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Abstract 

Alzheimer's Disease has posed a critical challenge to the global health system. Although 

no cure is currently available, early diagnosis is beneficial to both the health system and 

patients. To improve early diagnosis, a microfluidic platform is proposed to capture and 

detect neuronal exosomes. In this study, the microfluidic platform was first optimized 

and evaluated by a commercialized ELISA kit, and neuronal cell marker and neuronal 

exosomes were captured and analyzed on-chip by sandwich ELISA. The microchip 

achieved high sensitivity for both protein and exosome, which reaches 10pg/ml and 106 

level respectively. Overall, this study illustrates the potentiality of the proposed 

microfluidic platform, which will be further improved to be applied for AD early 

diagnosis study. 
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1. Introduction 

1.1 Microfluidics 

1.1.1 Introduction to Microfluidics 

Microfluidics, which is also referred as miniaturized total analysis system 

(𝜇 TAS) or lab-on-a-chip (LoC) technology, is a technique capable of manipulating 

fluids in microscale [1][2]. It originates from the advances of molecular analysis and 

microelectronics. Molecular analysis methods like capillary chromatography and 

capillary electrophoresis revolutionized biochemical analysis by sensitive and high-

resolution analysis of small-volume samples [1]. The application of such methods in 

microscale makes integrated microfluidic devices with compact and versatile functions 

possible [3]. Meanwhile, microfabrication techniques, like photolithography, from 

microelectronics were applied to the fabrication of microfluidic devices. With rapid 

advances in molecular analysis and fabrication methods, microfluidic techniques have 

been widely applied in Biology and Medical researches.  

Compared to conventional desktop technologies, Microfluidics is advantageous 

because of smaller sample consumption, predictable flow regime, shorter reaction time, 

and easy to be integrated with actuators, sensors, and automation systems [4]. These 

advantages result from the characteristics of fluid under microscale. Reynolds number 

(Re) describes the ratio of inertial force against viscous force. High Re means the flow 

is mainly inertial and turbulent. Re can be calculated by equation 1.1,  

 Re=
𝜌𝑢𝐷

𝜇
 （1.1） 
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Where 𝜌 is density, u is flow speed, D is channel diameter, and 𝜇 is fluid 

viscosity. In Microfluidic systems, the flow has low Re number, which means the 

flow is laminar and diffusion is less obvious. In this circumstance, flow is predictable 

and can be manipulated precisely [2]. Besides, surface tension plays a bigger role in 

Microfluidic devices. Surface tension represents the tendency of the fluid to reduce its 

surface area ratio to reduce free energy. In Microfluidic channels, fluid has a higher 

surface-area-to-volume ratio and smaller influence from gravity, which facilitates 

precise fluid transportation [5], cell patterning [6], and controllable emulsion 

production [7] by capillary force. In addition, smaller volume in Microfluidic device 

allows fast biochemical reaction and less sample consumption. Overall, Microfluidic 

techniques show potentiality to replace the conventional desktop technologies, like 

single-cell level western blotting [8], integrated DNA amplification and analysis [9], 

and label-free cell sorting [10].  

 

Figure 1． Laminar flow versus turbulent flow. When Re is high, fluid tends to have 

a turbulent flow profile, which is chaotic and unpredictable, When Re is low, fluid has 

Laminar flow 

Turbulent flow 
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a laminar profile, and flow is highly precise and predictable.  

1.1.2 Different Microfluidic materials and relevant fabrication methods  

In recent years, various materials have been developed for Microfluidic chip 

fabrication. Herein, different materials and their fabrication methods are introduced.  

1.1.2.1 Glass and silica 

Glass and silica had been used as capillary materials for capillary 

electrophoresis (CE). Compared to other materials, both glass and silica have higher 

Young’s modulus, high thermoconductivity, and thermostability. Besides, silica and 

glass have high electroosmotic mobility, they are preferred for on-chip electrophoresis 

[11]. 

Glass and silica chips are normally fabricated by photolithography [12]. As 

shown in figure 2, a layer of photoresist is spin-coated on the wafer surface. A 

photomask is then covered on the top. After being exposed to UV, micropattern is 

transferred to the photoresist layer, followed by developing to wash away extra 

photoresist. The wafer is then etched to form the micropattern. To seal the chip, a clean 

glass slide is normally bonded to the wafer by fusion bonding or direct bonding. Briefly, 

the wafer is aligned and covered with a clean glass slide. Pre-bonding happens under 

room temperature, during which silanol groups start polymerizing to form Si-O-Si 

bonds. At annealing stage, the temperature is elevated above 150℃ to fully polymerize 

the silanol groups. After bonding, the chip is drilled and ready for use [12].  

Although glass and silica were widely applied in CE, there are some limitations 
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to its application in Microfluidics. First, the cost of fabricating each chip is high. Second, 

the bonding step requires extreme conditions. Third, automation components like 

valves and pumps can’t be added easily.  

 

Figure 2. Schematic representation of glass microchip fabrication by photolithography 

[12]. The photoresist was spin-coated on the wafer, which was covered by photomask 

and exposed to UV. The extra photoresist was washed away by developer reagent. After 

hard baking, the area not protected by photoresist was etched. After being cleaned, the 

wafer was pre-bonded to substrate at room temperature, and then annealed at higher 

temperature to form Si-O-Si bonds between microchip and substrate.  

1.1.2.2 Hydrogel  

Hydrogel is a hydrophilic polymer network which can be crosslinked to form a 
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3D solid. It is highly porous and biocompatible, which has been widely used to mimic 

extracellular matrix in vitro [13][14]. Application of hydrogel in Microfluidics allows 

better diffusion of nutrients and construction of complex micropatterns in vitro, which 

makes it suitable to in vitro cell-culture-based experiments [11][15].  

