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Abstract

Recently, the causative agents of Maternal Autoantibody-Related (MAR) autism, pathological 

autoantibodies and their epitopic targets (e.g. lactate dehydrogenase B [LDH B] peptide), have 

been identified. Herein, we report on the development of Systems for Nanoparticle-based 

Autoantibody Reception and Entrapment (SNAREs), which we hypothesized could scavenge 

disease-propagating MAR autoantibodies from the maternal blood. To demonstrate this 

functionality, we synthesized 15 nm dextran iron oxide nanoparticles surface-modified with citric 

acid, methoxy PEG(10 kDa) amine, and LDH B peptide (33.8 μg peptide/cm2). In vitro, we 

demonstrated significantly lower macrophage uptake for SNAREs compared to control NPs. The 

hallmark result of this study was the efficacy of the SNAREs to remove 90% of LDH B 

autoantibody from patient-derived serum. Further, in vitro cytotoxicity testing and a maximal 

tolerated dose study in mice demonstrated the safety of the SNARE formulation. This work 

establishes the feasibility of SNAREs as the first-ever prophylactic against MAR autism.
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Nanoparticle prophylactic against MAR Autism: (A) Autoantigen-coated Dextran Iron Oxide 

Nanoparticles (DIONPs) formulation are inject intravenously (I.V.). (B) Autoantigen-conjugated 

DIONPs will ligate MAR auto-Abs in the mother’s blood. (C) Clearance of pathological 

autoantibodies by liver and phagocytes resulting in normal fetal development.
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Introduction

Autism was first described by Leo Kanner, an American psychiatrist, in 1943 as a 

neurodevelopmental disorder characterized by impaired communication and repetitive 

stereotypical behaviors.1 Since then, autism has been given a broader classification as autism 

spectrum disorder (ASD), comprised of a wide range of symptoms, skills, and stages of 

disability. In the United States, 1 in 59 children is born with ASD which amounts to an 

estimated $268 billion in annual economic burden.2., 3. Currently, there are only post-

symptomatic behavioral and pharmacological interventions for ASD treatment. Behavioral 

mediations to mitigate symptoms of autism include verbal and cognitive behavioral therapy, 

while off-label drugs generally used for attention deficit hyperactivity disorder (ADHD) 

(e.g. Adderall or Ritalin), depression, and sleep disturbances are the “pharmacological” gold 

standard.4 Although the root cause of ASD is yet to be fully elucidated, a combination of 

genetic and environmental factors, as well as immune dysfunction is believed to be 

determinative in the development of ASD.5., 6.

Moreover, in about a quarter of ASD cases, transplacental maternal autoantibodies reacting 

with specific proteins in the fetal brain have been fingered as the trigger for the 

neurodevelopmental impairment seen in ASD.6., 7. The placental transfer of 

Immunoglobulin G (IgG)8 isotype antibodies, mediated by neonatal Fc receptor (FcRn), is 

an evolutionary mechanism for short-term humoral immunity in the developing 

immunologically naïve fetus.9 Further, during fetal development, the blood–brain barrier is 

permeable to maternal antibodies.10 As such, maternal autoantibodies cross the placental 

barrier without much selectivity, exposing the fetal brain to potentially harmful agents. 

Braunschweig et al recently uncovered seven proteins in the fetal brain targeted by maternal 

autoantibodies: stress-induced phosphoprotein 1 (STIP1), lactate dehydrogenase (LDH) A 

and B, guanine deaminase (cypin), collapsin response mediator proteins (CRMPs) 1 and 2, 

and Y-box binding protein (YBX1). It remains unclear how these autoantibodies arise, but 

possible triggers postulated to play a role in autoantibody production are loss of self-

tolerance, molecular mimicry, and genetic predisposition.7 Regardless, several murine and 

rhesus monkey models have demonstrated that transfer of purified IgG from mothers of 

children with ASD induces long-term behavioral changes in gestationally-exposed offspring, 
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similar to that seen in human autism cases.11., 12., 13. Ostensibly, removal of these MAR 

autoantibodies may limit the development of MAR autism in infants.

Nanoparticle systems could provide a relatively simple and cost-effective option for 

prevention of MAR Autism. Nanoparticles composed of different nanostructures and 

compositions, including gold, graphene, silica, and iron, have demonstrated extensive 

applications in targeted drug delivery.14 Among these, iron oxide nanoparticles (IONPs) 

have emerged as an excellent candidate for biomedical applications, primarily due to their 

desirable physical characteristics such as high surface area to volume ratio and inherent 

magnetism.15 These qualities have impelled the use of IONPs in clinical magnetic resonance 

imaging (MRI) as a contrast agent and for separation of environmental contaminants.16., 

