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Abstract

Despite increasing use of nanotechnology in neuroscience, the characterization of interactions 

between magnetic nanoparticles (MNPs) and primary cortical neural networks remains 

underdeveloped. In particular, how the age of primary neural networks affects MNP uptake and 

endocytosis is critical when considering MNP-based therapies for age-related diseases. In this 

study, primary cortical neural networks are cultured up to 4 weeks and with CCL11/eotaxin, an 

age-inducing chemokine, to create aged neural networks. As the neural networks aged, their 

association with membrane-bound starch-coated ferromagnetic nanoparticles (fMNPs) increased 

while their endocytic mechanisms are impaired, resulting in reduced internalization of chitosan-

coated fMNPs. The age of the neurons also negates the neuro-protective effects of chitosan 

coatings on fMNPs, attributing to decreased intracellular trafficking and increased co-localization 

of MNPs with lysosomes. These findings demonstrates the importance of age and developmental 

stage of primary neural cells when developing in vitro models for fMNP therapeutics targeting 

age-related diseases.

Keywords

CCL11/eotaxin; nanoparticles; age; cortical neurons; conditioned media

1. Introduction

With progress in nanotechnology, magnetic nanoparticles (MNPs) have found utility in 

applications such as drug delivery and neural stimulation.[1, 2] However, the interactions 

between MNPs and primary neural cells have been under-characterized. Most studies on 
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MNP uptake in neurons made use of differentiated neurons[3] and neuron-like cells such as 

PC12[4, 5] whose interactions with MNPs differ from primary neurons[6, 7] (Table S1).

To motivate greater nanotechnology innovation in neuroscience, it is paramount to first 

understand the interactions such as membrane-association and endocytic mechanisms 

between MNPs and primary neural cultures.[1] As such interactions are likely to be 

specific[8, 9] depending on the properties of MNPs (coating, size etc.) and neural cell type 

(neurons, astrocytes etc.) in different brain regions, it is important to minimize variables of 

study and comprehensively investigate one type of interaction at a time.

In this paper, we characterized the interactions between MNPs and primary cortical neural 

networks of different developmental stages[10] (immature: day 0–6, developing: day 6–19, 

mature: day 20 onwards) and molecular aging. Cortical neural networks are chosen as: (1) 

the cortices are implicated in memory formation,[11] (2) with increments in human lifespan 

globally, more people are expected to suffer from aged-cortex-related neurodegenerative 

diseases,[12, 13] (3) the level of characterization of aged cortical neural networks has been 

minor in comparison to those of hippocampal origins despite its importance for diverse 

cognitive functions (Table S2).

One other motivation for this research is to better guide the diverse applications of 

nanotechnology to tackle developmental- and age-related neurodegenerative diseases where 

the ultimate location and uptake of MNPs often affect the efficacy of treatments. To 

stimulate neural networks, Tay et al. (100–300 nm in conditioned media), Chen et al. (200 

nm in media) and Huang et al. (10 nm in PBS) made use of MNPs to open mechano/heat-

sensitive ion channels.[2, 14, 15] In these applications, ion influxes were maximized when 

MNPs associated with cell membranes and were not internalized. There are also groups 

introducing, with the use of MNPs, siRNA and drugs into neural networks.[16, 17] In these 

applications, the objective is to maximize internalization and transport of MNPs to specific 

organelles. As these applications are targeted to understand or reduce the impact of 

developmental- and age-related neurodegenerative diseases, the characterization of 

interactions between MNPs and primary neural networks of different developmental stages 

and ages will be valuable for the design of MNPs.

Ideally, to create cortical neural networks of different ages, the neural cells would be 

cultured for varying periods of time. However, it is a challenge to maintain in vitro primary 

cortical neural cultures for more than 4 weeks healthily (i.e. maintaining ~1:1 astrocytes/

glia: neuron ratio[18] and MNP-induced cytotoxicity).

