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Abstract  

  The dynamic behavior of amyloid-beta protein (Aβ) fibrillization on cell membrane is 

closely related to the progression of Alzheimer’s disease (AD). In this paper, we reports a new 

approach for real-time monitoring of the fibrillization process of Aβ on lipid membrane using 

a miniaturized cantilever-based liposome biosensor, which contributes to the technology 

development of Aβ label-free detection and the mechanism elucidation of Aβ fibrillization on 

cell membrane. 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) liposome as model cell 

membrane was immobilized on the cantilever surface and Aβ(1-40) was selected as a target 

protein in this work. Liposome-Aβ interaction is evaluated by detecting the resistance change 

rate of the strain gauge embedded in the cantilever, which is directly proportional to the 

deflection of cantilever. 24-hour real-time monitoring result clearly shows chronological 

change in the resistance with the progress of Aβ fibrillization on liposomes. Moreover, it is 

found that the extent of liposome-Aβ interaction is closely dependent on the aggregate state 

and concentration of Aβ but is less dependent on the type of used solvent (water or serum). It 

is indicated that DPPC liposome shows sufficient affinity and selectivity to Aβ even in serum. 

In particular, a concentration of Aβ as low as 1 μM can be detected using the cantilever-based 

liposome biosensor. Furthermore, it is confirmed that this biosensor has a potential of 

recognizing different states of Aβ. We expect that the cantilever-based liposome biosensor 

becomes an effective tool for accelerating amyloid related research and developing the early 

diagnosis approach of AD.  

Keywords: Micro-cantilever; Resistance change rate; Liposome; Amyloid-beta; 

Fibrillization; Interaction 
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1. Introduction 

  Alzheimer’s disease (AD) is the most common neurodegenerative disease, which results in 

the irreversible loss of neurons, particularly in the cortex and hippocampus [1]. Amyloid-beta 

protein (Aβ) has been recognized as the primary causative agent of AD since Aβ was firstly 

sequenced from meningeal blood vessels of AD patients nearly 30 years ago [2,3]. It has also 

been confirmed through the researches on the growth of Aβ fibrils in aqueous solutions that 

Aβ has the particular characteristics of aggregation and fibrillization, resulting in the 

deposition of normally soluble proteins into insoluble amyloid fibrils [4-6]. According to the 

prevailing amyloid hypothesis of AD, pathologic accumulation of Aβ fibrils on brain cells 

causes neuronal death, leading to cognitive dysfunction and memory impairment [7-9]. 

Therefore, it is generally believed that the detection of Aβ and the elucidation of Aβ 

fibrillization process on cell membrane become essential for prevention and treatment of AD. 

However, as it is difficult to directly observe the dynamic behavior of Aβ on brain cells in 

vivo, the process and mechanism of Aβ fibrillization on cells and the exact nature of Aβ 

toxicity to cells remain controversial [10]. Herein it is considered that phospholipid bilayer 

vesicles, namely liposomes, could be used as model cell membranes to mimic and investigate 

the Aβ fibrillization process on cells, because the phospholipid bilayer membranes are 

principle components of the biological cells (e.g., neural cell) [11], and we have used many 

methods to confirm that liposomes have the ability to recognize some important biomolecules 

[12-15]. Moreover, it has been revealed that the structures of Aβ fibrils formed in the presence 

of liposomes are different from those of fibrils formed in aqueous solutions [16], suggesting 

that liposomes can recognize Aβ proteins and profoundly influence the amyloid fibril 
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formation. Therefore, the characterization of Aβ fibrillization process on liposomes is 

effective and essential for the further understanding of the mechanisms of amyloid fibril 

formation in vivo and the consequent cell death.  

  At present, the current major techniques for detecting Aβ are almost labeling methods 

[17-21], especially enzyme-linked immunosorbent assay (ELISA) [20,21]. However, these 

methods are not capable of giving an authentic and effective assessment of dynamic process 

of Aβ fibrillation on cell membrane, owing to the interference of labeling agent (e.g., special 

antibody) on the interaction between Aβ and cell membrane in the labeling detection system. 

