
Systemic Delivery of Blood-Brain Barrier Targeted Polymeric 
Nanoparticles Enhances Delivery to Brain Tissue

Jennifer K. Saucier-Sawyer1, Yang Deng1, Young-Eun Seo1, Christopher J. Cheng1,2, 
Junwei Zhang3, Elias Quijano1, and W. Mark Saltzman1

1Department of Biomedical Engineering, Yale University, New Haven, CT, USA

2Department of Molecular, Cellular and Developmental Biology, Yale University, New Haven, CT, 
USA

3Department of Chemical Engineering, Yale University, New Haven, CT, USA

Abstract

Delivery of therapeutic agents to the central nervous system is a significant challenge, hindering 

progress in the treatment of diseases such as glioblastoma. Due to the presence of the blood-brain 

barrier (BBB), therapeutic agents do not readily transverse the brain endothelium to enter the 

parenchyma. Previous reports suggest that surface modification of polymer nanoparticles can 

improve their ability to cross the BBB, but it is unclear whether the observed enhancements in 

transport are large enough to enhance therapy. In this study, we synthesized two degradable 

polymer nanoparticle systems surface-modified with ligands previously suggested to improve 

BBB transport, and tested their ability to cross the BBB after intravenous injection in mice. All 

nanoparticle preparations were able to cross the BBB, although generally in low amounts (<0.5% 

of the injected dose), which was consistent with prior reports. One nanoparticle produced 

significantly higher brain uptake (~0.8% of the injected dose): a block copolymer of polylactic 

acid and hyperbranched polyglycerol, surface modified with adenosine (PLA-HPG-Ad). PLA-

HPG-Ad nanoparticles provided controlled release of camptothecin, killing U87 glioma cells in 

culture. When administered intravenously in mice with intracranial U87 tumors, they failed to 

increase survival. These results suggest that enhancing nanoparticle transport across the BBB does 

not necessarily yield proportional pharmacological effects.
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Dedication

Robert Langer is the world's leading thinker and doer in the field of drug delivery and 

targeting. This paper describes an approach for using polymers to deliver drugs to the brain. 

Bob published the first paper showing that polymers could be used to deliver agents to 

targeted areas of the brain in 1981 (1). At about that time, he introduced one of us (WMS) to 

the potential value of novel drug delivery systems targeted to brain disease (2, 3). Bob's 

support and encouragement was pivotal in the directions our laboratory took in defining the 

role of polymers for delivery of chemotherapy agents to brain tumors (4, 5). It is with deep 

gratitude that we dedicate this paper to Bob, in honor of his receiving the 2015 Lifetime 

Achievement Award.

Introduction

Incidence of diseases affecting the central nervous system (CNS) is on the rise with 

projections estimating it will reach 14% of all global diseases by 2020 (6). Brain and CNS 

tumors are of particular concern, with more than 20,000 new cases diagnosed in 2014, 

resulting in over 14,000 deaths in the US alone (7). In particular, glioblastoma multiforme 

(GBM) is a highly aggressive, invasive, and deadly form of primary brain tumor. The current 

treatment for GBM involves surgical resection, if possible, followed by chemotherapy, 

typically with temozolomide, and radiation (8, 9). Even with this aggressive regimen, 

median survival for patients diagnosed with GBM is ~14 months and a cure for the disease 

remains elusive (10).

Compared to other peripheral tumors, brain and CNS tumors pose a unique hurdle for 

treatment. The blood-brain barrier (BBB) presents a significant challenge to the systemic 

delivery of therapeutic agents to the brain (11). This protective barrier is composed of a layer 

of brain endothelial cells supported by astrocytes and pericytes, which prevents movement of 

all but small lipophilic molecules between the blood and the brain extracellular fluid (12). 

Tight gap junctions, which limit paracellular transport through the monolayer of brain 

endothelial cells, are a primary characteristic of the BBB. The lack of transvascular access 

imposes a severe limitation on the treatment of neurological conditions such as brain tumors. 

Even in the presence of a brain tumor, the blood-tumor barrier remains mostly intact, 

reducing the enhanced permeability and retention effect (EPR) observed in peripheral 

tumors and limiting uptake of agents into the tumor environment (13, 14).

Due to their small size in relation to cells, nanoparticles (NPs) have been investigated as a 

potential means to enhance delivery of agents to the brain (15–18). Polymeric NPs offer the 

potential benefits of controlled release and protection of payloads from degradation. For 

example, poly(lactic-co-glycolic acid) (PLGA) and polylactic acid (PLA) are biodegradable 

polymers that have been approved by the FDA in drug delivery applications (19); NPs 

fabricated from PLGA or PLA have potential advantages over other delivery systems—such 

as liposomes and dendrimers—due to their inherent biodegradability (20), their lack of 

toxicity, and their ability to deliver hydrophilic compounds such as nucleic acids (21), 

hydrophobic agents such as camptothecin (CPT) (22), and drug/nucleic acid combinations 

(23, 24).
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To have an impact on brain diseases, NPs must circulate and cross the BBB. Long 

circulation should enhance penetration of the BBB by allowing more time for NP transport. 

One of the most significant barriers to long circulation of polymer NPs is the body's natural 

response to injected particulates. In the blood, NPs can become coated with plasma proteins, 

in a process known as opsonization, which enhances their clearance by cells of the 

mononuclear phagocyte system (MPS) (20). As a result, injected NPs will be sequestered 

into phagocytic cells and transported to the spleen, liver, or lymph nodes before reaching 

target organs. Surface coating of polymeric NPs with poly(ethylene glycol) (PEG) has been 

shown to slow opsonization and MPS uptake, allowing the creation of “stealth” vehicles that 

exhibit prolonged circulation time (25–28). Significantly, PEG coatings also appear to 

enhance transport of NPs within the brain interstitium (29). Recently, our group developed a 

novel NP coating, hyperbranched polyglycerol (HPG), which has advantages over PEG, 

including enhanced surface coverage and prolonged circulation times (30).

In addition to the pharmacokinetic improvements imparted by stealth coatings, 

functionalizing NPs with targeting moieties can significantly improve BBB transport. Most 

approaches to enhance permeation of NPs through the BBB attempt to exploit transporters 

located on the luminal side of brain capillary endothelial cells (15, 31–33), although some 

NPs appear to be taken up by non-specific endocytosis, or absorptive endocytosis (34–36). 

