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Surface plasmon resonance imaging in combination with ADP3 peptoid was used to identify Alzheimer’s 

disease through detecting amyloid-beta42 in the serum. 
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Label-free Detection of Alzheimer’s Disease through 

ADP3 Peptoid Recognizing Serum Amyloid-beta42 

Peptide 

Zijian Zhao,
a,1 

Ling Zhu,
a,1,* 

Xiangli Bu,
a
 Huailei Ma,

 a
 Shu Yang,

 a
 Yanlian Yang,

a
 

and Zhiyuan Hu
a,*

The early diagnosis of Alzheimer’s disease (AD) is 

challenging due to the lack of reliable method for detecting its 

biomarkers in the noninvasive biopsies. We used surface 

plasmon resonance imaging to identify AD based on detecting 

amyloid-beta42 in the serum by ADP3 peptoid. 

Alzheimer’s disease (AD), a neurodegenerative disorder 

characterized by progressive cognitive decline, is the most common 

form of dementia. Up to now, there is no effective treatment to stop 

or reverse the progression of AD. Early intervention is therefore 

crucial for the prognosis of this disease. However, the current 

diagnosis of AD is normally based on clinical symptoms, 

neuropsychological test, and neuroimaging. These observations may 

appear several years after the pathological changes.1 The definite 

diagnosis can only be made by post-mortem autopsy confirming the 

existence of senile plaques and neurofibrillary tangles in the brain.2 

Early assessment methods are urgently required to improve the 

therapy of AD. For this purpose, assays have been developed to 

identify the biomarkers of AD.3-5 Among these biomarkers amyloid 

beta (A), total tau, and phosphorylated tau in cerebrospinal fluid 

(CSF) are widely accepted for the diagnosis of AD.5, 6 However, the 

invasive collecting procedure of CSF limits the application of these 

biomarkers. In this regard, blood-based biomarkers appear to be 

desired surrogates, and there is great need for the routine and reliable 

blood test to identify AD. 

Amyloid-, the main component of senile plaques, is a 39 to 43-

residue peptide generated by cleavage of its precursor 

transmembrane protein amyloid precursor protein (APP).7 A is 

produced during normal cell metabolism and is present in body 

fluids including cerebrospinal fluid (CSF) and blood.8, 9 The 

deposition and aggregation of A, especially the isoform A42 in 

the brain is thought to be the initial step in the pathogenesis of AD.10 

Although numerous studies have shown reduced A42 level in CSF 

correlated with AD11 and the future development of AD in patients 

with mild cognitive impairment (MCI),12, 13 no agreement has been 

achieved about A42 level in AD peripheral blood. Some reported 

elevated plasma A42 level in AD14 or incipient AD,15 while others 

reported no change.16, 17 Despite these inconsistencies, vascular 

A42 level has been shown to reflect the pathogenesis of AD,18, 19 

and to be a valuable indicator for  monitoring the effect of amyloid-

targeting drugs.20 The inconclusive results of the plasma A42 level 

may be due to the analytical differences, or the complexity of the 

analyte. For example, the concentration of A42 in serum is very 

low (ten times lower than the one in CSF)21, 22 while the total serum 

proteins are abundant. A may bind to serum proteins due to its 

hydrophobic properties.14 These factors may affect the measured 

A level by conventional immunoassays. Moreover, the labelling 

process of immunoassays is inconvenient and time-consuming. 

 
Scheme 1. Schematic illustration of the method used to identify 

AD serum based on SPRi in combination with ADP3 peptoid 

array. ADP3 peptoids were fabricated on the gold-coated glass chip. 

The optical path from the laser passes through the coupling prism at 

a fixed angle of incidence, and the reflection is recorded by a charge-

coupled device (CCD) camera. Upon injection of serum into the 

flow cell, A42 in the serum is captured by ADP3, resulting in 

refractive index changes, and thus the reflection intensity changes 

detected by the CCD camera. 

