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Gold-plated magnetic polymers for highly 

specific enrichment and label-free detection of 

blood biomarkers under physiological 

conditions† 

Seung-Ryong Kwon,a Chang Su Jeon, a Nam Young Hong,b Kwang Pyo 
Kim,*b Inseong Hwang*a and Taek Dong Chung*a 

A mass-based label-free detection of blood biomarkers in 

physiological conditions is realised using gold-plated magnetic 

polymer microspheres covered with self-assembled 

monolayers of polyethylene glycol alkanethiolates that 

effectively prevent heavy nonspecific binding of serum 

proteins. 

A rapid, sensitive detection and quantification of biomarkers in 

complex physiological samples are of importance for disease 

diagnosis.1 Such disease-associated macromolecules, existing in very 

low levels in blood, continue to be discovered and relate their in situ 

concentrations to the degree of disease progression.2 Thus, multiplex 

detection of biomarkers becomes prerequisite, which would be 

ideally complemented by label-free sensing technologies, such as 

suspension arrays3 and MALDI-TOF MS.1c,4
  While the high 

sensitivity and broad detection range of MALDI-TOF MS have 

spurred proteomics research, detection of specific biomolecules 

requires efficient enrichment using affinity probe-conjugated 

nanoparticles4a,4b,5 or magnetic microspheres.6 Especially, 

microspheres, coupled with the advances in flow cytometry 

technologies, have improved clinical diagnoses by allowing high 

throughput screening of drugs, genes, and proteins.7 Despite their 

great potential, mutually exclusive obstacles such as dilution factors 

and matrix effects continue to limit the assay performance; an 

inappropriate diluent and dilution factor may lead to a clinically 

irrelevant result,8 while real-life physiological matrices (blood, 

serum, or pleural effusion) induce heavy nonspecific binding to the 

solid supports.4a,7b,9 Such unwanted biofouling inevitably masks 

sensor surfaces, reducing not only the specificity and sensitivity but 

the accuracy of quantification.4d,10 In cases of label-free assays, 

nonspecific binding brings more negative repercussions because any 

biomolecule that binds to the sensor will produce signal.1c In an 

effort to address the issue, Davis and coworkers employed PEG-thiol 

self-assembled monolayers (SAMs)11 and zwitter ionic poly-

carboxybetaine methacrylate (pCBMA)12 on Au electrodes for an 

electrochemical detection of a single protein biomarker in neat blood 
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Fig. 1 Schematic illustration of manufacturing the affinity probe-

conjugated magnetic gold microspheres (MGMs) (a) and their 

applications to the enrichment of target proteins in human serum for 

multiplexed label-free mass analysis (b). 
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serum. The results imply that high density of hydrophilic and 

charged moiety is required for the efficient protection of biofouling. 

Previously, we showed that polymer beads, when protected with thin 

gold layers and PEG SAMs, exerted superior enrichment and 

isolation of the target molecules in intact serum, while bare polymer 

beads could not.13 Herein, on the basis of previous results, we 

systematically compare the nonspecific binding of serum proteins 

and the enrichment capability between the Au-plated magnetic 

microspheres (MGMs) and the other microspheres, and thereby 

propose an extended applicability of the MGMs to a label-free 

detection of multiple biomarkers using MALDI-TOF MS (Fig. 1).  

To investigate the degree of nonspecific bindings and target 

enrichment, we chose myoglobin (Myo), a 17 kDa biomarker for 

cardiovascular disease (CVD) as a model target. Myo exists at tens 

of ng mL-1 in normal human sera, whereas during acute myocardial 

infarction its population increases within three hours.14 We 

compared MGMs with four types of microspheres that are broadly 

used for diagnostics and bioseparations: carboxyl-functionalized 

magnetic polymer beads (7.9 µm in diameter, Bangs Lab) carboxyl-

functionalized polymer beads (15 µm in diameter, Bangs Lab), and 

protein G-conjugated magnetic beads with the diameter of 2 µm 

(New England Biolabs) and 2.8 µm (Dynabeads, Life Technologies). 

We initially generated SAMs on MGMs using carboxyl-terminated 

hexa(ethylene glycol) undecane thiol.13 After the SAM formation, 

recombinant protein G was conjugated with the carboxyl group of 

the SAM molecule using 1-ethyl-3-(3-dimethylaminopropyl)-1-

carbodiimide hydrochloride (EDC) and N-hydroxysuccinimide 

(NHS).15 Likewise, the carboxyl-functionalized polymer 

microspheres were directly modified with protein G using 

EDC/NHS chemistry. Myo antibodies were then immobilized via 

protein G-Fc heavy chain interactions, rendering both antigen 

binding Fab chains optimally exposed to the assay media. Such 

oriented antibodies usually increase total antigen binding activity as 

compared to that of randomly oriented antibodies.16 For MGMs, 

each modification step, magnetic properties, and the capability of 

Myo enrichment from PBS solution were verified using MALDI MS 

(ESI, Fig. S1-S3†). 