Among transporters, receptors that are involved in receptor-mediated endocytosis, and 

capable of trafficking molecules into and through the cell (37)—such as receptors for insulin 

(38), transferrin (33), and low-density lipoprotein (39)—are of particular interest. Rabies 

virus glycoprotein (RVG), a 29 amino acid cell-penetrating peptide derived from an active 

targeting region of the rabies virus, has been found to specifically bind to the alpha subunit 

of the nicotinic acetylcholine receptor resulting in receptor-mediated transcytosis (40–42) 

and has been shown to be an effective targeting agent for certain particulates (42–45). TGN, 

a 12 amino acid peptide, was discovered through in vivo phage display in a mouse model. 

Although the uptake mechanism is unknown, PLGA NPs modified with TGN demonstrated 

increased uptake in the brain when compared to unmodified NPs (15). Finally, NPs 

conjugated with adenosine (Ad) have been recently explored by other groups (16, 46). Ad 

G-protein-coupled receptors, specifically A2A, are found on brain endothelial cells, and 

reports have shown that this receptor can both increase uptake of therapeutic agents and 

modulate BBB permeability (16, 47, 48).

NPs encounter an additional transport barrier after they cross the BBB. Once in the brain 

parenchyma, NPs must move through the interstitial spaces of the brain and tumor (5), 

which are estimated to be less than 100 nm (49, 50). Production of NPs of small size 

(significantly less than 100 nm) enhances their ability to penetrate though the brain 

parenchyma and distribute within the tissue (5).

In this study, we selected three of the most promising BBB transport ligands (RVG, TGN 

and Ad) and synthesized NPs with these ligands attached to the surface of either PLGA with 

a PEGylated phospholipid linker (PLGA-DSPE-PEG) or PLA-HPG NPs of small diameter. 

We analyzed the properties of these NPs in vivo by measuring their accumulation in the 

brain of mice after intravenous injection. Finally, to examine the potential of our NPs to 
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deliver drugs to the brain, PLA-HPG NPs conjugated to Ad (PLAHPG-Ad), were loaded 

with CPT and tested for effectiveness by injection in mice with intracranial gliomas.

Materials and Methods

Materials

Ester-terminated poly(lactic-co glycolic acid) (PLGA, 50:50 copolymer ratio, 0.55–0.75 

dL/g inherent viscosity) and Poly(DL-lactide) (PLA, 0.15–0.25 dL/g inherent viscosity) 

were acquired from LACTEL Absorbable Polymers, Durect Corporation (Birmingham, AL). 

Dichloromethane (DCM) was purchased from Fischer Scientific (Fair Lawn, NJ). Ethyl 

acetate and dimethyl sulfoxide (DMSO) were acquired from J.T. Baker (Center Valley, PA). 

1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[carboxy(polyethylene glycol)-2000] 

(DSPE-PEG) was purchased in the forms of DSPE-mPEG MW 2000 (DSPE-mPEG), 

DSPE-PEG-maleimide MW 2000 (DSPE-PEG), as well as DSPE-PEG-FITC MW 2000 

(DSPE-PEG-FITC) from Nanocs (Boston, MA). coumarin 6, poly(vinyl alcohol) (PVA), 

trehalose, HEPES buffer, CPT, TWEEN 80, bovine serum albumin (BSA), Triton X-100, 

N,N-Dimethylformamide (DMF), N,N'-Diisopropylcarbodiimide (DIC), Trifluoroacetic acid 

(TFA), Hydrochloric acid solution (HCl), and heparin sodium salt were purchased from 

Sigma-Aldrich (St. Louis, MO). Paclitaxel was purchased from LC Laboratories (Woburn, 

MA). Phosphate buffered saline (PBS), penicillin-streptomycin (Pen-strep), nile red, 

Dulbecco's Modified Eagle Medium (DMEM) as well as Alexa Fluor 594 phalloidin dye 

were acquired from Life Technologies (Grand Island, NY). Fetal bovine serum (FBS) was 

purchased from Atlanta Biologicals (Flowery Bay, GA). U87 and bEnd.3 cells were 

obtained from American Type Tissue Culture (ATCC, Manassas, VA). 2',3'-Isopropylidene 

Adenosine-5'-carboxylic Acid was purchased from Santa Cruz (Dallas, TX). Snakeskin 

dialysis tubing (10K MWCO) and Bond-Breaker TCEP Solution were acquired from 

Thermo Scientific (Rockford, IL). EDTA was purchased from American Bioanalytical 

(Natick, MA). Custom synthesized peptides RVG 

(YTIWMPENPRPGTPCDIFTNSRGKRASNG) and RVMAT 

(MNLLRKIVKNRRDEDTQKSSPASAPLDDGC) were ordered from Keck Biotechnology 

Resource Laboratory (Yale University, New Haven, CT). Peptide TGN 

(TGNYKALHPHNGGGGGC) was fabricated by GenScript (Piscataway, NJ).

Synthesis of DSPE-PEG Ligand Conjugates

Peptide ligands were conjugated to DSPE-PEG as previously described (51). When noted, 

DSPE-mPEG as well as DSPE-PEG-FITC were unmodified and used as received. DSPE-

PEG-RVG, DSPE-PEG-RVMAT, and DSPE-PEG TGN were fabricated through conjugation 

of the targeting ligand (RVG, RVMAT, TGN) to DSPE-PEG-maleimide via cysteine 

residues. Ligands were dissolved at 30 nM concentration in water and added to a buffer 

solution containing 100 mM HEPES and 10 mM EDTA with 50 mM TCEP at pH 7.5. After 

1h, DSPE-PEG-maleimide at a 3X molar ratio was added to the peptide mixture and reacted 

overnight at room temperature. Dialysis was used to purify the conjugates. Conjugates were 

stored at 4°C until use.
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PLGA-DSPE-PEG NP Fabrication

PLGA NPs were fabricated using a single emulsion solvent evaporation technique as 

described previously with minor modifications (5). PLGA was dissolved at 100 mg per ml in 

DCM overnight. Nile red (0.2% wt/wt) was dissolved in 1 ml ethyl acetate and added to the 

polymer solution immediately before fabrication. DSPE-PEG ligands, including those 

conjugated to peptides, were added to the aqueous phase (2 ml, 5% wt/vol PVA) before 

emulsion. DSPE-PEG-FITC NPs were fabricated at 1, 5, 10, and 15 nmol ligand per mg 

polymer while all other DSPE NPs were fabricated at 10 nmol ligand per mg polymer. The 

polymer phase was added dropwise to the aqueous phase under vortex and probe sonicated 

3X for 30 s each before addition to 0.3% PVA solution under stirring for 4–5 hours to 

evaporate solvent. Particles were collected by centrifugation at 10,000 rpm where the 

supernatant was retained and washed 2X in DI water under ultracentrifugation at 24,000 

rpm. NPs were resuspended in water with the addition of ~20% wt/wt trehalose as a 

cryoprotectant, flash frozen, lyophilized, and stored at −20°C until future use.

