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Abstract

Drug delivery to the brain is challenging due to a highly regulated blood-brain barrier (BBB) and a 

complex brain microenvironment. Nanoparticles, due to their tailorability, provide promising 

platforms to enhance therapeutic delivery and achieve controlled release and disease-specific 

localization in the brain. However, we have yet to fully understand the complex interactions 

between nanoparticles and the biological environments in which they operate. It is important to 

perform a systematic study to characterize nanoparticle behavior as a function of ion composition, 

concentration, and pH in cerebrospinal fluid (CSF). These could alter nanoparticle biological 

identity and influence diffusive capability and cellular uptake. In this study, poly(ethylene glycol) 

(PEG)-coated and carboxyl-coated polystyrene (PS-PEG and PS-COOH respectively) 

nanoparticles (NPs) were used to evaluate the aggregation kinetics, colloidal stability, and 

diffusive capability of nanoparticles in conditions relevant to the brain microenvironment. Size, 

surface charge, and surface coating were varied in a range of CSF ion concentrations and 

compositions, pH conditions, and temperatures. Small changes in calcium concentration and pH 

destabilize nanoparticles in CSF. However, PS-PEG NPs remain stable over a wider variety of 

conditions than PS-COOH NPs, and have higher diffusion capabilities in both agarose gels, an in 
vitro model of the brain microenvironment, and an organotypic brain tissue slice model. These 

results demonstrate the need for steric stabilization to maintain nanoparticle colloidal stability in a 

wide range of conditions. Importantly, colloidal stabilization allows for increased diffusive 

capability and can be used to predict diffusive behavior in the brain microenvironment.
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1. Introduction

Neurological disorders cost around $900 billion per year to treat and represent 11% of the 

global burden of disease [1]. Importantly, therapeutic delivery to the brain shows that 98% of 

small-molecule therapeutics and ~ 100% of large-molecule therapeutics are ineffective in 

reaching target sites in the brain [2]. Drug delivery to the brain is challenging, due in part to 

the strictly regulated blood-brain barrier (BBB) and blood cerebrospinal fluid (CSF) barrier, 

and the complex microenvironment in which therapeutics must navigate to reach target sites. 

Nanoparticles can provide a vehicle for delivering therapeutics to overcome these barriers 

[3,4]. Nanoparticle platforms have been successful in effectively delivering drugs to the 

brain due to tailored control over nanoparticle physicochemical properties, in particular 

nanoparticle size, surface charge, and surface functionality [5,6].

When administered systemically, a nanoparticle must remain stable in blood, overcome the 

BBB, and then navigate the extracellular space (ECS) to selectively act on or uptake in 

disease cells. Nanoparticle stability has been evaluated in serum [7], blood [8–10], and 

saline [11,12] as a function of size, surface charge, and surface functionality. Size and 

surface coating are also physicochemical factors that have been explored for nanoparticle 

uptake across the intact and impaired BBB [13–17], in addition to shape and particle rigidity 

[18,19]. By crossing the BBB, nanoparticles can provide cell-specific uptake, including 

targeted delivery to lysosomes within neurons [20], and selective targeting of microglia and 

astrocytes to suppress inflammation and oxidative stress [16,21,22]. However, once across 

the BBB, nanoparticles are exposed to a physical and chemical environment that is unique to 

the brain. Physically, nanoparticle size is a particularly important parameter for penetration 

within the brain ECS [6]. Pore sizes within the brain have been estimated to be anywhere 

from 30 to 65 nm [23] to 20–225 nm in width [17], based on the methods of probing the 

ECS. Yet, there is a significant decrease in the ability of a nanoparticle to move within the 

brain parenchyma at sizes larger than 100 nm, suggesting an upper limit on nanoparticle size 

for effective drug delivery to the brain [17]. Size has also been shown to influence 

nanoparticle compartmentalization in brain cells [24]. Additionally, surface charge and 

surface functionality, including relative hydrophobicity, can be predominant factors in 

determining a particle’s ability to effectively diffuse within the brain extracellular matrix 

[17,25,26].

Importantly, all prior measurements to assess the impact of physicochemical properties on 

brain uptake and penetration within the brain parenchyma assume particles remained stable 

(no agglomeration or aggregation) not just in blood while circulating, but also in the brain 

environment. Yet, there is little evidence demonstrating that nanoparticles remain stable in 

brain microenvironment conditions. Therefore, there is a need to perform characterization of 

nanoparticle size and stability as a function of ion composition, concentration, or pH in brain 

extracellular fluid, all factors in the brain microenvironment. For example, calcium is a 

unique factor in the brain due to its presence in free form and varies spatially and temporally 

based on local cellular activity [27,28]. Like calcium, pH levels vary spatially and 

temporally in the brain [29]. Changes in pH can alter the protonation state of functional 

groups on the nanoparticle surface, which can also change nanoparticle stability. Each of 
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these factors could alter a nanoparticle’s biological identity in the brain ECS, which could 

influence diffusive capability and cellular uptake of a therapeutic platform [30].

This study sought to systematically characterize nanoparticle behavior in representative 

brain microenvironment conditions to determine the predictive ability of colloidal stability 

on diffusive capability. Poly(ethylene glycol) (PEG)-coated and carboxyl-modified 

polystyrene (PS-PEG and PS-COOH respectively) nanoparticles from 60-to 2000 nm were 

used to evaluate nanoparticle behavior in conditions present in the brain microenvironment. 

PEG sterically stabilizes nanoparticles, and provides stealth capabilities that reduce the 

interaction with the surrounding environment [31]. In the context of aggregation kinetics, the 

comparison of PS-COOH and PS-PEG particles is useful in demonstrating the differences 

between electrocratically and sterically-stabilized nanoparticles. Additionally, nanoparticles 

are normally characterized at room temperature in low concentration NaCl solutions or 

saline solutions [32], and higher temperatures at physiological conditions could destabilize 

nanoparticles. Sterically-stabilzied nanoparticles can be sensitive to changes in temperature 

of just 1–2 °C [33]. Therefore, this study evaluated the aggregation kinetics, colloidal 

stability, and diffusive capability of nanoparticles with varying size, surface charge, and 

surface coating in a range of brain interstitial fluid ion concentrations and compositions, pH 

conditions, and temperature.

