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Abstract

Alzheimer’s disease (AD) is a growing global healthcare burden affecting the aging population 

and society. Given the lack of effective treatment to AD, early detection at the prodromal stage 

and timely monitoring of changes during progression are considered the best approach to control 

and intervene in disease progression. “Liquid biopsy” of AD biomarkers amyloid-β peptides (Aβs) 

and tau proteins in the cerebrospinal fluid (CSF) or blood samples holds great promises for 

cost-effective, widely accessible, and easy-administrated noninvasive detection and follow-up of 

AD. However, current in vitro detection methods have not yet demonstrated sufficient sensitivity 

and specificity using neither Aβs nor tau proteins biomarkers. One major challenge of accurate 

detection and measurement of biomarker levels in biofluidic samples is the biofouling effect with 

nonspecific adsorption of unwanted biomolecules, such as various serum proteins, on the surface 

of targeted detecting agents or devices, causing false-positive and false-negative findings. In this 

study, antibiofouling polymer polyethylene glycol-block-allyl glycidyl ether (PEG-b-AGE) coated 

magnetic iron oxide nanoparticles (IONPs) capable of suppressing the nonspecific interactions 

with biomolecules, especially proteins, were investigated for the immunomagnetic capturing of 
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Aβ40 and Aβ42 peptides and tau protein spiked in CSF- and serum-mimicking samples using 

corresponding antibodies conjugated as targeting ligands. Antibody-conjugated antibiofouling 

IONPs demonstrated improved specificity (>90%) and sensitivity (>95%) over those of antibody-

conjugated magnetic micron beads (Dynabeads, ~50% specificity and 30–40% sensitivity) widely 

used as magnetic separating agents under the same experimental conditions with the presence 

of nontargeted interfering proteins. The antibody-conjugated IONPs also exhibited significantly 

higher sensitivities (80–90%) and better performance of capturing Aβs and tau protein from the 

human whole blood samples than antibody-conjugated Dynabeads (~20%).
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INTRODUCTION

Alzheimer’s disease (AD) is a major neurodegenerative disease that is commonly 

characterized by memory loss and cognitive decline as well as behavioral and psychological 

symptoms.1 AD affects not only the patients but also the patients’ families and society. 

The social economic impact and healthcare burden caused by AD are rapidly growing 

with continuous increase of the aging population globally. While no effective treatment is 

currently available for AD,2 early detection and timely monitoring of changes in the disease 

states are considered as the best approach to control and intervene in disease progression.3,4 

The onset of AD is widely believed to associate with the deposition of amyloid-β 
(Aβ), an insoluble neurotoxic polypeptide, in extracellular plaques and the aggregation of 

microtubule protein tau into neurofibrillary tangles in neurons.5 Thus, the detection and 

quantification of levels of Aβs and tau proteins may lead to the accurate diagnosis of AD 

and monitoring of its progression. Positron-emission tomography (PET) imaging of Aβ 
deposition in the brain using a radioactive tracer, such as Pittsburgh Compound B (PiB), is 

currently the only clinical method for noninvasively detecting Aβs in vivo for confirming 

the AD onset.6–8 More recently, PET imaging for tau protein aggregation has also become 
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available and been investigated in large cohort studies.9 However, limited availability of 

imaging equipment, a complicated procedure, and the short half-time of radioisotopes make 

this imaging approach not cost-effective and practical for the screening and early detection 

of prodromal patients as well as routine monitoring of the disease with repeated scans. 

Therefore, various in vitro “liquid biopsy” tools, including those using nanomaterials and 

nanotechnology,10–13have attracted great interest for the detection of Aβs and tau proteins 

that spread to the peripheral blood or cerebrospinal fluid (CSF).6–8,14 Several ultrasensitive 

techniques, such as surface enhanced Raman spectroscopy (SERS) and electrochemistry-

based biosensors, have shown to be able to detect Aβs or tau proteins at pg/mL, and 

even fg/mL concentrations.7,8,14 However, one of the major challenges in liquid biopsy 

is the nonspecific interactions of biological materials in the = samples with the surface 

of detecting agents or devices. The surface accumulation of nonspecific biomolecules, 

especially unwanted proteins, may interfere or attenuate the specificity of the detecting 

systems to the targeted biomarker molecules, causing a nonspecific background.15–17 

Such nonspecific interaction, also known as the biofouling effect, leads to adsorption of 

biomolecules, e.g., proteins and peptides, in biofluidic samples onto the surface of detecting 

agents or devices to form a layer of protein corona.16 The protein corona may block the 

targeting ligands on the surface of detection agents from recognizing and binding targeted 

biomarkers, consequently reducing the specificity and sensitivity of biomarker targeting.15,17 

In the case of using plasma Aβ and tau protein levels to make a diagnosis of AD,2,18,19 

false-positives caused by poor specificity and false-negatives caused by poor sensitivity 

when attempting to detect the targeted Aβs and tau proteins from unwanted ones in the 

blood and CSF samples contribute to the inaccurate results.20 In large cohort studies using 

Luminex xMAP technology, which are fluorometric bead-based immunoassays, to measure 

Aβs and tau proteins in patient plasma samples, the levels of Aβ40 and Aβ42 showed 

little difference between AD patients and controls,18 while a weak correlation was observed 

between the higher level of the plasma tau protein concentration and dementia symptoms 

associated with AD.19

Here, we report an investigation on the biofouling effect on the sensitivity and specificity 

in quantitative detection of Aβ40, Aβ42, and tau protein under various conditions using 

immunomagnetic iron oxide nanoparticles (IONPs). We demonstrate that antibiofouling 

polyethylene glycol-block-allyl glycidyl ether (PEG-b-AGE) polymer coated IONPs 

conjugated with antibodies against Aβ40, Aβ42, and tau proteins can reduce the adsorption 

of nonspecific proteins while maintaining the targeting specificity to these AD biomarkers. 