PLGA NP Characterization

Sizing, Morphology, and Zeta Potential—PLGA NPs were characterized for size and 

morphology using scanning electron microscopy (SEM) as well as sizing using dynamic 

light scattering (DLS). For SEM, dry NPs without trehalose were spread on carbon coated 

tape and gold sputter coated for 30 s under 40 mA current (Sputter Coated 180aute, 

Cressington). Samples were imaged in an XL-30 ESEM-FEG (FEI Company) under 10 kV 

acceleration voltage. ImageJ software (National Institutes of Health) was utilized to analyze 

the average size of the NPs. Sample populations of at least 1000 NPs were included for 

statistical analysis. For hydrodynamic sizing using DLS, NP samples were diluted to 0.05 

mg/ml in DI water and read on a Malvern Nano-ZS and reported as Z-average diameter. To 

measure zeta potential, NPs were resuspended in DI water at a concentration of 0.5 mg/ml. 

750 μl of solution was loaded into a disposable capillary cell (Malvern) and analyzed on a 

Malvern Nano-ZS.

Quantification of Ligand Surface Density—DSPE-PEG FITC was introduced during 

NP fabrication as described above to estimate the ligand incorporation and surface density 

via fluorescence. NPs were washed as described to remove any unincorporated ligand before 

lyophilization. After lyophilization, ~3mg of dry NPs were resuspended in 1 ml of DMSO 

and left at room temperature to dissolve for 1 h protected from light. 100 μl of NP solution 

was added to 900 μl of PBS to pH FITC for analysis. A standard curve of known molar 

concentrations of free DSPE-PEG-FITC ligand was created in identical buffer conditions. 

Samples were analyzed in triplicate in a 96 well black clear-bottom plate at ex/em 495/518 

nm using a Molecular Devices SpectraMax M5 plate reader. The number of ligands per NP 

and surface density were approximated based on the assumption of spherical NPs of average 

size with a density of 1.2 g/cm3 (52).

NP Loading—To quantify total loading of fluorophore, NPs loaded with nile red (ex/em 

552/636) were directly dissolved in DMSO and quantified against a standard curve. Samples 

were read in a 96-well plate using a Molecular Devices SpectraMax M5 plate reader.
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Fabrication and Characterization of PLA-HPG and PLA-HPG-Ad Polymers

Fabrication of PLA-HPG in our laboratory has been previously described in detail (30). To 

surface modify these NPs to create PLA-HPG-Ad, 500 mg PLA-HPG was added to 40 mg 

2',3'-Isopropylidene Adenosine-5'-carboxylic Acid and dissolved in 12 ml anhydrous DMF. 

The solution was dried with molecular sieve with 39 μl DIC and 6 mg DMAP added to the 

solution. The reaction was slowly stirred for 2 days. To purify, the solution was centrifuged 

at 10,000 rpm for 10 min. The resulting supernatant was collected and added into a large 

amount of cold diethyl ether to precipitate the polymer. The polymer precipitate was 

collected by centrifugation at 10,000 rpm for 10 min. The resultant polymer was dissolved in 

3 ml DCM/TFA mixture (DCM:TFA = 2:1) and the reaction was shaken at room 

temperature for 2 h. The resulting solution was added into a large amount of cold diethyl 

ether and the polymer was collected by centrifugation at 10,000 rpm for 10 min. The 

polymer was further purified by redissolving in DCM and precipitating in diethyl ether. The 

purified polymer was dried under vacuum for 2 days. To determine conjugation of Ad to 

PLA-HPG, PLA-HPG-Ad and PLA-HPG polymers were dissolved in DMSO-d6 and 1H 

NMR analysis was carried out on an Agilent DD2 400 MHz NMR Spectrometer. The 

average number of Ad per PLA was estimated based on the integral of peak 4 (6.35ppm) and 

peak 5 (5.18ppm)

Fabrication of PLA-HPG and PLA-HPG-Ad NPs

PLA-HPG and PLA-HPG-Ad NPs were fabricated using an emulsion solvent evaporation 

technique as described previously with slight modification (30). For nile red or coumarin 6 

loaded PLA-HPG-NPs, 100 mg of PLA-HPG copolymer was dissolved in 2.4 ml ethyl 

acetate. Fluorophore was added to the polymer solution at 0.2% wt/wt in 0.6 ml DMSO. 

PLA-HPG-Ad NPs were fabricated by replacing a portion of PLA-HPG polymer with PLA-

HPG-Ad modified polymer at 10, 5, or 1%. For CPT loaded NPs, CPT was dissolved at 5% 

wt/wt in 0.6 ml DMSO and added to the polymer/ethyl acetate mixture. To increase CPT 

loading, 20% wt/wt 16,000 MW free PLA was added to replace equal weight of PLA-HPG 

with other fabrication parameters remaining the same. The resulting polymer solutions were 

added to 4 ml of DI water under vortex and then probe sonicated 4X at 10 s each on ice. The 

resulting emulsion was suspended in 10 ml DI water under stirring. Ethyl acetate was 

evaporated using a rotary evaporator and the resulting solution transferred to an Amicon 

Ultracel 100K centrifugal filter unit. The NPs were washed 2X in DI water and then 

resuspended and frozen until use.