Porter et al. found that neurons up to 4 weeks of culture exhibited increase in L-type calcium 

channels similar to aging,[19] suggesting that neural cultures are suitable to study different 

phases of neuronal development. Recently, it was also found that the level of a chemokine 

called CCL11 (eotaxin) in the cerebral spinal fluid (CSF) increases with age.[20] In the 

central nervous system (CNS), CCL11 is mainly produced by neurons[21, 22] which also 

express the main CCL11 receptor i.e. CCR3.[21, 23–26] Villeda et al. reported that increasing 

peripheral levels of CCL11 decreased neurogenesis in mice model.[20] Additionally, CCL11 

has been shown to be implicated in aging[27–30] and is a potential drug to induce aging in 

Tay et al. Page 2

Small. Author manuscript; available in PMC 2017 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



neural networks. From these recent findings, we thus rationalized that the effects of 

developmental stage and molecular aging on MNP-neural networks interactions should be 

captured with culturing cortical neural networks for varying weeks and with CCL11 (see 

Table S3 for comparison with other models).

Here, we show through extensive characterizations that CCL11 can induce aging-like 

morphologies and cellular behaviors, and that neural networks of different ages interacted 

differently with NPs. Finally, we show that neuroprotection conferred by chitosan coatings 

on MNPs is age-dependent due to differences in lysosomal co-localization and intracellular 

trafficking of the NPs.

2. Results and Discussions

2.1 CCL11-treated and aged neural networks shared similar morphologies

Extensive studies have confirmed that with age, there is no regression of dendritic length[31] 

but there is reduction in dendritic branching in the cortices of rats[32] and humans.[33] 

Sholl’s analyses revealed that CCL11 treated neurons exhibited reduced distal dendritic 

branching compared to control neurons (week 2 and 3) and consistent with literature 

findings[32–34] (Figure 1A–D).

Dendritic spines undergo active re-modelling during the growth (day 1–6), maintenance (day 

7–19), and decline (beyond day 19) phases.[35] Reduction in dendritic spine density, 

especially mushroom-shaped spines associated with plasticity, is observed in older 

animals.[36] Figure 1E–F shows that CCL11 treatment decreased spine density in day 18 

neurons. On average, there were 0.27 spines/10 μm dendritic length in the control neurons 

compared to 0.15 in CCL11 treated neurons. There was also greater number of highly small 

dendritic spines found in CCL11 treated neurons (white arrows in Figure 1E) that had been. 

reported previously by Ricardo et al.[37] We also observed a reduction in % mushroom-

shaped spines in CCL11 treated neurons (Figure 1G).

Collectively, our results showed that CCL11 treatment reduced dendritic branching and 

spine density, and disrupted calcium homeostasis (Figure S3–4) which are typically 

observed in aged neurons. These observations suggest that CCL11 can be used to create 

phenotypes resembling aged neural networks which provide us, now with a model to 

investigate the effects of developmental stages and age of neural networks and their 

interactions with NPs.

2.2 Characterization of magnetic nanoparticles

We next investigated whether the interactions between starch- and chitosan-coated 

ferromagnetic nanoparticles (fMNPs) and cortical neural networks are affected by 

developmental stages and molecular aging with CCL11. Chitosan and starch coated iron 

oxide fMNPs were chosen as model particles for a variety of reasons: (1) they are 

commercially available and fluorescently labeled for easy visualization, (2) the properties of 

the fMNPs used here have been well-characterized (chitosan[38–41] and starch[42, 43]) for 

drug delivery and phagocytosis, and (3) chitosan and starch coated MNPs are one of the 

most widely used biopolymer coatings employed in brain-related biomedical interventions. 
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Chitosan-coated MNPs were found to reduce secondary oxidative stress in neurons.[5] They 

can also improve specificity of brain targeting for estradiol stimulation[44] and nucleic acid 

delivery.[45] Starch-coated fMNPs have also been approved by the US Food and Drug 

Administration for clinical use as magnetic resonance contrast agents with reportedly low 

cytotoxicity.[46] Thus, this study using starch- and chitosan-coated fMNPs has great research 

and translational value.

The hydrodynamic diameters (Dh) and zeta potential (ζ) of fMNPs in PBS, serum-free 

Neurobasal media and conditioned Neurobasal media (media grown with cells for a week) 

was measured (Table S4). To the best of our knowledge, no group has yet investigated the 

effects of conditioned media on nanoparticle properties. This latter characterization was 

performed as neural cells can modify their environment with active depletion/secretion of 

factors, hence affecting protein corona formation.[47] Furthermore, nanoparticle incubation 

with primary neural networks has to be performed in conditioned media due to the high 

sensitivity of neural cells to environmental changes. Hence the properties of the fMNPs in 

conditioned media are more accurate for assessing their interactions with neural cells. The 

Dh of the fMNPs in conditioned media grew as incubation time increased, indicative of 

protein corona formation (Figure 2A). However, as time increased, the ζ of starch-coated 

fMNPs became more negative while that of chitosan-coated fMNPs became less negative 

(Figure 2B). The time-dependence properties can affect the interactions between the fMNPs 

and neural cells. For instance, as the cell membrane is negatively charged, the interactions of 

positively charged NPs with the cell membrane are favored and might increase uptake of 

chitosan-coated fMNPs.