Recently, alternative label-free approaches have been developed to characterize the 

interactions of Aβ with membranes, such as surface plasmon resonance (SPR) [22] and quartz 

crystal microbalances (QCM) [23]. However, both the two techniques are currently limited 

with respect to possibilities for miniaturization and scalability. Moreover, all the mentioned 

techniques have shortcomings of requiring a large amount of samples and reagents, high cost, 

and complex equipment and operation. In the past years, miniaturized cantilever-based 

biosensors with high sensitivity have been attracting much attention for label-free detection of 

biomolecules [24-26]. We have also previously reported that our fabricated NiCr-strain-gauge 

cantilever-based biosensor, where liposomes as recognition biomolecules are immobilized on 

the cantilever surface, is effective for evaluation of concentration and species of target 

proteins (e.g. CAB, lysozyme) [15].  

  In this work, we used liposome as model cell membrane and focused on applying our 

cantilever-based liposome biosensor to monitor the fibrillization process of Aβ on the lipid 

membrane in real time. Then, based on the detection results, we discussed the characteristic 
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difference of Aβ in different states during the fibrillization process, and summarized the 

dynamic behavior of Aβ on the lipid membrane. Finally, we demonstrated the feasibility of 

Aβ detection using the cantilever-based liposome biosensor. Note that, at present, there are 

few literatures reporting label-free evaluation of Aβ using a micro-cantilever. 

     

2. Materials and methods  

2.1 Materials  

  The 40- and 42-amino acid forms of Aβ proteins, namely Aβ(1-40) and Aβ(1-42), 

respectively, are two major species found in brains of AD patients [27]. In this work, 

Aβ(1-40) was selected as a target biomolecule. Aβ(1-40) in non-aggregated state with the 

molar mass of 4250 g/mol was purchased from Peptide Institute (Osaka, Japan). 

1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) was selected as the phospholipid 

molecule for the liposome because its bilayer membrane has the phase-transition temperature 

at about 42 oC from gel to liquid crystal [28], and DPPC liposomes can be immobilized in 

stable gel state at room temperature. DPPC and phosphatidyl ethanolamine (PE) were 

purchased from Avanti Polar Lipids (Birmingham, Wales, UK). 16-mercaptoundecanoic acid, 

N-hydroxysuccinimide (NHS) and N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide 

hydrochloride (EDC) were purchased from Sigma Aldrich (St. Louis, MO, USA). Normal 

human serum was obtained from Kohjin Bio (Sakado, Japan). The blood donors have tested 

negative for HBsAg, HBV DNA, HIV-1/2 Antibody, HIV-1 RNA, HCV Antibody, HCV 

RNA, and syphilis serology. The main components of the human serum include sodium (176 

μmol/mL), potassium (4.7 μEq/mL), chloride (>140 μmol/mL), calcium (93 μg/mL), 
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phosphorus (40 μg/mL), iron (0.9 μg/mL), total protein (73 mg/mL), cholesterol (1.6 mg/mL), 

and triglycerides (820 μg/mL). Phosphate buffered saline (PBS) was purchased from Life 

Technologies (Tokyo, Japan). The inorganic and organic solvents were purchased from 

Nacalai Tesque (Kyoto, Japan) and Sigma Aldrich (St. Louis, MO, USA). 

Polydimethylsiloxane (PDMS) was purchased from Dow Corning Toray (Tokyo, Japan).  

 

2.2 Fabrication of micro-cantilever and improvement of droplet-sealing structure  

  The micro-cantilever with NiCr thin film strain gauge was fabricated as described 

previously [29]. This time the cantilever with length of 370 μm and width of 220 μm was 

fabricated, and the NiCr thin film strain gauge with the thickness of 40 nm was formed on the 

micro-cantilever, where the Ni:Cr ratio was adjusted to 8:2 to optimize the sensitivity of the 

strain gauge.  