2. Materials and methods

2.1. Nanoparticle preparation and characterization

60, 100, 200, 500, 1000 and 2000-nm fluorescent COOH-modified PS nanoparticles (Fisher 

Scientific, Hampton, NH) were covalently modified with methoxy (MeO)-PEG-amine 

(NH2) (5 kDa MW, Creative PEG Works, Winston-Salem, NC) by carboxyl amine reaction 

[34]. Briefly, 50–100 μL of PS particle suspension was washed and resuspended to 2-to 6-

fold dilution in ultrapure water. An excess of MeO-PEG-NH2 was added to the particle 

suspension and mixed to dissolve the PEG. N-Hydroxysulfosuccinimide (MilliporeSigma, 

Burlington, MA) and 200 mM pH 8.2 borate buffer was added to a 4-fold dilution of the 

starting volume. 1-Ethyl-3-(3-dimethyla-minopropyl) carbodiimide (EDC, Invitrogen, 

Carlsbad, CA) was added to stoichiometrically complement the added MeO-PEG-NH2. 

Particle suspensions were placed on a rotary incubator for 4 h at 25 °C and then centrifuged 

(Amicon Ultra 0.5 mL 100k MWCO; MilliporeSigma) at conditions specified by Nance et 

al. [34]. Particles were resuspended in ultrapure water to the initial particle volume and 

stored at 4 °C until use. The hydrodynamic diameter, polydispersity index (PDI), and ζ-

potential were measured for COOH-and PEG-coated fluorescent nanoparticles of all sizes. 

Particles were diluted to ~ 0.002% solids in filtered (0.45 μm, Whatman, Maidstone, UK) 10 

mM NaCl and incubated for 24 h prior to measurement. Additional characterization was 

performed in artificial cerebrospinal fluid (ACSF) without calcium chloride (CaCl2) to 

assess properties in in vitro.

2.2. Media preparation

ACSF was prepared with the addition of the following concentrations of reagents to 

deionized (DI) water: 119 mM NaCl (MilliporeSigma), 26.2 mM NaHCO3 
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(MilliporeSigma), 2.5 mM KCl (MilliporeSigma), 1 mM NaH2PO4 (MilliporeSigma), 1.3 

mM MgCl2 (MilliporeSigma), and 10 mM glucose (MilliporeSigma). The solution was 

filtered (0.45 μm) in a sterile environment and stored at 4 °C. For individual experiments, 

aliquots of ACSF were taken and CaCl2 added, then the media was allowed to equilibrate at 

desired conditions (23 °C/37 °C and 5% CO2) for 1 h and adjusted to the appropriate pH 

(5.5, 7.2, or 8.5) with 0.2 mM HCl or 1 N NaOH.

2.3. In vitro particle aggregation via dynamic light scattering

Stock 1 M CaCl2 and MgCl2 solutions were prepared in DI water, from which 0.5, 1.0, 2.0, 

4.0, 5.0, 8.0, and 10.0 mM dilutions were made. PS-COOH and PS-PEG nanoparticles were 

diluted in these salt solutions to achieve a concentration of 0.002% solids. Nanoparticle 

suspensions were allowed to sit for 24 h before measuring their hydrodynamic diameters via 
dynamic light scattering (DLS) (NanoSizer Zeta Series, Malvern Instruments, Malvern, 

UK). Number means were reported for static studies as recommended by EU directive 

2011/696/ EU [32]. Z-average diameters were reported for aggregation studies. While z-

average values can be inaccurate for polydisperse samples, these measurements are less 

vulnerable to noise, and some inaccuracy is inevitable in high-time resolution measurements 

via DLS.

2.4. Aggregation kinetics via dynamic light scattering

Particle-free media was allowed to reach temperature (23 °C or 37 °C) in the Zetasizer 

followed by a three-minute equilibration period. Nanoparticles were quickly added and 

mixed to achieve a concentration of 0.002% solids, and hydrodynamic diameter 

measurements were then taken every 10 s for 50 measurements (total time: 8 min 20 s). The 

measurements were paused briefly in order to add enough 1 M CaCl2 solution to achieve 0.5 

mM CaCl2, and another 50 measurements in 10 s intervals were taken. This process was 

repeated for successive CaCl2 concentrations of 1, 2, 3, 4, 5, 6, 8, and 10 mM.

For pH measurements, ACSF without CaCl2 was prepared as described above. Aliquots of 

ACSF were allowed to equilibrate at the desired conditions (23 °C and 5% CO2) for 1 h and 

adjusted to pH 7.2, and CaCl2 was added to achieve 3 mM concentration. Nanoparticles 

were added and mixed to achieve a concentration of 0.002% solids. Potentiometric titrations 

were performed to assess pH as a function of acid/base added (see Figure S1). Starting at pH 

7.2, 0.2 M HCl or 1 N NaOH was added in 1–40 μL increments and the pH read until the pH 

reached either 3 or 11.

For kinetic studies as a function of pH, aliquots of ACSF were allowed to equilibrate at the 

desired conditions (23 °C and 5% CO2) for 1h and adjusted to pH 7.2, and CaCl2 was added 

to achieve 3mM concentration. Hydrodynamic diameters measurements were taken every 10 

s for 50 measurements. The measurements were paused briefly in order to add enough acid 

to reach the nearest 0.5 pH unit neighbor (7.0 or 7.5) as calculated from the potentiometric 

curve above, and another 50 measurements in 10-second intervals were taken. 

Measurements were paused, acid/base added, and restarted at successive pHs (7.0, 6.5, 6.0, 

5.5, 5.0, 4.5, 4.0, 3.5, and 3.0 for acid; 8.0, 8.5, 9.0, 9.5, 10.0, 10.5, and 11.0 for base).
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2.5. Gel diffusion studies

0.4% agarose gels in ACSF (CaCl2 concentrations of 0, 3, 5, and 10 mM, pH 7.2) were 

prepared by adding 40 mg agarose (low EEO, gel point for 1.5% gel, 36 ± 1.5 °C, 

MilliporeSigma) to ACSF. The agarose-ACSF mixture was heated to 99 °C and mixed well 

until the agarose was completely dissolved, as indicated by no visible particulates in the 

solution. 400 μL agarose-ACSF was added to a well in an 8-well imaging plate and PS-

COOH or PS-PEG nanoparticles were quickly added and mixed until evenly distributed to 

achieve a concentration of 0.005% solids. Four samples were prepared per particle type-

condition combination. The prepared gels were allowed to set overnight at room 

temperature. Prior to imaging, the gels were allowed to incubate at 37 °C and 5% CO2 for 30 

min.