Characterization of PLA-HPG and PLA-HPG-Ad NPs

Sizing and Morphology—Particle characterization of PLA-HPG NPs was analyzed using 

both DLS and Transmission Electron Microscopy (TEM). DLS sizing and zeta potential was 

completed as described above. For TEM, a drop of NP suspension in DI water was placed on 

a carbon-coated copper grid. The NP droplet was allowed to dry for 10 min before 

application of a droplet of uranyl acetate. The sample was once again allowed to dry for 5 

min and then mounted for imaging.
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Loading of Drugs and Fluorophores—To quantify drug loading, CPT in NPs was 

assayed via fluorescence at ex/em 370/428 nm. NPs were dissolved in acidified DMSO 

containing 1% NP solution in water, 1% HCl (1N) and 98% DMSO. All samples and 

standards were diluted in a buffer solution at final concentrations of 1% HCl (1N), 1% DI 

water, and 98% DMSO. Free CPT was dissolved in buffer for use as a standard curve. 

Fluorescently loaded NPs (nile red and coumarin 6) were quantified as described above.

Controlled Release of CPT—Release from PLA-HPG and PLA-HPG-Ad NPs was 

performed under in vitro physiological conditions with triplicate samples. NPs suspended in 

water were placed in dialysis tubing (10K cut-off) under sink conditions in 40 ml of sterile 

PBS at 37°C with stirring. At designated timepoints, the dialyzate was reserved for analysis 

and replaced with 40 ml of fresh PBS. To quantify the amount of CPT released from the 

NPs, 970 μl of dilyzate from each sample and timepoint was added to 30 μl of acidified 

buffer (DMSO:10% SDS:1N HCl at a 1:1:1 volume ratio). The CPT concentration was 

detected using a Molecular Devices SpectraMax M5 plate reader at ex/em 370/428 and 

compared to NP loading to quantify total release.

In vivo delivery and quantification of fluorescent NP brain uptake

Mice were used to quantify brain uptake of fluorescently-labeled NPs. All animal 

procedures were performed in accordance with Yale IACUC protocols. Animals were kept 

in the Yale Animal Resource Center and given free access to food and water over the 

duration of the study. BALB/c mice (Charles River) were obtained at 8 weeks old. Nile red-

loaded NPs were resuspended in PBS and administered at 200 mg/kg via the tail vein. At 

designated time points (PLGA-DSPE-PEG-RVG and PLGA-DSPE-PEG-RVMAT- 2 h, 

PLGA-DSPE-PEG-TGN – 4 h, PLA-HPG-Ad at 4 and 24 h), animals were sacrificed and 

immediately perfused with heparinized PBS to remove all blood. Brain tissue was carefully 

removed and washed with 1X PBS before placing in clean vials. Organs were frozen and 

lyophilized for 24 h to remove all aqueous matter. Tissues were resuspended in DMSO at 50 

mg/ml concentrations and homogenized to extract fluorophores from the tissues. Tissue 

samples were centrifuged 2X at 15,000 rpm for 10 min to separate all tissue matter and 

debris from the DMSO sample. Nile red content in the samples was quantified in reference 

to a standard curve and background controls using a SpectraMax M5 plate reader at ex/em 

552/636 nm. Percent dose was calculated based on the total injected dose of fluorophore in 

the NP samples with background PBS controls subtracted. Data was processed through an 

ordinary one-way ANOVA using Tukey's Multiple Comparisons Test to determine 

significance, which is denoted as * (p≤0.05), ** (p≤0.01), *** (p≤0.001).

In vitro cell culture and cellular assays

Immortalized mouse brain endothelial cells, bEnd.3, as well as U87 immortalized human 

glioblastoma cells were cultured in Dulbecco's Modified Eagle Medium (DMEM) 

supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin. Cells were 

stored in a humidified incubator at 37°C under 5% CO2.
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Confocal Microscopy Analysis of NP internalization in vitro

bEnd.3 cells were plated on 1 cm sterile glass cover slips set in a 24-well tissue culture plate 

at a concentration of 1×103 cells per well and left over night to adhere. Glass cover slips 

were then transferred to a new tissue culture plate and coumarin 6 NPs were administered at 

a concentration of 0.2 mg/mL for either a 4 or 24 h period. Samples were washed 5X with 

PBS then fixed with 4% paraformaldehyde. Permeabilization of cells was completed with 

0.1% Triton X (vol/vol) in a solution of 1% BSA (wt/vol) in PBS for 10 min. Cells were 

then incubated for membrane labeling with 1:40 dilution of Alexa Fluor phalloidin 594 in 

1% BSA (wt/vol) in PBS for 20 min at room temperature and then rinsed 1X with PBS. 

Samples were mounted on glass slides for imaging using Vectashield mounting media 

(Vector Labs) with DAPI for nucleus staining. Cells were imaged on a Leica (Bannockburn, 

IL) TCS SP5 Spectral Confocal Microscope.

In vitro cytotoxicity of CPT-loaded NPs

To determine the in vitro cytotoxicity of both PLA-HPG and PLA-HPG-Ad CPT NPs, both 

bEnd.3 and U87 cells were plated in 96-well tissue culture plates at a density of 2×103 cells 

per well and left overnight to adhere. NPs as well as controls (Free drug and PBS) were 

diluted in DMEM at the highest specified concentration and serially diluted 1:10 in media. 

100 μl of solution was added to each well. The cells were incubated for 72 h, at which point 

a Cell Titer Blue assay (Promega) was run to quantify cell viability for each treatment.

In vivo tumor implantation and survival analysis of U87 tumor-bearing mice injected with 
PLA-HPG-Ad NPs

Athymic nude mice (Charles River) were obtained at 8 weeks of age. Animals were housed 

in the Yale Animal Resource Center and all work was completed at Yale University in 

accordance with the Yale Institutional Animal Care and Use Committee (IACUC) 

guidelines. Mice were placed under ketamine (100 mg/kg) and xylazine (10 mg/kg) 

anesthesia with Meloxicam SR analgesia (5 mg/kg) until a surgical plane was achieved. 

Animals were placed in a stereotactic frame and their scalps sterilized with alternating 

betadine and alcohol administration. A mid-line incision was created and a 1mm burr hole 

was placed in the skull at 0.6 mm anterior, and 1.8 mm lateral to bregma in the right 

striatum. U87 cells, cultured as described above, were trypsinized, washed 2X in sterile 

saline and resuspended at a concentration of 108 cells per ml. A 10 μl Hamilton syringe 

loaded with cell solution was inserted into the burr hole at a depth of 3 mm and left to 

equilibrate for 5 min before infusion. A microinfusion pump was used to inject 2 μl of cell 

solution (2×105 cells per animal) at a rate of 1000 μl per min. The animal was left for 5 min 

for tissue equilibration to prevent backflow post infusion. Bone wax was used to fill the burr 

hole, and skin was stapled and cleaned. Animals were placed in a recovery cage until sternal.