  Because of solvent evaporation, target protein solution lacks stability when the micro 

droplet on the cantilever sensor is exposed to atmosphere. We have developed the 

PDMS-based droplet-sealing structure with a 7-μL reservoir to prevent the target solution 

from evaporation [15]. However, the stable measurement could not be sustained for more than 

one and half an hour even if the conventional droplet-sealing structure was applied, because 

the seal between the droplet-sealing structure and the cover was insufficient. In order to 

realize a long-time stable real-time monitoring of Aβ fibrillization using the cantilever-based 

sensor, we further improved the airtightness of the droplet-sealing structure by filling the 

seams between the droplet-sealing structure and the cover with undried PDMS before 

measurement. Figure 1 shows a schematic cross section of the improved droplet-sealing 
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structure adhered on the cantilever chip (a) and cross-sectional photographs of the improved 

droplet-sealing structure filled with target solution as sealed (b) and after 24 h (c). It is clearly 

observed that the cantilever has always been immersed in the target solution and the volume 

of target solution in the droplet-sealing structure has remained almost the same for 24 h. It is 

indicated that a long-time measurement in stable liquid condition of target solution becomes 

possible in this work.   

 

2.3 Preparation of target Aβ solutions 

  At first a 300-μM Aβ(1-40) solution was prepared by dissolving the non-aggregated 

Aβ(1-40) powder thoroughly into ammonia water (0.1 wt%). Then, the prefabricated 

Aβ(1-40) solution was diluted to 1, 10, 100 μM with ultrapure water or normal human serum. 

It is noted that the Aβ serum solutions were used to simulate the plasma condition of patients 

with AD. In addition, part of 100-μM Aβ(1-40) aqueous solution was incubated in a test tube 

at room temperature for 12~40 h to spontaneously form Aβ in different aggregate states 

before measurement. 

 

2.4 Preparation of liposome and immobilization of liposome on cantilever surface 

  The liposomes were prepared using DPPC supplemented with 1 wt% of PE as the same 

manner as previously reported [30]. It is noted that this time we prepared two kinds of DPPC 

liposomes with the diameter of 100 nm, which were encapsulated with the buffer solutions of 

ultrapure water and PBS, respectively. The liposome encapsulated with ultrapure water was 

used for the measurement in the Aβ aqueous solution, while the liposome encapsulated with 
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PBS was used for the measurement in the Aβ serum solution. This is because the osmotic 

pressure and pH value of PBS agree with those of serum and thus the liposome encapsulated 

with PBS is difficult to rupture in serum condition.  

  The immobilization procedure of liposome on cantilever surface is shown in Fig. 2. In brief, 

self-assembled monolayer (SAM) was formed on the gold surface by immersing the 

cantilever in ethanol solution of 16-mercaptoundecanoic acid, followed by the activation of 

terminal carboxyl groups with NHS by dehydration with EDC in 90% 1,4-dioxane. Finally, 

the liposomes were immobilized on SAM via amino-coupling between the activated ester of 

NHS and PE.  

 

2.5 Detection of liposome-Aβ interaction on cantilever 

  It is generally known that molecules that adsorb on a cantilever generate a surface stress 

due to interactions between the molecules and the cantilever surface, and then cause the 

bending of cantilever [31]. The relationship between the cantilever deflection and surface 

stress can be described through Stoney’s formula [32] 

  Δz = 3σ(1 - ν)L2 / Et2                          (1) 

where Δz is the cantilever deflection, σ is the generated surface stress, ν is Poisson’s ratio 

(≈0.361 for Si<110> direction), E is the Young’s modulus (≈1.69×1011 Pa for Si<110> 

direction), L and t are the length and thickness of the cantilever, respectively. In this work, 

liposome-Aβ interaction was evaluated by detecting the deflection of cantilever, which was 

transformed to the resistance change of NiCr strain gauge. The resistance change rate of the 

strain gauge is defined as ΔR/R0, where R0 is the initial resistance (approximately 4.5 kΩ) of 
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the strain gauge, and ΔR is the resistance change. The relationship between the resistance 

change rate ΔR/R0 and the cantilever deflection Δz can be expressed as 

ΔR/R0 = kΔzt / L2                           (2) 

where k is the gauge factor (≈2) [33]. 

  In this work, the experimental temperature was kept constant (23 oC) to reduce the 

influence of temperature on resistance change. The resistance of NiCr strain gauge was 

measured by four-wire method using a precise digital multimeter (R6581, Advantest, Japan) 

after sealing the target solution in the droplet-sealing structure, and the data acquisition was 

controlled by LabVIEW (ver. 2012) software. This time we developed two methods (see Fig. 