Five videos were collected per well with four wells at 10 Hz and 40x magnification for 6.5 s 

via fluorescent microscopy using a cMOS camera (Hamamatsu Photonics, Bridgewater, NJ) 

mounted on a confocal microscope (Nikon Instruments, Melville, NY). Nanoparticle 

trajectories were calculated via MOSAIC multi-particle tracking ImageJ plugin (National 

Institutes of Health, Bethesda, MD, USA) [35], and geometrically averaged precision-

weighted mean squared displacements (MSD) were calculated via a self-developed Python 

package (DOI 10.5281/zenodo.1214158).

For polydispersity-dependent studies, gels were prepared using the method described above 

in ACSF without calcium chloride with either equal weight percent (20%) or equal number 

percent (20%) samples of 100, 200, 500, 1000, and 2000 nm PS-COOH or PS-PEG NPs. 

Videos were collected and analyzed using the same parameters described above.

For time-dependent aggregation studies, gels were prepared using the method described 

above in ACSF with 5 mM calcium chloride, but gels were not allowed to set overnight. 

Gels set for three hours to ensure complete gelation, and videos were collected and analyzed 

at 0, 1, 4, and 24 h prior to the three-hour gelation period.

2.6. Diffusion studies in cerebral cortex of neonatal rats

For rat brain tissue slices, all experiments were carried out at University of Washington in 

accordance with National Institutes of Health guidelines and local Institutional Animal Care 

and Use Committee regulations. Brain slices were prepared from 30 to 40 g postnatal day 14 

(P14) Sprague-Dawley rat pups [17,36]. Briefly, animals were administered an intravenous 

injection of pentobarbitol (150 mg/kg). After euthanasia, the brain was rapidly removed and 

immersed in cold dissecting media consisting of 500 mL HBSS (Fisher Scientific), 1% 

Penicillin-Streptomycin (MilliporeSigma), and 3.2 g glucose (MilliporeSigma). 300μm-thick 

coronal slices (n = 4 per rat) were prepared using a tissue chopper (Ted Pella, Redding, CA). 

The tissue chopper and razor blades were washed with 70% ethanol prior to sectioning. 

Slices were placed in a Petri dish containing dissecting media and separated under a surgical 

dissection microscope. Individual slices were placed on 30 mm cell culture inserts (Fisher 

Scientific) in 6-well plates (Eppendorf, Hamburg, Germany) filled with 1.5 mL slice culture 

media containing 200 mL MEM (Fisher Scientific), 100 mL HBSS, 100 mL horse serum 
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(Fisher Scientific), 4 mL Glutamax (Fisher Scientific), and 1% Penicillin-Streptomycin. 

Slices were allowed to incubate in sterile conditions at 37 °C and 5% CO2 overnight.

Prior to imaging slices were transferred to imaging dishes and 50 μL of either 0.02% solids 

60, 100, 200, or 1000 nm PS-COOH or PS-PEG nanoparticles were added to the surface of 

the slices. Slices were allowed to incubate with particles for 30–60 minutes. Five videos 

were collected in the cortex of each slice at 10 Hz and 40x magnification for 6.5 s via 
fluorescent microscopy using a cMOS camera (Hamamatsu Photonics, Bridgewater, NJ) 

mounted on a confocal microscope (Nikon Instruments, Melville, NY). Nanoparticle 

trajectories were calculated via MOSAIC multi-particle tracking ImageJ plugin (National 

Institutes of Health, Bethesda, MD, USA) [35], and geometrically averaged precision-

weighted MSD were calculated via a self-developed Python package.

2.7. Statistical analysis

Statistical analysis was performed using the sample Student t-test using GraphPad Prism 

7.01 (GraphPad Software Inc). Differences were defined as statistically significant at p < 

0.05, and the Holm-Sidak method was used to correct for multiple comparisons [37].

3. Results and discussion

3.1. Nanoparticle characterization

PS-COOH nanoparticles were compared with PS-PEG nanoparticles due to the widespread 

use of PEGylation as a method to sterically stabilize nanoparticle formulations and shield 

them from macrophage uptake in vivo [38]. All physicochemical nanoparticle properties for 

PS-COOH and PS-PEG nanoparticles used in this study are reported in Table 1. As 

expected, electrophoretic measurements of PS-COOH nanoparticles gave a ζ-potential of 

−20 to — 70 mV, depending on the size of the nanoparticle. Upon PEGylation of PS 

nanoparticles, all nanoparticles had an increase in measured hydrodynamic diameter of ~ 

10–20 nm in size (Table 1), which is expected given the molecular weight of the PEG chain 

used (5 kDa) [39]. The decrease in magnitude of ζ-potential for PS-PEG nanoparticles 

compared to PS-COOH nanoparticles indicates that conjugation of PEG to the nanoparticle 

surface was successful.

3.2. Nanoparticle stability as a function of calcium and magnesium concentration

100 nm PS-COOH and PS-PEG colloidal stability was evaluated in vitro in solutions of 

CaCl2 and magnesium chloride (MgCl2). In CaCl2 solutions, PS-COOH nanoparticles 

remained stable up to 2 mM salt concentration, but form aggregates at concentrations higher 

than 4 mM (Fig. 1A). PS-PEG nanoparticles remained stable in a biologically relevant range 

of calcium concentrations spanning 0–10 mM. Similar behavior for both particle types was 

found in MgCl2 solutions; PS-COOH nanoparticles remained stable in solutions up to 4 mM 

MgCl2 and aggregated at concentrations of 5 mM and higher (Fig. 1B). PS-PEG particles 

remained stable in MgCl2 concentrations at least up to 10 mM.

CSF equilibrates with interstitial fluid (ISF), the fluid filling the extracellular space within 

the brain, in the ventricles and perivascular spaces within the brain [40]. ISF is a complex 

Curtis et al. Page 6

Colloids Surf B Biointerfaces. Author manuscript; available in PMC 2019 July 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



fluid with composition that varies regionally due to metabolic and signaling processes of 

cells [41], and is difficult to measure, but can be regarded as similar to that of CSF. Within 

ISF and CSF, calcium plays a vital regulatory role, and is a unique factor in the brain due to 

its presence in free form [27,28]. Calcium is a universal messenger among multiple cell 

types throughout the body and is particularly important in the brain. Calcium is involved in 

regulating neurotransmitter synthesis and release, neuronal excitability, and phosphorylation, 

as well as long-term processes including memory and neuroplasticity [42]. Calcium is 

present at 2 mM in CSF under normal neurological conditions, but in the presence of injury 

or disease, calcium can become dysregulated, resulting in higher concentrations [43–45]. 