17., 18. Additionally, magnetic hyperthermia, heating of magnetic nanoparticles non-

invasively with alternating magnetic fields, has shown great promise in destroying tumor 

cells and could potentially be applied for the destruction of surface-bound, pathological 

autoantibodies.19 Other advantageous characteristics of IONPs include biocompatibility, 

stability, cost-effectiveness, and eco-friendliness.20 Notably, the Food and Drug 

Administrator (FDA) has approved IONPs for use as MRI contrast agents and iron 

deficiency supplements.21 However, a number of recent reports on unexpected adverse 

effects of IONPs have dampened enthusiasm on the biomedical use of IONPs.22

To address these concerns, researchers have resorted to a number of approaches including 

surface modification with dextran for improved biocompatibility and stability. Dextran iron 

oxide nanoparticles (DIONPs) are remarkably non-immunogenic.23 Further, the addition of 

polyethylene glycol (PEG) surface-coating limits opsonization and phagocytic uptake by 

macrophages, thereby promoting longer blood circulation times.24 Surface-decoration of 

DIONPs with cancer-homing peptides has prompted the development of targeted cancer 

therapeutics and novel MRI contrast agents.25., 26. Paralleling these technologies, we aim to 

develop a MAR LDH B epitope surface-functionalized dextran iron oxide-based 

nanoparticle therapeutic to act as a biomagnetic scavenger that circulates in the maternal 

blood and clears malicious autoantibodies before they can reach the fetal brain. This epitope-

functionalized formulation is rationally designed to prevent non-specific protein adsorption, 

while capturing MAR autoantibodies with high specificity and affinity. We selected this 

LDH B epitope as it is observed exclusively in the mothers of children with ASD with 

relatively high prevalence.27 In this capacity, this LDH B epitope-functionalized 

nanoparticle system will serve as a proof of concept for sequestration of MAR 

autoantibodies. Given the concerns on administration of iron oxide nanoparticles to pregnant 

women, we performed preliminary in vitro and in vivo toxicity assessments. Moreover, this 

platform is generalizable to other immune conditions with similar pathogenesis, such as 

Erythroblastosis Fetalis, where fetal and maternal blood type incompatibility results in the 

destruction of fetal Red Blood Cells (RBCs).

Methods

We synthesized ~15 nm dextran DIONPs (Figure 1) similar to Jarret et al coprecipitation 

method28 with the modification of adding non-reduced dextran (Leuconostoc mesenteroides; 

average MW: 9000–11,000; Sigma Aldrich, St. Louis, MO). Next, DIONPs were surface-
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decorated with citric acid (CA) (Sigma Aldrich, St. Louis, MO) to add carboxyl groups on 

the surface for further modification. Further, we added Methoxy PEG amine (10 kDa) 

(PolySciences, Warrington, PA) at 10:1 ratio (% w/w) to amine reactive DIO-CA NPs via 
carbodiimide chemistry. We physico-chemically characterized the DIONPs using DLS, 

FTIR, XRD, and TGA (Supplementary). In vitro and in vivo experimental details are 

extensively described in the ‘Supplementary‘ section.

Results

Nanoparticle synthesis and characterization

Transmission electron microscopy and DLS analysis of the DIONPs demonstrated uniform 

particle shape and size. The average hydrodynamic diameter of NPs, measured by DLS, was 

15 nm (Figure 2, A-B). X-ray Powder Diffraction (XRD) for DIONPs confirm crystalline 

structure in accordance with Fe3O4 magnetite standard, JCPDS card no. 85–1436 

(Supplementary Figure S1, A).29 There were no differences in the 2-theta position of the 

peaks compared to the standard, validating the crystalline structure. To confirm the presence 

of dextran, citric acid, and methoxy PEG (10 kDa) amine surface moieties, FTIR 

spectroscopy was performed on different DIONP formulations and relevant controls (Figure 

2, C). The presence of a characteristic broad peak at 3257 cm−1 corresponded to the –OH 

bond of dextran and a sharp peak at 1097 cm−1 and 1349 cm−1 corresponded to the vibration 

band (asymmetric stretch) of O-CH2 ether bond of methoxy PEG amine.30 Additionally, 

adsorption bands at 1251 cm−1 and 1472 cm−1 associated with the –CH2 vibration of the 

PEG, while peaks at 1400 and 1600 cm−1 corresponded to symmetric stretching of COO−.31 

These unique peaks identifying functional groups matched with those of the crude materials 

shown on the bottom three spectra and confirmed the addition of methoxy PEG amine and 

CA on the DIONPs.

