3h-j). These results proved that STICK-NPs could be effectively uptaken by 

brain tumor cells after transformation, which is likely due to the newly revealed CBA to 

enhance the sialic acid-mediated transcytosis. It was worth considering that under pH 6.5, 

CBA has a much higher affinity toward sialic acid than glucose (as MA), and thus would 

preferably bind to sialic acid on tumor cells.[18]

To model the combination of barrier 2 (BBB/BBTB) and barrier 3 (brain tumor uptake) in 

delivery to brain tumors, we cultured bEnd.3 cells in the upper chamber of Transwell and 

U87-MG brain tumor cells in the lower chamber (Figure 3k). STICK-NP@Cy and other 

control NPs were loaded in the upper chamber for 1 hour and the pH of the medium in the 

lower chamber was adjusted to 7.4 or 6.5 for an additional 1 hour allowing U87-MG tumor 

cell uptake. As expected, Figure 3l, m shows that STICK-NP@Cy (pH 6.5) group achieved 

the highest uptake in U87-MG cell compared to STICK-NP@Cy (pH7.4), MA-NP@Cy, 

CBA-NP@Cy, and NM@Cy (pH7.4 and 6.5) groups or free dye in the lower chamber. 

GLUT1 inhibition also impeded the final U87-MG cell uptake potentially due to decreased 

transcytosis (Figure 3b,c). Those results altogether provided a step-by-step validation of the 

mechanisms for the significantly enhanced drug delivery of STICK-NPs including BBB/

BBTB transcytosis, transformation, and tumor cellular uptake. Importantly, single targeting 

nanoparticles either with CBA or MA may slightly improve the delivery to brain tumors but 

the efficiency was still sub-optimal in comparison.

After transcytosis and transformation, STICK-NPs released numerous secondary micelles, 

which is more suitable for deep tissue penetration in tumors (Figure 1b,d; Figure S5, 
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Supporting Information). The three-dimensional multicellular spheroid system most 

resembles in vivo conditions and forms a compact extracellular matrix environment allowing 

for testing of drug penetration in vitro.[24] To assess the size-dependent tissue penetration 

effects, we incubated the U87-MG neurosphere (~400 μm) with STICK-NP@DiD and other 

control formulations under pH 7.4 or 6.5. After 24 hours, confocal fluorescence imaging of 

U87-MG spheroid showed that non-transformed STICK-NP@DiD (pH 7.4) group had poor 

penetration and lower penetration depth (30.1 μm ± 5.9 μm) (Figure 4a; Figure S11, 

Supporting Information) due to its relatively large size (Figure 1b; Figure S5, Supporting 

Information). Upon pH-dependent transformation, STICK-NP@DiD (pH 6.5) possessed 

significantly superior penetration ability compared to STICK-NP@DiD (pH 7.4) and 

reached a similar depth compared to other nanoformulations with a small size (Figure 4a and 

Figure 1b; Figure S5 and Figure S11, Supporting Information). Similar pH dependent 

transformation/penetration effects were further confirmed in the DIPG patient-derived 

xenograft (PDX) neurosphere (~300 μm in diameter) (Figure 4b). The pH-responsive feature 

actually equips STICK-NP with tumor selectivity. Accordingly, we employed an orthotopic 

DIPG model to evaluate the degree of the tissue penetration of STICK-NPs at both normal 

brain and acidic tumor sites. Figure 4c, d showed that at 24 hours, STICK-NP@DiD were 

able to penetrate into DIPG tumor tissue around 30 μm far from the blood vessels. In 

contrast, in the normal brain parenchyma (reported dog brain parenchyma pH was 7.13[38]), 

STICK-NP@DiD only penetrated around 5 μm beyond the blood vessel. Meanwhile, 

NM@DiD control had minimal normal brain penetration ability (Figure 4c). Along with the 

in vitro studies, we concluded that STICK-NP could be selectively responsive to the acidic 

environment to release secondary nanoparticles with newly revealed CBA targeting moiety 

allowing better tumor tissue penetration and tumor cell uptake. With the pH selectivity, 

STICK-NP would have limited normal tissue penetration and less concern for neurotoxicity.