To test the therapeutic benefit of our brain-targeted NPs, two survival studies were 

performed in these nude mice. In study 1, mice were administered either CPT-loaded PLA-

HPG NPs (n=7), CPT-loaded PLA-HPG-Ad NPs (n=7), free CPT (suspended in a PBS 

solution with 10% vol/vol DMSO, 5% vol/vol Tween 80, and 85% vol/vol saline, n=6), or 

PBS (n=5) via the tail vein at 4 mg/kg CPT at days 3, 6, and 9 after intracranial infusion of 

tumor cells. In study 2, mice were administered CPT-loaded PLA-HPG NPs (n=7), PLA-
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HPG-Ad NPs (n=5), free CPT (n=5), and PBS (n=5) at 10 mg/kg on days 5, 10, and 15 days 

post tumor inoculation. BALB/c mice at 8 weeks of age (Charles River) without tumors 

were also administered doses of both CPT-loaded PLA-HPG (n=4) and PLA-HPG-Ad (n=4) 

following the same dosing schedule to examine NP toxicity. In both studies, animals were 

monitored and sacrificed as deemed humanely necessary according to protocols approved by 

the Yale IACUC. Kaplan-Meier survival curves were plotted and differences in survival 

between groups was analyzed by a log-rank (Mantel-Cox) test, a Logrank test for trend, and 

a Gehan-Breslow-Wilcoxon test.

Results

PLGA-DSPE-PEG NP Fabrication and Characterization

We first investigated surface modification of our PLGA NPs with ligands previously 

suggested to enhance BBB penetration (Figure 1A). NPs were fabricated with increasing 

amounts of surface-bound ligand; DPSE-PEG-FITC was used to measure density of surface 

bound PEG. The PLGA-DSPE-PEG surface modified-NPs exhibited a smooth, spherical 

morphology by SEM (Figure 2); sizing analysis indicated diameters under 100 nm (Table 1). 

As the amount of ligand added during fabrication increased, ligand density increased on the 

NP surface (Table 2). Although total ligand density on the NP surface improved with 

increasing ligand addition, the, efficiency of incorporation decreased from 31% at 1 nmol 

ligand per mg polymer to 9% at higher concentrations. Using 15 nmol ligand per mg 

polymer, a maximum of ~400 ligands per NP was observed, resulting in 6.2% NP surface 

coverage. Despite the increase in surface coverage, increasing the amount of DSPE-PEG in 

the emulsion step did not alter the encapsulation of nile red, a hydrophobic fluorophore 

(Table 1). For subsequent work, 10 nmol DSPE-PEG per mg polymer was used to maximize 

surface coverage and minimize ligand loss during fabrication.

PLGA-DSPE-PEG NPs were fabricated with RVG (as well as control peptide RVMAT, a 

rabies virus matrix protein fragment) and TGN conjugated to the DSPE-PEG as well as 

DSPE-mPEG (Figure 3). Spherical NPs of ~100 nm diameter were produced (Table 3). DLS 

analysis of the hydrodynamic diameter demonstrated hydrated NP size of ~200 nm, 

comparable to our previously published results with unmodified NPs (5). Addition of DSPE-

mPEG and ligands led to zeta potentials that were more positive than unmodified NPs.

PLA-HPG NP Fabrication and Characterization

We conjugated adenosine to hydroxyl groups on the surface of nile red-loaded PLA-HPG to 

produce PLA-HPG-Ad (Figure 1B). PLA-HPG-Ad NPs were formed with increasing 

concentrations of Ad (1, 5, and 10%) to test if differences could be observed with targeting 

ligand density. Conjugation of Ad to the PLA-HPG polymer was confirmed with NMR 

spectroscopy, which indicated 2.2 Ad molecules per PLA molecule (Figure 4). DLS sizing 

and zeta potential of untargeted PLA-HPG NPs indicated NPs of diameter 82 ± 41 nm with 

a zeta potential of −12 mV. PLA-HPG-Ad high-density NPs were similar in size (92 nm 

± 27) and zeta potential (−8.3 mV).
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In vivo brain uptake of NPs after intravenous injection

Unmodified and modified fluorescently-labeled PLGA-DSPE-PEG and PLA-HPG NPs were 

injected intravenously via the tail vein. After allowing for NP circulation, total NP uptake 

was determined by quantification of the fluorophore concentration in brain tissue (Figure 5). 

For unmodified PLGA NPs, accumulation increased from ~0.1% of injected dose at 2 h 

(Figure 5A), to 0.3% of injected dose at 4 h (Figure 5B). No additional accumulation was 

observed at circulation times greater than 4 h (data not shown). In separate experiments, we 

determined that less than 3% of the fluorophore was released from the NPs during an 

incubation period of 6 days, confirming that the presence of fluorophore in the brain 

indicates the presence of NPs. We also confirmed that there was no detectable difference 

between uptake in brains of normal animals, and those with an intracranial tumor of 

substantial volume (Supplemental Figure 1), suggesting that our studies in normal animals 

are predictive for uptake into tumors, as well.

Addition of DSPE-PEG-RVG or DSPE-PEG-RVMAT to the surface of PLGA NPs produced 

no increase in accumulation of NPs in the brain (Figure 5A). In contrast, PLGA-DSPE-PEG-

TGN NPs exhibited uptake that was significantly higher than unmodified PLGA NPs and 

PLGA-DSPE-mPEG-NPs (although the difference between PLGA-DSPE-mPEG and 

PLGA-DSPE-PEG-TGN was not statistically significant) (Figure 5B).

PLA-HPG showed significantly higher uptake than PLGA-DSPE-PEG NPs after 4 h of 

circulation (Figure 5B). Moreover, modification of the PLA-HPG NPs with an adenosine 

mimic provided further increase in brain uptake. More importantly, the density of adenosine 

had a significant effect on accumulation of NPs in the brain as increasing the Ad content 

from 1% to 10% nearly doubled brain uptake (Figure 5B). Extended circulation (24 h) of 

PLA-HPG and PLA-HPG-Ad NPs led to similar levels of accumulation compared to short 

circulation (4 h, Figure 5C). Based on these results, the PLA-HPG and the PLA-HPG-Ad-

NPs with 10% Ad content were selected for further study.