To further prove the presence of PEG of the NPs, we assessed the surface charge for the 

different DIONP formulations at various pHs (Figure 2, D). We hypothesized that 

PEGylated DIONPs would have more stable surface charges when incubated in different pH 

solutions than non-PEG coated DIONPs. PEG surface functionalization results in fewer 

carboxyl groups which are very susceptible to deprotonation as the pH is increased. In 

general, we observed a reduction in NP zeta potential as the solution pH was increased, 

signaling deprotonation of surface hydroxyl and carboxyl groups. Unsurprisingly, DIO-CA 

NPs demonstrated the greatest decline in zeta potential due to the high surface density of 

citric acid moieties. The PEG-coated NPs, with fewer carboxyl groups, exhibited greater 

resistance to surface charge diminution with increased pH, further confirming the presence 

of PEG on the surface of the NPs.

Addition of organic matter (LDH B peptide) was also confirmed based on thermogravimetric 

analysis. The TGA weight loss, corrected for the oxidation of the divalent iron, is equal to 

the total amount of all organic molecules on the nanoparticle surface. The weight loss 

increases with the content of organic molecules increase because of the change in the 

magnetite nanoparticle/coatings ratio. The weight percentage of the magnetite in the 

methoxy PEG amine NPs is 68.02 wt% and drops to around 64.69 wt% for the LDH-B 

peptide coated NPs, which gives approximately 3.33 wt% peptide in the LDH-B peptide 
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coated NPs (Supplementary Table 1 and Figure S1, B). The final product of each TG-DSC 

experiment was verified using XRD and FTIR (not shown) and found to be pure α-Fe2O3, 

which indicates a complete oxidation of the magnetite nanoparticle.32

Nanoparticle aggregation and adsorption assay

Figure 3, A shows that we observed only modest aggregation of the different NPs in various 

aqueous media. On average, aggregated particles demonstrated a hydrodynamic diameter of 

approximately 150 nm. Further, we demonstrated that the DIONPS surface-conjugated with 

PEG, of 10 kDa and 20 kDa MWs, significantly limited surface adsorption of BSA, even at a 

physiologically-relevant BSA concentration of 50 mg/ml (Figure 3, B). Based on this result 

and other literature, we used the 10 kDa PEG for the SNARE formulation in the subsequent 

studies.65., 33.

MAR peptide conjugation to DIONPs

Lactate dehydrogenase B peptide was surface conjugated to NPs via an EDC/NHS reaction. 

To verify conjugation and determine the surface density of the peptide, the LDH B peptide 

was outfitted with a fluorophore (FITC) at the N-terminal and a chymotrypsin cleavable 

domain proximal to the N terminus of the peptide. Based on analysis of the FITC 

fluorescence in the supernatant, following enzymatic cleavage and removal of NPs, we 

quantified a peptide surface density of 33.8 μg peptide/cm2, which corresponds to a 

conjugation efficiency of approximately 70% (Figure 3, C). Additionally, nanoparticle 

aggregation and adsorption assays were repeated for SNAREs (Supplementary Figure S2).

Evaluation of cell viability and NP cellular uptake by macrophages

By flow cytometric analysis, double-positive results for PI and CD11b were used to 

determine the percent of viable cells. Based on our observations, the LC25 (the 

concentration at which 25% lethality is observed) for SNAREs was an NP concentration of 

~500 μg/ml (Figure 3, D). Further, we observed a significantly lower macrophage uptake of 

SNAREs compared to the DIONPs and CA-DIONPs at 1 and 2 h incubation times at 37 °C 

(Figure 4, A-B).

Phenotypic analysis of dendritic cells and macrophages

We report the expression of maturation markers on innate immune cells as a composite 

maturation index (CMI),34 an unweighted average of relative expressions of CD80, CD86, 

and MHC II. Our studies demonstrated no significant change in the CMI for DCs and 

macrophages (Macs) treated with DIONPs or SNAREs compared to immature DCs or Macs 

(Figure 5, A-B). Further, we investigated anti-inflammatory IL-10 and pro-inflammatory 

IL-12 cytokine secretion by bone marrow-derived DCs in presence of DIONPs and SNAREs 

(Supplementary Figure 3). In comparison to LPS-treated DCs, IL-12 secretion is 

substantially diminished in SNARE-treated DCs at both time points assessed 

(Supplementary Figure S3, A). Seemingly, our SNAREs, do not elicit innate immune cell 

activation.
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In vitro assessment of complement activation–C5a generation

We observed a significant elevation in C5a concentration of DIONP-treated (0.5 mg/ml) 

serum and zymosan-treated samples compared to saline-treated, or samples incubated with 

SNAREs (0.5 mg/ml). Interestingly, our studies showed no significant change in C5a 

concentration for SNAREs compared to saline control (Figure 5, C). This result indicates 

that our SNARE formulation does not activate the complement system.