We next utilized an orthotopic PDX GBM model to evaluate the biodistribution of STICK-

NPs@Cy@Gd using the dual-modality imaging: NIRF imaging (Cy7.5) and MRI (Gd-

DTPA) (Figure 5a). At 10 min post-injection, all groups had increased overall brain MRI T1 

weighted signals (Figure 5a). At 24 and 48 hours post-injection, STICK-NP@Cy@Gd 

groups had both significantly higher T1-weighted MRI signal intensity (Figure 5a,b) and 

Cy7.5 fluorescence intensity (Figure 5a,c,d) at the tumor sites, compared to free Cy7.5+Gd, 

NM@Cy+Gd, CBA-NP@Cy+Gd, and MA-NP@Cy+Gd groups. It is important to note that 

unlike in STICK-NPs, hydrophilic Gd-DTPA could not be loaded in the NM, CBA-NPs, and 

MA-NPs and thus were injected as free Gd-DTPA in those groups along with Cy7.5 loaded 

nanoparticles as control groups. The NIRF or T1-weight MRI signals of STICK-

NP@Cy@Gd were maintained in the tumors for the longest time and only returned to 

baseline at 72 hours post-injection (Figure S12a, Supporting Information). Although we only 

used 1/3 of the clinical dose of Gd-DTPA,[39] it appeared that this particular PDX model 

exhibited poor permeability, evidenced by the minimal T1 signals of Gd-DTPA presented at 

the tumors sites at 10 min (Figure 5a). Nevertheless, STICK-NPs could still efficiently 

target, penetrate, and retain in the PDX GBM model.

To further dissect the target delivery efficiency and selectivity into the brain tumor, another 

set of mice were sacrificed at 24 hours post nanoparticle administration and major organs/

brain with brain tumors were harvested for ex vivo NIRF imaging. Biodistribution was 
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assessed based on the Cy7.5 signals in the brain and other major organs. As shown in Figure 

5a,d, Figure S12b,c, Supporting Information, STICK-NPs could specifically deliver a higher 

concentration of Cy7.5 to the orthotopic PDX GBM tumors compared to other major organs, 

excepting the kidney, which could potentially be the clearance route for Cy7.5 dye. The 

STICK-NPs treated group had a significantly higher accumulation of the Cy7.5 signals at the 

brain tumor sites, comparing to free Cy7.5+Gd and NM@Cy+Gd. NIRF imaging of 

cryosections from the orthotopic brain tumors in the STICK-NPs group exhibited a strong 

correlation between tumor cells (green) and Cy7.5 (red) (Figure 5e; Figure S12d, Supporting 

Information) with a calculated Pearson’s coefficient index of up to 0.637. Meanwhile, the 

normal brain had minimal uptake suggesting the excellent tumor selectivity of STICK-NPs 

(Figure 5c,e). The semi-quantitative imaging analysis demonstrated that orthotopic GBM 

PDX tumor had around 1.5 times and 4 times higher signals than adjacent normal brain 

tissues on MRI and NIRF imaging, respectively (Figure 5b,d).

The targeted delivery of STICK-NPs was further investigated in an orthotopic DIPG PDX 

model. We firstly used Gd-enhanced T1-weighted MRI to locate DIPG. After the clearance 

of the Gd signal, the mice were re-injected with DiD+Gd, NM@DiD+ Gd, and STICK-

NPs@Gd@DiD and re-imaged at 16 hours post-injection (Figure 5f). As shown in Figure 5f, 

STICK-NPs@Gd@DiD selectively and efficiently concentrated at the tumor sites as shown 

in both imaging modalities. The imaging studies served as strong support that STICK-

NP@Cy@Gd could specifically deliver payloads to the tumor sites allowing accurate 

imaging-guided drug delivery and potential utilization for delineation of tumor margins 

during surgery. In contrast, single target formulations, MA-NPs, and CBA-NPs which 

previously showed their targeting effects in vitro, were not able to deliver sufficient payload 

to orthotopic brain tumors in vivo.

VCR is a mainstay of treatment for a variety of pediatric and adult cancers including brain 

tumor due to its well-defined mechanism of action and demonstrated anticancer activity. 

