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 ABSTRACT 

Hypoxic-ischemic encephalopathy is the leading cause of permanent brain

injury in term newborns and currently has no cure. Inflammatory processes play

a key role in the progression of this disease and may be amenable to a targeted

pharmaceutical intervention. Curcumin is a dietary compound with potent

anti-inflammatory, antioxidant, and antiapoptotic properties but is limited in

therapeutic applications due to its low aqueous solubility, low bioavailability,

and rapid first-pass hepatic metabolism. To address these limitations, loading 

curcumin into poly(lactic-co-glycolic acid)-poly(ethylene glycol) (PLGA-PEG) 

nanoparticles may increase relevant pharmacokinetic parameters and allow for

effective drug delivery to the brain. Using the Vannucci model of unilateral 

hypoxic-ischemic brain injury in neonatal rats, we studied the in vivo effect of 

curcumin-loaded PLGA-PEG nanoparticles on brain uptake and diffusion of 

curcumin and on neuroprotection. The curcumin- loaded nanoparticles were 

able to overcome the impaired blood–brain barrier, diffuse effectively through 

the brain parenchyma, localize in regions of injury, and deliver a protective effect

in the injured neonatal brain. The application of curcumin and PLGA-PEG 

nanoparticle-mediated delivery to a clinically relevant model of neonatal brain 

injury provides greater opportunities for clinical translation of targeted therapies

for hypoxic-ischemic encephalopathy. 

 
 

1 Introduction 

Perinatal asphyxia (PA), where newborns suffer from 

a lack of oxygen and blood flow to the brain, accounts 

for one of the highest numbers of disability-adjusted 

life years for any condition [1, 2]. PA can result in the 
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development of hypoxic-ischemic (HI) brain injury 

and subsequent hypoxic-ischemic encephalopathy 

(HIE), which occurs in 1–3 per 1,000 live births in 

developed countries, and in as many as 26 per 1,000 

live births in low-resource settings [3]. Without 

treatment, 20%–50% of affected infants die within the 

neonatal period, and up to 25% of survivors exhibit 

permanent neuropsychological handicaps including 

intellectual disability, cerebral palsy, epilepsy, or 

sensorineural hearing loss or vision loss, which carry 

a huge burden on society [4]. Currently, therapeutic 

hypothermia (TH) is the only clinically implemented 

treatment that has been shown to provide robust 

improvement in outcome among asphyxiated term 

newborn infants who develop moderate or severe 

HIE [5]. However, there still remains a 40%–50% 

risk of death or disability, motivating the search  

for additional interventions to reduce morbidity and 

mortality [6].  

Neuroprotective agents such as xenon and erythro-

poietin (EPO) are being studied in clinical trials as 

adjuvants to TH [7, 8]. Nonetheless, no current 

potential therapy outperforms TH, even though TH 

may not always be appropriate or available, especially 

in the developing world [9]. Therefore, additional 

therapeutic interventions and delivery strategies 

still need to be explored. Preclinically, therapies with 

broad-spectrum activities including anti-inflammatory 

and antioxidant properties are thought to have a 

potential for pharmacological targeting of HI brain 

injury. Curcumin is a promising pharmacological 

agent because it has anti-inflammatory, antioxidant, 

and antiapoptotic effects and induces neurogenesis 

[10–12]. Curcumin is the active ingredient of turmeric, 

which has been traditionally consumed as a dietary 

component for centuries [13]. In pharmacological 

form, however, it has poor bioavailability due to its 

hydrophobic nature and rapid hepatic metabolism 

[14]. Incorporation of curcumin into a nanoparticle 

platform could alleviate current delivery limitations 

by increasing curcumin’s solubility and improving 

curcumin’s absorption, distribution, metabolism, and 

excretion profiles in the body.  

Polymeric nanoparticles have been proposed as a 

means to improve drug delivery efficiency, reduce 

off-site effects, provide a sustained drug release, and 

enable delivery of a diverse range of therapeutics [15]. 

Among the variety of polymers that can be used as 

delivery vehicles for the treatment of neurological 

disorders, some of the most promising are those made 

of poly(lactic-co-glycolic acid) (PLGA). For example, 

PLGA nanoparticles coated with the polysorbate 80 

(P80) surfactant facilitate the delivery of a number of 

drugs that are unable to cross the blood–brain barrier 

(BBB) in free form [16]. PLGA nanoparticles have 

improved delivery of therapeutics to glioma [17], 

Alzheimer’s disease [18, 19], glaucoma [20], traumatic 

brain injury [21], and other diseases of the central 

nervous system [22–24]. At a disease site, cell-specific 

delivery can be achieved by surface modifications on 

the PLGA polymer by means of targeting ligands, 

surfactants, or cell-penetrating peptides [25]. After 

crossing the BBB, the challenge of penetrating the 

brain parenchyma to diffuse long distances to reach 

diseased cells must also be overcome before those 

cells can be targeted. Dense poly(ethylene glycol) 

(PEG) surface coatings have been shown to improve 

polymeric nanoparticle diffusion in the brain 

parenchyma [26] in addition to increasing stability, 

solubility [27, 28], and circulation time of the nano-

particle system [29]. 

Curcumin nanoformulations have previously been 

shown to enhance therapeutic efficacy in a variety of 

animal models of neurological disorders [30], including 

reductions in edema, oxidative stress, inflammation, 

and apoptosis as well as improved behavioral outcomes 

[31–36]. Nonetheless, investigation of both curcumin 

and polymeric nanoparticles has not been carried out in 

the neonatal brain, with previous publications about 

adult models of brain injury, even though the newborn 

brain is uniquely vulnerable to brain injury [37, 38]. We 

therefore sought to test the neuroprotective effect  

of curcumin-loaded polymeric nanoparticles in the 

Vannucci rat model of neonatal HI brain injury. 

2 Materials and methods 

2.1 Materials 

PLGA (50:50, MW 45 kDa) and PLGA (50:50, MW    

45 kDa)-methoxy PEG (mPEG, MW 5 kDa) (PLGA- 

PEG) polymers were purchased from Akina 
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PolySciTech. Curcumin, Pluronic F127 (F127), and 

dimethyl sulfoxide (DMSO) were purchased from 

Sigma-Aldrich (St. Louis, MO, USA). High-performance 

liquid chromatography (HPLC)-grade formic acid, 

water, and acetonitrile were purchased from Fisher 

Scientific (St Louis, MO, USA). All reagents and 

solvents were used as received. Cellulose ester dialysis 

membranes (MW cutoff 300 kDa) were obtained from 

Spectrum Laboratories, Inc. (Rancho Dominguez, 

CA, USA). 

2.2 Formulation of brain-penetrating curcumin- 

loaded nanoparticles 

Curcumin-loaded nanoparticles were prepared by 

the nanoprecipitation method. PLGA-PEG or PLGA 

polymers were dissolved in acetone with 20% target 

curcumin loading. The polymer solution (organic 

phase) was then added dropwise into 25 mL of a 1% 

F127 surfactant solution, where nanoparticles formed 

spontaneously, and were stirred for 3 h at 700 rpm 

to remove the organic solvent. The organic solvent 

was further removed with rotary evaporation (Buchi 

Rotavapors, Buchi Corporation, New Castle, DE, 

USA) under reduced pressure (15 mbar) at 4 °C for  

30 min. Nanoparticles were collected and washed 

twice by ultracentrifugation with deionized water at 

100,000  g for 25 min. Finally, the nanoparticles were 

resuspended in 1 mL of deionized water, or in sterile 

1 phosphate buffered saline (PBS) for animal experi-

ments. Nanoparticles were used immediately or 

were lyophilized with 20% (w/v) sucrose added as a 

cryoprotectant and stored at 80 °C until needed. 