In CSF- and human serum-mimicking conditions, the sensitivity, specificity, and efficiency 

of detecting Aβs and tau proteins spiked in samples by antibody-conjugated antibiofouling 

IONPs and widely used commercial magnetic separating agent, i.e., Dynabeads, were 

evaluated with the Aβ and tau protein concentrations as low as 100 ng/mL. The results 

demonstrated the improved detection accuracy of AD biomarkers by using antibiofouling 

IONPs that effectively reduced the nonspecific interactions.
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EXPERIMENTAL SECTION

Materials.

Amyloid-β protein fragment (1–40) (Aβ40, catalog number A1075), anti-amyloid-

β (22–35) antibody (anti-Aβ40, catalog number A3356), tau protein (tau-441, 

human recombinant, catalog number AG960), anti-tau antibody (anti-tau, catalog 

number SAB5500182), fluorescein isothiocyanate (FITC), tetramethylrhodamine (TRITC), 

insulin (human recombinant, catalog number 91077C), bovine serum albumin (BSA, 

catalog number A2058), tetrahydrofuran (THF), dimethyl sulfoxide (DMSO), and 

ethylenediaminetetraacetic acid (EDTA) were purchased from Sigma-Aldrich (St. Louis, 

MO). Amyloid-β peptide (1–42) (Aβ42, human, catalog number PP66) was purchased 

from EMD Millipore (Burlington, MA). Anti-amyloid-β (1–28) antibody (anti-Aβ42, 

catalog number 250922) was purchased from Abbiotec (San Diego, CA). Magnetic beads 

(Dynabeads M-450 Epoxy) was purchased from Life Technologies (Carlsbad, CA). N-

Hydroxysulfosuccinimide (sulfo-NHS), 1-ethyl-3-(3-(dimethylamino)propyl)carbodiimide 

hydrochloride (EDC), micro BCA protein assay kit, slide-a-lyzer dialysis cassette (MWCO 

2 000), and fetal bovine serum (FBS) were purchased from Thermo Fisher Scientific 

(Waltham, MA). Artificial CSF was purchased from Harvard Apparatus (Holliston, MA). 

Phosphate-buffered saline (PBS) was purchased from Corning (Corning, NY). Activation 

and coupling buffers were purchased from Ocean NanoTech (San Diego, CA). EasySep 

Magnet was purchased from StemCell Technologies (Vancouver, Canada). Human whole 

blood (~12 mL) was collected from a healthy volunteer.

Preparation and Characterization of Antibiofouling Polymer Coated IONPs.

Magnetic IONPs with a 20 nm diameter core were made from a thermodecomposition 

method and stabilized by oleic acids in THF. The oleic acid stabilized IONPs were then 

coated with antibiofouling PEG-b-AGE diblock copolymers via ligand exchange to replace 

oleic acids and dispersed in deionized water. The synthesis of antibiofouling PEG-b-AGE 

copolymer and its coating on IONPs were adapted from the protocol previously reported.21 

The amphiphilic PEG-b-AGE polymer consisted of a hydrophilic PEG1000 moiety to 

reduce nonspecific protein adsorption and a hydrophobic AGE component that collapsed 

onto the surface of IONPs in the aqueous phase to form a protective layer. The PEG-b-

AGE polymer utilizes a trimethoxysilane group attached on an AGE moiety to anchor 

on IONPs via stable semicovalent bonding with iron and an amine group on the PEG 

terminal for a conjugation reaction with other molecules, such as antibodies for targeting 

and fluorescent dyes for optical tracking. The core sizes of IONPs before and after coating 

and surface functionalization were measured using transmission electron microscopy (TEM, 

H-7500, Hitachi, Dallas, TX). The hydrodynamic sizes and surface charges of coated IONPs 

were measured using a dynamic light scattering (DLS) instrument (Zetasizer Nano S90, 

Malvern, Westborough, MA). The averaged hydrodynamic size and zeta potential were 

calculated from three measurements for each sample using number-weighted statistics. Iron 

concentrations were determined by colorimetric spectroscopy as described in the literature.22
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Conjugation of Targeting Antibodies to Antibiofouling IONPs.

PEG-b-AGE coated IONPs were conjugated with anti-Aβ and anti-tau antibodies by 

reactions between amine groups of PEG-b-AGE polymers on the surface of IONPs and 

carboxyl groups on antibodies via NHS/EDC coupling protocol, respectively. Briefly, 

antibody was added to the activation buffer (400 μL) to reach the concentration of 

0.25 mg/mL. EDC and sulfo-NHS were then added to the activation buffer to reach the 

concentrations of 0.50 and 0.25 mg/mL, respectively. After the solution was incubated for 5 

min, IONPs in the coupling buffer (600 μL, 1.5 mg Fe/mL) were added to conjugate with 

antibodies. The solution was then incubated for 2 h at room temperature to complete the 

coupling reaction. Afterward, the antibody-conjugated IONPs were purified by separating 

from the solution in an EasySep magnet and resuspending in water. The number of 

antibodies conjugated to each IONP was determined by the ratio of the protein concentration 

(mmol/mL) of the antibody-conjugated IONP solution to the IONP concentration (mmol/

mL). The concentration of conjugated antibodies was measured by the protein assay using 

a microBCA protein assay kit. The IONP concentration was calculated based on the iron 

concentration of the solution (mmol/mL) with the assumption that IONPs were spherical 

with a bulk magnetite density of 5.18 g/cm3.21 The number of antibodies conjugated to each 

IONP was determined by the ratio of antibody concentration (mmol/L)/IONP concentration 

(mmol/L).

Conjugation of Targeting Antibodies to Dynabeads.