However, its effectiveness in brain tumors is realtively limited particularly due to dose-

limiting neurotoxicity and its inability to penetrate into brain tumor resulting in limited anti-

cancer efficacy.[40] Hence, in this study, we employed STICK-NPs to deliver VCR and 

evaluated their anti-cancer effects in a very aggressive and infiltrating orthotopic DIPG brain 

tumor model. Pediatric DIPG cells were injected into the pons of the SCID mouse brain to 

establish orthotopic model. After confirming the establishment of the DIPG brain tumors in 

mice using Gd-enhanced T1 weighted MRI (Figure 6a), mice were randomly assigned into 9 

groups: PBS, 1.5 mg/kg free VCR, NM@VCR, MA-NP@VCR, CBA-NP@VCR, STICK-

NP@VCR and Marqibo® (liposomal VCR), and two high dose groups, free VCR2 and 

STICK-NP@VCR2 (VCR 2 mg/mL) (n = 6). Since this is a very aggressive DIPG model, 

free VCR (1.5 and 2 mg/kg), NM@VCR, MA-NP@VCR, CBA-NP@VCR, and Marqibo®, 

all had minimal inhibition effects on tumor growth and failed to extend the survival of the 

animals compared to PBS control (Figure 6a-d). Very encouragingly, STICK-NP@VCR 

exhibited promising effects in hindering tumor growth (Figure 6a-c; Figure S13, Supporting 

Information) and almost doubled the survival times (21.3 days) compared to Marqibo®, 

CBA-NP@VCR and MA-NP@VCR (survival time 12.5 days, 12 days and 12 days, 

respectively) (Figure 6d). Even at the higher dose (2mg/kg), VCR had no benefit in the 

survival time of DIPG bearing mice (Figure 6a-c). In contrast, STICK-NP@VCR at the 
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equivalent dose level could further prolong the overall survival time, and 2 out of 6 mice in 

this group survived over 50 days. To achieve the best results, we continuously treated the 

remaining animals with 2 mg/kg of STICK-NP@VCR every 6 days. The orthotopic DIPG 

tumors in these mice were completely eradicated. During the treatment period, there were no 

significant changes in body weight, until the development of the neurological syndrome due 

to increased tumor burden and invasion (Figure 6e; Figure S14, Supporting Information). 

Additionally, we performed a similar efficacy study in a more vascularized GBM orthotopic 

model in nude mice (Figure S15, Supporting Information). STICK-NP@VCR consistently 

outperformed other formulations with only a single dose of 2 mg/kg VCR. STICK@VCR 

significantly impeded tumor progression based on both MRI and histopathology (Figure 

S15a,d, Supporting Information) and prolonged the median survival times (34 days), 

compared to other formulations (all less than 17 days). Major organs were also harvested on 

day 12 post-treatment, and no major pathological changes were identified in all groups 

(Figure S15f, Supporting Information). Altogether, these efficacy studies strongly supported 

our hypothesis that STICK-NPs could efficiently deliver a high dose of the 

chemotherapeutic drug to the tumor site and eradicate brain tumors with limited toxicity. 

The disappointing anti-cancer results by either CBA or MA single targeting nanoparticles 

restates the need to consider the complexity and dynamic circumstances during brain tumor 

delivery.

In summary, our innovative STICK strategy provides a simple but smart solution in tackling 

multiple barriers in drug delivery to brain tumors. STICK was designed based on a unique 

pair of two targeting moieties which could also form a stimuli-responsive bond, such as 

glucose derivatives and boronic acid families which could form pH-responsive boronate 

crosslinkages. In the current STICK approach, the targeting moieties (CBA or MA) serve 

much more than targeting purpose. They are integrated into the nanoparticle architecture and 

significantly contribute the desirable characteristics (e.g. stablity, stimuli-responsiveness, 

transformability and versatile drug loading capability) and overall delivery performance of 

these nanoparticles. Such a unique STICK design clearly distinguishes itself from previously 

published dual targeting systems. We introduced STICK strategy into our well-characterized 

micelle formulation[31] and showed that STICK-NPs could survive in the bloodstream and 

sequentially STICK into the BBB/BBTB and brain tumor cells, respectively. We 

demonstrated that STICK-NPs could overcome the destabilizing environment in blood with 

the inter-micellar crosslinkages formed by MA (exposed) and CBA (shielded) and showed 

significantly prolonged circulation time allowing a wider brain tumor targeting window 

(Figure 1). During circulation, surface excess MA on the nanoparticle could facilitate 

GLUT1-mediated transcytosis through BBB/BBTB to “actively” target brain tumors (Figure 

3). Subsequently, the STICK was cleaved after encountering the intrinsic acidic pH at the 

tumor sites, triggering the transformation into secondary smaller nanoparticles for deep 

tumor tissue penetration (Figure 4), and revealing the secondary targeting moiety, CBA 

against the sialic acid overexpressed in tumor cells for enhanced cellular uptake (Figure 5). 