3) to investigate the process and characteristics of Aβ fibrillization on phospholipid 

membrane in real time (through Method-A) and examine the possibility for this biosensor to 

detect Aβ in different molecular state (through Method-B). 

 

3. Results and discussion  

  At first, time-course investigation of the Aβ fibrillization process on liposomes in the 

solvent of ultrapure water was carried out for about 24 h. Figure 4 shows time course of 

resistance change rate for the liposome-immobilized cantilever in ultrapure water and Aβ 

aqueous solutions with different Aβ concentrations. The resistance measured in ultrapure 

water remains unchanged all the time, which proves that a very long-time stable measurement 

in the target solution is achieved. Thereafter, it is found through the observation of the other 

curves that, regardless of the Aβ concentration, the resistance measured in Aβ aqueous 

solution shows almost the same changing tendency. Specifically, the resistance keeps stable 
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for initial 8 h in Aβ(1-40) aqueous solution. After 8-hour measurement, the resistance 

significantly increases with time until it reaches relatively steady-state after measuring for 

about 17 h. As the resistance change rate reflects the extent of liposome-Aβ interaction, it is 

indicated that Aβ(1-40) does not interact with DPPC liposome within the initial eight hours, 

but shows large interaction ability with DPPC liposome during 8 to 17 h from the start, then 

subsequently the extent of liposome-Aβ interaction becomes small again. It has been reported 

that the monomeric Aβ is non-toxic and does not interacted with phosphocholine (PC) lipids 

[16,34]. It is therefore considered that until the initial 8 h, the aggregation of Aβ(1-40) 

progresses very slowly, Aβ(1-40) keeps mainly in monomeric state and hardly binds to 

liposome to cause the surface stress change of the cantilever. It has also been reported that 

aggregation of Aβ monomer enhances its cytotoxicity and interaction ability with lipid 

membrane during fibril growth process [23,35]. Therefore, the results of the significant 

increase in resistance during the period from 8 to 17 h indicate that it takes at least 8 h for 

Aβ(1-40) in aqueous solution to form highly reactive Aβ aggregation-intermediates, which 

interact with the liposomes and nucleate on the lipid membranes. Thereafter, the 

aggregation/fibril growth of Aβ(1-40) markedly proceeds on the lipid membranes. 

Hydrophobic forces drive Aβ-lipid interactions between zwitterionic bilayers and aggregated 

forms of the protein [36]. Therefore, during the period of Aβ fibril growth on the liposomes, it 

is considered that hydrophobic interaction induces the aggregated Aβ to invade into the inside 

of the lipid bilayer. On the other hand, accumulating research suggests that Aβ 

aggregation-intermediates are more toxic to cell membrane than the fibrils themselves [37-39]. 

Thus the reason for the resistance reaching almost steady-state after about 17 h is speculated 
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to be that liposome-Aβ interaction becomes weak due to the completion of Aβ fibrillization. 

Combined with the above analysis, Table 1 summarizes the characteristics of Aβ(1-40) during 

its fibrillization on lipid membrane, which are expected to become effective evidence for 

mechanism research on Aβ fibrillization on brain cells. 

  Another important phenomenon is found from Fig. 4. The resistance change becomes 

larger with increase in Aβ concentration. This is because more protein molecules 

simultaneously interact with the liposomes per unit area of the cantilever surface when the 

liposomes are exposed to the protein solution with higher concentration. The dependence of 

resistance on the Aβ concentration suggests the possibility of quantitative detection of Aβ 

concentration using the cantilever-based liposome biosensor. To be specific, the resistance 

change rate after 17 h in an Aβ(1-40) solution, which almost reaches steady-state, reflects the 

saturated deflection of cantilever in the Aβ(1-40) solution, which is nearly proportional to the 

maximum quantity of the full-grown Aβ fibrils formed on the liposomes. The saturated 

resistance change rates obtained in Aβ aqueous solutions with the concentration of 1, 10, and 