Dynabeads (4.5 μm in diameter) were functionalized with antibodies following 

the manufacturer’s instructions for the comparison with antibiofouling IONPs. 

Dynabeads(M-450 epoxy) were resuspended by vigorous vortex for 1 min. Dynabeads 

suspension (0.1 mL, 4.0 × 107 beads) were transferred to a centrifuge tube and mixed 

with 0.9 mL of borate buffer (0.1 M). Dynabeads were washed and then separated by 

placing the tube in a magnet for 10 min until the beads were attached to the wall of 

the tube before removing the supernatant. The washed Dynabeads were resuspended in 

1.0 mL of borate buffer (0.1 M). The wash-resuspension was repeated twice. To prepare 

antibody-conjugated beads, antibodies (0.1 mg) were added to the Dynabeads suspension 

(1.0 mL) and the mixture was incubated for 15 min prior to adding bovine serum albumin 

(BSA) until the concentration reached 0.1% (w/v). After the mixture was incubated for 

24 h with gentle tilting and rotation, it was placed in the magnet for 10 min to separate 

the antibody-conjugated beads from the suspension. The supernatant was then aspirated 

followed by adding 1.0 mL of PBS supplemented with 0.1% (w/v) BSA and 2 mM 

EDTA to resuspend the beads. The antibody-conjugated Dynabeads were purified after 

washing and resuspending three times. All procedures were performed at room temperature. 

The number of antibodies conjugated to each Dynabead was determined by the ratio of 

antibody concentration (mmol/L) over Dynabeads concentration (mmol/L), where antibody 

was quantified by measuring the difference of protein concentrations of Dynabeads after 

the conjugation procedure with and without the addition of antibodies, while the molar 

concentration of Dynabeads was converted from their concentration (4 × 108/mL).
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Fluorescent Labeling of Peptides and Proteins.

In order to quantify the detected and captured tau protein and Aβs using the optical 

measurement, targeted or control peptides and proteins used in determining the performance 

of immuno-magnetic detection and separation were labeled with the green fluorescent 

dye FITC (excitation at 488 nm, emission at 525 nm) or the red fluorescent dye TRITC 

(excitation at 557 nm, emission at 576 nm) via the coupling reaction between the 

isothiocyanate from FITC or TRITC and the amine group from peptides and proteins. 

Targeted tau protein, Aβ40 and Aβ42 were labeled with FITC, while the control peptide 

and protein, i.e., insulin and BSA, were labeled with TRITC. Briefly, peptides or proteins 

were dissolved in the carbonate buffer (500 mM, pH 9.5) at the concentration of 0.5 

mg/mL. FITC or TRITC solution in DMSO (10 mg/mL) was added to the peptide/protein 

solution to reach the dye to peptide/protein ratio of 6:100 (w/w). The mixture was 

incubated for 2 h at room temperature with protection from light. Afterward, the reaction 

solution was injected into a Slide-A-Lyzer dialysis cassette and dialyzed against deionized 

water to remove unconjugated fluorescent dyes. The concentrations of purified peptides/

proteins were quantified using the microBCA protein assay kit. The standard curve of the 

correlation between peptide/protein concentrations (μg/mL) and fluorescent intensities from 

FITC or TRITC was obtained by measuring the fluorescent intensities using a BioTek 

Synergy 2 plate-reader (BioTek Instrument, Winooski, VT) at the Aβ peptide or tau 

protein concentrations of 0, 0.1, 0.2, 0.5, 1.0, 2.0, 5.0, 10, 20, and 50 μg/mL (Supporting 

Information Figure S1).

Separation of Aβ and Tau Protein in Artificial CSF or FBS Containing PBS Buffer.

Given reported results of Aβ and tau levels in CSF and plasma varied greatly from 

~100 pg/mL to >10 ng/mL for Aβ40 and from <10 pg/mL to ~1 ng/mL for the tau 

protein depending on the cohorts and quantification techniques,18,19,23–28 we adopted the 

concentration range from 100 ng/mL to 10 μg/mL for spiking Aβs and the tau protein in 

the testing samples to investigate the influence of biofouling effect on the specificity and 

sensitivity of AD biomarker detection by the antibiofouling IONPs. FITC labeled Aβ40, 

Aβ42, or tau protein were dissolved in artificial CSF or PBS with FBS added (50 mg/mL) 

in a series of concentrations (0.1, 0.2, 0.5, 1, 2, 5, and 10 μg/mL) to mimic the human CSF 

and serum environment, respectively.29 In a representative procedure, the Aβ40-containing 

solution (500 μL) was incubated with antibody-conjugated IONPs (at a final concentration 

of 0.2 mg Fe/mL) or antibody-conjugated Dynabeads (1 × 106 beads, number suggested by 

manufacturer’s instructions) for 2 h at room temperature. The tube containing the solution 

was then placed in an EasySep magnet for 1 h to allow magnetic particles with captured 

Aβ40 to attach to the tube. The supernatant was transferred to another tube and saved 

for quantification of residual Aβ40. Magnetic particles were redispersed in PBS (500 μL). 

Fluorescent signal intensity from FITC or TRITC was measured using a BioTek Synergy 2 

plate-reader with the corresponding wavelength. The separation efficiency is defined by eq 

1,

separation efficiency = SIcap / SIcap + SIsuper (1)
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in which SIcap is the FITC fluorescent signal intensity from Aβ40 captured by magnetic 

particles, and SIsuper is the FITC signal intensity from uncaptured Aβ40 in the supernatant. 

To verify the accuracy of the Aβ40 level quantified using the fluorescent intensity, a 

microBCA protein assay kit was also used to quantify the concentration of separated peptide 

from the artificial CSF and its supernatant following the manufacturer’s instructions.

Separation of Aβs in the Presence of Nontargeted Insulin.