For fluorescently labeled nanoparticles, the same 

nanoparticle formulation procedure was carried out 

with PLGA and PLGA-PEG and conjugation of Alexa 

Fluor 555 (AF555) or Alexa Fluor 647 (AF647) dye 

was achieved by attachment to the free COOH group 

on the PLGA backbone, as described previously [26]. 

2.3 Particle size, polydispersity, zeta potential, and 

morphology 

The particle size and polydispersity index (PDI) of 

curcumin-loaded PLGA-PEG (PLGA-PEG/curcumin) 

and curcumin-loaded PLGA (PLGA/curcumin) nano-

particles were measured by dynamic light scattering 

(DLS), and the zeta potential (ζ-potential) was deter-

mined using a zeta potential analyzer (NanoSizer 

Zeta Series, Malvern Instruments, Malvern, UK). 

Samples were diluted to appropriate concentrations 

to obtain accurate measurements in 10 mM sodium 

chloride (NaCl), pH 7.4, as described elsewhere [39]. 

2.4 Curcumin drug loading and encapsulation 

efficiency 

Drug loading and encapsulation efficiency were 

determined by ultraviolet–visible light (UV–Vis) 

spectrometry as compared to a standard calibration 

curve of curcumin in DMSO. Each sample’s absorbance 

at 430 nm was measured and adjusted by subtracting 

a blank of unloaded polymer nanoparticles’ absorbance 

in DMSO. The weight of a polymer and drug was 

determined by lyophilizing the nanoparticle sample. 

Drug loading (DL) and drug encapsulation efficiency 

(DEE) are defined as follows 

Weight of drug encapsulated in NP
% DL

Weight of polymer and drug in NP
       (1) 

Weight of drug encapsulated in NP
% DEE

Weight of drug used in formulation
     (2) 

2.5 An in vitro drug release profile 

PLGA-PEG/curcumin and PLGA/curcumin nanopar-

ticles were resuspended in 1 mL of 1 PBS. Each 

sample was evenly distributed to three dialysis tubes 

made of cellulose ester (MW cutoff: 300 kDa, Spectrum 

Laboratories, Inc.). The membranes were submerged 

in 20 mL of 1 PBS containing 1% of P80 surfactant 

and placed on a shaker at 60 rpm and 37 °C. At desig-

nated time points, the membranes were transferred 

to fresh 20 mL of 1 PBS containing 1% of P80. In the 

supernatants collected at each time point, curcumin 

content was determined by UV–Vis compared to a 

calibration curve of curcumin in the 1 PBS 1% P80 

solution. Percent curcumin released from the nano-

particles was defined as the curcumin amount released 

at a specific time point divided by the total curcumin 

encapsulated in the nanoparticles. 

2.6 Animal experiments and an ethics statement 

All animal procedures in this paper were approved 
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by the Institutional Animal Care and Use Committee 

of the University of Washington, Seattle, WA, USA. 

Time-mated pregnant female Sprague–Dawley rats 

(virus antibody-free CD® (SD) IGS, Charles River 

Laboratories, Raleigh, NC, USA) were purchased and 

arrived on estrous day 17 (E17). Dams were housed 

individually and allowed to acclimate to their environ-

ment for a minimum of 3 days prior to delivering. 

The day of birth was defined as postnatal day 0 (P0), 

postnatal day 1 as P1, and so forth. Litters containing 

both sexes were cross-fostered and culled to 12 animals 

early after birth. Before and after the experiment, 

each dam and her pups were housed under standard 

conditions with an automatic 12 h light/dark cycle, 

temperature range of 20–26 °C, and access to standard 

chow and autoclaved tap water ad libitum. The pups 

were checked for health daily. 

2.7 A model of unilateral HI brain injury in 

neonatal rats 

On P7, pups were separated from their dams, 

weighed and sexed, and randomized to experimental 

groups. Anesthesia with isoflurane (3% for induction, 

1.5%–2.0% for maintenance) was given in 100% O2 

via a nose cone, under a dissecting microscope. The 

left carotid artery was identified and cauterized with 

fine-tip disposable cautery. The pups were maintained 

in a temperature-controlled water bath before and 

after undergoing unilateral ligation of the left carotid 

artery. After all the animals recovered from anesthesia, 

they were returned to the dams for a minimum of  

30 min before placement in a hypoxic chamber in  

a temperature-controlled water bath. Once rectal 

temperature in a sentinel animal was stable at 36 °C 

for 5 min, the chamber was sealed, and 8% O2 (92% 

N2) was administered at a rate of 2.5 Lmin–1. Once 

the oxygen concentration within the chamber reached 

8%, hypoxia was maintained for 135 min. For all 

experiments in this study, the temperature of pups 

was monitored during the nesting period and 

immediately after each dose of nanoparticles, saline, 

or a free drug. 

2.8 PLGA-PEG nanoparticle uptake across the BBB  

For nanoparticle localization and regional distribution, 

HI pups (n = 6) received 50 mgkg–1 AF647-PLGA- 

PEG particles intraperitoneally (i.p.) 30 min after 

hypoxia-ischemia. Pups were euthanized 24 h after 

HI injury, perfused, and the brain was removed and 

placed in formalin. Fluorescein isothiocyanate (FITC)- 

labeled dextran (3 kDa, Sigma) was injected 30 min 

after hypoxia-ischemia at a 7.5 gkg–1 dose to measure 

BBB extravasation [40]. For biodistribution, healthy 

pups (n = 6) were injected with 150 mgkg–1 AF647- 

PLGA-PEG particles i.p. on P7, with HI pups (n = 10) 

receiving the same dose 30 min after HI. The pups 

were euthanized 24 h after injection. Blood was 

collected before perfusion and organ extraction, and 

all organs were subsequently frozen at 80 °C. Serum 

was collected by centrifuging the blood sample at 

2,000  g for 10 min and removing supernatant. 

Frozen brains were homogenized in PBS using a 

tissue homogenizer (Wilmad-LabGlass, NJ, USA) 

and centrifuged at 10,000  g for 10 min to remove 

cell debris. Nanoparticle concentrations in brain and 

serum samples were determined by comparison to a 

UV–Vis calibration curve of AF647-PLGA-PEG nano-

particles in PBS (excitation 625 nm and emission 665 nm). 

For each animal, the brain/serum ratio was calculated 

by first determining the concentration of PLGA-PEG 

in the brain in mg per mg of brain tissue and then 

dividing by the concentration of PLGA-PEG in serum 

in mg per mL of serum. 

2.9 Drug administration 

A total of 75 pups (42 males, 33 females) were 

randomized into four treatment groups: saline, free 

curcumin, blank PLGA-PEG nanoparticles, and 

curcumin-loaded PLGA-PEG nanoparticles. Curcumin 

dose was 10 mgkg–1 in the particle groups and    

100 mgkg–1 in the free-drug group. In the free-drug 

group, curcumin was dissolved in DMSO and then 

diluted with twice the volume of saline. This amount 

of DMSO was necessary to maintain curcumin 

solubility, thus confirming the need for a nano-

particle delivery system for curcumin. Treatment was 

administered i.p. 30 min, 24 h, and 48 h after HI. 