Calcium dysregulation is linked to brain aging [46,47], has been implicated in toxicity in 

glial cell populations, neurodegeneration, neuroinflammation [48], and can be a factor in 

multiple diseases including Alzheimer’s disease, Parkinson’s disease, amyotrophic lateral 

sclerosis, Huntington’s disease, and spinocerebellar ataxias [49]. The therapeutic 

implications for changes in calcium concentration in the presence of injury is of particular 

interest given previous findings that show calcium concentration can be a significant factor 

in nanoparticle aggregation [50].

In the context of nanotherapeutics, changes in calcium concentrations in both the ECS and 

cell cytoplasm can ultimately affect drug efficacy. Increasing calcium concentrations reduces 

the electrostatic double layer (EDL) repulsive energy between particles. Once a critical 

concentration is reached, nanoparticle aggregation is initiated. The variation between 

calcium and magnesium threshold concentrations that cause PS-COOH nanoparticles to 

aggregate can be explained in terms of the different hydration behavior of calcium and 

magnesium ions. Magnesium ions have more tightly held water molecules due in part to 

their smaller size [51]. Water molecules are less likely to dissociate from magnesium ions 

than calcium ions, preventing them from binding to the negatively charged PS-COOH 

nanoparticles [52]. Both calcium and magnesium independently impact nanoparticle 

stability; however, both are simultaneously present in CSF. To determine the combined 

effects of these ions at different concentrations, additional experiments were performed in 

1:1 M solutions of salts, e.g. magnesium sulfate (MgSO4) and calcium chloride (CaCl2). 

Nanoparticles in these mixtures exhibited behavior intermediate to the observed behavior in 

solutions of the separate component salts (Figure S2). For example, PS-COOH nanoparticles 

that form aggregates in MgCl2 concentrations greater than 5 mM only begin to aggregate in 

1:1 MgCl2: MgSO4 solutions at concentrations greater than 8 mM.

These studies raise additional questions regarding the relevance of particle size as a 

significant factor in nanoparticle aggregation, and the role the cation-associated anion 

associated has on nanoparticle aggregation. A similar static aggregation study using 60 nm 

PS-COOH and PS-PEG nanoparticles showed little difference in behavior from the 100 nm 

nanoparticles (Figure S3 A). 60 nm PS-COOH and PS-PEG nanoparticles tested in MgSO4 

also showed that, while the PS-COOH nanoparticles begin to aggregate at higher salt 

concentrations, the same rate of aggregation was not seen when compared with MgCl2 

(Figure S3B). This indicates that the anion also plays a role in determining nanoparticle 

stability [53], but the result was unexpected as it contradicts predictions made with the 

Hofmeister series [54]. In switching from chloride to sulfate, both the identity and the 

valence of the anion are varied. Polyvalent ions of either sign have a possibility of binding to 
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the nanoparticle surface. Measured ζ-potentials in 2 mM solutions of MgCl2 and MgSO4 

indicate a more negative charge on 100 nm PS-COOH nanoparticles in MgSO4 (−19.0 ± 0.7 

and −21.0 ± 0.5 respectively, p = 0.08). The added negative charge could provide additional 

electrostatic stability.

3.3. Calcium-dependent aggregation of nanoparticles at multiple temperatures and pHs in 
ACSF

In acidic conditions (pH 5.5) and at room temperature (23 °C), 100 nm PS-COOH 

nanoparticles experienced aggregation effects at all CaCl2 concentrations in ACSF (Fig. 

2A). PS-COOH nanoparticles had a nominal size of 141.1 nm, which increased to 150.0 nm 

when CaCl2 was increased to 0.5 mM after 10 min. This continued to increase in size at a 

rate of 4.2 ± 0.6nm/min until 8mM CaCl2, when aggregation accelerated to 11.3 ± 1.8 nm/

min. In these same conditions, 100 nm PS-PEG nanoparticles saw no significant increase in 

size (from 0.0 ± 0.2 nm/min to −0.4 ± 0.2 nm/min) and stayed constant over the entire range 

of CaCl2 concentrations.

When the temperature was raised to body temperature (37 °C), the aggregation profiles 

changed. The baseline size at 0 mM CaCl2 was 20 nm higher (160.6 nm) for 100 nm PS-

COOH nanoparticles, but increased linearly, similar to the 23 °C profile. There was a similar 

acceleration to aggregation at the 8 mM threshold. 100 nm PS-PEG nanoparticles 

experienced an overall increase of 20 nm, indicating the potential onset of aggregation, and 

could result in large aggregates at long timescales. When temperature is increased, there are 

two effects at play that can alter stability: first, the PEG brush layer contracts; second, the 

hydrodynamic radii of the nanoparticles decrease. However, the compressed PEG layers also 

reduce the steric hindrance that sterically stabilizes nanoparticles. At high enough calcium 

concentrations, the PS-PEG nanoparticles also begin to aggregate.

Increasing the pH to 7.2 led to a change in behavior for both particle types (Fig. 2B). PS-

COOH nanoparticles experienced significant aggregation at a threshold of 4 mM CaCl2 at 

25 °C (280.1 nm compared to 161.1 nm at 0mM CaCl2, p > 0.001). After 6 mM CaCl2, 

particles continued to increase in size overall, but experience downward trends after the 

initial addition of CaCl2 to the solution. When increased to body temperature, PS-COOH 

nanoparticles aggregated at a threshold of 2 mM CaCl2, continuing to increase in overall 

size, but then decrease following CaCl2 addition similar to the 23 °C profiles. This indicates 

that larger aggregates > 1000 nm are settling out of solution. 100 nm PS-PEG nanoparticles 

remained stable at 23 °C, up until 6 mM where aggregation begins to occur. At 37 °C, PS-

PEG nanoparticles remained stable until 1 mM CaCl2 with modest increases in sizes until 3 

mM CaCl2. Above 3 mM, PS-PEG nanoparticles began to aggregate more rapidly, reaching 

sizes in excess of 1000 nm at 8mM CaCl2 concentrations.