The pH-dependent selectivity further endowed their biosafety features. In the orthotopic 

GBM and DIPG mouse models, STICK-NPs effectively delivered both hydrophobic and 

hydrophilic image agents to tumor sites for the dual-modality imaging. Most excitingly, 

STICK-NP@VCR exhibited superior brain tumor inhibition effect and dramatically 
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prolonged survival time even in the most aggressive and VCR-resistant DIPG model in 

comparison to the single targeting formulations (Figure 6). These promising results 

highlighted the unique feature of STICK at overcoming different complicated barriers and 

the importance of considering all the obstacles during nanoparticle design for successful 

brain tumor delivery. Given the versatile drug loading capability, STICK-NP could provide 

the immediate second hope to deliver the most advanced epigenetic modulating agents, such 

as HDAC and EZH2 inhibitors,[1, 41] which efficacies were greatly hindered by the BBB/

BBTB resulting in failed clinical trials. Given the extremely versatile STICK platform and 

its ability to co-load both hydrophobic and hydrophilic drugs/dyes, STICK NP could also be 

potentially utilized for the combination of chemotherapy (such as VCR and Temozolomide), 

molecular targeting agents (such as CDK4/6 inhibitor and mTOR inhibitor), and/or 

epigenetic modulators against brain tumors.[42] Our research not only provides noteworthy 

opportunities to apply STICK approach to many other nanoformulation designs against 

dynamic and entanglement biological barriers but also have animpact in advancing the drug 

development/delivery for aggressive brain tumors.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
a) Design of transformable STICK-NPs and detailed multi-barrier tackling mechanisms to 

brain tumors. The pair of targeting moieties selected to form Sequential Targeting In 

CrosslinKing (STICK) were maltobionic acid (MA), a glucose derivative, and 

carboxyphenylboronic acid (CBA), one type of boronic acid, and were built into our well-

characterized self-assembled micelle formulations (PEG-CA8). STICK-NPs were assembled 

by a pair of MA4-PEG-CA8 and CBA4-PEG-CA8 with the molar ratio of 9:1 while inter-

micelle boronate crosslinkages, STICK, formed between MA and CBA resulting in larger 

nanoparticle size. Excess MA moieties were on the surface of the nanoparticles, while CBA 

moieties were firstly shielded inside the STICK to avoid non-specific bindings. Hydrophobic 

drugs were loaded in the hydrophobic cores of secondary small micelles, while hydrophilic 

agents were trapped in the hydrophilic space between small micelles. In the following 

studies we included several control micelle formulations including NM (no targeting), MA-

NPs (single BBB targeting), and CBA-NPs (single sialic acid tumor targeting) nanoparticles 

(inserted table). In detail, STICK-NPs could overcome Barrier 1 (destabilizing condition in 

the blood) by intermicellar crosslinking strategy, Barrier 2 (BBB/BBTB) by active GLUT1 

mediated transcytosis through brain endothelial cells, and Barrier 3 (penetration & tumor 

cell uptake) by transformation into secondary smaller micelles and reveal of secondary 
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active targeting moiety (CBA) against sialic acid overexpressed on tumor cells in response 

of acidic extracellular pH in solid tumors. b) Intensity-weighted distribution of MA-NPs, 

CBA-NPs, NM, and STICK-NPs at pH 7.4 and 6.5. c) Boronate ester bond formation 

verified by a fluorescence assay based on the indicator of alizarin red S (ARS) (Ex: 468 nm, 

0.1 mg/mL). ARS fluorescence decreased along with a dose-dependent increase of MA4-

PEG-CA8 concentrations from 0 μM to 40 μM (fixed CBA4-PEG-CA8 with 2.5 μM). This 

demonstrated the formation of boronate ester bonds between MA4-PEG-CA8 and CBA4-

PEG-CA8. d) Transmission electron micrograph (TEM) imaging for visualizing the 

transformation process of STICK-NPs (92 ± 21nm) into secondary small micelles (14 ± 

3nm) when changing from pH 7.4 to pH 6.5 at 10 mins (intermediate status) and 24 hours. 