To demonstrate the targeting specificity of antibody-conjugated IONPs to Aβ, insulin was 

chosen as a nontargeted background control to add to the solution. Insulin is a peptide 

hormone with a molecular weight of 5.7 kDa, which has a similar chemical structure and 

molecular weight to those of Aβ40 (about 4.5 kDa) and thus was selected as a negative 

control for testing off-target influence on the detection. The separation performance of 

antibody-conjugated IONPs was then compared to that of antibody-conjugated Dynabeads. 

As illustrated in Scheme 1, after being labeled with the fluorescent dye TRITC, insulin 

was mixed with equal amounts of FITC-labeled Aβ40 or Aβ42 to reach a series of 

total concentrations (0.2, 0.4, 1, 2, 4, 10, and 20 μg/mL) in artificial CSF or PBS with 

FBS added (50 mg/mL). Following same procedures described above, supernatant and 

resuspended magnetic particles were collected for quantification of Aβ and insulin based on 

the fluorescent intensity. The targeting specificity was determined by the percentage of Aβ 
in the total captured peptides (Aβ and insulin) calculated using eq 2,

captured Aβ = Aβcap
Aβcap + Aβsuper

Aβcap
Aβcap + Aβsuper

+ insulincap
insulincap + insulinsuper

(2)

where Aβcap and insulincap are the fluorescent signal intensities of captured Aβ and insulin 

measured by FITC and TRITC, respectively, while Aβsuper and insulinsuper represent the 

signal intensities of free Aβ and insulin in the supernatant.

Separation of Tau Protein in the Presence of Nontargeted BSA.

The separation efficiency and specificity of tau protein by antibody-conjugated IONPs 

were examined in artificial CSF and PBS with FBS (50 mg/mL) and BSA added as the 

nontargeted control. Briefly, equal amounts of FITC-labeled tau protein and TRITC-labeled 

BSA (0.1, 0.2, 0.5, 1, 2, 5, and 10 μg/mL, respectively) were mixed together in artificial 

CSF or PBS with FBS added (50 mg/mL). After tau proteins were separated following the 

same procedure as Aβs, the concentrations of tau protein and BSA in the supernatant and 

resuspension were quantified by fluorescent intensities from FTIC or TRITC. The targeting 

efficiency was determined using eq 2 with Aβcapture and insulincapture replaced by taucapture 

and BSAcapture and Aβsuper and insulinsuper by tausuper and BSAsuper.

Separation of Aβ40, Aβ42, and Tau Protein Spiked in Human Whole Blood Sample.

FITC-labeled Aβ40 was spiked into fresh human whole blood (0.5 mL) to reach the 

Aβ40 concentrations of 0.1, 0.5, 2.0, and 10 μg/mL, respectively. The blood was then 

incubated with antibody-conjugated IONPs (at the concentration of 0.2 mg Fe/mL) or 
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antibody-conjugated Dynabeads (1 × 106 beads) for 2 h at room temperature. Afterward, 

the magnetic particles with captured Aβ40 in the blood sample were separated magnetically 

by placing the tube in an EasySep magnet for 1 h, followed by removing supernatant and 

redispersing magnetic particles in PBS (500 μL). The amounts of the captured Aβ40 (μg) 

was calculated based on the standard curve correlating Aβ40 concentrations and fluorescent 

intensity from FITC. The sensitivities of detection were defined by the ratio of captured 

Aβ40 over the total spiked amounts.

Statistical Analysis.

The percentages of captured and remaining Aβs, insulin, tau protein, and BSA by different 

capturing agents were calculated with the results presented as the mean ± standard deviation. 

The amounts of nonspecifically adsorbed insulin or BSA onto the surfaces of IONPs or 

Dynabeads were compared. A two-tail unpaired t test was used to determine whether the 

differences were significant. The level of significance was set at P < 0.05.

RESULTS

Characterization of Antibody-Conjugated Antibiofouling Polymer Coated IONPs and 
Dynabeads.

The PEG-b-AGE polymer that provides the antibiofouling property was synthesized and 

used for an IONP coating as described in our previous work.21 TEM images showed that 

PEG-b-AGE polymer coated IONPs (with the core diameter of 20 nm) were monodispersed 

in the aqueous solution without any aggregation (Figure 1A). The hydrodynamic size of 

the polymer coated IONPs measured by DLS was 33.52 ± 2.12 nm with a narrow size 

distribution, indicating their good stability (Figure 1B). PEG-b-AGE polymer not only 

brings in colloidal stability and antibiofouling capability for IONPs but also introduces 

active −NH2 groups for facile functionalization of the IONPs. The specific antibodies for 

Aβ40, Aβ42, and tau protein were conjugated to the IONPs, respectively, through the 

EDC/NHS assisted coupling reaction between the −NH2 groups on IONPs and the −COOH 

groups on antibodies.15,21 Successful conjugations of anti-Aβ40, anti-Aβ42, and anti-tau 

were confirmed by the increases in hydrodynamic diameter of IONPs. As shown in Figure 

1B, hydrodynamic sizes of IONPs increased from 33.52 ± 2.12 nm to 106.91 ± 8.93, 101.45 

± 9.41, and 122.45 ± 8.26 nm with anti-Aβ40, anti-Aβ42, and anti-tau antibodies conjugated 

on the surface. Given the sizes of anti-Aβ40, anti-Aβ42, and anti-tau were ~150 kDa, the 

extent of hydrodynamic diameter increase was consistent with our previous observation 

on the hydrodynamic size change of PEG-b-AGE coated IONPs after conjugating with 

protein ligands.15,21 After quantifying the protein concentration (in mmol/mL) and IONP 

concentration (in mmol/mL) for the antibody-conjugated IONPs, the ratio of antibody/IONP 

was found to be ~1.8, while the ratio for Dynabeads was ~1673.