In basic conditions (pH 8.5), 100 nm PS-COOH nanoparticles had a very small range of 

stable CaCl2 concentrations (Fig. 2C). At room temperature, PS-COOH nanoparticles 

remained stable up until 1 mM CaCl2, but at body temperature, the addition of any CaCl2 

initiated aggregation. High pH causes protons to dissociate from carboxyl groups on the PS-

COOH nanoparticles, generating a negative charge on the particle surface. The presence of 

divalent cations induces bridging effects between the PS-COOH nanoparticles, which is 
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accelerated at higher CaCl2 concentrations. 100 nm PS-PEG nanoparticles are stable over a 

wider range of CaCl2 concentrations than PS-COOH nanoparticles in basic conditions, and 

aggregate sizes are four-fold times smaller: PS-COOH nanoparticles reach ~4000nm at 10 

mM CaCl2, while PS-PEG nanoparticles reach ~ 1000 nm in similar conditions. The 

aggregation of PS-PEG nanoparticles is also likely due to bridging effects in the presence of 

calcium. The more negative charges of PS-PEG nanoparticles brought about by basic 

conditions can interact with calcium ions, and initiate aggregation events.

There was a demonstrated difference in colloidal stability of 100 nm PS-COOH and PS-PEG 

nanoparticles in ACSF at 2 mM CaCl2 and pH 7.2. PS-PEG nanoparticles experienced little 

to no aggregation, while PS-COOH nanoparticles had a steep aggregation profile. This has 

important implications. First, the observed difference in diffusive ability in living brain 

tissue in previously published studies using PS-PEG and PS-COOH nanoparticles [17] could 

be in part due to the differences in nanoparticle colloidal stability. This study has shown that 

PS-COOH nanoparticles are colloidally unstable in ACSF at conditions similar to those in 

the brain, and small perturbations can worsen aggregation effects. Second, this study has 

demonstrated the importance of accounting for temperature when characterizing 

nanoparticles in vitro. PS-COOH nanoparticles aggregated in 2 mM CaCl2 ACSF at body 

temperature (37 °C), but did not experience significant aggregation at room temperature 

(137.1 nm compared to 135.7 nm at 0mM CaCl2, p = 0.31). PS-PEG nanoparticles also 

became destabilized at higher temperatures, but to a lesser extent. Temperature can affect 

nanoparticle stability by changing dissociation rates for electrostatically stabilized colloids 

and by structural changes for sterically stabilized colloids [55], and therefore should be 

accounted for when performing in vitro characterization of nanoparticles for in vivo 
applications.

3.4 pH-dependent aggregation of nanoparticles in ACSF

To explore the effect of pH on nanoparticle aggregation, pH was adjusted by 0.5 pH units 

every ten minutes. In increasingly acidic conditions in ACSF, 100 nm PS-COOH 

nanoparticles remained stable up to pH 6.5, where aggregation began (Fig. 3A). Particle 

sizes plateaued at 2000 nm at pH 5.0 and did not increase further with more acidic pH 

conditions. 100 nm PS-PEG nanoparticles remained stable at all acidic pH conditions in 

ACSF. In increasing basic conditions, PS-COOH nanoparticles began aggregating at pH 7.5 

and continued to increase in size beyond a hydrodynamic diameter of 10 μm (Fig. 3B). PS-

PEG nanoparticles began to aggregate at pH 8.0, reaching maximum sizes of 6 μm at pH 11.

PS-COOH nanoparticles had a narrow range of stability in ACSF (7.0–7.5), while PS-PEG 

nanoparticles had a much wider range, especially in acidic conditions (3.0–8.0). PEGylated 

nanoparticles are stabilized through a steric mechanism, while the PS-COOH nanoparticles 

are electrocratically stabilized and are more sensitive to changes in the ionic environment. In 

the presence of divalent cations and a relatively high ionic strength (~160mM compared to 

10 mM in standard characterization techniques), the magnitude of the ζ-potential of PS-

COOH nanoparticles is small compared to characterization measurements in 10 mM NaCl 

(Figure S4). With little electrostatic repulsion present, PS-COOH nanoparticles are unstable 

in ACSF and can aggregate readily in response to small fluctuations in pH and divalent 
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cation concentration. In basic conditions, the surface charge of PS-COOH nanoparticles 

become more negative as the carboxyl groups become deprotonated. This leads to an 

increase in bridging effects due to the presence of calcium, resulting in high instability in 

basic conditions. As pH becomes more acidic, the surface charge becomes less negative, 

eventually passing the point of zero charge (~pH 6.5) and triggering the onset of aggregation 

[56]. However, particle size does not continue to increase as pH becomes more acidic, as the 

low pH results in positively charged particles and the restoration of electrostatic repulsion.

Although sterically-stabilized, PS-PEG nanoparticles can still be susceptible to aggregation 

effects as a function of pH. As pH becomes more basic, PS-PEG nanoparticles do begin to 

aggregate at ~pH 8. This could be due to interactions with calcium ions at unreacted 

carboxyl sites on the nanoparticle surface. The PS-PEG nanoparticles have a slight negative 

charge in pH 7 ACSF and are more negative as pH becomes more basic (Figure S5). At 

more basic pH, these interactions are strong enough to cause bridging between calcium ions 

and PS-PEG nanoparticles. As pH shifts towards more acidic, PS-PEG nanoparticles do not 

aggregate, even as ζ-potentials become near-neutral, indicating that the steric stability lent 

by the PEG layer prevents any aggregation events from occurring.

3.5. Impact of calcium concentration on nanoparticle diffusion in gel model

To assess the impact of colloidal stability on nanoparticle diffusion, 100 nm PS-COOH and 

PS-PEG nanoparticles were tracked using highspeed multi-particle tracking (MPT) [17,57] 

in an agarose gel, a representative geometric model of the brain microenvironment [58]. 