2.3 Starch-coated fMNPs primarily associated with membrane while chitosan-coated 
fMNPs were internalized

We first made use of flow cytometry to investigate the interactions between starch/chitosan-

coated fMNPs and untreated/CCL-treated 1-week-old neural networks. The results showed 

that the untreated neural networks interacted more with chitosan-coated fMNPs and CCL11 

treatment increased the interaction between the neural networks and starch-coated fMNPs 

(Figure 3A).

However, one limitation of flow cytometry is that it is unable to differentiate between cells 

with internalized fMNPs or cells with fMNPs associated with the membrane. We thus 

inhibited endocytosis by depleting the energy of the neural networks with sodium azide. 

Figure 3B shows that while uptake of chitosan-coated fMNPs were significantly reduced 

(suggesting endocytosis), the interactions between starch-coated fMNPs and the neural 

networks were not affected, suggesting that most of the starch-coated fMNPs were 

associated with the cell membranes rather than being internalized after 24 hr incubation. 

This is also supported by confocal images which show membrane-bound starch-coated 

fMNPs (Figure 3C and S5A) and internalized chitosan-coated fMNPs (Figure 3D and S5B). 

We hypothesize that although starch-coated fMNPs have smaller Dh (Table S4), their more 

negative ζ may have disfavored their interactions with negatively charged cell 

membranes,[48] resulting in association rather than internalization, suggesting the greater 

role of ζ in NP uptake by cortical neural cells. Starch- and chitosan-coated fMNPs can thus 
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function as our model systems to evaluate the effects of age on membrane localization and 

internalization of NPs respectively.

Lastly, we also found that unlike other cell types such as cancer cell lines that interacted 

with fMNPs in the minute scale,[49] cortical neural networks needed at least 24 incubation 

before there were substantial interactions with the fMNPs (Figure S9). This result highlight 

the differences in behaviors between primary neural cultures and neuron-like cell lines such 

as PC12 and that a timescale in the hr range should be considered for applications such as 

drug delivery.

2.4 The age of cortical neural network affected their interaction with fMNPs

As the cortical neural networks consisted of approximately equal number of neurons to 

astrocytes, we decided to investigate whether the uptake of chitosan-coated fMNPs were due 

to one particular cell type. This is important as there is a large number of publications using 

chitosan-coated NPs to ameliorate brain diseases due to dysfunctional neuronal activities 

(Table S5) but none of them have evaluated whether their NPs were targeting neurons or 

other cell types present in the culture. By changing the composition of the media, we were 

able to generate neural networks composing of 1:1.5 and 1:7.5–9 neuron: astrocytes ratio. 

We did not observe significant differences in the uptake of chitosan-coated fMNPs by same 

age neural networks with different cellular compositions (Figure 4A). This result favors the 

use of chitosan-coated MNPs in neuroscience applications as this class of NPs can be 

significantly internalized by neurons.

Next, we investigated the effects of age of neural networks and its impact with fMNPs 

interactions. We first found that the association/internalization of starch/chitosan-coated 

fMNPs increased from 2-day-old to 1-week-old neural networks (Figure 4B). This can be 

attributed largely to a significant increase in surface area as the networks grew. We also 

discovered that the uptake of chitosan-coated fMNPs by the neural networks decreased from 

week 1–3 (Figure 4B) and that CCL11 treated neural networks always internalized less 

chitosan-coated fMNPs than the controls. This could be attributed to poorer metabolism in 

aged neural networks as endocytosis requires energy.[47] However, the association of starch-

coated fMNPs with older neural networks increased from week 1 to 2 and stabilized till 

week 3 (Figure 4B). This finding could be attributed to the membrane-associating property 

of starch-coated fMNPs which did not require energy.