There are different methods to fabricate hydrogel microchips. Yibo et al. [16] 

used a molding method to fabricate agarose chips. As shown in Figure 3, a silicon wafer 

with SU-8 was fabricated by photolithography, which was used as a mold to fabricate 

multiple hydrogel chips by soft lithography. Valerie [17] et al. developed a 

photopatterning method using Polyethylene glycol (PEG). Briefly, prepolymer solution 

mixed with cells and light-sensitive crosslinker was covered by photomask and exposed 

to UV to transfer the micropattern to the hydrogel. This method allows cell 

encapsulation in hydrogel and can be further applied to tissue engineering. Bo et al. [18] 

developed a modularly assembled hydrogel microchip. Briefly, the modular microgels 

were fabricated by photolithography. Poly(ethylene glycol) diacrylate (PEGDA) 

precursor solution mixed with cells and photo-sensitive crosslinker was covered by 

photomask and exposed to long wavelength UV, after which microgels were harvested 

by washing away the extra solutions. The modular microgels were then crosslinked into 

a larger porous construct.  

Compared to various fabrication methods, bonding of hydrogel microchips is 

challenging. Commonly, hydrogel can be bonded to a substrate by melting a thin layer 

of hydrogel [16]. In other cases, the fabricated 3D microchips were incubated in 

bioreactors directly without bonding [17][18]. Besides, a secondary linking agent can 
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be used to bond the microchip with substrate [19]. Overall, hydrogel as Microfluidic 

material is more suitable for cell culture studies.  

 

Figure 3．Hydrogel fabrication by soft lithography [16]. Briefly, a silicon template was 

fabricated by photolithography. Agarose was melted at 70℃. Agarose solution alone or 

mixed with cells was poured onto the silicon template and cooled at 25℃. For bonding, 

the agarose chip was peeled off from the template and pressed against another thin 

agarose sheet at 70℃. For 2s.  

1.1.2.3 Polymer Materials   

Polymer materials have intervening modulus between glass and hydrogel. 

Compared to glass and hydrogel materials, polymer materials are inexpensive and 

easier to fabricate, which makes them most popular in Microfluidics[11]. Herein, 
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thermosets, thermoplastics, and elastomers are introduced separately.  

1.1.2.3.1 Thermosets 

Thermosets are the polymer materials that can’t be melted to reshape after being 

cured. Thermosets generate a rigid 3D molecular network once being heated or radiated 

to be cured. Compared to other polymer materials, thermosets have higher glass 

transition temperature (𝑇𝑔 ) that is close to decomposition temperature (TD), which 

means thermosets have higher 𝑇𝑔 are more thermally and mechanically stable [21]. As 

a thermoset, SU-8 negative photoresist has been applied in photolithography to 

fabricate complicated 3D microstructures [20]. However, diaphragm controlling 

components are not available on thermoset microchip due to modulus.  

1.1.2.3.2 Thermoplastics 

In contrast to Thermosets, Thermoplastics can be melted to reshape after being 

cured, which means that thermoplastics are more processable than thermosets. At 𝑇𝑔, 

Thermoplastics soften rather than decompose, which means that they can be structured 

by injection molding and hot embossing at 𝑇𝑔  [21]. Commonly used thermoplastic 

materials include polymethyl methacrylate (PMMA) [22], polystyrene [23] and 

cycloolefin [24].  

1.1.2.3.3 Elastomer and automated microchip design 

Elastomers have longer polymer chains, and polymers are entangled rather than 

chemically crosslinked after being cured, which gives elastomers good elasticity 

compared to thermosets and thermoplastics. Poly(dimethylsiloxane) (PDMS) is the 

most popular polymer material for microfluidic chips. Compared to other materials, 
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PDMS microchips are easy to fabricate due to low cost and mild curing temperature 

(40-70℃). Briefly, a microfluidic chip is designed in AutoCAD, which can be printed 

as a photomask. A layer of photoresist is spin-coated on the wafer, which is covered by 

the photomask and exposed to UV to transfer the micro patterns to the wafer. After 

being developed and baked, the wafer can be used as a template to produce PDMS 

replicas by soft lithography. In addition, PDMS chips can be easily bonded to PDMS 

or glass by oxidizing the methyl groups of PDMS surface by UV [25].  

Another advantage of PDMS is its elasticity, which makes complicated and 

automated fluid manipulation possible by diaphragm valves [26][27]. Marc et al. [26] 

developed a multi-layer PDMS microchip with pneumatic valves and pumps, which 

had a cross-channel architecture. When the pressure was applied at the upper control 

layer, membrane in the middle deflected and pressed down to close the channel. Wang 

et al. [27] developed a two-layer microchip for ultrasensitive immune assay. Herein, 

three valves in one channel were used to pump through the fluid automatically, and a 

schematic of the valve is shown in Figure 4. Briefly, three valves were connected to a 

homemade controller, which controlled the valves to actuate in a 4-step pumping 

sequence. In this way, the solution flowed through the channels in a stop-flow manner. 

Moreover, as shown in Figure 5, the stop-flow manner improved the protein capture 

efficiency compared to continuous flow.  
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Figure 4. Schematic representation of the pneumatic valves used by Wang et al [27]. 

Briefly, the valve was controlled by pressure and vacuum. When pressure is on, 

membrane in the middle of the pneumatic layer and the fluidic layer was pressed down, 

and the fluid channel is blocked. When the vacuum is on, the membrane is lifted up, 

and the valve below is open.  