PLA-HPG-NPs for controlled release of CPT

To determine if PLA-HPG NPs can be used to deliver a chemotherapy drug, we formulated 

NPs encapsulating CPT, a topoisomerase I inhibitor. PLA-HPG and PLA-HPG-Ad NPs were 

loaded with CPT with 53% and 58% encapsulation efficiency and 7.8% and 5.9% loading, 

respectively. CPT-loaded NPs were 140 ± 38 nm (PLA-HPG) and 131 ± 54 nm (PLA-HPG-

Ad) in diameter as measured by DLS, with zeta potentials of −23.7mV for PLA-HPG and 

−18.3 mV for PLA-HPG-Ad. TEM revealed spherical particles of small size (Figure 6A and 

B). When the NPs were incubated in buffered saline solutions, an initial burst of CPT release 

lasting about 24 h was observed, followed by several days of near linear release (Figure 6C).

Development and in vitro characterization of PLA-HPG-Ad NPs

Coumarin 6-loaded PLA-HPG and PLA-HPG-Ad NPs were incubated with bEnd.3 

immortalized mouse brain endothelial cells and analyzed using confocal microscopy (Figure 

7). NP internalization was enhanced in cells treated with PLA-HPG-Ad NPs at both 4 and 

24 h, compared to PLA-HPG.
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In vitro cytotoxicity assays were performed with both U87 and bEnd.3 cell lines (Figure 8). 

CPT-NPs showed a similar toxicity in U87 cells when compared to free drug: IC50 [Free 

Drug] = 2.1 μM; IC50 [PLA-HPG] = 2.1 μM; IC50 [PLA-HPG-Ad] = 1.7 μM (Figure 8A). 

Toxicity to endothelial cells required about a 10-fold higher drug dose, with the CPT-loaded 

NPs being more toxic than the free drug: IC50 [Free Drug] = 27.1 μM; IC50 [PLA-HPG] = 

11.1 μM; IC50 [PLA-HPG-Ad] = 11.3 μM (Figure 8B).

In vivo survival analysis of PLA-HPG and PLA-HPG-Ad CPT loaded NPs

To test the therapeutic potential of NPs delivered through the BBB, human immortalized 

U87 tumors were inoculated in the striatum of athymic nude mice. Three days post-surgery, 

animals were administered either CPT-loaded PLA-HPG or PLA-HPG-Ad NPs or controls 

via the tail vein at 4mg/kg CPT. Two additional treatments were administered at day 6 and 9. 

Mice were monitored and sacrificed as deemed humanely necessary. At the termination of 

the study, no survival benefit was observed with therapeutic NPs at this chemotherapeutic 

dose and treatment regimen (Figure 9A). Median survival times were calculated at 34 days 

for PBS and CPT-loaded HPG-PLA CPT treatments, 35 days for CPT-loaded HPG-PLA-Ad 

treatment, and 37.5 days for Free CPT. To determine if a higher dose of NPs would be 

tolerated and effective, a second survival study was performed with injections of 10 mg/kg at 

days 5, 10, and 15 days post tumor inoculation. No benefit in survival was observed (median 

survival: 36 days PBS, 35 days Free CPT, 32 days PLA-HPG CPT and PLA-HPG-Ad CPT, 

Figure 9B). This higher dose (10 mg/kg) appeared to be the maximum tolerable dose, as 

some athymic nude mice were found to develop adverse reactions (possible arrhythmias) 

following the injection. Of note, these reactions were not observed in BALB/c mice injected 

with the same dose of CPT-loaded PLA-HPG-Ad NPs. PLA-HPG NPs did not produce any 

observable toxic effects when administered at the same dose in both nude and BALB/c mice.

Discussion

Polymer NPs are popular vehicles for delivery across the BBB (15, 53–55). In recent years, 

surface modification of NPs with ligands intended to increase systemic circulation and 

permeation through the BBB has become a popular strategy for enhancing accumulation of 

NPs in the brain (15, 54, 56), although quantitative descriptions of NP uptake in the brain are 

rare. In this study, we examined 100-nm diameter, brain-targeted, degradable polymer NPs 

as potential vehicles for overcoming the BBB. Significant differences in NP uptake into the 

brain were observed, particularly for degradable NPs composed of PLA and HPG (Figure 5). 

Overall, our optimization of NP design led to an eight-fold increase in brain uptake from 

~0.1% of injected dose (for PLGA NPs) to ~0.8% of injected dose (for PLA-HPG-Ad NPs).

In prior work, we showed that PLGA-DSPE-PEG NPs (PLGA NPs with amphiphilic DSPE-

PEG assembled on the particle surface) provide high loading of drugs and controlled release 

(51). We have also shown that PLA-HPG NPs, which have a highly branched polyglycerol 

surface, provide extended circulation after intravenous injection when compared to PLA-

PEG NPs (30). HPG coating provides several advantages over PEG coating, including an 

extended systemic circulation, which is important to allow the NPs to interact with the BBB 

(57). Moreover, although PEG has been shown to reduce immunogenicity of certain 
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macromolecules (58), anti-PEG immune responses have been observed when PEGylated 

nanomedicines were repeatedly injected (59); the production of anti-PEG IgM was 

associated with accelerated blood clearance. Thus the use of alternative coating strategies—

such as the branched, unstructured HPG we use here—could avoid this immune response.

Targeting to brain endothelial cell surface receptors has been tested by coupling ligands 

directed against these receptors to the external surface of NPs (15, 16, 60–63). For the 

present studies, targeting ligands were selected based on their potential for BBB uptake in 

prior reports (15, 16, 42–45, 47, 48, 64). In our work, PLGA-DSPE-PEG NPs conjugated 

with RVG or the control peptide RVMAT did not lead to increased accumulation of NPs in 

the brain. In contrast, the addition of DSPE-mPEG or DSPE-PEG-TGN significantly 

increased uptake over unmodified NPs. In a previous report, PLGA-PEG NPs modified with 

different concentrations of TGN peptide showed high amounts of brain uptake that increased 

with added TGN, although the density of TGN on the final NP preparation was not reported 

(15).