Dosage and timing were based on previous research 

on the therapeutic window for pharmacological agents 

in the Vannucci model [41].  
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2.10 Brain slice preparation for live particle tracking 

experiments 

Brain slices were prepared from P14 rat pups, as 

previously described [42]. Normal P14 rats were 

euthanized, and brains were quickly removed under 

sterile conditions. Fresh brain slices, 250–350 μm 

thick, were prepared by means of a tissue chopper 

(McIlwain, Ted Pella, Inc, Redding, CA, USA) and  

a surgical dissecting scope. The slices were placed 

onto 30 mm cell culture membrane inserts with    

0.4 μm pore sized (Millipore, Billerica, MA, USA). 

The membranes were then placed in 35-mm plates 

containing 1 mL of a culture medium consisting of 

50% of the minimal essential medium (Thermo Fisher 

Scientific, Waltham, MA, USA), 50% Hank’s balanced 

salt solution (Thermo Fisher Scientific), 1% GlutaMAX 

(Thermo Fisher Scientific), and 1% of penicillin. The 

cultures were maintained at 37 °C, with constant 

humidity and 95% air and 5% CO2. Slices were used 

within 48 h for particle-tracking experiments. 

2.11 Multiple particle tracking (MPT) 

Fresh brain slices were prepared as described above 

and used for MPT analysis to evaluate the diffusive 

ability of PLGA/curcumin and PLGA-PEG/curcumin 

in the living brain [26, 43, 44]. The slices were 

transferred to 35 mm glass bottom imaging disks, 

and 2 μL of AF555-labeled PLGA and PLGA-PEG 

particles were injected directly into brain tissue. 

Visualization of the nanoparticles was accomplished 

with the excitation and emission spectra specific to 

AF555 in two different general brain regions: the 

cortex and thalamus. Five 6.5 s videos were recorded 

per slice at 10 Hz and 40 magnification via fluorescent 

microscopy with a cMOS camera (Hamamatsu Photonics 

Corporation, Bridgewater, NJ, USA) coupled with  

a confocal microscope (Nikon Instruments, Inc., 

Melville, NY, USA). Trajectories were calculated by 

means of the MOSAIC MPT ImageJ plugin, and 

geometrically averaged precision-weighted mean 

squared displacements (MSD) were calculated via a 

self-developed Python package. Effective diffusion 

coefficients for each particle type in each brain region 

were then extracted from MSD data, and average 

diffusivity of the particle type was obtained from a  

weighted average of the two brain regions. At least 

50 particles were tracked per sample, with n = 3 

independent brain samples per particle type. 

2.12 Immunohistochemistry 

PLGA-PEG uptake in the brain was evaluated as 

previously described [45, 46] by placing brains in a 

formalin-to-30% sucrose gradient and sectioning on a 

Leica cryostat into 30 μm sections. For cell density 

and morphological qualitative evaluations, 10 μm 

slices from a paraffinized brain were deparaffinized 

before staining. Primary antibodies for microglia 

(1:250 goat anti-Iba1, Abcam) and neurons (1:250 

donkey anti-NeuN, Abcam) were prepared in 1 PBS 

containing 0.01% of Triton X-100 (Sigma) and either 

normal donkey serum (Sigma) or normal goat serum 

(Sigma). Primary antibody solutions were added to 

tissue sections for 8–12 h incubation at 4 °C in a 

humified chamber. The tissue slices were washed 

twice in 1 PBS. Secondary antibodies were dissolved 

in 1 PBS and added to tissue slices with incubation 

for 2 h. The slices were washed twice in 1 PBS, then 

stained with 1:1,000 4’,6-diamidino-2-phenylindole 

(DAPI) (Invitrogen). Slides were washed and dried 

for 30 min in the dark. Mounting medium (Dako, 

Agilent Technologies, Santa Clara, CA, USA) was 

added to each slide, and a glass coverslip was placed 

on top. Slides were stored at 4 °C (until imaged under 

an A1 confocal microscope (Nikon Instruments)) and 

at 20 °C for long-term storage. 

2.13 Gross injury scoring and total area loss 

At P10, the animals received an overdose of 

pentobarbital before transcardiac perfusion with   

1 PBS followed by 10% neutral-buffered formalin. 

Immediately following brain extraction, a photo of 

each whole brain was taken and subsequently 

analyzed by an individual who was blinded to group 

allocation. Gross brain injury in the hemisphere 

ipsilateral to ligation was assessed on a five-point 

ordinal scale (0–4) as follows: 0 = no injury, 1 = mild 

injury with < 25% lesion of the ipsilateral hemisphere, 

2 = 25%–50% lesion, 3 = 51%–75% lesion, and 4 = ≥ 75% 
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injury, as previously described [47]. Whole brains 

were post-fixed in 10% neutral-buffered formalin for 

at least 48 h. Following the fixation, blocks of brain 

were obtained. Using external landmarks, brains were 

cut at approximately the level of the striatum (block 1) 

and at the level of the hippocampus and thalamus 

(block 2). The tissue samples were paraffin embedded, 

cut into 5-μm sections, and stained with hematoxylin 

and eosin (H&E). Given some slide-to-slide variability 

in the first cohort of animals, four additional sections 

between the striatum and thalamus at 120 μm intervals 

were prepared in the second cohort of animals. Slides 

were scanned in bright field with a 20 objective 

using a Nanozoomer Digital Pathology slide scanner 

(Hamamatsu; Bridgewater, NJ, USA). Area loss 

analysis was performed as previously described 

[48]. Briefly, two 5 μm sections from the slices best 

representing the cortex, hippocampus, basal ganglia, 

and thalamus were selected. Virtual slides were 

exported as 600 dpi images. The optical density and 

hemispheric area of each section were analyzed in 

the ImageJ software (National Institutes of Health, 

Bethesda, MD, USA) by another blinded individual. 

The average percentage area loss from the two sections 

(one at the level of the frontal cortex and the other at 

the midhippocampal level) was calculated using the 

following formula: [1 − (ipsilateral area/contralateral 

area)] × 100. Sections from two animals (one each  

in the blank PLGA-PEG nanoparticle (group) and 

PLGA-PEG/curcumin group) could not be analyzed 

for area loss because of damage to the tissue during 

processing.  