Diffusion coefficients for both 100 nm PS-COOH and PS-PEG nanoparticles depend on 

calcium concentration in the gel (Fig. 4A, B). Representative frames from MPT videos are 

in Figure S6. Diffusion coefficients of PS-COOH nanoparticles decrease as calcium 

concentration is increased (Fig. 4C). At calcium concentrations exceeding 5 mM, PS-COOH 

nanoparticles become immobilized. As shown previously in Fig. 2, 100 nm PS-COOH 

nanoparticles begin aggregating at calcium concentrations of 2 mM. Thus, the immobility in 

gels is likely due to both bridging effects between nanoparticles resulting in aggregation and 

bridging effects with agarose molecules resulting in tethering. At 10 mM calcium chloride, 

100 nm PS-COOH nanoparticles are immobilized even further (diffusion coefficient 95% 

CI: 1.69 × 10−3−1.71 × 10−3 μm2/s)

PS-PEG nanoparticles also exhibit changes in diffusive behavior as calcium concentration is 

modified. In general, 100 nm PS-PEG diffusion coefficients decrease as calcium 

concentration is increased (Fig. 4C). However, in all cases, the particles remain mobile, with 

diffusion coefficients of similar magnitude across the entire range of calcium concentration 

tested. As shown in Fig. 2, the steric stability of PS-PEG nanoparticles improves their 

aggregation profiles in ACSF, but the particles do begin to aggregate at calcium 

concentrations higher than 2 mM in ACSF at pH 7.2 and 37 °C. This reduction in 

aggregation can allow PS-PEG nanoparticles to retain their diffusive ability over a wider 

range of calcium concentrations than PS-COOH nanoparticles.

Both size exclusion due to large particle aggregates and deposition in the gel could 

contribute to the reduced diffusive behavior of 100 nm PS-COOH NPs. To verify the impact 

of size exclusion on observed diffusion coefficients, and decouple the effects of size 
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exclusion and altered nanoparticle-agarose interactions due to increased calcium levels, we 

performed multi-particle tracking experiments of various mixtures of PS-COOH and PS-

PEG nanoparticles in ACSF without calcium chloride (non-aggregating conditions) to mimic 

aggregating nanoparticle at various stages of aggregation. We used an equal weight percent 

mixture of 100, 200, 500, 1000, and 2000 nm nanoparticles to represent early stage 

aggregation; an equal number percent mixture of 100, 200, 500, 1000, and 2000 nm 

nanoparticles to represent a later stage of aggregation; and 2000 nm nanoparticles to 

represent a long-term stage of aggregation. The physicochemical properties of the 

constituent particles are shown in Table 1.

Larger particles will have reduced MSDs due solely to reduced Brownian motion as 

predicted by Stokes-Einstein, but pore size restrictions will prevent large particles from 

diffusing at all. This effect can be observed in Fig. 5. The equal-weight particle mixture is 

unhindered when compared with the 100 nm PS-COOH NPs in similar conditions (Fig. 5A, 

diffusion coefficient 95% CI 4.799 × 10−1−4.803 × 10−1 μm2/s compared to 3.555 × 

10−1−3.557 × 10–1 μm2/s). The small number of larger particles mimicking early-stage 

aggregates do not affect the average behavior. The equal-number particle mixture has 

reduced diffusive behavior, due to a higher concentration of immobilized particles (Fig. 5B, 

diffusion coefficient 95% CI: 1.389 × 10−2−1.394 × 10–2 μm2/s). It is only in the 2000 nm 

case the MSD profile essentially flatlines (Fig. 5C, diffusion coefficient 95% CI: 1.550 × 

10−3−1.555 × 10−3 μm2/s). Particle sizes smaller than the average pore size are a necessary 

but not sufficient condition for effective diffusive ability in porous media. For both PS-

COOH and PS-PEG nanoparticles, the diffusive behavior decreases as the average particle 

size increases. In all cases, PS-COOH and PS-PEG profiles are similar (with more 

discrepancy in the equal number case) with PS-PEG profiles being less than the PS-COOH 

profiles (2000 nm PS-PEG diffusion coefficient 95% CI: 9.11 × 10−4−9.15 × 10−4 μm2/s). 

This can be partly attributed to the reduced diffusion coefficients predicted by Stokes-

Einstein due to the larger size of the PS-PEG NPs.

While polydisperse samples can be introduced into the gel model, it is more difficult to 

systematically probe the effect of polydispersity. Ideally, one would have a set of 

nanoparticles with similar average particle sizes and varying polydispersity. We do not 

provide a systematic evaluation of polydispersity here. It is known that particles of different 

sizes have different deposition rates and filtration coefficients in porous media as 

demonstrated in an analytical model by Yang et al. [59]. Yoon et al. examined the effect of 

polydispersity on particle transport properties experimentally using a polydisperse sample of 

1–25 μm fluorescent particles in a medium of monosize 4 mm glass beads [60]. They 

demonstrate that for polydisperse samples, transport properties vary with depth in the porous 

medium due to filtration of larger particles near the inlet. As our particles were pre-mixed 

prior to gelation, there should be no variation of diffusive properties as a function of depth.

An additional level of complexity introduced into a model of aggregating particles in porous 

media is the effect of time dependence. Both average size and polydispersity are changing 

with time, as shown in Fig. 2. If the time scale of aggregation and the time scale of 

measurement are similar, this could make any resulting diffusion data unreliable. In order to 

evaluate the impact of absolute time on the collected MSD data, we collected videos in gels 

Curtis et al. Page 11

Colloids Surf B Biointerfaces. Author manuscript; available in PMC 2019 July 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of aggregating 100 nm PS-COOH and PS-PEG nanoparticles at 0, 1, 4, and 24 h after the 

gels had set. The results are shown in Fig. 6. The measured diffusion coefficients of the PS-

COOH nanoparticles decrease over time (diffusion coefficient CIs: 3.788 × 10−1−3.789 × 

10–1, 2.978 × 10−1−2.979 × 10–1, 2.036 × 10−1−2.037 × 10–1, 4.169 × 10−2−4.172 × 10−2 

μm2/s at 0, 1, 4, and 24 h). This can be attributed to the greater proportion of large 

aggregates at later timepoints. The PS-PEG diffusion coefficients are more stable over time 

(diffusion coefficient CIs: 5.269 × 10−1−5.270 × 10–1, 4.113 × 10−1−4.113 × 10–1, 3.850 × 

10−1−3.851 × 10–1, 3.856 × 10−1−3.857 × 10–1 μm2/s at 0, 1, 4, and 24 h), which can also be 

attributed to their shallower aggregation profiles as shown in Fig. 2. In order to minimize the 

effect of absolute time as a factor in our gel model, we collected all data in gels after a 24 h 

gelation period. This ensures that the gel is fully set and that aggregation is not present 

during video collection.