We used ~12400 MGMs for the adsorption assays because the 

number of MGMs for adequate MALDI assays ranges from ~8200 

(10 µg) to ~49500 (60 µg) for 0.5 mL serum samples (data not 

shown). The amount of antibodies immobilized on ~12400 MGMs 

was ~30 ng, lower than theoretical amount (ESI, Fig. S4†). For 

comparison, we used the same number (~12,400) of 15 µm polymer 

beads for the surface functionalization. The number of 7.9 µm 

magnetic beads was adjusted to ~44600 so that the surface area of 

the beads matches to the one of the MGMs. In the case of 

commercial protein G magnetic beads (2 and 2.8 µm), the amount of 

microspheres was set to capture ~30 ng of antibodies according to 

the manufacturers’ protocols. Following SDS-PAGE analysis 

revealed that the commercial microspheres hold greater amount of 

antibody than the MGMs do except the 15 µm polymer beads (ESI, 

Fig. S5†). When we conducted enrichment assays using the 

antibody-loaded microspheres, all commercial beads, except the 15 

µm polymer beads, successfully yielded Myo peaks in MALDI 

spectra (ESI, Fig. S6 and S7†). Importantly, nonspecific peaks 

corresponding to human serum albumin (HSA) always appeared in 

all the cases of commercial beads. In contrast, the MGMs barely 

yielded such nonspecific peaks except an additional peak 

corresponding to protein G at 23 kDa due to desorption of the SAM 

molecules.17 

When we compared the relative amount of Myo enriched from 

the serum samples, the MGMs exhibit the highest peak intensity of 

Myo compared with the other commercial beads (ESI, Fig. S6f†). 

The MGMs show about seven-fold higher peak intensities than the 2 

µm and 7.9 µm beads (~12400 beads) do despite the amount of 

loaded antibodies is similar to each other (ESI, Fig. S6g†). Although 

the Dynabeads were able to hold more than twofold antibodies (~68 

ng), the relative peak intensity of Myo was fourfold lower than the 

one from the MGMs. When we adjusted the surface area by 

increasing the number of beads up to ~44600, the 7.9 µm beads 

could carry threefold antibodies (~95 ng), while showing about a 

half of the MGMs peak intensity. Therefore, we confirmed that the 

MGMs exceptionally enriched the target antigen in serum samples 

Fig. 2  FE-SEM images of MGMs 15 µm in diameter. 

Fig. 3  C1s XPS spectra of a bare surface of MGMs (a) and the MGMs 

treated with carboxyl-terminated PEG-alkanethiolates (b). c) 

Attenuated total reflectance-Fourier transform infrared (ATR-FTIR) 

spectra of bare MGMs (gray line) and the MGMs treated with 

carboxyl-terminated PEG-alkanethiolates (solid line). 
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even with the least amount of antibodies among the beads tested. 

This may be attributed to the effective isolation of the polymer core 

from the bulk serum proteins using SAM-Au layer; the van der 

Waals interaction of the aliphatic carbon chains induces a dense 

packing of the SAM molecules18 and thereby provide high-density 

PEG groups sufficient for the suppression of nonspecific binding of 

serum proteins.19   

Indeed, the density of the carboxyl groups of the PEG-

alkanethiolates on MGMs was determined to be 9.2 × 1014 molecules 

cm−2 by colorimetric method (ESI, Fig. S8†),20 about two-fold 

higher than the density of typical alkanethiolate SAMs on flat Au 

surface21 and PEG-alkanethiolate SAMs on Au nanoparticles.22 This 

extraordinary density of PEG molecules can be ascribed to the 

uneven nanoparticular surface structure of the MGMs that extends 

accessible surface area (Fig. 2). In comparison, the density of 

carboxyl groups of the 7.9 µm magnetic polymer beads was four-

fold higher than the one of the MGMs, which is roughly in 

agreement with the ratio of the amount of the immobilized antibody 

(see Fig. S6g†). The 15 µm beads have two-fold lower carboxyl 

contents than the MGMs, comparable to the normal carboxyl 

alkanethiol SAM on flat Au surface. 