2.14 Histopathological evaluation 

H&E-stained slides from saline (n = 17); free curcumin 

(n = 18); PLGA-PEG/curcumin (n = 20); and blank 

PLGA-PEG nanoparticle (n = 20)-treated animals were 

evaluated by a board-certified veterinary pathologist 

blinded to the group assignment of rats. A previously 

reported nine-step scoring system for HIE [49] was 

employed, with modifications, to grade the following 

regions: cerebral cortex, striatum, thalamus, and 

hippocampus. There was some section-to-section 

variability, although all regions were present for 

grading (or in severely affected animals were absent 

due to marked cystic necrosis) with the exception of 

one PLGA-PEG/curcumin-treated animal in which 

section 2 was further caudal and lacked a hippo-

campus. This animal had a severe disease elsewhere 

in the brain and was assigned the maximum score  

of 16. Lesions in the cortex, striatum, and thalamus 

were scored semiquantitatively using a 0–4 scale, 

where “0” was normal; “1” indicated scattered 

random neuronal necrosis or a small focal area (< 10%); 

“2” indicated columnar damage in the cortex involving 

layers II–IV or partly confluent or incomplete 

multifocal to coalescing neuronal cell necrosis or loss 

affecting 20%–30% of the region; “3” indicated large, 

confluent and complete injury affecting 40%–60% of 

the region (all layers of cortex); and “4” indicated 

markedly rarefied or cystic lesions with near complete 

loss of architecture (> 80% affected). Half scores were 

possible according to defined criteria (Table S1 in the 

Electronic Supplementary Material (ESM)). Scoring 

for the hippocampus was also performed on a 0–4 

scale, with “1” indicating < 10% injury; “2” indicating 

50% injury, “3” indicating 75% injury; and “4” 

indicating 100% injury (Table S1 in the ESM). 

Scores from each region were summed to yield 

the final score, ranging from 0 to 16. For figures, the 

median score from each group was calculated and 

an animal representing that median score (or within 

1 point of the median score) was used to show 

pathology in the various regions of the brain. Images 

of lesions captured from the digitally scanned slides 

were exported and plated in Adobe Photoshop 

Elements. Image brightness and contrast was adjusted 

using White Balance level and/or Auto Contrast 

manipulations were applied to the entire image. 

Original magnification and scale bars are stated.  

2.15 Statistical analysis 

Pups carrying rectal probes were excluded from the 

final analysis, as the stress of carrying probes has 

previously been shown to have a neuroprotective 

effect [50]. Injury data are summarized as a median 

with 95% confidence interval (CI). Total area loss, 

gross injury, and global neuropathology scores were  
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compared by the two-tailed Wilcoxon–Mann–Whitney 

U test. Within the four treatment groups, three 

predetermined comparisons were performed for each 

outcome (PLGA-PEG/curcumin group compared to 

each group), and the Bonferroni correction was applied 

for multiple comparisons. Statistical analysis was 

performed in GraphPad version 7 (GraphPad Prism 

Software, San Diego, CA, USA). Data with a p value    

< 0.05 were considered statistically significant. 

3 Results 

3.1 Preparation and characterization of curcumin- 

loaded nanoparticles 

Brain-penetrating curcumin-loaded nanoparticles 

were synthesized using the PLGA polymer or PLGA- 

PEG diblock copolymer via the nanoprecipitation 

method. After formulation of curcumin-loaded 

nanoparticles, nanoparticle hydrodynamic size, PDI, 

and zeta-potential were determined by DLS and 

Zetasizer, and curcumin loading and efficiency were 

measured by UV–Vis spectroscopy (Table 1). PLGA/ 

curcumin nanoparticles had a size, zeta potential, 

and PDI of 58.8 nm, 5.0 mV, and 0.2, respectively, 

whereas PLGA-PEG/curcumin nanoparticles had 

similar physicochemical characteristics of 61.1 nm, 

2.7 mV, and 0.1. The PLGA-PEG/curcumin nano-

particles achieved marginally higher curcumin loading 

(6.00%) than PLGA/curcumin nanoparticles (5.27%). 

Drug release assays showed burst release phenomena 

in both PLGA and PLGA-PEG particles, with a 40% 

and 49% curcumin release, respectively, in the first 4 h, 

followed by a sustained phase releasing up to 59% or 

99% curcumin in the next 4 days (Fig. 1(a)). Scanning 

electron microscopy (SEM) imaging showed similar 

spherical morphology for blank PLGA-PEG and 

PLGA-PEG/curcumin nanoparticles (Fig. 1(b)).  

Table 1 Physicochemical properties of PLGA and PLGA-PEG nanoparticles loaded with curcumin. PLGA and PLGA-PEG nanoparticles 
loaded with curcumin were characterized in terms of hydrodynamic diameter, mean surface charge (ζ-potential), and the polydispersity 
index by dynamic light scattering at 37 °C and pH 7.2 in 10 mM NaCl. DL and DEE were measured by UV–Vis spectroscopy. All values 
are reported as mean ± standard error of the mean (S.E.M.) 

Particle type PEG % (w/w) Mean size ±
SEM (nm) 

Mean ZP ±
SEM (mV)

Mean PDI ±
SEM DL ± SEM (%) DEE ± SEM (%)

PLGA45k (50:50)/curcumin 0 58.8 ± 2.0 –5.0 ± 0.2 0.2 ± 0.01 5.3 ± 0.1 46.0 ± 21.0 

mPEG5k-PLGA45k (50:50)/ 
curcumin 10 61.1 ± 0.8 –2.7 ± 0.1 0.1 ± 0.05 6.0 ± 0.5 27.3 ± 2.6 

 

Figure 1 Curcumin release kinetics from PLGA and PLGA-PEG nanoparticles. PLGA and PLGA-PEG nanoparticles loaded with 
curcumin were incubated in 1 PBS with 1% P80 at 37 °C, and samples were collected during 96 h. (a) Approximately 80% of curcumin 
was released from PLGA-PEG nanoparticles within 8 h; 41.19% more curcumin was released from PLGA-PEG nanoparticles compared 
with PLGA nanoparticles within 96 h. (b) SEM images show that curcumin-loaded PLGA-PEG and blank PLGA-PEG nanoparticles are 
spherical in shape.  
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3.2 PLGA-PEG nanoparticles can diffuse in the 

brain parenchyma  

AF555-PLGA-PEG nanoparticle diffusivity was deter-

mined to ensure that the particles are capable of 

moving within the brain microenvironment (Fig. 2) 

to reach target cells, upon reaching the brain after 

systemic administration. Diffusion analysis revealed 

that PLGA-PEG nanoparticles had a diffusivity of  

0.1 μm2s–1 in the cortex (Fig. 2(a)) and 0.085 μm2s–1 in 

the thalamus (Fig. 2(b)). This was a 10-fold increase 

in diffusivity over PLGA particles in the cortex     

(0.01 μm2s–1), and a 20-fold increase in diffusivity  

in the thalamus (0.004 μm2s–1). Overall, PLGA-PEG 

nanoparticles had on average a 14-fold higher 

diffusive ability, 1.1-fold greater drug loading, and a 

35% increase in a drug release as compared to PLGA 

nanoparticles. Therefore, PLGA-PEG nanoparticles 

were chosen for evaluation of the therapeutic effect 

in vivo in the rat model of neonatal HI brain injury. 

 

Figure 2 Nanoparticle diffusion within the brain parenchyma. 
P14 organotypic brain slices were treated with AF555-labeled 
PLGA and PLGA-PEG nanoparticles. MPT videos were recorded, 
and individual particles tracked. (a) A log plot of effective 
diffusion coefficients of PLGA (n = 129) and PLGA-PEG 
nanoparticles (n = 98 particles) in the cortex of P14 organotypic 
brain tissue slices. The average Deff in the cortex is 0.01 µm2s–1 
for PLGA nanoparticles and 0.1 µm2s–1 for PLGA-PEG nano-
particles. (b) A log plot of effective diffusion coefficients of 
PLGA (n = 261 particles) and PLGA-PEG nanoparticles (n = 72 
particles) in the thalamus of P14 organotypic brain tissue slices. 
The average Deff in the thalamus is 0.004 µm2s–1 for PLGA 
nanoparticles and 0.085 µm2s–1 for PLGA-PEG nanoparticles. 
Data represent means of at least three experiments in three 
brain slices. 