In this study, we used peptoid to identify AD serum utilizing 

surface plasmon resonance imaging (SPRi). Peptoids are unnatural 

synthetic N-substituted oligoglycines that have been used as antigen 

surrogates to identify and isolate target antibodies in the body 

fluids.23, 24 Gao et al. and Yam et al. developed a misfolded protein 

assay to detect misfolded protein aggregates including oligomeric 

A42 from CSF based on aggregate specific reagent 1 (ASR1) 

peptoid that is conjugated to beads.25, 26  Reddy et al. performed a 

comparative screening of a peptoid library against AD and normal 

serum to search for antibody biomarkers and their relative capture 
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agents based on immunoassay method. They found that AD peptoids 

3 (ADP3, Scheme 1) could identify AD through capturing 

immunoglobulin G (IgG) in the serum.27 SPRi is a real-time, label-

free and high-throughput sensor technique widely used to study 

biomolecular interactions occurring close to the SPR-active metal 

surface. In SPRi, the optical path from the laser passes through the 

coupling prism at a fixed angle of incidence, and the reflection 

intensity changes monitored by the CCD camera can be converted 

into the refractive index changes that result from molecular binding 

(Scheme 1).28, 29 Here we combined ADP3 microarray and SPRi to 

develop a fast and label-free method for the diagnosis of AD.  

Different concentrations of ADP3 ranging from 48 M to 30 mM 

were immobilized onto the gold-coated glass chip, and serum 

samples from AD patients and age-matched non-demented control 

individuals were passed through the chip. At low concentration of 

ADP3 (< 1.2 mM, point I, II, III in Fig. 1a), the binding signals from 

AD and normal serum were low and similar (< 0.4 ΔAU). When the 

concentration of ADP3 increased (> 5.9 mM, point IV and V in Fig. 

1a), the binding signals from AD serum significantly increased 

compared to the ones from the normal serum, indicating that AD can 

be clearly segregated from the control at high concentration of ADP3 

(Fig. 1a, S2). 

To investigate what was captured by ADP3, we passed two 

antibodies individually through the chip after serum binding to 

ADP3: antibody against A, the widely reported AD biomarker, 

and antibody against human IgG, the highly present protein in 

human serum. We observed that the binding signals from anti-A 

were significantly higher than the ones from anti-IgG in the AD 

group (Fig. 1b). This suggested that ADP3 selectively bound to 

A in human serum, given that IgG existed in much higher 

abundance than Ain human serum. Furthermore, the binding 

signals from anti-A were significantly higher in AD than the 

ones in the normal group (p < 0.01, Fig. 1b), indicating that more 

A42 was captured by ADP3 in AD serum. The binding signal of 

anti-IgG was higher in normal control than in AD, but this difference 

was not significant (P > 0.05) due to the large data variance in the 

normal group (Fig. 1b). It has been reported before that AD patients 

might have a specific defect that causes lower level of IgG in the 

serum. However, the mechanism is still not clear.30 These results 

implied that the higher SPRi response in AD serum compared to the 

normal one was from the binding of ADP3 to A42. To explore this 

hypothesis, we checked the binding of pure A42 to different 

concentrations of ADP3. The similar trend observed with AD serum 

was found with A42 that at low concentration of ADP3 (< 0.79 

mM, point I, II, III in Fig. 1c), the binding signals remained low, 

whereas at high concentration of ADP3 (> 2.4 mM, point IV, V, VI 

in Fig. 1c), the binding signals significantly increased (Fig. 1c). If 

we arranged the residues of ADP3 into a random order, which we 

referred to as scrambled ADP3, no binding was found with A42 

(S3). Moreover, the binding of ADP3 to human serum albumin 

(HSA) and immunoglobulin M (IgM), two of the most abundant 

proteins in serum, was negligible compared to the one to A42 (Fig. 

1d), further demonstrating the specificity of ADP3 to A42. We 

further evaluated the binding affinity of ADP3 to A42 through 

kinetic analysis of their interaction over a range of A42 

concentration. The resulting equilibrium dissociation constant (KD 

value) was determined to be 1.64 × 10-9 M (data fitting using 

BIAevaluation 4.1 software (Biacore, Inc.), Fig. 1e), indicating the 

high binding affinity of ADP3 to A42. 