Of note, the low-contrast nanoparticle outline in the intermediate status represented the 

empty large nanoparticle with associated secondary small micelles outside. Scale bar, 200 

nm or 100 nm (insert). pH-dependent (e) and time-dependent (f) intensity-weighted 

distribution changes of STICK-NPs under pH 6.5. pH 6.8 appears to be the cut-off value for 

triggering micelle transformation. g) The Z-average size of STICK-NPs that was formulated 

with different solvents (various polarities) and treated with sodium dodecyl sulfate (SDS) or 

not in PBS. ACN: acetonitrile; DCM: dichloromethane; EtOAc: ethyl acetate.
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Figure 2. 
Cumulative release profile for both hydrophilic (Gd-DTPA) (a) and hydrophobic (Cy7.5) 

payloads (b) from STICK-NPs and NM in the presence of different pH. A mixture of NM 

and free Gd was used in (a), as Gd could not be loaded into NM. Drug release study was 

performed initially at pH 7.4 PBS (grey areas) and was then subjected to pH 6.5 after 4 h 

(pink areas). Samples were collected at different time points and were measured by 

inductively coupled plasma mass spectrometry (ICP-MS) for Gd-DTPA level and 

fluorescence spectrometer for the concentration of Cy7.5. (n = 3). c) In vitro T1-weighted 

MRI signal of Gd-DTPA, and STICK-NP@Cy@Gd under pH7.4 or pH6.5 at different 

concentrations acquired by a Bruker Biospec 7T MRI scanner. d) The Z-average size 

stability test of STICK-NP@Cy@Gd in the presence of PBS, 10 mg/mL SDS or 10% FBS. 

(n = 3) e) The intensity-weighted distribution changes of STICK-NPs in the presence of 

different concentrations of glucose (mmol/L). Of note, normal human serum glucose level 

ranges from 3.9 to 5.5 mmol/L. f) Pharmacokinetic profiles of free Cy7.5, STICK-NP@Cy, 

and NM@Cy (Cy7.5, 10 mg/kg) in jugular vein catheterized rats (n = 3). Serum was 

collected at different time points, and drug concentrations were measured based on 

fluorescence signals. The error bars were the standard deviation (SD).
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Figure 3. 
Multi-barrier tackling mechanism studies for STICK-NPs mediated brain tumor drug 

delivery process in vitro. a) Diagram for Transwell® (0.4 μm pore size) modeling for Barrier 

2 (BBB/BBTB), and the STICK-NP@Cy mediated transcytosis through brain endothelial 

cells. Mouse brain endothelial cells (bEnd.3) were cultured in the upper chamber. b) 

Quantitative measurements for the intracellular fluorescence intensity of Cy7.5 in bEnd.3 

cells. bEnd.3 cells were incubated with free Cy7.5, STICK-NP@Cy, MA-NP@Cy, CBA-

NP@Cy and NM@Cy (Cy7.5: 0.1 mg/mL) and lysed at different time points. To inhibit 

GLUT1 activity, cells were pre-treated with 40 μM WZB-117 for 1 hour before cellular 

uptake study in the following (b-c). (n = 3, **p<0.01, two-way ANOVA). c) The efficiency 

of the transcytosis of different formulations with Cy7.5 in the Transwell system as (a). 

Mouse bEnd.3 cells were seeded in the upper chamber to form a tight junction that was 

confirmed with > 200 Ω.cm2 trans-endothelial electrical resistance (TEER). Free Cy7.5, 

MA-NP@Cy, CBA-NP@Cy, NM@Cy, and STICK-NP@Cy were loaded in the upper 

chamber and medium in the lower chambers were collected at different time points to 

measure the fluorescence intensity of Cy7.5. d) The intensity-weighted distribution of the 