3.3 PLGA-PEG nanoparticles can overcome the 

BBB and extravasate into the parenchyma of the HI 

brain 

AF647-PLGA-PEG nanoparticles accumulated in the 

hippocampus, dentate gyrus, and thalamus in the 

ipsilateral hemisphere of the HI brain (Fig. 3(a)). PLGA- 

PEG nanoparticle localization in the brain was detected 

in the ipsilateral hemisphere in regions with dextran- 

FITC extravasation (Fig. S1 in the ESM), although 

there was no apparent colocalization in Iba1+ amoeboid 

microglial cells (Fig. 3(b)) in the CA1 region of the 

ipsilateral hippocampus. Quantification of AF647- 

PLGA-PEG nanoparticles in healthy and injured 

pups (Fig. S2 in the ESM) showed 3-fold higher nano-

particle accumulation in the injured brain (average 

brain/serum ratio 0.014) compared to the healthy 

brain (average brain/serum ratio 0.005; p = 0.0037). 

PLGA-PEG extravasation into the brain parenchyma 

indicates that the nanoparticle can leverage the 

impaired BBB to deliver therapeutic payload within 

 

Figure 3 Nanoparticle uptake in regions of injury in the HI 
brain. AF647-labeled PLGA-PEG nanoparticles (50 mgkg–1, red) 
were administered i.p. to P7 pups 30 min after HI. The pups were 
euthanized 24 h after hypoxia-ischemia and perfused. (a) PLGA- 
PEG localization near NeuN+ neurons (green) is visible in the 
ipsilateral (injured, right-hand image) hemisphere of HI pups. 
There is no visible uptake near neurons in healthy pups (left-hand 
image). (b) PLGA-PEG localization near Iba+ microglia (green) 
is also present in the ipsilateral hemisphere in HI pups and absent 
in uninjured pups. Blue: DAPI staining of cell nuclei.  



 

www.theNanoResearch.com∣www.Springer.com/journal/12274 | Nano Research 

9 Nano Res. 

proximity of cells involved in ongoing injurious 

pathways. 

3.4 Curcumin-loaded PLGA-PEG nanoparticle treat-

ment reduces global injury in the Vannucci model 

Following i.p. injection of blank PLGA-PEG      

(250 mgkg–1), PLGA-PEG/curcumin (10 mgkg–1 

curcumin, 250 mgkg–1 PLGA-PEG), free curcumin   

(100 mgkg–1), or saline (10 mLkg–1) into HI pups at 

30 min, 24 h, and 48 h after hypoxia-ischemia, gross 

injury scores decreased significantly from a median 

(95% CI) of 3 (3–4; p = 0.006), 3.5 (1–4; p = 0.03), and 4 

(3–4; p = 0.003) in the saline, free curcumin, and blank 

PLGA-PEG groups, respectively, compared to a median 

of 0 (0–3) in the PLGA-PEG/curcumin group. Represen-

tative median brains are shown in Fig. S3 in the ESM. 

Total area loss showed similar results (Fig. 4(b)). The 

median (95% CI) hemispheric area loss of the left 

side was 37.2% (27.9%–51.4%), 37.8% (20.2%–44.2%), 

35.4% (6.0%–44.4%), and 12.3% (3.6%–26.8%), in the 

saline, free curcumin, blank PLGA-PEG, and PLGA- 

PEG/curcumin groups, respectively. Area loss was 

significantly lower in the PLGA-PEG/curcumin 

compared to the saline (p = 0.006) and free curcumin 

groups (p = 0.04). An initial trend (p = 0.07) towards a 

significant difference in area loss between the PLGA- 

PEG/curcumin and blank PLGA-PEG nanoparticle 

groups did not remain after adjustment for multiple 

comparisons. 

3.5 Curcumin-loaded PLGA-PEG nanoparticle treat-

ment does not result in region-specific neuroprotection 

Marked variation in a region-specific response to 

treatment was seen in histopathological analysis. A 

plot of region-specific pathology scores by group is 

presented in Fig. 5. H&E images showing representative 

pathology in the different areas assessed are shown 

in Fig. 6. The median (95% CI) total pathological 

score (maximum 16) was 12.5 (10–14.5), 12.3 (9–14.5), 

and 13.3 (8.5–15) in the saline, free curcumin, and 

blank PLGA-PEG particle groups, respectively, and 

6.5 (2.5–15.0) in the PLGA-PEG/curcumin nanoparticle  

 

Figure 4 PLGA-PEG/curcumin effects on global brain injury and percent area loss in the HI brain. HI pups were treated 30 min, 24 h,
and 48 h after HI injury with saline, free curcumin, blank nanoparticles, or PLGA-PEG/curcumin. The pups were euthanized on P10, 
72 h after HI injury. All analyses were performed in a blinded manner. (a) Gross injury was assessed on a 0 (least injured) to 4 (most
injured) scale for all groups. Median (95% CI) scores were as follows: saline: 3 (3–4; n = 16), free curcumin: 3.5 (1–4; n = 19), blank 
PLGA-PEG particles: 4 (3–4; n = 20); PLGA-PEG/curcumin: 0 (0–3; n = 20). Significant differences were seen between PLGA-PEG/
curcumin and saline (p = 0.006), free curcumin (p = 0.03), or blank PLGA-PEG (p = 0.003). (b) Total area of loss was calculated by 
assessing the percent area of tissue lost in the ipsilateral hemisphere, normalized to the contralateral hemisphere. Median (95% CI) area 
losses were as follows: saline: 37.2% (27.9%–51.4%; n = 16), free curcumin: 37.8% (20.2%–44.2%; n = 19), blank PLGA-PEG particles:
35.4% (6.0%–44.4%; n = 18), and PLGA-PEG/curcumin: 12.3% (3.6%–26.8%; n = 19). Significant differences were seen between 
PLGA-PEG/curcumin and saline (p = 0.006) or free curcumin (p = 0.04) groups. *A significant difference as compared to all other 
groups. Group differences were evaluated by the two-tailed Wilcoxon–Mann–Whitney U test, with Bonferroni’s correction for multiple 
comparisons. 
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group. A similar pattern of decreased median 

pathology score in the PLGA-PEG/curcumin group 

was seen in the cortex (Fig. 5(a)), thalamus (Fig. 5(b)), 

hippocampus (Fig. 5(c)), and striatum (Fig. 5(d)); 

however, none of these differences were statistically 

significant. A summary of pathology scores, as well as 

gross injury and area loss analysis across all groups 

is shown in Table 2. 