Taken together, these results indicated that ADP3 at high 

concentration could identify AD through binding to A42 in the 

serum. The higher SPRi response in AD compared to the one in 

normal control was due to the higher level of A42 in AD serum, 

which is in agreement with the previously reported results.14 We 

noticed that the binding signal of ADP3 to pure A42 (～0.5 ΔAU) 

was lower than the one to AD serum (～ 1.4 ΔAU). This might be 

because that A42 in the serum bound to plasma proteins14 and the 

A42-protein complexes therefore enhanced the SPRi response.   

 
Fig. 1 High concentration of ADP3 could detect AD through 

specific binding to A42 in the serum. (a) AD sera could be 

differentiated from the normal ones by high concentration of 

ADP3. The SPRi binding signals (changes of arbitrary unit, Δ
AU) are plotted as a function of the concentration of ADP3 

immobilized on the chip. The black triangles represent data 

from AD patients, while the red squares represent data from 

normal individuals. (b) The binding signals of anti-A42 and 

anti-IgG antibodies to the peptoid spot after serum binding to 

ADP3. (c) Pure A42 binds to different concentrations of 

ADP3. A42 was added at the concentration of 2.2 M. (d) The 

binding signals from A42, HSA, and IgM to ADP3 (29 mM). 

Error bars represent standard deviation (n=6 in (a) and (b), and 

n=3 in (c) and (d)). (e) Evaluation of the binding affinity of 

ADP3 to A42. By analyzing the binding of ADP3 to different 

concentrations of A42, the equilibrium dissociation constant 

(KD) was determined. ADP3 was immobilized on the chip at the 

concentration of 5.9 mM. The green, red, and blue curves 

represent A42 concentration of 0.089 M, 0.44 M, 2.2 M, 

respectively. Data fitting was performed using BIAevaluation 

version 4.1 software (Biacore, Inc.). 

To investigate the mechanism why ADP3 at high 

concentration could capture A42 in the serum, we 

characterized the morphology of ADP3 adsorbed on the gold-

coated SPRi chip at different concentrations by atomic force 

microscopy (AFM). At low ADP3 concentration (0.23 mM, 

corresponding to point II in Fig. 1a), no obvious peptoid 

adsorption was observed on the surface (Fig. 2a), though ADP3 

molecules did adsorb on and cover the surface, which was 
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demonstrated by the materials scratched from the surface by the 

cantilever tip while increasing the scanning force (S4). At 

higher concentration of ADP3 (1.2 mM, corresponding to point 

III in Fig. 1a), nano-domains with the diameter of 150-250 nm 

and the height of 15 nm appeared (marked with blue arrows in 

Fig. 2b). When the concentration of ADP3 increased to 5.9 mM 

(corresponding to point IV in Fig. 1a), the size of the domains 

increased to 300-500 nm (Fig. 2c). These results indicated that 

with increasing concentration, ADP3 could accumulate and 

self-assemble into flat domains, which might be responsible for 

A42 binding. The immobilization of ADP3 on the gold 

surface was due to the covalent linkage through the cysteine 

group in the peptide. Considering the nanoscale height of these 

domains, we refer to them as nano-clusters. Notably, layers 

could be revealed in the nano-clusters (Fig. 2c), and the height 

of each layer was the multiple of ～4 nm (～4 nm, ～8 nm, ～

16 nm, and ～ 20 nm) (Fig. 2d), indicating that the layers 

overlaid one on the other to form each nano-cluster. 

 
Fig. 2 AFM characterization of ADP3 adsorbed on the gold-

coated SPRi chip at different concentrations. (a), (b), and (c) 

correspond to concentration II, III, and IV in Fig. 1a. (d) Height 

profile across the lines in (c), curve 1-4 correspond to line 1-4 

in (c) respectively. 