Sensitivity of Capturing Aβs and Tau Protein by Antibiofouling IONPs and Dynabeads.

We then compared the sensitivity and specificity of Aβ and tau protein detection by IONPs 

with those by Dynabeads. The detection sensitivities of IONPs and Dynabeads in capturing 

Aβ or tau protein were first investigated in artificial CSF and FBS-containing PBS (50 mg 

FBS/mL PBS), which mimics the condition with the presence of serum proteins.30 As our 
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study focused on investigating the impact of biofouling on the AD biomarker detection, the 

same concentration range was applied for Aβ40, Aβ42, and tau protein in both artificial CSF 

and FBS-added PBS, despite that Aβ and tau protein concentrations in CSF are generally 

much higher than those in serum.2,4,5,19

As shown in Figure 2A, anti-Aβ40 conjugated IONPs and anti-Aβ40 conjugated Dynabeads 

demonstrated comparable capability in capturing Aβ40 spiked in the artificial CSF, 

achieving the separation efficiency from 89 to 100% and 83 to 100% at different Aβ40 

concentrations, respectively. The separation of tau protein by these two types of magnetic 

particles revealed similar results, ranging from 91 to 100% by anti-tau conjugated IONPs 

and 87 to 100% by anti-tau conjugated Dynabeads (Figure 2C). In the FBS-containing PBS 

samples, the separation sensitivity of Aβ40 by anti-Aβ40 conjugated Dynabeads was greatly 

reduced (46–51%,Figure 2B) compared to the conditions with no FBS (artificial CSF, 

Figure 2A). However, anti-Aβ40 conjugated IONPs maintained 86–97% separation rate with 

measurable reduction of the performance at the high Aβ40 concentrations (e.g., 86% at 10 

μg/mL vs 97% at 0.2 μg/mL, P < 0.01). The same pattern of decreased separation efficiency 

for tau protein was also observed in anti-tau conjugated IONPs and anti-tau conjugated 

Dynabeads, with 80–95% by IONPs and 31–47% for Dynabeads (Figure 2D). The decreases 

in sensitivities at higher concentrations of Aβ40 spiked in the sample can be explained as 

the targeted specific binding of Aβ40 to the particles is limited by the number of anti-Aβ40 

conjugated on the surface corresponding to the increased Aβ40 concentrations. Meanwhile, 

there was no significant change on the sensitivity of tau protein separation (p > 0.05, lowest 

vs highest) in artificial CSF (Figure 2C), but the decrease in separation efficiency was 

observed (p < 0.01, lowest vs highest) in FBS-added PBS (Figure 2D). Since the number 

of tau proteins is ~10 times less than that of Aβ40 at the same concentration (μg/mL), the 

ratio of tau protein/anti-tau (number/number) is less susceptible to the concentration change 

than that of Aβ40/anti-Aβ40, contributing to the differently affected separation efficiencies 

of Aβ40 (decreased) and tau protein (no significant change) by anti-tau and anti-Aβ40 

conjugated IONPs at different analyte concentrations.

By comparing the performance of antibiofouling IONPs and Dynabeads in different 

conditions, IONPs did not show a statistically significant change in sensitivity of 

separating Aβ40 or the tau protein in the artificial CSF and FBS-added PBS, while 

Dynabeads exhibited about a 40–60% decrease in the sensitivity of separating Aβ40 or tau 

protein. The sample medium-dependent separation performance was also observed for anti-

Aβ42 conjugated Dynabeads with separation efficiencies of 82.3–100% in artificial CSF 

decreasing to 43.1–56.4% in FBS-containing PBS but not for anti-Aβ42 conjugated IONPs 

with separation efficiencies ranging from 78.2 to 100% in artificial CSF and 83.9 to 97.8% 

in FBS-containing PBS in the separation of Aβ42 (Figures S4 and S5 in the Supporting 

Information). The reduced separation efficiency (detection sensitivity) of Dynabeads in 

the serum-mimicking condition can be ascribed to the surface adsorption of nonspecific 

proteins in FBS, which attenuated the targeting sensitivity by blocking the conjugated 

antibodies.15,16
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Specificity of Capturing Aβs by Antibiofouling IONPs and Dynabeads.

Recognizing that capturing nontargeted proteins in the samples can cause false positives in 

detection, some techniques reported earlier have attempted to eliminate the influence from 

the serum proteins by pretreating the detecting agents/device with albumin.14 However, the 

extent of nontargeted proteins in human CSF or serum samples that lead to false positives 

is difficult to measure and can be sample dependent. To assess how off-target proteins 

may be captured with targeted Aβs or tau proteins to cause false positives, we mixed an 

equal amount of FITC-labeled Aβ40 and TRITC-labeled insulin into artificial CSF and 

FBS-containing PBS at total peptide concentrations of 0.2, 0.4, 1.0, 2.0, 4.0, 10, and 20 

μg/mL.

In the artificial CSF with total concentrations of spiked Aβ40 and insulin at 0.2 and 

20 μg/mL, the anti-Aβ40 conjugated IONPs separated 98.7 and 85.2% of spiked Aβ40 

with only 4.1 and 12.3% of insulin “contamination”, respectively (Figure 3A), giving a 

false positive rate of 4.0 and 12.6% for IONPs. For the separation of Aβ42, 100.0 and 

71.4% of Aβ42 spiked in the samples were separated by anti-Aβ42 conjugated IONPs, 

with simultaneous capturing of 3.4 and 11.2% of insulin under the same experimental 

setting (Supporting Information, Figure S10), resulting in the false positive rate of 3.3 

and 13.6%. The increased false positive (i.e., separating more insulin) in the medium 

containing the higher concentration of insulin concentration, however, is not linearly 

increased. Aβ40 and Aβ42 are reportedly prone to bind to proteins/peptides in blood.31,32 

With the higher concentration of Aβ40, Aβ42, and insulin, the chance of Aβ40 and Aβ42 

binding insulin may increase, resulting in more insulin being detected together with Aβ40. 