 

Top view 

Lateral view 

Pressure on 

Vacuum on 

Pneumatic layer 

Fluid layer 
Substrate 
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Figure 5. The stop-flow pumping cycle and the influence on immune capture efficiency 

[27]. As shown above, the three valves were actuated (closed) in sequence to pump 

through the flow continuously. Pulse time is the waiting phase between two pumping 

cycles, the influence of which was measured by capture efficiency of captured target 

protein on-chip. Compared to continuous flow (0s), pulse intervening improved the 

capture efficiency.  

1.2 Alzheimer’s Disease  

Alzheimer’s Disease (AD) is the most common cause of dementia [28][29], 

which is characterized by gradual neurodegeneration over time. It’s estimated that there 

were 5.7 million AD patients in America in 2018. The death rate of AD has increased 

by 123% between 2000 and 2015. Moreover, AD is also the only top ten leading cause 

of death that currently has no cure [29]. As the prevalence and death rate increasing, 

it’s posing a bigger burden to the health system.  

1.2.1 Clinical significance of AD early diagnosis 

One interesting fact about AD is that more than 95% of AD patients are over 
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age 65 [29]. It’s because AD progress slow at preclinical and mild cognitive impairment 

stages (MCI). Although there is no cure, early diagnosis in preclinical and MCI stages 

is financially beneficial to both patients and healthcare system. Weimer et al.  [30] 

suggested that diagnosis at the earliest stage had the best financial benefits at national 

level. Besides, earlier diagnosis can also help patients assemble medical resources and 

reduce the effect of the dementia on their daily life. A model based on 2018 total 

American population predicated that all potential AD patients would cost 47.1 trillion 

dollars in total. However, even partial early diagnosis could save 14% of the cost. 

Though early-stage diagnosis is fiscally beneficial, it has been difficult due to lack of 

accurate diagnosis methods. Previously, AD diagnosis is based on 1984 guideline [31], 

which primarily relies on doctor’s judgment, cognitive tests, and relevant reports. To 

improve early diagnosis, new guideline in 2011 [32] incorporated neuroimaging tests, 

which includes neuroimaging methods like 𝛽-amyloid (𝐴𝛽) deposition test by positron 

emission tomography (PET), brain metabolism test by FDG-PET and brain tissue 

changes test by structural MRI. However, neuroimaging methods cannot precisely 

specify the cause of dementia. An AD diagnosis accuracy study [33] shows that the 

diagnosis specificity ranges from 44.3% to 70.8%. Till now, histological examination 

like biopsy and autopsy still serves as the golden standard for AD [33]. A non-invasive, 

point of care and highly sensitive method is needed for early diagnosis.  

1.2.2 AD pathology 

AD has two major hallmarks: amyloid plaque and neurofibrillary tangles. 
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Herein, the two hallmarks and how they lead to neuronal dysfunction are briefly 

introduced [34].  

1.2.2.1 Aβ plaque  

Aβ protein derives from amyloid precursor protein (APP), which can be cleaved 

by 𝛽 and 𝛾 secretase to produce Aβ. previously the Aβ cascade hypothesis suggests 

that misfolded Aβ aggregates deposition causes the dysfunction in neuronal system. 

Recently, studies focus more on the cleavage of APP, which further developed the 

hypothesis [34]. Christian et al. [35] illustrated that some of Aβ soluble oligomeric 

assemblies are toxic, while larger insoluble aggregates, like Aβ plaques, serve as toxic 

oligomer reservoir. On another hand, though both Aβ40 and Aβ42 increase during AD 

progression, Tommaso et al. [36] showed that Aβ42 is directly associated with AD.  

 

Figure 6. Aβ cascade hypothesis [34]. APP is cleaved by secretase to form Aβ, which 

aggregates to form Aβ plaque. The Aβ plaque is believed to cause neuronal dysfunction 
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and AD.  

1.2.2.2 Neurofibrillary tangles  

Tau protein plays an important role in maintaining microtubule stability in 

central nervous system. In AD, tau protein is hyperphosphorylated, and its oligomers 

form neurofibrillary tangles, which disrupt the normal structure and function of neurons 

[34]. First, tau aggregation disrupts the binding of tau protein to microtubule, which 

leads to cytoskeleton instability [38]. Second, tau isoforms are abnormally produced in 

AD, binding of which leads to dysfunction of microtubule and axonal disruption [39]. 

Third, Nie et al. [40] showed that tau aggregates led to apoptosis in vivo.  

 

Figure 7. Formation of Neurofibrillary tangles [38]. Normally, tau proteins bind to 

microtubules to stabilize the cytoskeleton structure in neurons. Hyperphosphorylation 

causes tau proteins to dissociate from microtubules and accumulate. Excess 
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concentration leads to conformational changes, 𝛽-sheet formation, nucleation and final 

formation of neurofibrillary tangles (NFT).   

1.2.2 AD diagnosis and biomarkers 

Liquid biopsy has been widely studied for cancer early diagnosis [53][54][55]. 

It is less invasive than autopsy and allows us to take multiple samples from patients 

over time, which is beneficial to longitudinal studies. Recently, applications of liquid 

biopsy in AD diagnosis have been illustrated [56][57][58][59][60]. However, no 

methods are clinically available to identify AD patients in MCI stage[29]. Since it’s 

impossible to acquire liquid biopsy from degeneration sites in brain, liquid biopsies 

only indirectly reflect the progression of AD dementia. Herein, AD pathology and liquid 

biopsy markers are briefly reviewed.  

The amyloid protein plaque of AD was firstly purified and analyzed in 1985 by 

Masters et al. [61]. Later in 1987, the amyloid precursor protein (APP) was identified, 

which is the origin of the insoluble deposited amyloid protein that causes neuronal 

degeneration [62]. In 1986, hyperphosphorylated microtubule tau protein was identified 

from neurofibrillary tangles and plaques[63]. The 𝐴𝛽 , APP, and p-tau are major 

components of brain plaque and play important roles in AD studies.  