Assessment of MAR autoantibody capture, specificity, and avidity in vitro

In vitro, we demonstrated entrapment up to 2.7 μg LDH B Ab/ mg SNAREs (95% 

efficiency) from aqueous solution (Figure 6, A). Isotype control primary antibodies were 

used as negative controls (Supplementary Figure S4). Moreover, we demonstrated that 

SNAREs (0.25 mg/ml) reduced the LDH B antibody titer in human serum by ~ 90% (Figure 

6, B). Isotype controls along with standard antibody titer dilutions were again used to 

qualify these results (Supplementary Figure S5). Additionally, scrambled LDH B epitope 

versions of SNAREs and naked DIONPs were used as controls and demonstrated minimal 

capturability. Further, LDH B antibody avidity for the SNAREs, in the presence of sodium 

thiocyanate, to have a 50% Avidity Index (AI) at 3.6 M chaotrope concentration (Figure 6, 

C). Antibody controls in the chaotrope solution are demonstrated in Supplementary Figure 

S6 and showed no functional changes compared to the PBS control.

SNARE maximum tolerated dose (MTD) and assessment of complement activation in 
pregnant dams

Central to the translation of this SNARE therapeutic, we determined the maximum tolerated 

dose (MTD) in pregnant dams. We intravenously administered SNAREs to C57BL/6j mice 

at different dosages, which were based on the in vitro cytotoxicity studies shown above 

(Figure 3, D). Due to mortality in mice treated with 300 mg NPs/kg dose (n = 3; mortality 

upon injection) and no overt toxicity at 150 mg NPs/kg, we established the maximum 

tolerated dose at 150 mg NPs/kg body mass. Maternal weight, tracked from GD 0 to GD 12, 

confirmed pregnancy and showed a significant increase in maternal weight compared to non-

pregnant mice (Supplementary Figure S7, A; Table S1). In addition, there was no significant 

difference in maternal weight gain (calculated by subtracting the weight of the dam at GD 0 

and uteri from the weight of the dam at GD 17) among the treatment groups and saline 

control (Supplementary Figure S7, B). Further, maternal weight after injection of SNAREs 

on GD 12 to GD 17 exhibited no significant change apart from the general weight increase 

due to pregnancy compared to saline-administered controls (Figure 7, A). There were no 

significant differences observed for average fetal weight and frequency of fetal resorption 

(Figure 7, B-C; Supplementary Table S1) for any of the administered SNARE dosages, 

indicating no harmful effects to maternal and fetal health. Further, we observed no 

significant change in the serum concentration of C5a and C5b-9 of mice treated with 

SNAREs compared to the saline-treated control (Figure 7, D-E). Minimal to no histological 

abnormalities were observed for the SNARE treatment groups up to 15 mg NPs/kg. In the 

30 mg NPs/kg SNARE and DIONP treatment groups, brown intracytoplasmic pigment was 

present in the occasional Kupffer cells with no evidence of hepatocellular damage. In the 

kidney, the lumina of rare glomerular capillaries were occluded by similar material. In the 
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same groups, brown, homogeneous, round to oval aggregated iron deposits were present 

within the lumina of pulmonary capillaries. The occurrence of these particles in the 

pulmonary parenchyma was rare and no pathologic changes such as infarction or 

inflammation were associated with their presence.

In the maximal dose of 150 mg NPs/kg, lung was the tissue with maximal amount of 

intravascular brown homogeneous material (indicative of iron deposits). The presence of this 

material in the lung is sometimes associated with a mild degree of congestion of the 

pulmonary vasculature. In the liver, the iron deposits were primarily observed within the 

Kupffer cells at moderate to high frequency (Figure 8). In the kidney, the brown pigment 

was present with in glomerular capillaries and occasionally in the renal venules. Despite the 

presence of iron deposits in the lung, kidney, and the Kupffer cells in the liver, no 

pathological changes were observed in the organs from animals in this group.

Discussion

Deeper understanding of the pathogenesis of MAR Autism, a disease with rising prevalence, 

has given immunoengineers an opportunity to develop a prophylactic against MAR autism. 

Treatment of this complex disease, involving the transplacental movement of inflammatory 

autoantibodies, calls for an innovative approach that would eliminate pathological antibodies 

prior to fetal brain interaction. Our proposed solution is to deploy magnetic NPs that 

circulate throughout the maternal blood circuitry, conjugate and sequester the disease-

causing autoantibodies, and thereby diminish their propensity to reach the fetal brain. The 

rational design of this system has to account for multiple physico-chemical parameters, if 

there is to be successful enactment of this technology — coined SNAREs. Based on reported 

inferences, some critical parameters for successful biomedical application of this 

nanotechnology include (1): the ability to prevent non-specific protein adsorption (2); 

specifically target the pathological autoantibodies; and (3) minimize phagocytic uptake/ 

increase circulation half-life.