STICK-NP@Cy presented in the upper chamber, and lower chamber with medium adjusted 

to pH 7.4 and 6.5, respectively. The size was measured by DLS. n = 3. e) Representative 

confocal image of the subcellular distribution of STICK-NP@DiD (red) in the bEnd.3 cells 
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after 1 hour of incubation. Lysotracker (green): lysosome; Hochst 33342 (blue) : nuclear 

staining; Scale bar = 20 μm. f) VCR concentrations in normal brain tissue in Balb/c mice 

with intact BBB at 6 hours post-intravenous injection of STICK-NPs@VCR and other 

formulations (2 mg/kg). The whole brains were homogenized. VCR was extracted and the 

concentrations were measured by liquid chromatography-mass spectrometry (LC-MS). g) 

The diagram depicting barrier 3 - tumor uptake and pH-dependent transformation with 

newly revealed CBA for sialic acid-mediated tumor targeting. h) Quantitative fluorescence 

measurement of total intracellular Cy7.5 with the same treatment at different time points. 

The Cy7.5 fluorescence intensity was measured through the lysed cells. n = 3, **p<0.01, 

two-way ANOVA. Scale bar = 20 μm. Representative quantitive analysis (i) and 

fluorescence images (j) of U87-MG cellular uptake of free Cy7.5, MA-NP@Cy, CBA-

NP@Cy, NM@Cy and STICK-NP@Cy (Cy7.5: 0.1 mg/mL) under different pH (7.4 and 

6.5) at 1 hour time point. In one parallel group treated STICK-NPs, the sialic acid 

expression on the tumor cell surface was augmented with 40 μM azidothymidine (AZT). In 

another parallel group of treated STICK-NPs, 40 μM free CBA were added to compete with 

the surface CBA (secondary targeting moiety) on the secondary STICK-NPs. n = 3, 

**p<0.01, two-way ANOVA. k) The diagram of Transwell (0.4 μm pore size) co-culture 

system with the bEND3 cells in the upper chamber and U87-MG cells in the lower chamber 

to model Barriers 2+3. Representative fluorescence images (l) and quantitive analysis (m) of 

U87-MG cells at 1 hour after treatment with free Cy7.5, MA-NP@Cy, CBA-NP@Cy, 

NM@Cy and STICK-NP@Cy (Cy7.5: 0.1 mg/mL) in the upper chamber. After adding in 

the upper chamber for one hour, the lower chamber medium was adjusted to pH 7.4 or 6.5 

for another hour and the U87-MG cells at lower chamber were incubated for another hour. In 

a parallel group treated STICK-NPs, GLUT1 activity was pre-inhibited by WZB-117. Scale 

bar = 20 μm. The error bars were the standard deviation (SD).
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Figure 4. 
Transforming-dependent tumor penetration study for STICK-NPs. a) Quantitative analysis 

of the penetration in U87-MG-GFP neurosphere with STICK-NP@DiD (pH 7.4 and 6.5) 

and other formulations (pH 7.4). The Z-average size of STICK-NP@DiD (pH 7.4) was 

138.6 ± 11.8 nm, while STICK-NP@DiD (pH6.5) and other nanoformulations were around 

25 nm (Figures S4,5, Supporting information). n = 3. t-test, **P < 0.01. b) The 

representative images and quantitative analysis of the penetration of STICK-NP@DiD (red) 

into DIPG tumor spheroid at 24 hours under pH 7.4 and 6.5. (DiD: 0.05 mg/mL). n = 3. t-
test, **P < 0.01. Scale bar, 100 μm. c) Tissue penetration of STICK-NP@DiD at the normal 

brain area and implanted DIPG area from the orthotopic mouse model at 16 hours post-

injection of STICK-NP@DiD and NM@DiD (Red, 5mg/kg). DIPG-XIII-P cells were 

injected into the mouse brainstem to establish the orthotopic model. DIPG bearing mice 

were injected with STICK-NP@DiD and NM@DiD (Red, 5mg/kg) for 16 hours. Before 

sacrificing the mice, Dextran-FITC (green, moleclular weight = 70 K) were injected to 

highlight blood vessels. Penetration distance from the blood vessels was analyzed with 

Image J (right). DAPI (blue): nuclear staining. Scale bar = 100 μm. d) Tissue penetration 

analysis of STICK@DiD and NM@DiD (Red) beyond the blood vessels (FITC, green) at 

both normal brain and DIPG tumor sites corresponding to the cross-sections (yellow line) in 