In comparison, anti-Aβ40 conjugated Dynabeads separated 94.2 and 85.5% of spiked Aβ40 

under the same conditions. However, anti-Aβ40 conjugated Dynabeads also captured 96.4 

and 86.4% of spiked insulin, resulting in false positive rates of 49.9 and 49.7%, respectively 

(Figure 3C). Similar results of separating Aβ42 in the presence of insulin were obtained 

(Supporting Information, Figure S10) with false positive rates of 50.1 and 48.9%. The lack 

of differentiating Aβ40 and Aβ42 from insulin when using Dynabeads can be ascribed to 

the nonspecific adsorption of insulin onto the surface, whereas the IONPs have shown to 

effectively avoid nonspecific protein adsorption.21

In the more complex serum-mimicking conditions using FBS-added PBS (50 mg FBS/mL 

PBS) at total concentrations of Aβ40 and insulin at 0.2 and 20 μg/mL, anti-Aβ40 conjugated 

IONPs captured 96.7 and 91.3% of spiked Aβ40, whereas a significantly less amount of 

insulin (7.9 and 11.5%, p < 0.001) was captured (Figure 3B). Meanwhile, when using 

anti-Aβ40 conjugated Dynabeads, 36.5% of spiked Aβ40 together with 45.3% of insulin 

was separated when the total concentration of spiked Aβ40 and insulin was 0.2 μg/mL and 

28.0% of Aβ40 along with 27.0% of insulin was captured when the total concentration 

of spiked Aβ40 and insulin was 20 μg/mL (Figure 3D). Under the same conditions, 

the false positive detection rates for IONPs were found to be 7.6 and 11.2% when the 

total concentration of spiked Aβ40 and insulin were 0.2 and 20 μg/mL, respectively. 

In comparison, the false positive detection rates for Dynabeads were 55.4 and 49.1%. 

Likewise, the false positive rates of Aβ42 separation using anti-Aβ42 conjugated IONPs 

were ranging from 2.3 to 16.2% comparing to 46.4 to 52.1% for anti-Aβ42 conjugated 
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Dynabeads (Supporting Information, Figure S10). When comparing the performance of 

IONPs and Dynabeads in different medium environments, IONPs did not show a statistically 

significant change in terms of the specificity of separating Aβ40 from insulin (Figure 

3A,B). Meanwhile, Dynabeads demonstrated a decreased specificity of separating Aβ40 

from insulin when the medium was changed from the artificial CSF to serum mimicking 

conditions (Figure 3C,D). This is likely due to the formation of a protein corona in the 

serum-mimicking conditions which blocks biomarker targeting but promotes nonspecific 

absorption of other molecules on the particle surface.15,17 The abundant proteins in FBS (50 

mg/mL) can accumulate on the surface of Dynabeads, limiting the anti-Aβ40 interacting and 

binding with Aβ40 while allowing insulin to adsorb on the surface. Since the antibiofouling 

coating prevents nonspecific protein adsorption on the particle surface,21 the surface is inert 

to the change of different media containing proteins and other nontargeted molecules and 

thus less susceptible to the biofouling effect on targeted separation or detection.

Specificity of Tau Protein Separation with the Presence of Nontargeted BSA.

The capture and separation of tau protein by anti-tau conjugated IONPs and anti-tau 

conjugated Dynabeads were also investigated with BSA as the negative control of the 

nontargeted interference. The tau protein used in the study is a recombinant protein 

expressed in E. coli with the molecular weight of 45.9 kDa. BSA is a protein with the 

molecular weight of 66.5 kDa and a similar type of structure to those of tau protein 

and albumins that are commonly present in human serum. Therefore, BSA is suitable for 

studying the influence of nonspecific proteins in CSF- and serum-mimicking media on 

targeted tau protein separation.

The results showed that anti-tau conjugated Dynabeads exhibited a similar performance in 

capturing tau protein and BSA spiked in artificial CSF, with 78.4 and 81.7% of tau protein 

and 80.4 and 82.3% of BSA being captured, respectively, at total concentrations of spiked 

tau protein and BSA of 0.2 and 20 μg/mL (Figure 4C). In this case, the false positive 

detection rates were 50.6 and 50.2% at these two concentrations for anti-tau conjugated 

Dynabeads. Under the same conditions, anti-tau conjugated IONPs were able to capture 

97.9 and 98.3% of spiked tau protein with only 2.5 and 3.2% of nonspecific BSA captured 

(Figure 4A). Thus, the false positive detection rates for anti-tau conjugated IONPs were 

only 2.5 and 3.6%, substantially lower than those of anti-tau conjugated Dynabeads. In 

FBS-containing PBS (50 mg/mL), the separation efficiency of spiked tau protein by anti-tau 

conjugated IONPs decreased to 83.6 and 85.5% with 5.7 and 5.4% detection of nontargeted 

BSA (Figure 4B). In comparison, anti-tau conjugated Dynabeads had much lower sensitivity 

and specificity to the targeted tau protein with detection of 47.7% of spiked tau protein 

but 37.4% of spiked BSA at a total protein concentration of 0.2 μg/mL in FBS-containing 

PBS. A further decrease of the performance of antitau conjugated Dynabeads was observed 

with 26.1% separation of tau protein and 27% separation of BSA when a total protein 

concentration increased to 20 μg/mL (Figure 4D).

Separation of Aβs and Tau Protein from the Whole Blood.