To satisfy these constraints, we first synthesized DIONPs which have been identified in 

previous works for prolonged blood stability, biocompatibility, ease of fabrication, and 

surface-modification ability.20 Next, we addressed NP dispersibility in biological media, 

which is pertinent to prevention of NP aggregation and reduced risk of blood vessel 

occlusion. We prepared DIONPs roughly 15 nm in diameter and then modified their surfaces 

with citric acid to provide the carboxyl groups for binding methoxy PEG amine. We 

investigated the effect of different size PEGs (750 Da, 10 kDa, and 20 kDa) on nanoparticle 

aggregation and non-specific protein adsorption. After overnight incubation of various 

PEGylated DIONPs and SNAREs, we observed no substantial NP aggregation. Generally, 

particle aggregates remained below 200 nm in diameter. This modest aggregation is 

physiologically acceptable, as NP aggregate size falls considerably lower than the diameter 

of the smallest capillaries at a few micrometers35 and doesn’t pose a risk of initiating 

thrombosis or blood vessel occlusion.36 Particle aggregation may also limit accessibility of 

pathological autoantibodies to the surface-functionalized peptides, and could also promote 

clearance of the NPs, and therefore hinder the desired function of the SNAREs. Ostensibly, 

Bolandparvaz et al. Page 7

Nanomedicine. Author manuscript; available in PMC 2020 May 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



this is an important parameter for maintaining any antibody entrapment potency of the 

SNARE system.

Another criterion for the nanoparticle design was the ability to deter binding of non-specific 

proteins, and therefore maximize exposure of peptide-binding sites to MAR autoantibodies. 

To enable specific binding of nanoparticles to MAR autoantibodies, as well as prevent 

unwanted uptake by immune phagocytic cells, we surface-modified the NPs with PEG 

chains. As established in previous literature, PEG introduces steric hindrance and 

interactions that prevent non-specific protein adsorption, thereby allowing only stronger 

interactions, such as antibody–epitope binding, to persist.37 This behavior has been 

attributed to the ability of PEG chains to form a hydrophilic, hydrated shell around the NP 

and also results in less recognition by phagocytic cells.38 To validate our hypothesis that NP 

PEGylation would reduce non-specific protein binding, we incubated the DIONPs and 

SNAREs in different concentration of BSA solutions (5, 10, and 50 mg/ml PBS) overnight. 

Consistent with other reports, we observed significantly lower BSA adsorption by PEG 

10 kDa and 20 kDa surface-coated nanoparticles compared to controls.39., 40., 41. 

Interestingly, for these two formulations, we observed high levels of repulsion of BSA at 

50 mg/ml BSA, which is comparable to the concentration of protein in the blood (60–80 mg/

ml).42 PEGylation not only hindered protein adsorption, but also disrupted NP uptake by 

phagocytic cells. When peptide-functionalized PEG (10 kDa)-coated DIONPs were 

incubated with macrophages, we observed significant reduction of NP uptake by 

macrophages compared to DIONPs and CA-DIONPs after 1 h of incubation, further 

corroborating multiple studies in literature.24., 43.

Progressing towards the development of a System for Nanoparticle-based Autoantibody 

Retention and Entrapment (SNARE), we demonstrated SNAREs removed up to 95% of 

LDH B antibodies from aqueous solution (~2.7 μg Ab/ mg NP). This would equate to the 

binding capacity of ~405 μg of Ab for the maximum in vivo tolerated dose of 150 mg 

NPs/kg (25.11 mg of LDH B Ab capture capacity in an adult human). The total IgG1 

concentration in human serum is estimated at 4.48 mg/ml (~22.4 g/5 l total blood volume). In 

mothers of unborn, autistic offspring, the LDH B blood content would be a small fraction of 

this total concentration, which is typically composed of a large repertoire of different Abs 

(~1012).44 Clearly, our SNAREs have significant capacity to capture MAR Abs from the 

blood. This promising result motivated us to assess SNARE capture-ability of autoantibodies 

in more complex biological medium — human serum. Although in static conditions 

overnight, our SNARE formulation reduced the LDH B antibody titer in human serum by as 

much as 90%, for the maximal NP concentration tested. Further, our results exhibited 

increasing capture-ability with higher SNARE concentration. Additionally, we determined 

the avidity of the MAR LDH B antibody for the SNAREs and demonstrated the 50% AI at 

3.6 M sodium thiocyanate chaotrope concentration, one of the most commonly used 

chaotropic salts. Similarly, Dauner et al developed an ammonium thiocyanate-modified 

ELISA to measure avidity of anti-HPV antibodies for its antigen.45 However, they reported a 