In order to determine whether a nanoparticle’s diffusive ability could be predicted by its 

aggregation behavior in an in vitro environment, the nanoparticle diffusion coefficients were 

plotted against the hydrodynamic diameters as measured by DLS in ACSF as a function of 

calcium concentration (Fig. 7). There is a precipitous drop in diffusive ability in agarose gels 

when particle aggregates reach sizes between 1200 and 1600 nm. When nanoparticle sizes 

are less than 1200 nm, the diffusion coefficients in gels are of the same magnitude 

independent of the mechanism of stabilization (steric vs electrostatic). However, 

nanoparticle diffusive behavior cannot entirely be explained by aggregation state. Even with 

similar hydrodynamic diameters (150–160 nm), PS-COOH nanoparticles have roughly half 

the diffusion coefficient of PS-PEG nanoparticles. Instead, the division of nanoparticle 

behavior into two diffusive regimes demonstrates that the diffusive ability on nanoparticles 

in a gel model of the brain can be predicted based on its hydrodynamic diameter as 

measured by DLS. This could potentially be translated into a screening tool before 

nanoparticles are used in ex vivo and in vivo experiments.

Interestingly, PS-COOH nanoparticles retained their diffusive behavior in up to 3 mM CaCl2 

in ACSF in agarose gels. PS-COOH retention of diffusive ability did not seem to coincide 

with the observed aggregate size of > 1000 nm in ACSF at the same conditions. These 

results are indicative of potential limitations of the agarose gel model. A gel model of the 

brain should account for both macro-and micro-scale rheology, with a distribution of 

effective pore spacing within the gel that are representative of the distribution of 

extracellular spaces in the brain parenchyma. Pore sizes in agarose gels scale with agarose 

concentration according to the power law a~C–γ [61]. Using the model proposed by 

Pernodet et al. and confirmed via atomic force microscopy measurements, this estimates a 

pore size of approximately 1000 nm for 0.4% agarose gels. Other experiments using positive 

pressure infusion have estimated pore sizes in low-concentration agarose gels to be between 

10–100 nm [58], on which the present experiments were based. The presence of larger pores 

on the order of ~ 1000 nm could explain why even in the presence of aggregation, PS-

COOH nanoparticles are able to diffuse in agarose gels, whereas in living brain diffusion, 

PS-COOH nanoparticle diffusion is limited [17].

Curtis et al. Page 12

Colloids Surf B Biointerfaces. Author manuscript; available in PMC 2019 July 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



3.6. Impact of calcium concentration on nanoparticle diffusion in a brain tissue model

In order to test whether aggregate size as measured via DLS in ACSF can be used to predict 

diffusive behavior in the brain, we also performed diffusion experiments in an organotypic 

slice model of the brain in P14 Sprague-Dawley rats. Two particle types (PS-COOH and PS-

PEG) and four base particle sizes (60, 100, 200, and 1000 nm) were used. Results are shown 

in Fig. 8. PS-COOH MSD profiles decreased as a function of base particle size (diffusion 

coefficient CIs 2.960 × 10−2−2.962 × 10–2, 1.656 × 10−2−1.662 × 10–2, 1.274 × 10−2−1.280 

× 10–2, 7.36 × 10−4−8.80 × 10−4 μm2/s for 60, 100, 200, and 1000 nm nanoparticles, 

respectively). PS-PEG MSD profiles similarly decreased with increasing size (diffusion 

coefficient CIs 1.2952–1.2954, 2.078 × 10−1−2.081 × 10−1, 1.0596 × 10−1−1.0602 × 10−1, 

1.45 × 10−2−1.51 × 10–2 μm2/s for 60, 100, 200, and 1000 nm nanoparticles, respectively). 

In all cases, PS-PEG nanoparticles had higher diffusion coefficients than their size-

equivalent PS-COOH counterparts.

Similar to the results in the gel model, it is difficult to parse out all the contributors to the 

reduced diffusion coefficients of PS-COOH nanoparticles when compared with PS-PEG 

nanoparticles. Both particle-particle interactions (resulting in aggregation) and particle-

microenvironment interactions (resulting in deposition) play a role. In order to determine if 

differences in diffusive behavior can be accounted for by altered aggregation states when 

particles are administered to tissue, while ignoring many of the particle-environment factors, 

we plotted the hydrodynamic diameters of PS-COOH and PS-PEG nanoparticles as 

measured in ACSF (Table S1) against the measured diffusion coefficients at 1 s (Fig. 9). PS-

COOH nanoparticles have increased size in ACSF, indicative of aggregation, as shown in 

previous data in this paper. There is a linear relationship between the log diffusion 

coefficient measured in tissue and the log hydrodynamic diameter measured in ACSF (R2 = 

0.85). This suggests that the magnitude of the diffusive ability of nanoparticle formulation 

can be predicted with DLS measurements, particularly for aggregating nanoparticles.

We noted that the thresholding phenomenon observed in the gel model was not replicated in 

the organotypic brain tissue model. Particles in tissue exhibit a more gradual decrease in 

diffusion coefficients as a function of hydrodynamic diameter when compared to the gel 

model. However, the same general decreasing trend in diffusion with increasing nanoparticle 

size is observed. Also, if we apply the threshold value suggested from the gel model (1600 

nm), all particles that had hydrodynamic diameters below the indicated threshold had 

diffusion coefficients greater than 1.0 × 10–2μm2/s.

The methods used in this paper include both in vitro and ex vivo techniques, which allows 

for fine-tuned control of parameters of interest and inclusion of complex biological 

environments. However, this approach does not account for other factors present in the brain 

microenvironment, including spatial and temporal changes brought about by normal 

function (e.g. respiration, sleep), ongoing injury, or development, the presence of proteins in 

the ECS, and regional differences in brain structure and function. Each of these additional 

functionalities can be incorporated into gels as advancements in biomaterials continues to 

grow [62–66]. Future studies can examine the competing kinetics of nanoparticle transport 

with aggregation effects. In the brain microenvironment, aggregation occurs simultaneously 

with particle transport through the tissue. A theoretical model of nanoparticle diffusion in 
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porous media with simultaneous aggregation could explore the effects of pore size, 

nanoparticle size, and rate of aggregation on nanoparticle diffusion. Previous studies have 

examined the effect of aggregate size on cellular uptake and toxicity [67], but little is known 

about how aggregation effects change as nanoparticles partition or permeate across a 

boundary and through a tissue environment. Future ex vivo and in vivo experiments could 

look at the effect of cellular uptake, intracellular and intra-organelle aggregation.