Cerebrospinal fluid (CSF) is in close contact with the brain. It can better reflect 

the biomarker level changes in the brain. Strozyk et al. [64] firstly studied the 

relationship between CSF 𝐴𝛽 and brain 𝐴𝛽, plaque. In this study, 3734 individuals 

were examined for an autopsy study. Participants with dementia were diagnosed with a 
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three-step procedure, which includes neuropsychological testing, interview, and 

neuroimaging. All causes of dementia were taken into consideration and patients were 

diagnosed by diagnostic consensus conference. The autopsy was collected from the 

neocortex and hippocampus, and the brain plaque in autopsy was evaluated with 

Bielschowsky silver stains. Meanwhile, CSF was also collected at death and stored 

under -70 ℃ . Soluble 𝐴𝛽  level was measured by sandwich enzyme-linked 

immunosorbent assay (ELISA). It showed that plaque number in the autopsy was 

inversely correlated with the Aβ level, Besides, patients with other types of dementia 

had a higher level of Aβ than AD patients did. This study indicates that lower soluble 

Aβ levels in CSF reflect a higher possibility of AD progression. However, this study 

was restricted to postmortem testing. Tero et al. [65] It showed that plaque number in 

the autopsy was inversely correlated with the Aβ level, Besides, patients with other 

types of dementia had a higher level of Aβ than AD patients did. This study indicates 

that lower soluble Aβ levels in CSF reflect a higher possibility of AD progression. 

However, this study was restricted to postmortem testing. [66] included apolipoprotein 

E gene (ApoE) 𝜀4  allele and studied the relationship with AD progression. In this 

study, CSF samples from 47 patients diagnosed with AD and 58 patients diagnosed with 

MCI and 35 healthy individuals were collected. 𝐴𝛽 and tau protein were measured 

with ELISA. The results showed a similar result that lower Aβ and higher tau levels 

were correlated with AD patients. What's interesting is that positive ApoE ε4 and 

increased tau protein level were correlated with MCI progression. Among 28 MCI 

patients, 14 patients progressed to AD within 12 years had a higher level of 
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phosphorylated tau (p-tau) and total tau (t-tau) protein, while 7 out of 8 patients with 

ApoE 𝜀4  allele progressed from MCI to AD. This result suggested that CSF tau 

protein indicates the progression of MCI.  

Plasma biomarkers are commonly used for cancer diagnosis. Compared to CSF, 

peripheral blood is less invasive and easier to collect. However, AD biomarkers in blood 

were rarely verified. Mayeux et al. [67] studied the Aβ40 and Aβ42 levels in plasma. 

Briefly, 530 individuals of 65 years older were selected for this study, and blood 

samples were collected at an 18-month interval for three years. Aβ40 and Aβ42 levels 

were measured by sandwich ELISA. Compared to CSF studies, findings in blood were 

more complicated. It showed that individuals without AD, patients with AD, and 

patients who developed AD during the study had significantly higher Aβ42, while Aβ42 

level in patients with newly developed AD reduced over time. This study suggested that 

Aβ42 and Aβ40 increased before and during early-stage of AD but decreased later. 

Higher Aβ42 was indicated to be correlated with higher mortality in AD. However, 

Marieke et al. [68] showed a different conclusion. In this study, 1756 individuals were 

selected, and blood samples were collected. The follow-up study lasted for 8 years, and 

the Aβ level was measured by sandwich ELISA. This study showed that Aβ40, rather 

than Aβ42 was correlated with dementia. Individuals with higher Aβ42 to Aβ40 ratio 

had a higher possibility to develop dementia. Since Aβ protein can be secreted from 

different cells in vivo, it's difficult to correlate the blood Aβ level with AD pathology 

in the brain. Oskar et al. [69] conducted a similar study. The results demonstrated that 

no Aβ concentration differs between MCI and AD significantly. In contrast, CSF lower 
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Aβ42 level was correlated with AD progression. It's suggested in this study that changes 

of Aβ due to other factors, the difficulty of detecting Aβ in blood, and the Aβ originating 

from other cells could contribute to contradictory results. Novel blood biomarkers and 

high-throughput analysis are needed for blood AD biomarker studies [70].  

1.2.3 Exosome 

Exosome is a type of extracellular vesicles that is about 100nm in diameter and 

is secreted by most cells in vivo [71][72]. It originates from multivesicular bodies 

(MVBs), which bud inwards to form vesicles inside MVBs, while some of MVBs can 

finally merge with cell membrane to release the vesicles, which are recognized as 

exosomes [72]. Studies showed that unlike other extracellular vesicles, exosomes were 

released deliberately and played an important role in intercellular communication. Sung 

et al. [73] showed that exosome secretion is critical to cancer cells’ efficient directional 

movement. Meanwhile, Valadi et al. [74] demonstrated that mRNA and miRNA were 

identified in mouse cell exosomes, which were functional and can be taken and 

translated by human cells.  

As discussed above, 𝐴𝛽 protein is an important hallmark of AD. Rajendran 

[77] demonstrated that 𝐴𝛽 was transferred into MVBs after formation, which was then 

identified in exosomes. Moreover, flotillin-1, an exosome protein, was identified in 

amyloid plaque. This information suggests that exosomes are associated with AD 

progression, which makes it a potential biomarker for AD early diagnosis.   
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1.3 Application of Microfluidics in AD 

1.3.1 Microfluidic molecular analysis methods 

Compared to conventional desktop methods, Microfluidics is advantageous 

because of less sample consumption, fast operation and highly integrated design. In this 

section, molecular analysis methods used in Microfluidics, and its application in AD 

are introduced. 