We then characterize the binding of A42 to ADP3 nano-

cluster. We chose the much smoother substrate mica to replace 

gold-coated glass in order to better reveal A42. Unlike the 

immobilization on the gold surface that was through the 

covalent linkage, the immobilization here might be mainly 

through the electrostatic interaction between the positively 

charged side groups in the peptide and the negatively charged 

mica surface.31 After being deposited onto the freshly cleaved 

mica, ADP3 formed a smooth nano-cluster with the height of 

1.7 nm covering the surface. Holes sized from 100 to 600 nm 

were observed (Fig. 3a). Zoom-in image further revealed small 

holes with the size ranging from 20 to 40 nm in the nano-cluster 

(Fig. 3b). Considering the height (～4 nm on gold, ～1.7 nm on 

mica) of the nano-clusters and the size  (< 1.2 nm in height, ～4 

nm in length) of the peptoid, it is most likely that the peptoid 

stayed upright on both surfaces as a “brush”, but with different 

slopes (S5). These brush-like structures provided space for 

similar residues of ADP3 to be exposed, and might lead to the 

binding to A42 in a similar way. In this respect, the nano-

clusters on mica are good surrogates to the nano-clusters on the 

gold surface to mimic the binding of A42 to ADP3 peptoid. 

We deposited A42 onto the nano-cluster, incubated for 5 mins 

and rinsed with water. We found that in the area where there 

were integrate ADP3 nano-clusters, the surface was covered by 

a layer of small dots, indicating the adsorption of A42 (Fig. 

3c). These dots were sized from 20 to 30 nm, in accordance 

with the size of A42 oligomers previously reported.32, 33 Zoom 

in image showed that the small holes were still visible 

underneath the layer of A42 (Fig. 3d), indicating the presence 

of ADP3 nano-cluster underneath. These results suggested the 

binding of A42 to ADP3 nano-cluster. For comparison, the 

same concentration of A42 was deposited onto freshly cleaved 

mica. Significant difference was observed that without ADP3 

nano-cluster, there was much less A42 adsorbed on the 

surface (S6). Notably, in the area where the nano-clusters were 

incomplete, the adsorption of A42 was only observed on 

nano-clusters, but not on the small holes where there was no 

nano-cluster (Fig. 3e, S7 a-e), further demonstrating the binding 

of A42 to ADP3 nano-cluster. These results showed that the 

high-affinity of ADP3 to A42 was associated with high 

concentration of ADP3 and the consequent appearance of 

Fig. 3 AFM images showing the binding of A42 to ADP3 nano-

cluster. (a-b) ADP3 nano-clusters on mica. ADP3 was adsorbed on 

freshly cleaved mica at the concentration of 5.9 mM. Inset: Height 

profiles across the blue lines in (a). (c-d) A42 adsorbed on 

integrate ADP3 nano-cluster at the concentration of 2.2 M. (e-f) 

A adsorbed on incomplete ADP3 nano-clusters. Blue arrows 

indicate the binding of A42 to pieces of ADP3 nano-cluster. 
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peptoid nano-clusters on the surface. This high-affinity may be 

due to the increased number of molecules on the surface, or the 

self-assembly structure. The binding affinity of the free ADP3 

peptoid to A42 was not determined and is unknown. However, 

the electrostatic interactions between the charged amines in 

ADP3 and the hydrophilic residues in A42, and the 

hydrophobic interactions between the aromatic amines in ADP3 

and the hydrophobic regions in A42 may have effect on their 

interactions.26, 34 The nano-clusters contribute to the high-

affinity binding, but may not be the essential prerequisite that 

decide the binding. We noticed that the holes in the nano-

cluster became smaller after binding to A42. This might be 

because that the binding of A changed ADP3 assembly and 

thus the morphology of the nano-cluster. This was verified in 

the area where there were big holes in the nano-clusters that 

after binding to A42, some of the nano-clusters broke into 

pieces (S7 f). Zoom-in image showed that the remaining piece 

of ADP3 nano-cluster was surrounded by A42 (marked with 

blue arrow in Fig. 3f), indicating that A42 binding changed 

the morphology of ADP3 nano-cluster. We explained this as the 

binding strength between A42 and ADP3 tore the nano-cluster 

and broke it into pieces, which further proved the high affinity 

of ADP3 to A42.  

In summary, we used ADP3 peptoid in combination with 

SPRi to identify AD serum. The identification was 

demonstrated to result from the binding of A42 in AD serum 

to ADP3. This method provides an avenue toward the blood-

based routine test for the early diagnosis of AD, and for 

monitoring the therapy effect of amyloid-targeting drugs. 

This work was supported by China Postdoctoral Science 

Foundation No. 2014M560064 and National Natural Science 

Foundation of China No. 31470049. 
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