Blank-PLGA-PEG-treated, free-curcumin-treated, 

and saline-treated animals tended to have more 

severe, extensive necrosis of the anterior cortex and 

middle cortex (Fig. 6), often with rarefaction of the 

neuropil. In the striatum, hippocampus, and thalamus, 

we observed moderate-to-marked multifocal to 

coalescing neuronal necrosis and cell loss. In contrast, 

lesions in more PLGA-PEG/curcumin-treated than 

blank-PLGA-PEG-treated animals were more often 

characterized by mild to moderate columnar necrosis 

in the cerebral cortex, and mild, patchy neuronal 

necrosis in the striatum, thalamus, and hippocampus 

(Fig. 6). Furthermore, more PLGA-PEG/curcumin 

treated animals had minimal to no neuropathology, 

with eight animals receiving a total neuropathology 

score lower than 4 (three animals with a score of 0; 

two animals with a score of 2; and one animal each 

with a score of 2.5, 3, or 3.5). In contrast, only one 

animal in each of the blank PLGA-PEG and free 

curcumin groups scored less than 4, and no saline- 

treated animals received a score lower than 6. Severe 

injury characterized by variably severe (but generally 

minimal to mild) involvement of the contralateral 

hemisphere was observed in all treatment groups 

(three saline-treated animals; one free-curcumin- 

treated animal; six blank-PLGA-PEG-treated animals; 

and four PLGA-PEG/curcumin-treated animals).  

3.6 Microglia show altered morphology following 

PLGA-PEG/curcumin nanoparticle treatment 

We observed an increase in microglial numbers 

(Iba+ cells), and a change in microglial morphology, 

 

Figure 5 Neuropathology after PLGA-PEG/curcumin treatment of HI pups. These pups were treated 30 min, 24 h, and 48 h after
unilateral HI injury with saline, free curcumin, blank PLGA-PEG nanoparticles, or PLGA-PEG/curcumin nanoparticles. The pups were 
euthanized on P10, 72 h after HI injury. Neuropathological analyses were performed in a blinded manner. Four regions (hippocampus,
cortex, striatum, and thalamus) on the unilateral side were scored on a 9-point scale between 0 (least injured) and 4 (most injured). 
Though the median score was the lowest in the PLGA-PEG/curcumin group for all measures, a significant difference was seen only in
the cortex between blank PLGA-PEG and PLGA-PEG/curcumin (p = 0.0249). Group differences were evaluated using the two-tailed 
Wilcoxon–Mann–Whitney U test, with Bonferroni’s correction for multiple comparisons. 
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in the brains of the saline, free curcumin, and blank 

nanoparticle treatment groups 72 h after HI injury 

(Fig. 7(a)). Microglial morphology was more amoeboid 

in shape in the dentate gyrus, CA1, and subcortex of 

the ipsilateral hemisphere in the saline, free curcumin, 

and blank nanoparticle groups, with no differences 

in morphology seen between them. On the other 

hand, PLGA-PEG/curcumin-treated animals showed 

reduced microglial numbers, and fewer amoeboid 

morphological features. In particular, in the CA1 region 

in the PLGA-PEG/curcumin-treated pups, microglia 

were more elongated. A few cell processes were also 

Table 2 Outcome measures after treatment in neonatal HI rats. The rats were subjected to hypoxia-ischemia on P7, and treatments 
(saline, free curcumin, blank PLGA-PEG, and PLGA-PEG/curcumin) were administered at 30 min, 24 h, and 48 h after HI. All outcome 
measures were assessed 72 h after HI injury. For each outcome measure, median (95% CI) gross injury, area loss, and regional and total 
pathology score across the four treatment groups is provided. *A significant difference in comparison with all other groups. #A significant
difference as compared to saline and free curcumin groups. Group differences were evaluated by the two-tailed Wilcoxon–Mann–Whitney
U test, with Bonferroni’s correction for multiple comparisons 

Group (median; 95% CI) 
 

Saline Free curcumin Blank PLGA-PEG PLGA-PEG/curcumin

Gross injury 3 (3–4) 3.5 (1–4) 4 (3–4) 0 (0–3)* 

Area loss (%) 37.2 (27.9–51.4) 37.8 (20.2–44.2) 35.4 (6.0–44.4) 12.3 (3.6–26.8)# 

Pathology scores:  

Cortex 3.5 (3.0–4.0) 3.3 (2.5–4.0) 4.0 (2.5–4.0) 2.5 (1.5–4.0) 

Hippocampus 3 (2.5–3.5) 3 (2.5–3.5) 3.3 (2.0–3.5) 1.8 (0.0–3.5) 

Striatum 3.5 (2.5–4.0) 3.3 (2.5–4.0) 3.5 (2.5–4.0) 1.8 (0.5–4.0) 

Thalamus 2.5 (2.0–3.5) 2.5(1.5–3.0) 2.5(1.5–3.5) 1 (0.5–3.5) 

Injury assessment 

Total pathology score 12.5(10.0–14.5) 12.3 (9.0–14.5) 13.3(8.5–15.0) 6.5(2.5–15.0) 
      

 

Figure 6 Representative histological images of PLGA-PEG/curcumin-treated pups. Left column: a saline-treated animal; left center: a 
free-curcumin-treated animal; right center: a blank PLGA-PEG-treated animal; right column: a PLGA-PEG/ curcumin-treated animal. 
Animals within 1 point of the treatment group median are pictured. Top row: Lower-magnification view of the hippocampus (h) and 
cerebral cortex (c) at the level of the thalamus (t). In the saline-, free-curcumin-, and blank PLGA-PEG-treated animals, there is 
moderate to regionally marked disorganization and neuronal death in the cortex with a portion of ischemic cortex missing (*) in the
blank PLGA-PEG-treated animal. In the PLGA-PEG/curcumin-treated animal, there is mild multifocal columnar neuronal cell necrosis 
and loss (#). Scale bar = 0.25 mm. Middle row: Higher-magnification view of neuronal cell death and loss with disorganization of the
cortex (*). Normal neurons are indicated by the triangle. M = meninges. Scale bar = 100 µm. Bottom row: hippocampus (CA1 and CA2) 
with regionally extensive neuronal necrosis and loss (*). Normal neurons are indicated by the triangle. Scale bar = 100 microns. 
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present, potentially indicating a return to a more 

normal ramified state (Fig. 7(b)). The morphological 

changes in microglia were confined to regions of 

neuronal injury, which included the CA1 region of the 

hippocampus, subcortex, and the caudate putamen. 

4 Discussion 

PA and resulting HIE are leading causes of morbidity 

and mortality around the time of birth [5]. Although 

TH is currently the only validated treatment of HIE, 

it is not universally neuroprotective. Unfortunately, 

40%–50% of treated infants with moderate and severe 

HIE will still die or have significant neurological 

disability [51]. Because the development of TH into a 

neuroprotective strategy for neonates was based on 

preclinical research in a number of animal models, 

there is scope to use these same models to develop 

pharmacological interventions as an adjuvant to TH. For 

instance, Juul et al. demonstrated the neuroprotective 

 

Figure 7 Neuronal density after hypoxia-ischemia and PLGA-PEG/curcumin treatment. (a) The presence of Iba1+ microglia (green) was
evaluated for all treatment groups in regions of injury in the HI brain, including the cortex, CA1, and dentate gyrus. The microglia
number is greater in all control groups (saline, free curcumin, and blank PLGA-PEG), and morphology shifted to an amoeboid 
phenotype. PLGA-PEG/curcumin-treated microglia appear to be fewer in number and (b) partially ramified. Blue: DAPI staining of cell nuclei.
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effects of recombinant human EPO in the Vannucci 

rat model; this effect was more recently translated  

to clinical trials on term infants and extremely low- 

gestation neonates [52]. Analogously to the pleiotropic 

neuroprotective effects of both TH and EPO, the 

present study suggests that curcumin affects the 

progression of brain injury through multiple pathways, 

ultimately delivering a neuroprotective effect, which 

is enhanced by the PLGA-PEG nanoparticles. 