The composition of clinical patient samples, e.g., the CSF samples collected by lumbar 

puncture or blood drawn from the vein, are much more complex than the artificial CSF or 
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FBS-containing PBS, making the accurate measurements of Aβs or tau protein even more 

difficult. By spiking FITC-labeled Aβs or tau protein into the human whole blood, a blood 

sample with known concentrations of targeted molecules can be obtained to evaluate the 

performance of antibiofouling IONPs and Dynabeads in detecting Aβs or tau protein. We 

added FITC-labeled Aβ40, Aβ42, and tau protein into the blood at final concentrations of 

0.1, 0.5, 2.0, and 10 μg/mL, respectively. Since the quantification of uncaptured Aβs or 

tau protein in the blood is difficult due to the autofluorescence of the blood sample, the 

amount of separated Aβs or tau protein was determined solely according to the standard 

curves describing the fluorescent intensity from FITC as a function of concentration of Aβs 

or tau proteins. In a typical separation procedure using Dynabeads, repeated wash steps 

were carried out in order to remove the nonspecifically adsorbed molecules.6 However, in 

this study the IONPs and Dynabeads were not washed after separation by a magnet, so that 

the effect of antibiofouling materials on improving the detection of biomarker molecules 

can be evaluated without the changes caused by the washing procedure. It was found that 

75.4–81.5% of Aβ40 spiked in the blood was captured by anti-Aβ40 conjugated IONPs. 

In contrast, significantly less Aβ40, i.e., 18.7–24.6, was separated by anti-Aβ40 conjugated 

Dynabeads (p < 0.01, Figure 5A). A similar pattern was observed in the separation of tau 

protein from the blood with 86.4–91.8% of the tau protein separated by anti-tau conjugated 

IONPs and 20.3–27.8% of the tau protein captured by anti-tau conjugated Dynabeads 

(Figure 5B). The sensitivities of Aβ40 separation by IONPs did not show a measurable 

difference between artificial CSF (92.3 ± 6.2%) and FBS-containing PBS (94.7 ± 3.5%) but 

decreased in whole blood (78.4 ± 2.5%), suggesting a more complex or higher content of 

interfering substances in the whole blood sample (Figure 5C). Meanwhile, the sensitivity 

of Aβ40 separation by anti-Aβ40 conjugated Dynabeads dropped sharply from 91.2 ± 

3.6% to 32.2 ± 4.6% when the sample medium was changed from artificial CSF to FBS-

containing PBS and further decreased to 21.4 ± 2.7% in the whole blood sample (Figure 

5C), indicating that the performance of anti-Aβ40 conjugated Dynabeads on biomarker 

detection or separation is more susceptible to the presence of proteins in the samples.

For separating tau proteins, anti-tau conjugated IONPs demonstrated less than a 10% 

medium dependent change in sensitivity, ranging from 98.0 ± 0.5% in artificial CSF to 

87.9 ± 2.9% in serum-mimicking conditions and then 88.2 ± 2.5% in whole blood. In 

contrary, the sensitivity of tau protein detection by anti-tau conjugated Dynabeads decreased 

from 82.3 ± 3.0% in artificial CSF to 34.4 ± 8.0% in FBS-spiking PBS and further 

dropped to 25.4 ± 3.4% in whole blood, as the compositions of sample media became 

more complex (Figure 5D). While the detection sensitivity of anti-tau conjugated Dynabeads 

was compromised in the protein-rich medium, the specificities for Aβ40 and tau protein 

were reduced significantly to 50% when nontargeted insulin or BSA was present in the 

artificial CSF and FBS-added PBS (Figure 5E,F). As comparison, anti-tau conjugated 

IONPs maintained specificity between 90 to 100% for Aβ40 and tau protein in the artificial 

CSF and FBS-spiking PBS.

DISCUSSION

The current technologies for measuring of Aβs and tau proteins in CSF and plasma, e.g., 

enzyme-linked immunosorbent assay (ELISA) and xMAP, do not have sufficient power to 
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differentiate normal aging from mild cognitive impairment (MCI) or AD. While efforts have 

been made to improve the sensitivity and automation by employing novel technologies, the 

impact of biofouling to the sensitivity and specificity of currently utilized techniques has 

not received much attention. Both ELISA and xMAP are immunoassays that use antibody-

immobilized detecting agents/device to capture Aβs and tau proteins, which are vulnerable 

to the biofouling effect.

Our study showed that in the presence of interfering substances, biomarker detection 

by widely used Dynabeads had about ~50% of false positive results with almost half 

of the captured molecules unwanted. In comparison, the antibiofouling IONPs reduced 

false positive results to less than 10% in our investigation, indicating that the detection 

results obtained by IONPs are more reliable than those by Dynabeads. Considering the 

concentrations and variety of unwanted or nontargeted materials or molecules in real serum 

samples are much higher than our testing samples, it is reasonable to expect much higher 

false positive reports by Dynabeads when dealing with human CSF or serum samples.

The testing samples with spiked Aβ40, Aβ42, or tau protein and interfering off-target 

molecules, i.e., insulin or BSA, offered an experimental system to examine the detection 

efficiency of targeted biomarkers and the false positive signal coming from nontargeted 

materials. In the FBS-added PBS or human whole blood, the detection sensitivity of Aβs 

or tau protein by antibody-conjugated Dynabeads were significantly lower than those by 

antibody-conjugated IONPs, due to the nonspecifically adsorbed proteins on the surface 

of Dynabeads, which blocked the binding between antibodies and targeted molecules. 

When mimicking the low concentrations of AD biomarkers in the patient CSF and serum 

samples, the results revealed that the nonspecific interactions of unwanted materials with 

the antibody-conjugated Dynabeads resulted in high false positive result, while antibody-

conjugated antibiofouling IONPs have demonstrated the capacity of inert response to the 

nontargeted materials and maintaining target specificity to reduce false positive findings. 