1.3.1.1 label-free analysis 

Label-free analysis methods used in Microfluidics include Surface Plasmon 

Resonance (SPR) and electrical impedance spectroscopy. Excited by electrons or light, 

SPR is induced at negative permittivity (metal)/dielectric material interface, which is 

intensified in resonance [41]. Because the SPR wave happens in the interface, it’s 

sensitive to surface changes, like molecules adsorption and surface roughness.  

SPR was applied for immunoassay at 1983 [42], which measures the attenuated 

reflection at the interface. However, its application in Microfluidics was limited 

because that SPR requires a prism. Jang et al [43] used glass fiber to replace the prism 

to measure the capture of prostate specific antigen (PSA) at the interface, which made 

the miniaturization possible. Besides, Mach–Zehnder waveguide SPR was fabricated 

for Microfluidics [44]. In addition, by visualizing the surface refractive index, SPR 

imaging (SPRI) [45]. Lee et al. fabricated a Microchip with PDMS for SPRI detection, 

which quantitatively measured the spatial distribution of rabbit immunoglobulin G 

(IgG).  
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Impedance Spectroscopy (IS) is another label-free method. It’s the analysis of 

surface electrical response because of reaction, like the capture of target antigens [47]. 

Compared to SPR, IS doesn’t require optical components for detection. On the contrary, 

the key to this technology is the combination of Complementary Metal-Oxide-

Semiconductor (CMOS) circuits with the assay. Lee et al. [48] developed a microchip 

composed of microcoil array on-chip, which was connected to circuits. Cells bonded to 

magnetic beads were flowed through the channel and suspended in the microcoil array 

by magnetic field to be detected.  

However, there are some issues with the label-free methods [47][49]. First, 

label-free detection requires complicated configuration, which makes microchip 

fabrication more complicated. Second, the charged CMOS surface can attract or repulse 

ions in solution, which could cause problems to the detection. Third, it’s reported [49] 

that label-free methods have lower sensitivity than classical immunoassay.  

1.3.1.2 ELISA based analysis 

Another commonly used Enzyme-Linked Immuno Sorbent Assay (ELISA) is a 

commonly used immunoassay. Briefly, the antigen is detected by enzyme-linked 

antibody, and the substance is then introduced to produce amplified signals for detection. 

Based on how the antigens and antibodies are bonded, there are various types of ELISA, 

which include direct ELISA, sandwich ELISA, competitive ELISA, and reverse ELISA. 

Sandwich ELISA is one of the most popular immunoassays because of its high 

sensitivity and specificity and [47]. Eteshola et al. [50] developed a PDMS microchip 
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for ELISA, which reached sensitivity down to 17nM. To further increase the detection 

sensitivity, beads-based methods were developed [51],   

 

Figure 8. Schematic representation of sandwich ELISA.  

1.3.2 Application of Microfluidics in AD 

Microfluidic techniques have been broadly applied in Cancer studies 

[53][54][55]. Compared to conventional techniques, microfluidic techniques are 

advantageous because of low cost, fast detection, and high sensitivity, which makes 

longitudinal detection possible. Compared to the application in Cancer, microfluidic 

techniques are not well studied in AD. Early studies used microfluidic techniques for 

in vitro cell culturing and drug screening. Joon et al.  [58] made use of microfluidic 

chips to study the assembly of 𝐴𝛽  deposition. By chemically immobilizing A 𝛽 

monomers at the internal surface, the assembly process can be achieved by introducing 

A 𝛽  monomer solution. Using this system, the high-throughput analysis of 12 

inhibitory molecules can be studied. Mariana [78] developed a microfluidic system for 

AD diagnosis, which detects ApoE protein by quantum dots. It’s shown that ApoE 

content is associated with AD [79]. In this study [78], tosylactivated magnetic beads 

are conjugated with ApoE antibody. The beads are added into the microchannel to 
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capture and concentrate ApoE from the sample solution. ApoE biotinylated antibody 

and QD655 Streptavindin are added in sequence. This study reaches a LOD of 12.5 

ng/ml, and the operation time on-chip is within 2 hours. In addition to ApoE, other 

biomarkers have been applied to microfluidics for diagnosis. Tassia et al. [57] 

developed a microfluidic platform with a similar method for A Disintegrin And 

Metalloprotease 10 (ADAM10). ADAM10 is a protease that cleaves amyloid precursor 

protein (APP) to protect brain normal function. Low ADAM10 level are found in AD 

patients [80]. In this paper [57], ADAM10 is captured off-chip by magnetic beads. The 

beads are then added into a microfluidic chip to be detected by an electrochemical 

immunosensor. This detection method reaches a LOD of 0.35 fg/ml, and the signal 

intensity is significantly different between healthy control, MCI and AD groups. 

However, compared to enzyme-linked immunosorbent assay (ELISA), the sensitivity 

is lower. Although former studies have shown great chip design and high detection 

sensitivity, Discrimination of AD suffers from the complexity of plasma. Circulating 

biomarkers like ApoE and ADAM10 have different origins. Carine et al.  [60] have 

developed an amplified plasmonic exosome (APEX) platform to assist neuroimaging 

diagnosis. Previously, it has been reported that exosomes are involved in AD pathology 

[75][76]. In this study, circulating exosomes from blood are immobilized, and 

associated 𝐴𝛽  is enzymatically amplified to be detected by transmission surface 

plasmon resonance (SPR) signal. This paper shows that dementia patients of different 

causes, including AD, can be discriminated from each other by exosome-bound A𝛽 

level. However, free A𝛽 and total A𝛽 can’t discriminate against different dementia. 
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Moreover, exosome-bound A𝛽 is well correlated with A𝛽 plaque by neuroimaging. In 

another word, exosome-bound A𝛽 can better reflect AD pathology. To have a better 

understanding of AD pathology and achieve biomarkers that can closely reflect early-

stage AD, a sensitive microfluidic platform is developed. This platform is based on 

ELISA technique and designed for brain-derived exosomes detection. It allows fast 

detection within a day and has high sensitivity.   