 The formation of PEG-alkanethiolate SAM on the MGMs was 

further analysed by X-ray photoelectron spectroscopy (XPS) and 

attenuated total reflectance-Fourier transform infrared (ATR-FTIR) 

spectra (Fig. 3). The C1s XPS spectrum of the bare MGMs exhibits 

three species of C−C, C−O, and C=O, originating from the chemical 

ingredients used for the synthesis of MGMs, at 284.5, 285.8, and 

288.4 eV, respectively (Fig. 3a).23 After treating the MGMs with 

carboxyl-terminated PEG-alkanethiolates, the peak for C−O at 284.5 

eV increased and two distinct peaks for C−C=O and O−C=O 

appeared at 287.4 and 288.8 eV, respectively, indicating the 

formation of carboxyl PEG layer on the MGMs (Fig. 3b). ATR-

FTIR spectra of the bare and SAM-protected MGMs also show very 

similar results to the XPS data; strong increases of the absorption 

bands near 1140 and 1720 cm−1, representing the C−O stretching of 

the PEG groups and the C=O stretching of the carboxylic groups 

(Fig. 3c).  

We then conducted quantification of Myo in human sera using 

MGMs and MALDI-TOF MS to verify the potential use of the 

MGMs for clinical diagnosis. Fig. 4a shows representative MALDI 

mass spectra obtained from the MGMs incubated with serum 

samples spiked with Myo ranging 0.5-200 ng mL-1. As shown in Fig. 

4b, the standard curve obtained from three independent experiments 

shows a good linear relationship (R2 = 0.9930). The empirical limit 

of detection (LOD) is 0.5 ng mL-1 (0.25 ng in 0.5 mL of serum 

sample) with 13.4 of signal-to-noise ratio. This subnanogram LOD 

of the MGMs using intact serum is quite promising in that the mass 

spectrometry-based immunoassays using magnetic nano- or 

microparticles require either PBS or diluted serum as incubation 

media while giving no better than 1−5 ng of detection limits.4a-c,5b 

 We additionally quantified other serum biomarkers such as PSA 

and CK-MB to broaden the feasibility of the MGMs in protein 

enrichment. Unlike the Myo antibody, the antibodies for PSA and 

CK-MB, when immobilized onto protein G, failed to enrich the 

antigens probably because of less strong binding of mouse IgG1 

isotype to protein G (ESI, Fig. S9†). Only when we directly 

conjugate the antibodies with the SAM molecules on MGMs using 

EDC/NHS chemistry do we observe CK-MB and PSA in human sera 

with 10 and 25 ng mL-1 of detection limit, respectively (Fig. 4c-f and 

Fig. 5  MALDI-TOF mass spectrum for multiplex analysis obtained 

from 0.5 mL human serum spiked with 25 ng Myo, 50 ng PSA, and 50 

ng CK-MB. The peaks at 26 (*) and 34 kDa (**) originate from 

antibodies. 

Fig. 4 Quantitative analysis of biomarkers in intact serum. 

Representative MALDI-TOF mass spectra with a serial dilution of Myo 

(a), CK-MB (c), and PSA (e) in human serum. Standard calibration 

curves of Myo (b), CK-MB (d), and PSA (f) are shown below. 

Throughout the experiments, CytC was used as an internal standard. 

The error bars represent the standard deviations of three independent 

measurements. 
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Table S1†). In contrast, without protein G mediator, we failed to 

enrich any of the antigens using 7.9 and 15 µm microspheres (data 

not shown). That the MGMs can forgo the protein G mediation itself 

augurs well for their approach to physiological fluid in which plenty 

of human serum antibodies possibly replace the protein G-bound 

input antibodies.  

 By taking advantage of innate ability of MALDI MS in 

simultaneous identification of multiple macromolecules, we 

performed multiplex detection of all three biomarkers spiked in 

human serum. For this experiment, we modified the MGMs with 

antibodies for Myo, PSA, and CK-MB without protein G. As 

expected, all three antigens dominantly appeared in the mass spectra 

without any accompanying serum proteins, consolidating the anti-

fouling ability of the MGMs (Fig. 5 and Fig. S10†).  

The successful integration of suspension arrays with label-free 

detection methods will undoubtedly ensure a forefront technology 

for multiplex assays. However, only a highly effective prevention of 

nonspecific binding would realise clinical approach of such label-

free assays. The Au surface layer of the MGMs enables facile 

formation of PEG-SAM molecules, efficiently preventing 

nonspecific adsorptions owing to the dense packing of SAM 

molecules and thus make erroneous serum dilution obsolete. Thus, 

the Au-coated microspheres render label-free detection of multiple 

biomarkers by merging the benefits of MALDI MS and functional 

SAM-Au layers, paving the fundamental path for the rapid 

multiplexed immunoassays. 
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