50% AI at 2 M ammonium thiocyanate solution. The MAR LDH B antibody’s higher avidity 

for its peptide target on the SNAREs and the stability of the antibody–antigen complex is 

desirable for our application to capture and retain the pathological MAR antibodies to 

ultimately clear from the blood.46 These experiments provide concrete evidence on the 
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capacity of the SNARE system to specifically target and bind MAR autism-related 

antibodies from a complex mixture of blood proteins, including other antibodies. In a similar 

vein, Hu et al reported on biomimetic nanoparticles, composed of red blood cell membrane-

derived vesicles fused with poly(lactic-co-glycolic) acid (PLGA) nanoparticles, that 

abrogated type II hypersensitivity reaction — an autoimmune disease where antibodies 

target healthy cells, such as red blood cells (RBCs).47

While our in vitro results provide credence for the application of SNAREs to capture 

autoantibodies with specificity and high capacity, recent studies have cast doubt on the safe 

use of iron oxide nanoparticles in humans.48 To allay these concerns, we assessed the 

toxicity of SNAREs in vitro and in vivo. Our LC25 concentration of 500 at μg/ml on in vitro 
viability was consistent with other studies, such as Masoud et al whom reported ~10% HeLa 

and MCF-7 cell death at 100 μg/ml DIONP concentration after 6, 12, and 24 h incubation 

times.49 Similarly, another study reported LC25 concentrations via MTT Assay at 500 μg/ml 

of superparamagnetic iron oxide nanoparticles after 3 h incubation with J774 cells.50 The 

LC25 concentration determined by our viability study was used as an anchor for a 

subsequent in vivo study to resolve the Maximum Tolerated Dose (MTD) of SNAREs.

Multiple studies have investigated the toxicity of iron oxide nanoparticles in vivo, but the 

toxicity of dextran iron oxide nanoparticles after intravenous injection in pregnant mice has 

not been previously explored. Further, the small number of previous studies on DIONP 

toxicity has divergent conclusions, primarily due to differences in NP fabrication and study 

design parameters including routes of administration, nanoparticle size, surface composition, 

and surface charge. Bona et al investigated the toxicity of iron oxide NP surface-charge and 

dose on fetal development. Positively surface-charged Polyethyleneimine (PEI)-coated iron 

oxide NPs and negatively surface-charged poly(acrylic acid) (PAA)-coated NPs were 

intraperitoneally (IP) injected in pregnant CD-1 mice. The NP formulations were 

administered at a low (10 mg NPs/kg) and high (100 mg NPs/kg) dose on GD 8, 9, or 10 

(critical window for organogenesis).51 They noted no significant toxicity at the low dose for 

either formulation. However, at the higher dose they reported significant changes in the 

histology of uteri and testis. In another study, Noori et al IP-injected Dimercaptosuccinic 

acid (DMSA)-coated iron oxide nanoparticles in pregnant mice at 50, 100, 200, and 300 mg 

NPs/kg and demonstrated no major adverse effects on maternal weight changes. However, 

doses higher than 50 mg NPs/kg led to a significant decrease in the infant maturation after 

birth and 70% infant mortality before reaching puberty.52 Comparing to our observed 

150 mg NPs/kg tolerated dose, a number of aforementioned studies demonstrated significant 

toxicity at lower NP doses, such as IP-injected DMSA-IONPs at 50 mg NPs/kg52 or IP-

injected PEI/PAA-coated IONPs at 100 mg NPs/kg.51 The incongruence between these 

studies and ours may be due to the non-immunogenic and biocompatible nature of dextran 

and PEG-coated iron oxide nanoparticles.23., 53. Further, surface charge is an important 

parameter in dictating toxicity level of NPs and more neutrally charged NPs produce low 

reactive oxidative species (ROS), thus exhibiting less toxicity.54 Our SNAREs demonstrate a 

more neutral zeta potential at physiological pH 7 due to PEG and peptide surface moieties, 

which we suspect helps to mitigate NP toxicity in vivo. However, further studies are needed 

to assess the biodistribution, pharmacokinetics and chronic toxicity of SNAREs.
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The pharmacokinetics and clearance of IONPs have been extensively explored in multiple 

studies. Generally, the main factors affecting pharmacokinetics performance are based on 

nanoparticle hydrodynamic size, surface coating, and administration route. Further, the 

principal clearance pathway of intravenously injections of IONPs is the mononuclear 

phagocytic system (MPS), consisting of phagocytic cells, followed by hepatic clearance. 

Importantly, blood half-life of IONPs is heavily dependent on the hydrodynamic diameter, 

ranging from several hours to days based on the injection dose and administration route.8 

Feng et al demonstrated NPs possessing diameter < 50 nm have been shown to benefit from 

slow opsonization and gradual clearance from the MPS.24 Given our NP diameter of ~15 nm 

and surface-functionalization with PEG, we expect similar nanoparticle pharmacokinetics 

and slow clearance.33 Ultimately, we believe our particles are metabolized in the liver and 

recycled back into many essential processes of the body, including energy metabolism, 

oxygen transport, and DNA synthesis.55

Significant concerns also surround the tendency of IONPs to activate inflammatory immune 

system mediators, particularly the complement system. For instance, Wolf-Grosse et al 

demonstrated significant increases in complement activation products C3a, C5a, and C5b-9 

after 6 h of IONP incubation with human plasma at 10 μg/ml.56 Additionally, other reports 

investigated in vitro complement activation of human and mouse serum with different types 

of iron oxide nanoparticles and demonstrated significant complement activation.57., 58. 