100 μM are approximately 20, 65, and 340 ppm, respectively, and the resistance change rate 

in ultrapure water remains nearly 0. The relationship between the saturated resistance change 

rate and Aβ concentration is illustrated in Fig. 5. The relation between the saturated resistance 

change rate (ΔRS/R0) and Aβ concentration (CAβ) can be fitted with a quadratic function by the 

least square method 

ΔRS/R0 = -0.03CAβ
2 + 6.22CAβ+ 6.51                    (3) 

where the fitting degree (r2) is 0.999, nearly 1. It is speculated that this phenomenon is a 

rate-limited interaction, that is, the gap between the fitting curve and the straight dash line is 
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attributed to part of Aβ fibrils spontaneously forming and growing in the solution not on the 

liposomes. Given the above, it is considered that saturated resistance change rate in an 

Aβ(1-40) solution can be used to estimate the Aβ concentration of the solution through eq. (3). 

On the other hand, it is noted that this time the micro-cantilever biosensor can detect a low Aβ 

concentration of 1 μM, which is close to the concentrations of Aβ in cerebrospinal fluid of 

patients with AD [40]. This means that the cantilever-based liposome biosensor will become a 

promising candidate device for label-free detection of Aβ. 

  In order to further discuss the feasibility of Aβ detection in plasma using the 

cantilever-based liposome biosensor, time-course investigation of Aβ-liposome interaction in 

serum solution was carried out for about 24 h. Figure 6 exhibits time course of resistance 

change rate for the liposome-immobilized cantilever in serum and Aβ-added serum solutions 

with different Aβ concentrations. Firstly, it is found that the resistance seems not to change 

with time in serum. It is indicated that the DPPC liposome scarcely interacts with the serum 

components in this study. It has been previously reported that occurrence of serum 

protein-liposome interaction depends on lipid composition, liposome preparation method, and 

experimental conditions such as pH, temperature, and protein concentration [41]. Furthermore, 

Juliano et al. [42] and Jonas [43] have reported that PC liposomes do not interact with serum 

albumin, which is the major protein in serum. Jonas has further explained that albumin is 

capable of binding only the separated lipid molecules but not lipid molecules included in 

liposomes [43]. Next, as compared Fig. 6 with Fig. 4, it is observed that the chronological 

change in change rate of the resistance in Aβ serum solution as a parameter of Aβ 

concentration are almost the same as the results measured in the Aβ aqueous solutions. In 
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other words, the fibrillization process and characteristics of Aβ(1-40) on liposome are 

considered to be substantially the same between in the aqueous condition and in the serum 

condition. It is implied that the serum components have little influence on the liposome-Aβ 

interaction, and DPPC liposome shows high affinity and selectivity to Aβ. Note that 1-μM Aβ 

has been detected in the serum solution as well as in the aqueous solution. We consider that it 

is possible to detect plasma Aβ by applying the cantilever-based liposome biosensor.  

  As mentioned above, the extent of liposome-Aβ interaction depends on the aggregate state 

of Aβ, so it is considered the DPPC liposome has the potential of recognizing Aβ in different 

states. For the next experimental results of Method-B, the resistance change rate for the 

liposome-immobilized cantilever in Aβ(1-40) aqueous solutions incubated for different time 

was measured for 50 min, as shown in Fig. 7. It is observed that the resistance change rate 

increases faster with increasing the incubation time from 12 to 21 h. It is indicated that 

liposome-Aβ interaction becomes larger with increase in the Aβ aggregation degree. Then it is 

found that the resistance change rate lowers again when the incubation time reaches up to 40 

h. It can be explained that Aβ fibrillization is near completion after 40 h, therefore the 

liposome-Aβ interaction becomes smaller. These results indicate that the cantilever-based 

liposome biosensor can also be used to recognize the fibrillization stage or the current state of 

Aβ existing in specimen. Meanwhile, it is interesting to point out that Aβ(1-40) incubated in 

aqueous solution without liposome for 21 h is still in the rapid aggregation process and shows 

large interaction ability to DPPC liposome. Compared with the Aβ fibrillization on liposome 

in Fig. 4, it is noted specially that the presence of DPPC liposome significantly accelerates the 

aggregation of Aβ(1-40) in the incubated solution. This phenomenon could be explained by 
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the theory proposed by Jarrett and Lansbury Jr.. They suggested that Aβ fibrillizes primarily 

through a nucleation-dependent polymerization mechanism, and phospholipids can act as 

heterogeneous seeds for the polymerization [44].  