(c).
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Figure 5. 
Dual-modality imaging (MRI & NIRF imaging)-guided delivery process of STICK-NPs in 

orthotopic PDX GBM and PDX DIPG brain tumor models a) In vivo T1-weighted MRI and 

NIRF images ( in vivo and ex vivo) on PDX GBM bearing mouse model as indicated time 

points after iv injections of Cy7.5+Gd, MA-NP@Cy+Gd, CBA-NP@Cy+Gd, NM@Cy+Gd 

or STICK-NP@Cy@Gd (Gd-DTPA: 25 mg/kg; Cy7.5: 10 mg/kg). Since hydrophilic Gd-

DTPA could not be loaded in MA-NP, CBA-NP, NM, free Gd-DTPA was given in 

conjunction with Cy7.5 loaded nanoparticles as controls. Tumor location was double-

verified with T2-weighted MR imaging. b) Quantitative analysis of MRI T1 signal intensity 

normalized to normal brain tissue. t-test, **p<0.01. c) The NIRF intensity analysis of 

orthotopic brain tumors based on the whole mouse in vivo imaging at 24 and 48 hours post-

injection. n = 3, t-test, **p<0.01, *p<0.05. d) Biodistribution analysis based on the Cy7.5 

fluorescence intensity (ex vivo NIRF imaging) in PDX GBM bearing mice at 24 hours pos-

injections of Cy7.5+Gd, MA-NP@Cy+Gd, CBA-NP@Cy+Gd, NM@Cy+Gd, and STICK-

NP@Cy@Gd. n = 3, t-test, **p<0.01. e) Representative confocal images from the 

cryosection of the mouse brain with implanted GBM tumors at 24 hours post-injection of 

Cy7.5+Gd, MA-NP@Cy+Gd, CBA-NP@Cy+Gd, NM@Cy+Gd, and STICK-NP@Cy@Gd. 

Blue: DAPI; Green: U87-MG-GFP; Red: Cy7.5. Scale bar = 500 μm. The error bars were 

the standard deviation (SD). f) T1-weighted MRI and confocal fluorescence imaging, with 
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quantitative analysis, on orthotopic PDX DIPG brain tumor model at 24 hours post-

administration of NM@Cy+Gd or STICK-NP@DiD@Gd (Gd-DTPA: 25 mg/kg; DiD: 5 

mg/kg as indicated. Before sacrificing the mice, animals were injected with Dextran-

FITC(green) to highlight blood vessels. Red: DiD; Scale bar = 2 mm.
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Figure 6. 
Anti-cancer efficacy studies of STICK-NPs@VCR in the orthotopic PDX DIPG mouse 

model a) Tumor progression (blue dotted outline) of orthotopic DIPG mouse model 

monitored with Gd-enhanced T1-weighted MRI of the same representative mouse from each 

group on day 0, 6, 12, 18 and 24 day after treatment with PBS, free VCR, NM@VCR, MA-

NP@VCR, CBA-NP@VCR, STICK-NP@VCR, Marqibo® (VCR 1.5 mg/kg) free VCR2 

and STICK-NM@VCR2 (VCR 2 mg/kg) every six days (intravenous injection). Scale bar 

=10 mm. b) Actual tumor burden was confirmed with histopathology (blue dotted outline) 

on day 12 post-injection from the same representative mouse with MRI results in (a). Scale 

bar = 5 mm. c) Quantitative analysis of the tumor growth curve based on MRI, Kaplan–

Meier survival curve (d), and body weight changes (e) of the DIPG bearing mice after 

treatment of STICK-NP, Marqibo®, and other formulations. n = 6. t-test for tumor burden 

analysis; Log-rank (Mantel-Cox) test for survival time analysis. **p<0.01, *p < 0.05. Of 

note, all the mice in the treatment groups of PBS, free VCR, NM@VCR, MA-NP@VCR 

and CBA-NP@VCR died after day 12, while there were survivors in the STICK-NP@VCR 

groups. Therefore, the tumor growth curve and body weight changes were only plotted 

based on survived mice in STICK-NP@VCR groups beyond day 12.

Wu et al. Page 24

Adv Mater. Author manuscript; available in PMC 2021 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Graphical Abstract
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.