 

Figure 9. Confidence limit of AD against healthy control groups. CI with 1 included 

inside means no significant difference from the control group. This table illustrated that 

Aβ40 level was correlated with AD progression, rather than Aβ42 level[68].  

 

Figure 10. Schematic representation of two microfluidic applications in AD [78][60]. 

A 
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(A) A schematic of ApoE electrochemical detection-chip. Samples were injected from 

the inlet and captured by modified magnetic beads in the magnet chamber. ApoE 

concentration was characterized by quantum dots electrochemical signals by three 

screen-printed electrodes (SPE). A typical quantum dots response to voltage is shown 

at the right side. (B) A schematic of APEX chip. The exosomes were captured on APEX, 

followed by specific binding and enzymatic amplification of optical deposit. The 

amplification was measured as a spectral shift. 

1.4 Summary and future work 

Overall, early diagnosis of AD requires further studies on AD liquid biopsy 

biomarkers. To analyze AD biomarkers based on CSF or plasma AD, this study presents 

a Microfluidic platform combined with sandwich ELISA, which allows highly sensitive 

and fast analysis within a day. In this study, exosome was selected as the detection target. 

Exosomes are secreted by cells and function as circulating messenger which can carry 

cargos across blood-brain barrier [75][76]. Among various biomarkers from central 

spinal fluid and plasma, Exosome has shown promising potentiality. Studies have 

shown that exosomes are involved in the formation of Aβ protein deposition [60][77]. 

As demonstrated by Carine et al. [60], neuronal exosomes carry biomarkers specifically 

derived from brain, which can be used to separate neuronal biomarkers, like Aβ, to 

eliminate the biomarkers of other origins.  

In this study, a highly sensitive microfluidic platform is proposed for studying 

AD biomarkers. The first specific aim of this study was to successfully fabricate the 

microchip, and optimize the operation and protocol by a commercialized ELISA kit. 

The second specific aim was to build a standard curve for the selected neuronal 
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exosome biomarker, L1CAM protein, on chip. The third specific aim was to capture 

and detect neuronal exosomes on chip. Overall, the detection sensitivity for L1CAM 

and SY5Y exosome reach 9.97pg/ml and 9.2*106 respectively. To further improve the 

sensitivity, 3D nano patterning arrays will be added in each reaction chamber to 

improve the capture efficiency, and an exosome lysis chamber will be added to reduce 

off-chip operation. Moreover, different biomarkers and exosome samples from blood 

and CSF will be further analyzed to find out liquid biopsy biomarkers for AD early 

diagnosis.  
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2. Method 

2.1 Reagents and materials 

3-aminopropyl-triethoxysilane (APTES) and 99.8% anhydrous toluene was 

purchased from Acros. 25% glutaraldehyde was purchased from Fisher Bioreagents. 

SYLGARD 184 Silicone Elastomer Kit was purchased to prepare 

Polydimethylsiloxane (PDMS) chip. Streptavidin conjugated β-Galactosidase (SβG) 

and Fluorescein-di-β-D-galactopyranoside (FDG) were purchased from Life 

Technologies. Super Block and 1x PBS were purchased from ThermoFisher Scientific 

and Mediatech, Inc. SβG and FDG were dissolved in PBS working solution (PBSW), 

which contains 1% Bovine Serum Album (BSA, Sigma-Aldrich) and 2mM MgCl2 

(Fluka Analytical). L1CAM capture antibody, standard protein and detection antibody 

were purchased from Abcam, R&D Systems and eBioscience respectfully. SY5Y 

exosome samples were supplied by University of Kansas Medical Center. For protocol 

optimization, commercial EGFR ELISA kit (R&D Systems) was used.  

2.2 Chip assembly 

The PDMS chip was designed and fabricated based on our established protocol 

[54]. Briefly, the photomasks were designed by Auto-CAD. Silicon wafers were 

cleaned by piranha solution for 30min. Then, the wafers were washed by deionized 

water and dehydrated. SU8-2025 photoresist was spin-coated onto the wafer. The 

wafers were prebaked, aligned with the photomask, exposed to UV, post-exposure bake, 
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and developed to wash away the extra SU-8. The molds were treated with 

trichloro(1H,1H,2H,2H-perfluorooctyl)silane under vacuum overnight to be prepared 

for use. For the pneumatic layer and patterning layer, 40g of PDMS base and curing 

agent of 10:1 was poured on the molds. After being degassed, molds were cured under 

70℃ overnight. For the fluidic layer, 16g of PDMS base and curing agent of 15:1 was 

spin-coated on the mold at 1000rpm for 45s. The mold was then cured under 70℃ 

overnight. The PDMS pieces were peeled off from pneumatic and patterning chip and 

punctured. The pneumatic layer and fluidic layer were exposed to UV for 5min and 

manually aligned under a stereomicroscope to be permanently bonded. Meanwhile, 

glass slides were cleaned with Piranha solution for 2h. followed by treated with 2% 

APTES in Toluene for 7h. After washing with ethanol, slides were baked at 110℃ for 

2h. The slides were stocked at room temperature for further use.   