Taking into consideration the prevalence of clathrin coats in neurons[50] and absence of 

caveolae in most neurons,[51] we investigated the impact of age on macro-pinocytosis (size 

limit: 0.5–5 μm) and clathrin-mediated endocytosis (size limit: 100–200 nm).[52] We found 

that blocking clathrin-mediated endocytosis macro-pinocytosis decreased uptake of 

chitosan-coated fMNPs significantly. Figure 4C shows that both mechanisms contributed 

almost equally to internalization of chitosan-coated fMNPs in 1-week-old neural networks. 

However, as the neural network ages (either with CCL11 treatment or at week 2), the 

efficiency of macro-pinocytosis was more greatly reduced. This finding has implications for 

the efficacy of MNP designed to target specific endocytic pathways.[53]
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2.5 Neuro-protective effects of chitosan-coated magnetic nanoparticles are age-dependent

Although chitosan-based MNPs are known to confer neuro-protective benefits in multiple 

studies (Table S5), no study, to the best of our knowledge, has investigated the impact of the 

age of neural networks on neuro-protection. We incubated chitosan-coated and uncoated iron 

oxide-based fMNPs with 6-(immature) and 30-day-old (mature) neural networks for 4 days 

(the age of the neural networks was intentionally chosen as dendritic spine development in 

neurons typically matures and stabilizes after 22 days of culture[37]) and found that chitosan 

coatings conferred neuro-protection to 6-day-old neurons but not 30-day-old neurons (Figure 

5A, S9).

2.6 The age of neurons affects co-localization with lysosomes and intracellular trafficking

The export of MNPs out of neural networks plays an important role for MNP-based-

therapeutics as it influences decisions such as dosage and time gaps between doses.[52] The 

time MNPs are retained in the cells can also impact their degradation and cytotoxicity.[54] 

We found that neural networks can export MNPs, consistent with findings from Wong et 

al.[3] This behavior is different from cell types such as A549 that does not export MNPs after 

internalization.[55, 56] As the neurons aged (either induced by CCL11 treatment or naturally), 

the degree of export decreased,[50] possibly due to poorer metabolism. In older neurons 

(CCL11 treated or natural aging), we found greater net retention (Figure 5B) and co-

localization of chitosan-coated fMNPs with lysosomes (Figure 5C).

Intracellular trafficking of proteins along neurites are highly compartmentalized in 

neurons[56] and trafficking of MNPs influences the efficacy of NPs for treating neuro-

degenerative diseases. We found that in older neurons (either induced by CCL11 treatment 

or via natural aging), the root mean square (RMS) velocity of chitosan-coated fMNPs 

trafficking along the neurites was reduced. The retrograde transport (i.e. movement towards 

cell body) and anterograde transport (i.e. movement towards synapses) in CCL-treated day 7 

and day 30 neurons were significantly reduced compared to day 7 control neurons (Figure 

5D, S11). This is an important finding for applications using MNPs to deliver drugs to target 

amyloid-beta or hyper-phosphorylated tau protein in the axons in Alzheimer’s patients 

where age is the greatest risk factor for getting the disease.[57]

Collectively, our data suggests that with age, there is reduced intracellular trafficking of 

MNPs and greater net retention and co-localization of MNPs with lysosomes. This could 

have resulted in higher probability of chitosan coating degradation, causing the release of 

free, toxic metal ions from the iron oxide core[58] and the loss of neuroprotection from 

chitosan coatings. These findings are aligned with recent observations that nano-toxicology 

is age-dependent (Table S6) and likewise, we showed here that nano-therapeutic effects can 

also be age-dependent.

3. Conclusion

In this study, we investigated the effects of developmental stages and molecular aging of 

primary cortical neural networks with fMNPs. Through extensive morphological and 

functional characterization, we found CCL11 to be a suitable drug to create aged phenotypes 
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in cortical neurons although future investigation in gene expression and metabolic pathways 

are needed to evaluate the impact of CCL11 on aging. Next, we showed that starch- and 

chitosan-coated fMNPs can function as model system for MNPs that localize on membrane 

and MNPs that are internalized respectively. Starch-coated fMNPs associated more with the 

membranes of older cortical neural networks while less chitosan-coated fMNPs were 

internalized by the neural cells as they aged. The efficacy of macro-pinocytosis was also 

more adversely affected by aging compared to clathrin-mediated endocytosis. We also found 

that the neuro-protective effects of chitosan-coating on fMNPs are age-dependent i.e. only 

for immature (6-day-old) and not for mature (30-day-old) neurons. This observation may be 

partially explained by reduced intracellular trafficking of chitosan-coated fMNPs and 

increased co-localization of chitosan-coated fMNPs with the lysosomes with age, resulting 

in increased probability of toxic iron ions being released from the core of the fMNPs. 