The developed antibiofouling coating applied to the immunomagnetic capture system 

provides a solution to minimize the biofouling effect from taking place in the targeted 

biomarker capturing system, thus enabling improved detection sensitivity and specificity.

It should be noted that the current investigation was mostly limited to three known serum 

biomarkers for AD, while other potential markers are emerging.33,34 In addition, our studies 

focused mostly on the effect of the antibiofouling coating to the sensitivity and specificity 

of capturing targeted biomolecules with assumptions that these molecules maintain the same 

properties in CSF or serum samples. Aβs are known for different conformations, such as 

monomers, oligomers, and fibrils, that may be associated with different stages of disease 

development. Moreover, other types of ligands demonstrated targeting biomarker properties, 

such as single stranded DNA aptamers with high binding affinities,35,36 can also be 

considered to couple with the antibiofouling IONPs to capture AD or other diease biomarker 

molecules. For example, lower molecular weight and structurally defined aptamers may 

have higher efficiency in interacting with targeted biomarker molecules due to less steric 

hindrance and high ligand density on the surface of antibiofouling IONPs compared to bulky 

antibodies. These factors may need to be further elucidated in the future studies to further 

improve the accuracy and efficiency of the biofluid-based detection of AD biomarkers.
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CONCLUSION

We have demonstrated that by coating with the antibiofouling PEG-b-AGE polymer, 

targeting ligand conjugated IONPs achieved improved specificity and sensitivity in 

immunomagnetic capturing of targeted AD biomarkers, i.e., Aβs and tau protein, in human 

CSF- and serum-mimicking environments comparing to the commercial magnetic separating 

agent Dynabeads without antibiofouling capability. The antibody-conjugated IONPs also 

exhibited significantly higher sensitivities and better performance of capturing Aβs and tau 

protein from human whole blood than Dynabeads. Therefore, reported antibiofouling IONPs 

can improve the sensitivity and accuracy of detection of AD biomarkers in patient samples 

with potential to be further developed and integrated into robust, cost-effective, and widely 

accessible benchtop AD biomarker “liquid biopsy” detection systems.
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ABBREVIATIONS

AD Alzheimer’s disease

IONP iron oxide nanoparticle

Aβs amyloid-β peptides

CSF cerebrospinal fluid

MCI mild cognitive impairment

PET positron-emission tomography

PiB Pittsburgh compound B

SERS surface enhanced Raman spectroscopy

PEG-b-AGE polyethylene glycol-block-allyl glycidyl ether

FITC fluorescein isothiocyanate

TRITC tetramethylrhodamine

THF tetrahydrofuran

DMSO dimethyl sulfoxide

EDTA ethylenediaminetetraacetic acid

PBS phosphate-buffered saline
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FBS fatal bovine serum

sulfo-NHS hydroxysulfosuccinimide

EDC 1-ethyl-3-(3-(dimethylamino)propyl)carbodiimide hydrochloride

DLS dynamic light scattering

TEM transmission electron microscope

BSA bovine serum albumin
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Figure 1. 
(A) TEM image of PEG-b-AGE polymer coated IONPs (with a core diameter of 20 nm). 

(B) Hydrodynamic size of PEG-b-AGE polymer coated IONPs (black) increased after 

conjugation of anti-Aβ40 (red), anti-Aβ42 (blue), and anti-tau (green), suggesting the 

successful attachment of antibodies on the particle surface. Scale bar, 200 nm.
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Figure 2. 
Percentages of captured Aβ40 by anti-Aβ40 conjugated Dynabeads and anti-Aβ40 

conjugated IONPs in total spiked Aβ40 from (A) artificial CSF and (B) FBS-containing 

PBS (50 mg FBS/mL PBS) with the Aβ40 spiking concentrations ranging from 0.1 to 10 

μg/mL. The separation efficiencies of tau protein by anti-tau conjugated Dynabeads and 

anti-tau conjugated IONPs from (C) artificial CSF and (D) FBS-containing PBS. *p < 0.05, 

**p < 0.01.
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Figure 3. 
Specificity of Aβ40 detection demonstrated by the separated percentage of targeted Aβ40 

and nontargeted insulin at equal amounts with total concentrations of 0.2 and 20 μg/mL 

by anti-Aβ40 conjugated IONPs in (A) artificial CSF and (B) FBS-containing PBS (50 

mg FBS/mL PBS) and by anti-Aβ40 conjugated Dynabeads in (C) artificial CSF and (D) 

FBS-containing PBS. ***p < 0.001.
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Figure 4. 
Detection of the tau protein by anti-tau conjugated IONPs with equal amounts of BSA added 

as a nontargeted interference in tau and BSA total concentrations of 0.2 and 20 μg/mL 

in (A) artificial CSF and (B) FBS-containing PBS (50 mg FBS/mL PBS), and by anti-tau 

conjugated Dynabeads in (C) artificial CSF and (D) FBS-containing PBS. *p < 0.05, ***p < 

0.001.
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Figure 5. 
(A) Aβ40 and (B) tau protein separation from human whole blood by anti-Aβ40 or anti-

tau conjugated IONPs and anti-Aβ40 or anti-tau conjugated Dynabeads with Aβ40 or 

tau protein concentrations of 0.1, 0.5, 2.0, and 20 μg/mL. The sensitivity comparison of 

IONPs and Dynabeads on the separation of (C) Aβ40 and (D) tau protein in artificial CSF, 

FBS-containing PBS, and whole blood. The specificity of IONPs and Dynabeads on the 

separation of (E) Aβ40 and (F) tau protein in artificial CSF and FBS-containing PBS.
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Scheme 1. Illustration of Immunomagnetic Separation of Aβs and Tau Proteins in CSF or Serum 
by Antibody-Conjugated IONPs or Dynabeads with the Presence of Nontargeted Interfering 
Molecules
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