Significant neuroprotection was seen in the PLGA- 

PEG/curcumin treatment group compared to all 

control groups (saline, free curcumin, and blank nano-

particles) after gross brain injury scoring. Hemispheric 

area loss also showed significant neuroprotection    

(p < 0.05) in the PLGA-PEG/curcumin treatment group 

compared to all control groups. Nonetheless, after 

adjustment for multiple comparisons, no significant 

difference was seen between the PLGA-PEG/ cur-

cumin and blank PLGA-PEG groups. This result 

might be due to a therapeutic effect of the PLGA- 

PEG polymer itself, because others have shown that 

PEG can suppress reactive oxygen species production 

after injury by limiting superoxide generation [53]. 

Despite the significant decrease in global injury 

measures (gross injury and area loss), no significant 

decreases in region-specific or total formal pathology 

score were seen in the PLGA-PEG/curcumin group. 

This finding may be due to a lack of resolution in 

the gross injury score, or the fact that the formal 

pathology scoring system includes the subcortical 

structures not seen during gross injury score.  

The difference in efficacy between measures may 

also give clues to where the PLGA-PEG/curcumin  

is exerting its effects. Both area loss and pathology 

scoring are concentrated in the areas at the center of 

the unilateral infarct that are most susceptible to 

injury [48, 54]. By comparison, gross injury scoring 

includes the total infarct area, including the penumbral 

region [55]. The dramatic decrease in the gross injury 

score suggests that PLGA-PEG/curcumin may be 

most beneficial at the penumbra, and that it is 

neuroprotective for cells that are less severely 

affected by the insult. This notion is also supported 

by the fact that the median pathology score (both 

total and region-specific) decreased in the PLGA- 

PEG/curcumin group, but the upper bounds of the 

95% CI did not, suggesting that any neuroprotective 

effect of PLGA-PEG/curcumin nanoparticles was 

particularly absent in the most severely-injured 

animals. This is not an uncommon finding in the 

field, with TH and other therapies, including xenon, 

potentially unable to reverse injury once it is beyond 

certain severity [54, 56]. In fact, comparing the 

pathology scores seen in our current study to similar 

data in previous work suggests that the injury 

produced in this model was relatively severe [48], 

with many animals experiencing complete structural 

loss of the ipsilateral hemisphere, with involvement 

of the contralateral side [57]. Certain aspects of the 

response to injury may also prevent optimal penetration 

of the particles and delivery of the therapeutic agent. 

Edema formation in the most severely affected 

animals may reduce penetration of the nanoparticles 

into the core of the infarct. Though nanoparticle 

penetration into the region of injury was seen, and a 

therapeutic effect was achieved according to gross 

injury analysis, uniform distribution of a therapeutic 

agent from the penumbra to the core is necessary to 

achieve maximal efficacy [58, 59]. Coadministration 

of PLGA-PEG/curcumin with therapies that reduce 

edema formation, such as TH, may augment the 

effects of the nanoparticles, and this combination will 

be a focus of future work.  

Polymeric nanoparticle systems have been widely 

used to improve biodistribution and bioavailability 

of therapeutics. Nanoparticles coated with special 

surfactants, such as P80 [60, 61], Poloxamer 188 (also 

referred to as Pluronic F68) [60, 62], or with chitosan 

[64] have also been shown to target the brain after 

systemic injection, even with an intact BBB, by 

adhering to and entering endothelial cells of the BBB. 

Nonetheless, the nanoparticles coated with P80 or 

F68 in these experiments possessed surface charges 

in the −20 to −40 mV range, and the chitosan-coated 

particles were 260 nm in diameter, thereby making it 

unlikely that these specific particles were capable of 

diffusing into the brain beyond the BBB endothelium 

[26, 43]. The curcumin-loaded particles evaluated in 

the present study were ~ 60 nm in diameter and had a 

near-neutral surface charge: both characteristics that 

enhance penetration of nanotherapeutics within the 

brain parenchyma. Additionally, PEG copolymerization 
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to PLGA imparts steric stability for improved nano-

particle bioavailability after systemic administration 

[64, 65]. The PLGA-PEG nanoparticles used in this 

study demonstrated a 10-fold higher diffusive ability 

in the cortex and 20-fold higher diffusivity in the 

thalamus as compared to the PLGA formulation. This 

phenomenon is likely due to the “stealth” nature of 

PEG-coated particles that limits interaction with cells 

and proteins in the cerebral extracellular space [44]. 

The increased diffusive ability is noteworthy because 

it allows the nanoparticle and curcumin payload to 

achieve greater dispersion in the brain, a property 

that correlates with the efficacy of many therapeutics 

[15, 66, 67]. 

A greater drug release from curcumin-loaded 

PLGA nanoparticles was achieved by modifying 

surface functionality with the PEG polymer. PEG, as 

an amphiphilic polymer, can increase the surface area 

of a nanoparticle and therefore expand the fraction of 

curcumin that is adsorbed onto, or weakly bound to, 

the nanoparticle surface [68]. The early burst release 

phase is therefore dominated by a drug release  

from near the nanoparticle surface, as seen in the 

PLGA-PEG/curcumin formulation, which yielded a 

greater burst release (40% from PLGA and 49% from 

PLGA-PEG within 4 h) and greater controlled release 

during 96 h (59% vs. 99%) as compared to the 

PLGA/curcumin formulation [69]. 

After being delivered to the injured brain, curcumin 

can act on HI injury through multiple pathways. 

Others have demonstrated therapeutic properties  

of curcumin, including both antioxidant [70, 71] and 

anti-inflammatory [72, 73] effects. Curcumin’s anti- 

inflammatory effects are due to inhibition of nuclear 

factor kappa B (NF-kB) signaling, thereby leading to 

downregulation of proinflammatory cytokines and 

enzymes [73, 74]. In vitro and in vivo studies indicate 

that curcumin’s antioxidant effects arise from direct 

scavenging via the phenolic structure, as well as 

modulation of nuclear factor (erythroid-derived 2)-like 

2 (Nrf2) pathway [71]. Besides, curcumin inhibits 

activation of the NMDA receptor for glutamate, which 

is central to the initiation of the excito-oxidative 

cascade that results in necrosis and apoptosis from 

mitochondrial damage after HI injury [75]. Finally, 

curcumin induces neurogenesis by modulating  

the canonical Wnt–-catenin pathway, leading to 

reversal of cognitive deficits in models of Alzheimer’s 

disease [76].  

PLGA-PEG nanoparticle uptake in the injured 

brain was observed within 24 h in the regions of 

injury. Nanoparticle uptake and extravasation into 

regions of injury and proximity to amoeboid microglia 

and injured neurons are important because both cell 

types are implicated in the progression of HI brain 

injury. During inflammation, microglia proliferate, 

with a shift in phenotype from ramified healthy 

surveying microglia to a spectrum of more amoeboid 

“activated” microglia [77–79]. After 72 h of therapy, 

microglia were fewer in number in the PLGA-PEG/ 

curcumin group, with a more ramified morphology, 

compared to the control groups. This finding suggests 

that PLGA-PEG/curcumin is capable of selectively 

altering microglial function in areas of injury, and 

this effect may reduce the long-term inflammatory 

responses to hypoxia-ischemia that contribute to  

the secondary and tertiary phases of injury [80]. 