 

4. Conclusion 

  We have developed a strain-gauge cantilever-based biosensor with liposomes as model cell 

membrane immobilized on the cantilever surface to characterize the dynamic behavior of Aβ 

fibrillization on lipid membrane. It is worth noting that the improved droplet-sealing structure 

ensures the stability of liquid condition of the target solution, leading to the realization of a 

long-time stable measurement up to 24 h. The real-time monitoring of Aβ fibrillization on 

lipid membrane reveals that the process and extent of Aβ fibrillization on lipid membrane 

show almost the same tendency whether in aqueous condition or in serum condition, owing to 

the sufficient affinity and selectivity of DPPC liposome to Aβ. The characteristics of Aβ 

during fibrillization on lipid membrane summarized on the results are expected to become 

effective information for amyloid related research. On the other hand, the possibility is 

demonstrated to detect plasma Aβ without labeling by the cantilever-based liposome 

cantilever. The quantity of the full-grown Aβ fibrils formed on the liposomes is dependent on 

the Aβ concentration in accordance with the mentioned quadratic function. Meanwhile, it is 

confirmed that the cantilever-based liposome biosensor is able to recognize the different 

fibrillization stage of Aβ in target solution. We believe that these findings obtained in the 

study become effective reference for the application of the cantilever-based liposome 

biosensor to amyloid related research and early diagnosis of AD.  
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Table 

 

Table 1  Interaction extent, main state and fibrillization process of Aβ(1-40). 

 

Aβ(1-40) 

Measurement time Interaction extent Main state Fibrilization process 

0-8 h Small Monomer 
Very slow aggregation;  

Almost no interaction with liposome 

8-17 h Large Aggregation-intermediate 
Rapid aggregation;  

Fibril growth on liposome 

≥17 h Small Full-grown fibril 
Complete fibrillization; 

No more interaction happening 
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Figure captions 

Fig. 1  A schematic cross section of droplet-sealing structure adhered on the cantilever chip 

(a). Cross-sectional photographs of improved droplet-sealing structure filled with target 

solution as sealed (b) and after 24 h (c). The airtightness of the droplet-sealing structure is 

significantly improved by filling undried PDMS in the seams between the droplet-sealing 

structure and the cover. 

Fig. 2  Immobilization procedure of liposome on cantilever surface through covalent binding 

of PE to SAM. 

Fig. 3  Flowcharts of two investigation methods using the cantilever-based liposome 

biosensor. Method-A: fill the non-aggregated Aβ solution in the droplet-sealing structure, 

thereafter monitor the resistance change of the strain gauge for 24 h in real time; Method-B: 

incubate the non-aggregated Aβ solution for several hours to form Aβ aggregates at different 

stages of fibrillization, and then fill the Aβ aggregate solution in the droplet-sealing structure, 

followed by 50-min measurement of the resistance change. 

Fig. 4  Time course of resistance change rate for the liposome-immobilized cantilever in 

ultrapure water and Aβ aqueous solutions with different Aβ concentrations. 

Fig. 5  Plots of saturated resistance change rate after 17 h dependent on Aβ concentration. A 

fitting curve by the least square method shows that the relation between the saturated 

resistance change rate (ΔR/R0) and Aβ concentration (CAβ) fits well with the function ΔRS/R0 

= -0.03CAβ
2 + 6.22CAβ+ 6.51 (fitting degree (r2) = 0.999).  

Fig. 6  Time course of resistance change rate for the liposome-immobilized cantilever in 

serum and Aβ serum solutions with different Aβ concentrations. 
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Fig. 7  Resistance change rate against measurement time for the liposome-immobilized 

cantilever in Aβ(1-40) aqueous solutions incubated for different time.  
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Figures   
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Fig. 2 
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Fig. 4 
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Fig. 5 
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Fig. 6 
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Fig. 7 
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