4. Conclusion

Characterization of nanoparticles in standard media, as well as in biological milieu at 

physiologically relevant conditions, can reduce the number of ex vivo and in vivo tests that 

are necessary to evaluate nanoparticle behavior in vivo. Importantly, systematic 

characterization of colloidal stability can be extended to pathological conditions, which can 

have implications for nanoparticle behavior in diseased states. For example, it is known that 

calcium regulation in the brain ECS is altered in neuroinflammation, neurodegeneration 

[48], and brain aging [42], all of which could affect nanoparticle aggregation kinetics. In 

addition, nanoparticles have also been used for intracellular targeting, including 

mitochondria, lysosomes, and the nucleus [68]. Factors such as calcium and pH are highly 

variable in these intracellular compartments due to cellular control mechanisms [69,70], 

indicating that stability should be assessed based on the relevant target conditions for the 

nanoparticle. Colloidal stability of nanoparticle formulations in physiologically relevant 

media can significantly affect the diffusive behavior of nanoparticles in the brain 

microenvironment, and by extension, delivery of therapeutic payloads to targets of interest in 

the brain.
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Fig. 1. 
Physicochemical characterization of 100 nm PS nanoparticles in calcium solutions. (a) 

Hydrodynamic diameters of PS-COOH and PS-PEG nanoparticles in varying concentrations 

of aqueous calcium chloride solutions as measured by DLS (n = 3). (b) Hydrodynamic 

diameters of PS-COOH and PS-PEG nanoparticles in varying concentrations of magnesium 

chloride solutions as measured by DLS (n = 3). All values are reported as mean ± SEM. 

Significance as compared with 0 mM condition are indicated by * p < 0.033, ** p < 0.002, 

*** p < 0.001.
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Fig. 2. 
Aggregation in ACSF as a function of calcium chloride concentration. Aggregation profiles 

of 100 nm PS-COOH and PS-PEG nanoparticles at 25 °C and 37 °C in ACSF pH (a) 5.5, (b) 

7.2, and (c) 8.5 at increasing calcium chloride concentrations from 0mM to 10 mM (n = 1).
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Fig. 3. 
Aggregation as a function of pH. Aggregation profiles of 100 nm PS-COOH and PS-PEG 

nanoparticles at 25 °C and 4 mM calcium chloride in ACSF (a) at increasingly acidic 

conditions from pH 7.2 to pH 3.0 (n = 1) and (b) at increasingly basic conditions from pH 

7.2 to pH 11.0 (n = 1).
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Fig. 4. 
Diffusion data in agarose gels. Precision-weighted MSD profiles as a function of time lag (τ) 

for (a) PS-COOH nanoparticles and (b) PS-PEG nanoparticles in 0.4% in ACSF agarose gels 

at increasing calcium chloride concentrations (0, 3, 5, and 10 mM). Data represent the 

precision-weighted geometric averages over videos per well (n = 5) and wells per condition 

(n = 4). Error bars at τ = 0.1, 0.5, and 1 s represent 95% CIs. (c) Diffusion coefficients of 

PS-COOH and PS-PEG nanoparticles in agarose gels calculated at 1 s calculated as < MSD 

> = 4Dτ.
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Fig. 5. 
MSD profiles of PS-COOH and PS-PEG nanoparticle samples of varying average particle 

sizes to mimic nanoparticles in various stages of aggregation. This includes (a) equal mass 

fractions of 100, 200, 500, 1000, and 2000 nm PS-COOH (purple) or PS-PEG NPs (blue) in 

ACSF without calcium chloride, (b) equal particle concentrations of 100, 200, 500, 1000, 

and 2000 nm PS-COOH or PS-PEG NPs in ACSF without calcium chloride, and (c) 2000 

nm PS-COOH or PS-PEG NPs in ACSF without calcium chloride. Data represent the 

precision-weighted geometric MSD averages over videos per well (n = 5) and wells per 

condition (n = 4). Error bars at τ = 0.1, 0.5, and 1 s represent 95% CIs. MSD values of 100 

nm PS-COOH NPs (grey) in similar conditions is provided as a reference in all plots. (For 

interpretation of the references to color in this figure legend, the reader is referred to the web 

version of this article.)
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Fig. 6. 
Time-dependence of diffusion in agarose gels. MSD profiles of 100 nm (a) PS-COOH and 

(b) PS-PEG NPs in 0.4% agarose gels constituted with ACSF 5 mM calcium chloride 

(aggregating conditions) at 0 (purple), 1 (blue), 4 (teal), or 24 h (lime) after gelation. Data 

represent the precision-weighted geometric MSD averages over videos per well (n = 5) and 

wells per condition (n = 4). Error bars at τ = 0.1, 0.5, and 1 s represent 95% CIs. MSD 

values of 100 nm PS-COOH NPs (grey) in similar conditions is provided as a reference in 

all plots. (For interpretation of the references to color in this figure legend, the reader is 

referred to the web version of this article.)
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Fig. 7. 
Diffusion coefficients of PS-COOH and PS-PEG nanoparticles in 0.4% agarose gels 

constituted with ACSF with 0/3/5/10 mM calcium chloride as a function of hydrodynamic 

diameter measured in ACSF with similar calcium concentrations. Error bars represent SEM.

Curtis et al. Page 24

Colloids Surf B Biointerfaces. Author manuscript; available in PMC 2019 July 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 8. 
MSD profiles in cortex. Data collected using 60 (purple), 100 (blue), 200 (teal), and 1000 

nm (lime) (a) PS-COOH and (b) PS-PEG NPs in the cortex region of 300μm-thick brain 

slices from P14 Sprague-Dawley rats. Data represent the precision-weighted geometric 

MSD averages over number of videos per slice (n=5) and number of slices per condition 

(n=3). Error bars at τ=0.1, 0.5, and 1 s represent 95% CIs. MSD values of 100 nm PSCOOH 

NPs (grey) in agarose gel is provided as a reference in all plots. (For interpretation of the 

references to color in this figure legend, the reader is referred to the web version of this 

article.)
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Fig. 9. 
Diffusion coefficients of 60, 100, 200, and 1000 nm PS-COOH and PS-PEG NPs as 

measured in the cortex region of 300μm-thick brain slices from P14 Sprague-Dawley rats as 

a function of the hydrodynamic diameter measured in ACSF at 37 °C. The data includes a 

linear fit (solid line) on the log transform of both the diffusion coefficients and the 

hydrodynamic diameters. Error bars represent 95% confidence intervals (dashed lines) of the 

linear fit.
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