2.3 Capture antibody patterning 

The glass slides were treated with 2.5% glutaric dialdehyde to oxidize the 

surface for antibody immobilization. After being washed with PBS, patterning chips 

were exposed to UV and bonded to slides surface. Capture antibody was flowed through 

and incubated overnight. Meanwhile, the bonded pneumatic layer and fluidic layer were 

peeled off. The chips were exposed to UV for 5min and bonded to the slides 

2.4 Nanoparticle tracking analysis (NTA) 

NTA was used to characterize the exosome samples. Briefly, exosome sample 

was taken out of freezer to be melted under room temperature. Then, the sample was 
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vortexed gently and diluted in PBS for 300 times. A syringe without a needle was used 

to take in diluted sample, followed by injecting the sample into NTA chamber. After 

typing in chamber temperature, standard measurement protocol was selected, and each 

sample was analyzed with 5 injections.    

2.5 ELISA on-chip 

After chip assembly, The Super Block blocking buffer was introduced and 

incubated for 1h to block non-specific binding. 20ul standard L1CAM protein of 

concentration ranging from 1pg/ml-1ng/ml was pumped through in a “stop-flow” 

manner[81]. After the capture of standard L1CAM, the chambers were washed with 

10ul washing buffer, followed by pumping through 10ul 1ug/ml L1CAM biotinylated 

detection antibody in 1h. The chambers were washed again with 10ul washing buffer, 

then 20ng/ml SβG dissolved in PBSW was pumped through the chambers in 30min. 

Extra SβG was washed away by pumping through 10ul washing buffer, followed by 

pumping FDG into the chambers. The chambers were then sealed with pneumatic 

microvalves and allowed to react in dark for 40min. Captured L1CAM protein was 

characterized by a fluorescence microscope. The average fluorescence intensity in a 

fixed area was measured by ImageJ (NIH, https://imagej.nih.gov/ij/).   

For on-chip ELISA test with exosomes, the capture antibody was replaced by 

CD81 antibody. Briefly, exosome samples were diluted 300 times in PBS and analyzed 

by Nanoparticle Tracking Analysis (NTA) system. Then, samples were diluted in PBS 

for 100, 1000, and 10000 times. CD81 antibody was used during patterning as capture 
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antibody. Diluted exosome samples were pumped through, followed by pumping 

through L1CAM detection antibody, SβG, FDG, and incubation.   

 

Figure 11. Schematic of the microchip design. (A) Picture of the chip under working 

conditions. (B) A simplified design of the fluidic layer of the chip.  
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3. Results 

3.1 Protocol optimization 

Figure 13 shows the schematic of the chip design. The chip was composed of 4 

reaction chambers, and the reagents and samples were injected from inlets at left. The 

two microvalves and one pneumatic pump close to the outlet served to pump through 

the fluid automatically. In addition, two there are two microvalves controlling each 

reaction chamber, which greatly reduced the fluorescence signal leakage during FDG 

incubation as shown in Figure 14. 

A blocking buffer is used in immunoassays to decrease non-specific binding to 

reduce the background signal. To further improve the performance, the blocking buffer 

was optimized in this study. BSA is a small and non-reactive protein, which is 

commonly used in immunoassays to bind the non-specific binding sites to reduce the 

background signal. Compared to BSA, the Super Block buffer contains a glycoprotein, 

which makes it an efficient blocker for polystyrene plates. In this study, both BSA and 

Super Block were used, and the results are shown in Figure 15A. Student-test p =0.7068 

for all concentration groups, which means two blocking buffers didn't affect the signal 

significantly. In addition, the t-test of background groups got p=0.0224, which means 

that the Super Block buffer reduced the background signal significantly. Thus, Super 

Block was used for further study.  

To have a better understanding of background signal, as shown in Figure 15 B, 

four different groups were tested on-chip: EGFR capture antibody + 500pg/ml EGFR 
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standard protein (High concentration group), EGFR capture antibody + 10pg/ml EGFR 

standard protein (low concentration group), EGFR capture antibody + 0pg/ml EGFR 

standard protein (Background group) and no capture antibody + 0pg/ml EGFR standard 

protein (error group). Our previous study [55] with the same surface modification and 

ELISA methods showed a lower background signal. However, the background signal 

was relatively high in this study. As shown in Figure 15B, reasonably, the high 

concentration group yielded high intensity, while the low concentration group yielded 

low intensity. However, the background group yielded similar intensity as the error 

group, and student-test p-value=0.1388, which means the background group is not 

significantly different from the error group. Combing the previous study and Figure 

15B together, it's clear that there is an error term contributing to high background signal, 

which is neither non-specific binding nor binding between unlabeled capture antibody 

and detection antibody. Possible reasons include insufficient washing steps due to 

different chip design and uneven pressure in each chamber. 

On-chip ELISA performance was evaluated by an EGFR ELISA kit. Briefly, the 

EGFR capture antibody was coated on glass slides, while EGFR standard protein, 

biotinylated detection antibody, SβG, and FDG were pumped through respectively. As 

shown in Figure 15C, the standard curve has a good correlation, which shows that the 

microchip performed well for the EGFR kit.   

.  
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Figure 12 Comparison of open and closed incubation for each reaction chamber. As 

shown above, closed microvalve greatly reduce the fluorescence leakage during 

incubation.  
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Figure 13. Optimization of ELISA on-chip. (A) Comparison of 1%BSA and Super 

Block blocking buffer. All concentration groups t-test p=0.7068, and background 

groups t-test p=0.0224, which means Super Block reduced background and didn’t affect 

the signal. (B) Characterization of background composition. Four groups are EGFR 

capture antibody + 500pg/ml EGFR standard protein (High concentration), EGFR 

capture antibody + 10pg/ml EGFR standard protein (Low concentration), EGFR 
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capture antibody + 0pg/ml EGFR standard protein (Background) and no capture 

antibody + 0pg/ml EGFR standard protein (Error). The background and error groups 

student-test p-value=0.1388. Combined with our previous study[55], there was a factor 

contributing to the background. (C) Standard curve of EGFR ELISA on-chip. 