PLA-HPG-Ad NPs were found to produce significantly higher amounts of brain uptake than 

any of the alternate NPs tested in vivo. In addition, higher uptake was observed at both 4 and 

24 h after IV injection, indicating that NPs are either retained in the brain or that there is 

sustained NP uptake of these long-circulating NPs. Most reports of successful NP BBB 

delivery indicate a transient influx of brain uptake within the first few hours after 

administration, with decreasing levels in the brain measured over time (15, 16). The 

sustained retention in the parenchyma provided by PLA-HPG could potentially enhance the 

therapeutic potential of these NPs, providing for increased and sustained release of drugs, 

such as CPT, in the local brain environment. Adenosine is thought to cross the blood-brain 

barrier by carrier-mediated transport through the concentrative nucleoside transporter type 2 

(CNT2) on the endothelial cell surface (65, 66). In addition, adenosine has been found to 

bind G-protein coupled receptors A1, A2A, A2B, and A3 on different cells in the body (67). 

Recent studies also suggest that engagement of A2A on blood-brain barrier may produce a 

transient and controlled opening of the BBB (47). In previous work, this transient BBB 

opening has provided a pathway for macromolecules, such as dextran, to enter the brain 

parenchyma (16, 47). For example, a previous study showed that Ad conjugated to PAMAM 

dendrimers was able to enhance BBB permeability through A2A receptor binding, providing 

a therapeutic window in which drugs can bypass the BBB (16). It is possible that adenosine 

works in a similar mode here, allowing entry of our drug-loaded polymeric particles. 

However, we cannot eliminate the possibility of endocytosis/transcytosis after adenosine 

receptor binding. It is possible that our NPs may be both activating the receptor and crossing 

the BBB through this mechanism, though more study is needed to confirm this hypothesis.

PLGA-DSPE-PEG and PLA-HPG NPs were shown to increase brain uptake even without an 

additional targeting ligand, with PLA-HPG NPs producing more accumulation than PLGA-

DSPE-PEG NPs. Although no mechanism of specific uptake has yet been deciphered for 

DSPE-PEG, HPG, or other PEG motifs, PEGylation has been shown to increase BBB uptake 

of polymeric NPs in mice with intracranial tumors, which was attributed to diffusion and/or 

convection across the blood-tumor barrier (68).
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In our in vivo study, the percent dose recovered from normal brain tissue for our best NP 

formulation was ~1% of total dose administered, which is comparable to the best results that 

have been previously reported (17, 55). Other studies have observed small differences in 

uptake in regions of the brain affected by tumors: one recent study using gold-siRNA NPs 

delivered systemically to mice reported a maximum accumulation of 1% in U87 tumor 

tissue, with lower amounts in normal brain tissue (17) while another recent study using 

PLGA NPs found enhanced accumulation of NP-associated fluorescence in the tumor 

compared to the peritumoral and normal brain regions (53). In our measurements, even in 

animals with large tumor burdens, we observed no difference in total particle accumulation 

in tumor-bearing brains (Supplemental Figure 1). Our results suggest that NPs can be 

optimized to enhance accumulation in the brain, but there are limitations to the number of 

particles that can enter the brain. In fact, all evidence published to date suggests a limit of 

~1% of injected dose: it is not clear if this level of uptake will provide for effective therapy 

in the brain nor whether the side effects in other tissues will be tolerable.

Other studies using similar strategies (although different targeting ligands and agents) have 

reported significant, but modest, improvements in median survival in mice with intracranial 

tumors (31, 64, 69). Dual targeted docetaxel-loaded PEG-PCL NPs—coated with TGN as 

well as a glioma targeted aptamer—increased mean survival in mice with C6 glioma from 

17 to 32 days as compared to unmodified NPs, while survival with NPs presenting only the 

TGN peptide were not statistically different than untargeted NP controls (64). In mice with 

U87 tumors, paclitaxel-loaded polycaprolactone NPs conjugated to Angiopep, a peptide 

thought to target the low density lipoprotein receptor related protein, increased median 

survival from 30 to 37 days compared to untargeted NPs (31). In mice with U87 glioma, 

siRNA-coated gold NPs were found to statistically increase the survival compared to 

controls (17). Although these studies have shown the potential of the approach, the absence 

of long-term survivors is notable.

To be effective as a treatment for glioblastoma, NPs must be designed to deliver drugs to the 

brain at therapeutically relevant concentrations. Due to low overall uptake of NPs into the 

brain, NPs must have high drug loadings to be effective. CPT, which has been shown to be 

effective against glioma in vitro and in vivo (23, 53, 70, 71), was readily encapsulated in our 

PLA-HPG and PLA-HPG-Ad NPs; these particles exhibit sustained release and cytotoxicity 

in U87 cells (Figure 8A). In addition, in vivo retention was observed 24 h after a single IV 

dose (Figure 5C). However, when delivered at the maximally tolerated dose in an in vivo 
survival study in mice with intracranial U87 tumors, these NPs did not show any survival 

benefit (Figure 9B). However, given the promising characteristics observed in our studies 

with PLA-HPG-Ad NPs, encapsulation of more potent agents (CPT is not particularly 

potent, with an IC50 of ~1 μM, Figure 8A), perhaps in other disease settings, should be 

explored.

An alternate approach for NP administration—using direct delivery of drug-loaded polymer 

NPs into the brain via convection-enhanced delivery (CED) (5, 22)—provides an interesting 

point of comparison. In CED of NPs, a catheter is inserted into the brain, and a suspension 

of polymeric NPs is infused into the tissue, providing widespread local distribution and 

subsequent controlled release of drug from the NPs. From previous results with CED, we 
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estimate that the maximum dose that could be administered to a mouse is ~0.25 mg CPT, or 

roughly half the dose delivered in NPs by CED to rats (22, 72). In our present study, 

assuming that 1% of NPs accumulate at the tumor site at the highest therapeutic dose 

delivered systemically (10 mg/kg or 0.2 mg CPT for a 20 g mouse), only 2 μg of CPT in 

NPs is delivered to the brain. Therefore, CED provides about 100-fold higher drug dose to 

the brain, compared to even the best IV administered NP preparations. This could explain 

the more significant increases in survival that are observed with CED delivery of NPs, 

compared to IV-administered NPs designed to cross the BBB.