Overall, these findings imply that future work involving nanotechnology in neuroscience 

should consider the effects of the age of neural cells and their interactions with the MNPs for 

more comprehensive evaluation of the utility of designed MNPs. We note that in this study, 

the findings were based on in vitro experiments with starch/chitosan-coated iron oxide core 

fMNPs with hydrodynamic diameter between 100–500 nm. An extension of this work would 

be to investigate whether the age of the neural cells also affect their interactions with 

nanoparticles made of different materials such as polymers or other types of metal like gold 

of different sizes and coatings for various biomedical applications.

4. Experimental Section

Neural cell culture

Cortical hemispheres from whole brain rats (E18, Brainbits) were transferred to PBS (33 

mM glucose, 1% (v/v) Penicillin-Streptomycin (PenStrep from Gibco®) and dissected. 

Cortical tissues were then placed in Papain/Hibernate-E (pH 7.3) and dissociated for 15 min 

at 37 °C. 10% horse serum (Fisher Sci) in Neurobasal (Gibco®) was then added to quench 

the enzymatic activity of Papain and dissociated tissues were triturated through a 1000 μL 

pipette tip and filtered a 40 μm cell strainer. CCL treated neurons were exposed to CCL11 

(100 pg/mL) (Novus Biologicals) from day 4 and 25% media was added every 14 days. To 

create neural networks composing mainly of astrocytes, the cells were grown in Dulbecco’s 

Modified Eagle Media (DMEM) (ThermoFisher Scientific), supplemented with 10% fetal 

bovine serum (FBS) (ThermoFisher Scientific) and 1% PenStrep (Gibco®).

Characterization of nanoparticle properties

ZetaPALS 90Plus particle size analyzer was used to determine the hydrodynamic diameter 

of NPs (54,000 × 106/mL). Briefly, NPs were suspended and pipetted into a cuvette before 

measurement with a laser via dynamic light scattering. Following which, the ZetaPLAS zeta 

potential analyzer with electrode probe AQ599 were used to determine the zeta potential of 

the NPs

Nanoparticle incubation

1/2/3-week-old cortical neurons were incubated with starch- or chitosan-coated fMNPs 

(54,000 × 106/mL) for 2, 6, 24 hr in conditioned media. After which, the cells were gently 
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washed for 3 times with Neurobasal media to remove excess fMNPs. Cortical neurons (6-

and 30-day-old) were treated with uncoated and chitosan-coated fMNPs for 4 days i.e. (at 

day 2 and day 26 respectively). Note: all NP incubation with the cortical neural networks 

occurred in conditioned media to (1) maintain the health of sensitive cells like primary 

neurons, (2) avoid any glia activation and related toxicity and (3) capture the effects of 

protein corona on NPs.

Cytotoxicity assay

Colorimetric MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assays 

were performed in 96 well plates where different functionalized fMNPs were added to each 

well seeded with cortical neurons. After 24 hr, 20 μL of MTT (5 mg/mL) in PBS was 

incubated for 3 hr. Then the supernatant was aspirated and 200 μL of dimethyl sulfoxide 

(DMSO) was added. Each 200 μL sample in DMSO was spun down to remove MNPs in 

solution and the supernatant was read with a 96 well plate reader for absorbance at 550 nm. 

Live/dead assays were also performed with propidium iodide to quantify cell death due to 

NPs.

Calcium dye incubation

Cortical neurons were incubated with Fluo-4 Direct™ calcium assay kit (Life Technologies) 

according to manufacturer’s protocol. For experiment with thapsigargin, 2 μM of the 

chemical was incubated with the cells 30 mins prior and during calcium dye incubation. For 

experiment with EGTA, EGTA was administered 90 minutes earlier to chelate free Ca2+ ions 

followed by incubation with calcium dye.