Given these reports and the desired application of the SNAREs, we investigated their 

proclivity to actuate the complement system. Interestingly, we found that there was a 

significant elevation of C5a in mouse serum exposed to DIONPs at 0.5 mg/ml, but not 

SNAREs. SNARE inability to activate the complement cascade is certainly advantageous 

and may be due to the incorporation of PEG. PEGylation prevents adsorption of plasma 

proteins (e.g. factor B) which play critical roles in the alternative and other complement 

activation pathways.59

We also assessed chronic complement factor activation in vivo, by measuring C5a and C5b-9 

concentrations in serum of pregnant mice treated with SNAREs. Serum was obtained from 

mice on GD 17, five days after intravenously injecting SNAREs on GD 12. We found no 

significant change in C5a or C5b-9 serum concentrations for the different SNARE dosages 

compared to the saline and DIONP controls. Although complement activation is thought to 

occur early in the immune response to foreign entities, reports have demonstrated that head-

injured mice retained significantly higher C5a levels up to 7 days after injury,60 indicating 

that continuous complement activation is possible with persistent inflammatory cues. 

Interestingly, we demonstrated DIONPs significantly elevate C5a concentration in fresh 

mouse serum. But, there is an absence of a chronic C5a complement activation of mice 

treated with DIONPs. Taken together these results indicate that there is complement 

activation in the presence of DIONPs, but as these NPs are cleared, complement activation 

subsides. This result lays bare the potent effects of altering the potential contact points of 

nanotechnology with biological media.

If administered NPs are able to avoid a complement-mediated immune response, the next 

trial they face from the immune system is typically phagocyte interception and activation. 

Therefore, for our application, it is important that SNAREs limit the interaction, as well as 
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activation of these specialized immune cells. We investigated the ability of SNAREs and 

relevant controls to induce maturation in bone marrow-derived DCs and macrophages. 

Dendritic cells, dubbed as professional antigen-presenting cells (APCs), have the ability to 

pinocytose and endocytose DIONPs.61 More importantly, other researchers have 

demonstrated that iron oxide nanoparticles can upregulate MHC II, CD40, CD86, and CCR7 

on DCs after 12 h of co-incubation.61 Contrary to this finding, we observed no significant 

change in DC or macrophage maturation markers for DIONP or SNARE treatments after 24 

and 48 h incubation periods. Interestingly, we detected a significant increase in IL-12 

production by DCs in presence of DIONPs compared to untreated DCs. Contrastingly, 

SNARE incubation with DCs did not stimulate significant IL-12 secretion. This is important 

as innate immune cell maturation can elicit activation of the adaptive immune system and 

generation of antibodies, as reported with adjuvant-coated IONPs.62 The reduced immune 

cell maturation may be due to the presence of dextran, which others have reported can 

reduce the immunogenicity of iron oxide NPs.23 Additionally, PEG coating of iron oxide 

NPs can contribute to reduced immune activation.24

In conclusion, this work represents a first-generation prototype of a nanomedicine that we 

believe has huge promise for preventing autoimmune autism. The outcome of this study 

could not only lead the way for a preventative therapeutic for MAR autism, but possibly 

serve as a platform for filtering autoantibodies from blood to treat other forms of 

autoimmune diseases (e.g. Erythroblastosis Fetalis). However, we are acutely aware that 

many deficiencies still exist for this system, and further optimization is required. Moreover, 

we plan to revisit parameters such as PEG length and surface density, and peptide surface 

concentration in order to fine tune our nanoparticle system. Future studies will also delve 

into the pharmacokinetics and biodistribution of SNAREs, as well as thoroughly explore the 

fetal and maternal toxicity of SNARES in pregnant mice. Once the formulation is optimized, 

we aim to assess the therapeutic efficacy of SNAREs in an existing autism mouse model.63 

We believe we have taken a critical first step to developing the first preventative therapeutic 

for ASD, a disorder expected to levy a $1 trillion burden on the economy by 2025.3

Supplementary Material
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Figure 1. 
Schematic summarizing synthesis of peptide-functionalized dextran iron oxide nanoparticles 

and capture of Autism-specific autoantibodies from an antibody solution. (A) Synthesis of 

dextran iron oxide nanoparticles (DIONPS) via co-precipitation method. (B) Exchange of 

DIONP surface hydroxyl groups with carboxylic groups by citric acid coating (DIO-CA 

NPs). (C) Nanoparticle surface-conjugation with Methoxy PEG Amine via EDC/NHS 

reaction (DIO-CA-PEG NPs). (D) Nanoparticle surface-decoration with LDH B ASD 

peptide via EDC/NHS Reaction (SNAREs). (E) SNAREs specifically ligate Anti-LDH B 

autoantibody from solution.
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Figure 2. 
SNARE physico-chemical characterization. (A) Transmission electron microscopy (TEM) of 