Nonetheless, longer-term outcomes may be needed 

to discriminate the benefit seen in the changing 

microglial phenotype in the PLGA-PEG/curcumin 

group. 

The brain uptake and region-specific localization 

of the polymeric nanoparticle platform can be im-

portant for targeted delivery, especially if toxicity of a 

drug is of concern. It should be emphasized that 

minimal or no nanoparticle uptake is seen in regions of 

healthy tissue; this effect will reduce off-site toxicity and 

minimize any long-term unwanted effects. Instead, 

the PLGA-PEG/curcumin nanoparticles leverage both 

BBB breakdown in regions of injury and nanoparticle 

stealth properties to get distributed specifically within 

the injured brain parenchyma. The ability of the 

PLGA-PEG/curcumin particles to deliver a broad-acting 

therapeutic to injured cells for neuroprotection, without 

associated toxicity, highlights the advantages of the 

nanoparticle platform for targeted delivery. 

Limitations to this study include the relatively 

early (72 h) assessment of injury, and the absence  

of behavioral outcomes. For instance, compared to 

previous work that assessed area loss at P14, one 

week after injury [48, 54], area loss at P10 may 

underestimate final tissue loss due to a shorter time 
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period for the injury to evolve. Future studies with 

longer follow-up after the injury may allow for 

greater resolution in terms of comparing injury severity 

among different treatment groups. Additionally, due 

to the limited solubility of curcumin, DMSO was 

needed in addition to PBS as a delivery vehicle for 

the free-curcumin treatment. Other studies involving 

DMSO at concentrations ranging from 0.1% (v/v)  

to 100% to deliver curcumin in cell cultures have 

revealed no significant cytotoxicity [81–84]. DMSO 

has also been employed to deliver melatonin in the 

neonatal hypoxia-ischemia model, and no significant 

neurotoxic effect was found in DMSO and PBS 

treatment groups [85]. When an effect has been 

detected with DMSO at concentrations similar to the 

ones used to deliver curcumin in adult brain injury 

models, it has instead tended to cause neuroprotection 

rather than neurotoxicity [86]. The conflicting literature 

data and the need for DMSO to solubilize curcumin 

further justify the use of the nanoparticle-based 

delivery platform. Lastly, our experiment was not 

designed to evaluate sex-based differences. Significant 

changes in outcome based on sex have been observed 

both in preclinical models and in clinical settings, and 

males and females may have different requirements for 

interventions that modulate oxidative stress [87–92]. 

To further support the use of curcumin-loaded nano-

particles as a pharmaceutical intervention in perinatal 

brain injury, PLGA-PEG/curcumin must be compared 

as a competitor to treatments like EPO and N-acetyl 

cysteine (NAC), which have shown efficacy in injury 

models comparable to the Vannucci model [41, 93]. 

The increased efficacy of the PLGA-PEG/curcumin 

particles over free curcumin also supports the idea that 

other potential agents besides curcumin that undergo 

delivery or encounter pharmacokinetic barriers to 

neuroprotection could be loaded into similar particles. 

Nevertheless, this is the first study that proves the 

neuroprotective effect of curcumin, when loaded into 

brain-penetrating PLGA-PEG nanoparticles, in the 

treatment of neonatal brain injury.  

5 Conclusion 

One critical yet underserved population in terms of 

the development of therapeutic methods is the  

neonatal population, for whom PA and subsequent 

development of HIE are leading causes of death.  

We sought to evaluate the efficacy of curcumin (a 

pharmaceutical agent that works on multiple pathways 

to reduce inflammation and promote neuronal 

recovery) in a rat model of neonatal brain injury. 

Therapeutic delivery mediated by the PLGA-PEG 

polymeric nanoparticle platform was implemented 

to improve efficacy by increasing drug solubility, 

stability, bioavailability, and targeting of sites of 

injury. We show that BBB impairment enhances 

nanoparticle extravasation into the brain parenchyma, 

and that a dense PEG coating on the PLGA nano-

particles allows for effective penetration within the 

brain parenchyma. As a result, when administered 

systemically, PLGA-PEG/curcumin nanoparticles sig-

nificantly reduce global injury, but their neuroprotective 

effect may be most pronounced in the penumbral 

region, or in less severely injured animals. The 

neuroprotective effect of curcumin-loaded nano-

particles provides an additional intervention for 

further research on the treatment of neonatal brain 

injury. 
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Table S1 Neuropathological scoring criteria. Region-specific scoring used for evaluation of neuropathology in saline, free curcumin, 
blank PLGA-PEG, and PLGA-PEG/curcumin treatment groups. 

 Cortex, Striatum, Thalamus  Hippocampus 

Score Percent involved Criteria  

0 Normal  No injury 

0.5 <10 necrotic neurons  <10 scattered necrotic neurons 

1 <10% small, patchy <10%; dentate not involved 

1.5 10-20% patchy <50% or if dentate is involved 

2 21-30% party confluent or incomplete 50%; patchy areas necrotic neurons CA1-4

2.5 31-40% mostly confluent Coalescing compared to score of 2;  
<75% affected 

3 40-60% large, confluent, complete 75%; extensive 

3.5 61-80% severe 76-95% 

4 >80% with cystic rarefaction complete infarction including dentate 
(100%) 
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Figure S1 BBB impairment in HI pups. 70 kDa Dextran-FITC (7.5g/kg, green) and AF647-labeled PLGA-PEG nanoparticles    
(50 mg/kg, red) were administered i.p. 30 min after HI in P7 pups. Pups were sacrificed 24 h after HI and perfused. (a) Dextran-FITC 
extravasation from the impaired blood-brain barrier is observed in the ipsilateral (injured) hemisphere. Scale bar: 1 mm. (b) Limited or 
no extravasation is observed in the contralateral (uninjured) hemisphere. Scale bar: 1 mm. (c) PLGA-PEG particle extravasation was 
observed in regions of BBB impairment and dextran-FITC extravasation, including the ipsilateral hippocampus, dentate gyrus, and 
thalamus. Blue: DAPI cell nuclei stain in all images. Scale bars: 100 µm. 

 

Figure S2 Biodistribution of AF647-labeled PLGA-PEG nanoparticles 24 hours after injection. Fluorescently labeled 
nanoparticles were injected at a 150 mg/kg dose to healthy (n=6, injected at t=0) and HI (n=10, injected 30 min after injury) pups on P7 
and pups were perfused and sacrificed after 24 h. Nanoparticle concentration in the brain and serum was measured by UV-Vis and 
normalized to sample volume or mass. The brain/serum ratio in HI pups (0.0135) was significantly higher (p=0.0037) than the 
brain/serum ratio in healthy pups (0.0047) indicating enhanced brain penetration of the PLGA-PEG vehicle after hypoxic-ischemic 
injury.  
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Figure S3 Representative gross injury in HI pups. For each treatment group, a representative picture of the median animal used for 
gross injury scoring is provided. 

 
 