Immuno-fluorescent labelling

Cortical neurons were washed with DPBS and fixed with paraformaldehyde (4% v/v, Santa 

Cruz Biotechnologies), permeabilized with 0.1% Triton-x/DPBS and 3% BSA for 10 min 

and blocked with 3% goat serum in 1% BSA/DPBS. Primary antibodies were incubated 

overnight at 4 °C in 3% goat serum, 0.5% Tween-20 in 1% BSA/DPBS and secondary 

antibodies were added. Finally 4′,6-diamidino-2-phenylindole (DAPI, 300 nM in DPBS) 

was incubated for 15 min and pro ProLong ® Gold antifade reagent (Molecular Probes) was 

added. Refer to Table S7 for list of antibodies (all purchased from Life Technologies).

Co-localization

Lysotracker™ deep red (Life Technologies) were used to assess co-localization of fMNPs 

with lysosomes. Live cells were stained with Lysotracker™ deep red in Neurobasal media 

for 1 hr at 37 °C and 4% CO2. The media was then replaced and washed three times before 

imaging with a fluorescent microscope.

Flow Cytometry Analysis

1.0 × 106 neurons were seeded in individual PLL-coated 12 well-plate (Corning) and 

allowed to grow for 1/2/3 weeks. Fluorescently labeled MNPs (green: ex (476 nm), em (490 

nm); red: ex (578 nm), em (613 nm)) were then added at a concentration of 54000 × 106/mL 

and incubated for 2/6/24 hr before triple washing with Neurobasal media. For experiment 
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involving EIPA, sodium azide and sucrose, neural networks were also incubated with 100 

μM EIPA, 5 mg/mL sodium azide, 450 mmol/L sucrose solution for 24 hr respectively. For 

experiments on MNP export, neurons were incubated with fMNPs for 24 hr following 

another 24 hr for export before flow cytometry analysis. Neurons were then detached from 

plate surface using Accutase® (Stemcell Technologies) and centrifuge at 600 g for 30 min to 

collect the pellet. Cell pellet was then resuspended in 500 μL DPBS and analyzed using BD 

LSRII flow cytometer.

Image acquisition and analysis

Wide-field fluorescent and phase contrast images were acquired an inverted fluorescent 

microscope (Nikon, 10×, 20×, 40× air objective) for morphological analysis, relative protein 

quantification and calcium imaging. For morphological analysis, ImageJ neurite tracer plug-

in was used to trace the dendrites (identified with MAP2 staining). Following which, the line 

traces were used for Sholl’s analyses. Briefly, a threshold was set followed by selecting the 

soma/cell body. The starting and ending radii were then set at 5 and 500 pixels (1 pixel = 1 

μm) and the number of primary branches were determined from the bright field/fluorescent 

images. For relative protein quantification, Cy5 for TAU (ex: 650 nm, em: 670 nm) and 

FITC for MAP2 (ex: 476 nm, em: 490 nm) channels were used. The parameters for each 

channels were kept consistent for fair comparison across samples. For calcium imaging: The 

relative fluorescence change ΔF/F0 of somatic fluorescence signals was acquired using 

ImageJ for all neurons within a particular trial. Action potential events were considered if 

they fulfil two criteria: (1) the fluorescence increase was at least 5 standard deviation above 

baseline, which was defined as first 15 ms of each trace and (2) if the event persisted more 

than 3 ms. Raster plots were then generated from this method. For dendritic spine imaging, 

confocal microscope (Leica TCS SP5) was used. The fixed and immuno-stained samples 

were excited with 364 nm (blue/DAPI) and 488 nm (green/MAP2) laser lines. A 63× oil 

objective lens were then used to capture the images of the dendritic spines. Sorting of the 

subtypes of dendritic spines (mushroom, thin, stubby) was performed based on the presence/

absence of head and then based on the length of the protrusion. Spines with heads were 

classified as mushroom shaped. Spines that did not have a head and had protrusions shorter 

than 0.7 μm were classified as stubby shaped while spines with no head and having 

protrusions ≥ 0.7 μm were classified as thin shaped. For NP trafficking analysis, stacked 

images are first corrected for bleaching and then transformative shift using StackReg plugin 

in ImageJ [59]. Subsequently, NPs were tracked using TrackMate plugin [60] (DoG 

(difference of Gaussian) detector, 2.0 μm blob diameter, linking: 2 μm, filter: paths shorter 

than 60 frames were rejected, Δt = 87 s, τ = 3 s). The raw data was then exported into an 

excel sheet calculated for root mean square speed (RMSS) using the formula: 

. The definition of anterograde and 

retrograde transport and their analysis methods were based on [61]. Briefly, the location of 

the NP, cell body and neurites were determined from bright-field images and an arbitrary 

direction is set. Anterograde is defined as transport towards neurites (increasing coordinates) 

while anterograde transport is defined as transport towards cell body (decreasing 

coordinates).
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Statistical analysis

Statistical significance was evaluated using Student’s t-test after testing for normality using 

either one-way ANOVA, p < 0.05 (no rejection of normality).
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Figure 1. 
CCL11 treatment decreased distal dendritic branching and dendritic spine density. (A) 

CCL11 treatment significantly reduced the extent of secondary and tertiary dendritic 

branching. (B–D) Bottom left hand corner of (B) shows the schematic of Sholl’s analysis. 