DIONPs. (B) Dynamic light scattering (DLS). (C) FTIR spectra of DIONPs, citric acid 

DIONPs, DIO-CA-PEG (10 kDa) NPs. (D) The zeta potential for naked DIONPs, DIO-CA 

NPs, and methoxy PEG amine (750 Da, 10 kDa, or 20 kDa)-coated DIO-CA NPs (1 mg/ml).
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Figure 3. 
Nanoparticle in vitro characterization and MAR peptide conjugation. (A) No significant 

nanoparticle aggregation was observed in various media (DI-H2O, PBS, or 10% FBS in 

PBS) after 24 h incubation (measured using DLS). (B) PEG (10 kDa/ 20 kDa)-conjugated 

DIO-CA NPs had the highest repulsion ability, preventing adsorption of non-specific 

proteins (Bovine Serum Albumin [BSA]). BSA adsorption on DIONP formulations 

normalized to the number of DIONPs per batch. (C) Conjugation of FITC-LDH B peptide 

onto DIO-CA-PEG (10 kDa) NPs resulted in a final surface density of 33.8 μg peptide/cm2. 

(D) In vitro, the LC25 for RAW 264.7 macrophage cells incubated with DIONPs and 

SNAREs was determined to be 500 μg/ml. Heat-killed and untreated cells were used as 

control and treatments normalized to untreated cells.64
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Figure 4. 
Nanoparticle uptake by macrophages. (A) In vitro uptake of DIONPs, DIO-CA NPs, ad 

SNAREs by RAW 264.7 macrophages was assessed using a Prussian Blue iron stain after 

15 min, 1 h, and 2 h of incubation at either 4 or 37 °C. (B) Representative images of Prussian 

Blue staining.
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Figure 5. 
In vitro assessment of complement activation–C5a generation and phenotypic analysis of 

dendritic cells and macrophages. (A) Bone marrow-derived macrophages demonstrated no 

significant change in maturation when treated with SNAREs or DIONPs, compared to 

immature macrophages. (B) Bone-marrow-derived DC maturation is unaffected by the 

presence of DIONPS or SNAREs. (C) C5a complement fragment concentration in serum of 

C57BL/6j mice incubated with DIONPs, SNAREs, saline control, and zymosan positive 

control for 4 h at 37 °C.
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Figure 6. 
Assessment of MAR autoantibody capture, specificity, and affinity in vitro. (A) SNAREs 

captured up to 2.7 μg LDH B Ab/ mg SNAREs (95% efficiency) and exhibited increased 

antibody entrapment at higher concentrations. (B) SNAREs reduced LDH B antibody titer in 

human serum by as much as 90% (patient-derived serum of mothers of children with ASD). 

Scrambled peptide-DIONPs and DIONPs were used as negative controls. (C) Avidity of 

SNAREs to MAR LDH B antibody indicating a 50% avidity index at ~3.6 M sodium 

thiocyanate concentration.
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Figure 7. 
SNARE maximum tolerated dose (MTD) and assessment of complement activation in 

pregnant dams. (A) Administration of SNAREs did not affect prenatal weight gain. Mice 

were weighted post-injection from GD 12 to GD 17, when mice were sacrificed for post-

mortem analysis. (B) Average fetal weight (AFW), determined by dividing the total weight 

of the uteri by the number of non-resorbed fetuses, is shown. (C) Frequency of fetal 

resorption calculated as number of resorption/number of fetuses of treated compared to 

saline-treated mice. (D) C5a complement factor concentration in serum of mice treated with 
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SNAREs showed no significant differences to the saline control. (E) C5b-9 complement 

factor concentration in serum of SNARE-treated mice also demonstrated no significant 

differences compared to saline control.
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Figure 8. 
Histological assessment of SNAREs in lungs, liver, and kidney of pregnant dams. Minimal 

histological changes were evident in pregnant dams intravenously injected with 3 or 15 mg 

NPs/kg of SNAREs on GD 12 and sacrificed on GD 17. At 30 mg NPs/kg injection dose of 

SNAREs and DIONPs, brown pigment (iron deposits) was present in Kupffer cells and 

rarely within pulmonary capillaries with no evidence of hepatic or lung damage. At the 

maximal dose of 150 mg/kg, arrows point to high amounts of intravascular iron aggregates 

observed in the lung sections with mild degree of congestion. In the liver, brown pigment 
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was observed at moderate to high frequency within Kupffer cells. In the kidney, the brown 

pigment was present with in glomerular capillaries and occasionally in the renal venules. No 

evidence of tissue damage or inflammation was associated with the presence of the 

intravascular deposits in the lung or intracellular pigment in the liver.
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