R2=0.9949, which shows a good correlation. 

3.2 Detection of L1CAM Standard Protein 

L1CAM, also known as CD171, is a transmembrane protein involved in 

neuronal cell adhesion and migration. Studies [82][83] have shown that L1CAM can 

be used to isolate neuronal exosomes from blood. For L1CAM detection, the fabricated 

chip was bonded to the glass slide patterned with L1CAM capture antibody. Standard 

L1CAM protein, biotinylated L1CAM antibody, SβG and FDG were injected from 

inlets and pumped through the channels in a “stop-flow” manner [81]. After being 

incubated for 40min, as shown in Figure 16A, captured L1CAM proteins were 

measured by average fluorescence intensity in a fixed area. Figure 15G shows the 

standard curve of L1CAM ELISA on-chip. Fluorescence intensity of from 32 

measurements were calculated and plotted. Considering the strong photo-bleach effect 

of the high concentration group, 1ng/ml was not included. R2=0.9629, which shows a 

good correlation. The Limit of detection (LOD) was calculated as 9.97 pg/ml, which 

was calculated as the concentration at which signal reaches 𝜇𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 +

3 𝜎𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑.  
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Figure 14. L1CAM detection on-chip. (A-F) Four fluorescence photo of L1CAM at 

500pg/ml, 100pg/ml, 50pg/ml, 10pg/ml, 5pg/ml and 0pg/ml respectively. Average 

fluorescence intensity of fixed area was measured. (G) Standard curve of L1CAM. X-

axis is Log10 of L1CAM concentration. LOD was calculated as the concentration at 

which fluorescence intensity reached μbackground+3 σbackground. 
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3.3 Detection of SY5Y exosomes  

SY5Y is a cell line subcloned from human bone marrow biopsy from a patient 

with neuroblastoma. It’s commonly used to study neuronal function. In this study, 

SY5Y exosome samples supplied by KUMC were used to study the capture and 

detection of exosomes on-chip. As shown in Figure 17A. NTA result showed that the 

peak is located at 93 nm, and 50% of particles are within 107.7 nm based on the report 

file. Besides, the average particle size is 125.5 nm. Since exosomes are defined as 

extracellular vesicles of around 100 nm, the NTA result shows that the exosome sample 

has good quality. Exosome concentration of SY5Y sample diluted by 300 times was 

3.97*109, by which the original exosome sample concentration is 1.19*1010. After NTA 

measurement, SY5Y exosomes were detected on-chip. CD81 antibody was patterned 

on a glass slide to capture the exosomes, while neuronal exosomes were detected by 

L1CAM detection antibody. The standard curve is shown in Figure 16B, and the LOD 

was calculated as the concentration at which the signal reaches 𝜇𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 +

3 𝜎𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑, while the LOD of the SY5Y exosome sample was 9.2*106. 
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Figure 15. SY5Y exosome capture and detection on-chip. (A) NTA results of the SY5Y 

exosome sample which had been diluted 300 times in PBS. X-axis is the particle 

diameter distribution, Y-axis is the concentration of particles at specific diameter. The 

red shaded area represents the deviation. The overall concentration is 3.97*109, while 

the mean diameter is 125.5nm. (B) Standard curve of SY5Y exosomes. SY5Y exosomes 

were captured on-chip by CD81 antibody and detected by biotinylated L1CAM 

antibody. X-axis is log10 of SY5Y exosome concentration. LOD was calculated as the 

concentration at which fluorescence intensity reached μbackground+3 σbackground.  
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4. Discussion 

As shown in the introduction section, AD early diagnosis with liquid biopsy has 

been limited because lack of reliable biomarkers. Different studies [67][68][70] showed 

a controversial conclusion regarding AD biomarkers in blood. Thus, a highly sensitive 

and specific platform for neuronal biomarkers is needed. In this study, a microfluidic 

platform for AD biomarkers has been developed. For specific aim 1, the microchip was 

successfully fabricated by photolithography and lithography. The on-chip ELISA 

protocol was optimized and evaluated by EGFR ELISA kit, which showed good 

performance. For specific aim 2, a standard curve for L1CAM was plotted. As shown 

in section 3.2, detection sensitivity reached 9.9 pg/ml. Previous study [67] has identified 

that the Aβ concentration in AD blood samples was above 80 pg/ml. Thus, the proposed 

microfluidic platform is sensitive enough to analyze the AD blood biomarkers. For 

specific aim 3, SY5Y exosome sample was analyzed with NTA and detected on chip. 

Exosomes were captured on chip by CD81 and detected by L1CAM, and the LOD 

reached 9.2*106. Previous study [83] illustrated that neuronal exosome in AD plasma 

was about 4*108 , which means that the proposed microchip was sensitive enough to 

detect neuronal exosomes in blood.  

Overall, the proposed microfluidic platform has shown great potentiality for AD 

early diagnosis. Despite the high sensitivity, there are a few limitations to this study. 

First, it’s necessary to illustrate how the error factor contributed to the background 

signal, which can further decrease the LOD into femtogram level. Second, the on-chip 

ELISA was conducted on a flat glass surface, which limited the detection sensitivity. 
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Third, diverse biomarkers and samples need to be tested to have a better understanding 

of AD. In the future, 3D patterning arrays and an in-situ lysis chamber will be added in 

this platform to improve the performance. Moreover, more biomarkers and clinical 

samples will be tested on-chip.  
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