Briefly, circles of different radii are drawn around the soma/cell body. Each intersection 

between the dendrites and the circumferences of the circles was counted and tabulated for 

graph plotting. The circumferences of the circles are also color coded to match their radii on 

the horizontal axis. CCL11 treatment reduced distal dendritic branching as shown with 

Sholl’s analyses. * represents p < 0.05 and ** represents p < 0.001 using Student’s t-test. (E) 

Representative images of spines with and without CCL11 treatment. White arrows indicated 

the presence of small spines that were present in larger numbers in CCL11 treated neurons. 

(F) CCL11 treatment reduced spine density especially (G) % of mushroom-shaped spines.
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Figure 2. 
Hydrodynamic diameter (Dh) and zeta potential (ζ) of starch- and chitosan-coated fMNPs as 

a function of time in conditioned media with and without CCL11. (A) As time progressed, 

the Dh of the fMNPs increased due to protein corona formation. (B) As time progressed, the 

ζ of starch-coated fMNPs became more negative while that for chitosan-coated fMNPs 

became more positive. The time-dependence impact of conditioned media on the properties 

of fMNPs can affect their interactions with neural cells.
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Figure 3. 
Starch-coated fMNPs were associated with the cell membrane while chitosan-coated fMNPs 

were internalized by the neural networks. (A) Flow cytometry results showed that chitosan-

coated fMNPs interacted more with the neural networks. CCL11 treatment increased the 

interactions of starch-coated fMNPs but it decreased the interactions of chitosan-coated 

fMNPs with 1-week-old neural networks. (B) Flow cytometry results showed that the uptake 

of chitosan-coated fMNPs and not starch-coated fMNPs was affected by addition of sodium 

azide, an energy depletion agent that inhibited endocytosis. This indicated that starch-coated 

fMNPs were mostly localized at the cell membrane while the chitosan-coated fMNPs were 

internalized. (C) Confocal images showing that starch-coated fMNPs were localized at the 

membranes while (D) chitosan-coated fMNPs were internalized.
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Figure 4. 
Interaction between fMNPs and cortical neural networks of different ages. (A) Neural 

networks composed of approximately equal numbers of neurons to astrocytes (1: 1–1.5) or 

mainly of astrocytes (1: 7.5–9) did not exhibit significant differences in their uptake of 

chitosan-coated fMNPs, although slightly higher uptake was observed in astrocytes. (B) 

Young neural networks (day 2) exhibited less interactions than older networks probably due 

to less extensive surface area. 2- and 3-week-old cortical neural networks internalized less 

chitosan-coated fMNPs but their association with starch-coated fMNPs remained stable. 

CCL11 treatment consistently decreased the internalization of chitosan-coated fMNPs 

probably due to poorer metabolism in aged neural networks. (C) Heat map shows that neural 

networks most likely uptake chitosan-coated fMNPs via micropinocytosis and clathrin-

mediated endocytosis. As the neural networks aged, macro-pinocytosis played a lesser role 

in uptake of chitosan-coated fMNPs.
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Figure 5. 
Increased co-localization of chitosan-coated fMNPs with lysosomes and reduced 

intracellular trafficking might contribute to age-dependent neuro-protective effects of 

chitosan-coatings on fMNPs. (A) Chitosan-coatings increased dendritic spine density in 

immature (6-day-old) neurons but decreased dendritic spine density in mature (30-day-old) 

neurons. (B) There was greater net retention of NPs and (C) co-localization of NPs with 

lysosomes in older neurons (either induced by CCL11 treatment or natural aging). (D) The 

root mean square velocity of NPs (both retrograde (* p < 0.05) and anterograde (# p < 0.05) 

transport) in older neurons was significantly less than that in younger neurons.
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