Conclusions

Polymeric NPs are interesting potential delivery vehicles for neurodegenerative diseases and 

brain tumors. Importantly, the drug delivery properties of NPs can be enhanced by adding 

elements to extend systemic circulation and improve transport through the BBB. In this 

study we tested two different polymeric NPs, which were surface modified to increase 

circulation time and modified with ligands to increase BBB penetration. Our results indicate 

that encapsulation of drugs within PLA-HPG-Ad NPs is a promising approach for increasing 

BBB uptake. These NPs were found to increase brain accumulation after intravenous 

injection, outperforming other NP designs. Although these NPs were not successful for 

treatment of intracranial tumors in our initial tests, our results indicate that the high-density 

HPG coating, which allows for high density conjugation of targeting ligands and as well as 

high drug loading, is potentially useful for delivery of agents across the BBB.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
A) PLGA-DSPE-PEG and B) PLA-HPG Targeted NP Structure.
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Figure 2. 
SEM images of DSPE-PEG-FITC modified PLGA NPs. NPs were fabricated at increasing 

DSPE-PEG-FITC density to quantify total ligand incorporation at A) 15 nmol/mg, B) 10 

nmol/mg, C) 5 nmol/mg, and D) 1 nmol/mg. SEM sizing indicates that increasing ligand 

concentration during fabrication does not significantly alter NP size. Scale bar = 1 um
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Figure 3. 
SEM images of modified and unmodified PLGA-DSPE-PEG NPs. A) Unmodified NPs, B) 

DSPE-PEG-RVG, C) DSPE-PEG-RVMAT, D) DSPE-mPEG 2000, E) DSPE-PEG-TGN 

Peptide. Scale bar = 500 nm
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Figure 4. 
Structure of PLA-HPG-Ad and analysis by NMR. HPG-PLA was conjugated to Ad as 

shown. NMR spectra for PLA-HPG-Ad indicates that Ad was effectively conjugated to the 

PLA-HPG with an average number of 2.2 Ad per PLA.
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Figure 5. 
In vivo accumulation of NPs in brain tissue after intravenous injection. A comparison of the 

percent injected dose of NPs in homogenized brain samples was performed with A) PLGA-

DSPE-PEG-RVG and PLGA-DSPE-PEG-RVMAT at 2h post injection, B) PLGA-DSPE-

PEG-TGN and PLA-HPG-Ad at 4 h post injection, and C) PLA-HPG-Ad at 24 h post 

injection. Highly modified PLA-HPG-Ad produced the highest accumulation in the brain at 

both 4 and 24 h post infusion and was significantly different than untargeted PLA-HPG at 

both timepoints (n=4). Significance denoted as * (p≤0.05), ** (p≤0.01), *** (p≤0.001).
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Figure 6. 
TEM images and controlled release profiles for CPT-loaded PLA-HPG-Ad and PLA-HPG 

NPs. TEM images of A) PLA-HPG and B) PLA-HPG-Ad loaded with CPT show spherical 

particles of small size (Scale bar = 200nm). Controlled release of CPT (C) indicates 

extended and continuous release of the drug. Inset indicates release during the first 24 hours 

of incubation.
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Figure 7. 
Confocal microscopy of bEnd.3 cells after incubation with PLA-HPG and PLA-HPG-Ad 

NPs. Cells were cultured for either 4 or 24 h after addition of NPs. Microscopy showed 

enhanced uptake of PLA-HPG-Ad NPs at both timepoints as compared to unmodified NPs. 

Red- actin (phalloidin), green – NPs (coumarin 6), blue-nucleus (DAPI). Scale bar = 50μm
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Figure 8. 
Cytotoxicity of PLA-HPG and PLA-HPG-Ad NPs loaded with CPT in A) U87 glioblastoma 

cells and B) bEnd.3 cells. In general, both sets of NPs had similar cytotoxicity against U87 

and bEnd.3 cells, which was also similar to free drug. A small increase in cytotoxicity to 

bEnd.3 cells was observed with CPT NPs.
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Figure 9. 
Kaplan-Meier survival analysis of CPT-loaded adenosine NPs administered via systemic tail 

vein delivery in mice with intracranial U87 tumors. Particles were administered via the tail 

vein A) 3 days post tumor inoculation at a CPT concentration of 4 mg/kg in each dose and 

B) 5 days post tumor inoculation at a CPT concentration of 10 mg/kg at each dose. For A, 

n=7 (PLA-HPG CPT and PLA-HPG-Ad CPT), n=6 (Free CPT), n=5 (PBS). For B, n=7 

(PLA-HPG CPT), n=5 (PLA-HPG-Ad CPT, Free CPT, PBS).
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Table 1

Sizing and Encapsulation Efficiency of nile red in DSPE-PEG-FITC NPs

Ligand Concentration During Fabrication (nmol ligand/mg 
polymer) Average Diameter, SEM (nm ± SD) Encapsulation Efficiency (%)

15 93 ± 33 95

10 90 ± 32 91

5 91 ± 29 95

1 95 ± 37 86
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Table 2

DSPE-PEG-FITC ligand density and percent incorporation

Ligand Concentration 
During Fabrication (nmol 

ligand/mg polymer)

Ligand Concentration post-
Fabrication (nmol DSPE-PEG-

FITC/mg NPs)

DSPE-PEG 
Incorporation Efficiency 

(%)
Ligands per NP NP Surface 

Coverage (%)

15 1.3 9 396 6.2

10 0.92 9 254 4.2

5 0.44 9 125 2.0

1 0.31 31 101 1.5
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Table 3

DSPE-PEG modified NP sizing and zeta potential analysis

Surface Modification Average Diameter, SEM (nm ± SD) Hydrodynamic Diameter, DLS (nm ± SD) Zeta Potential

Unmodified 92 ± 32 179 ± 52 −17.9

DSPE-PEG-RVG 97 ± 34 196 ± 59 −14.2

DSPE-PEG-RVMAT 95 ± 36 193 ± 64 −14.9

DSPE-mPEG 86 ± 41 185 ± 66 −8.8

DSPE-PEG-TGN 87 ± 47 188 ± 60 −15.3
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