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ABSTRACT 

Emerging microelectromechanical system (MEMS) based platforms show great 

prospects in bio-MEMS applications recently. Three platforms were proposed and 

demonstrated based on polymer, paper, and hydrogel substrates for microfluidic and 

sensing applications. 

A size-selective microfluidic platform (ExoSMP) based on polydimethylsiloxane 

(PDMS) for EV isolation was proposed based on nanomembrane filtration and 

hydrodynamic properties of the particles. The isolation efficiency was investigated at 

different sample flow rates and demonstrated a high recovery rate of 94.2% and high 

reproducibility at an optimal sample flow rate with short processing time. Isolation of EV 

subpopulations were also demonstrated by altering the pore sizes of membrane filters. 

ExoSMP shows great potential in investigating the role of EVs in various point-of-care 

applications in disease monitoring, medical diagnosis, and drug delivery. 

A low-cost and enzyme-free paper sensing platform was proposed and developed 

based on molecular imprinted polyaniline (MIP-PANI) electrode by a one-step synthesis 

method by co-polymerization of the aniline monomer with the template on paper. The 

sensing electrode with target binding sites and the signal-transducing electrode were 

created at the same time by MIP-PANI. Glucose concentration was determined in both 

aqueous and bovine blood solutions by the impedance change to evaluate the performance 

of the PANI paper sensors. This simple paper sensing platform provides low-cost and 

reliable chemical/biomarker analysis access to various applications such as disease 

diagnostics and environmental monitoring, especially in underserved communities. 
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A multiplexed barcode hydrogel platform was proposed with four discrete 

compartments containing two types of oxygen and glucose sensing domains to 

demonstrate multiplexed optical sensing. The fabrication process was developed and 

optimized for low-cost and mass production by soft lithography and molding. Multiplexed 

oxygen and glucose response test were characterized by phosphorescent lifetime change 

of the sensing assays and it demonstrated minimal crosstalk between the nearby oxygen 

and glucose responsive compartments. The barcode hydrogel sensors were exposed to 10 

consecutive cycles of 0 mg/dL glucose and 200 mg/dL glucose and demonstrated a good 

glucose response stability. This multiplexed and implantable barcode hydrogel platform 

has great potential in the diagnosis, monitoring, management, and treatment of various 

pathological conditions and can be a valuable tool in personalized medicine. 
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1. INTRODUCTION  

 

1.1. Development of MEMS and BioMEMS 

Since the early 1960s, the fabrication techniques developed for standard silicon integrated 

circuits (IC) processing have been extended to fabricate nontraditional silicon devices. Based on 

the advantages of semiconductor processing, the advent of microelectromechanical system 

(MEMS) has enabled dramatic changes in diverse technological areas.1 In the late 1980s, MEMS 

techniques were applied to precise control and manipulation of fluids that are geometrically 

constrained to a small scale,2 which leads to great prospects of biomedical microelectromechanical 

system (BioMEMS). In terms of control and distribution of fluids and gases, MEMS-based devices 

offer great opportunities to achieve improved device performance, high levels of integration, at 

lower cost, with decreased size and increased reliability.1 Various BioMEMS applications mainly 

consisting of lab-on-a-chip (LOC) and micro total analysis systems (μTAS) have been developed. 

LOC is concerned with miniaturization and integration of lab processes and experiments into a 

single chip/platform, which often can be extended to specific applications such as microarrays, 

organ-on-a-chip, lab-on-your-palm, and lab-in-your-wrist platforms.3 Similarly, μTAS are usually 

applied to various chemical analysis, such as single cell detection, molecular diagnostics, and 

point-of-care diagnostics.4   

 

1.2. Overview of Fabrication Techniques 

Traditional MEMS fabrication processing includes lithography, physical vapor deposition, 

chemical vapor deposition, wet etching, dry etching, and bonding takes advantage of the same 

techniques that are widely used in semiconductor industries for mass production. 

https://en.wikipedia.org/wiki/Lab_on_a_chip
https://en.wikipedia.org/wiki/Total_analysis_system
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Lithographic processes are widely used for nano/micro structure fabrication, followed by 

etching steps and then sealing or bonding processes of the patterned substrate to a cover layer.5 

The dimension of the channel is lithographically defined by the pattern of resist. For 

microstructures such as microchannels, micropillars, and microgrooves, photolithography is 

commonly used to create micron patterns. However, this process generally requires high resolution 

lithography techniques such as e-beam lithography,6 proton-beam lithography,7 X-ray 

lithography,8 and extreme ultraviolet lithography9, 10 for submicron or nano structure 

manufacturing.  

Etching is an essential step to transfer the lithographic pattern on the resist to a substrate 

such as silicon or fused silica. The height of a microstructure is generally controlled by the 

parameters of the recipe during etching. Wet etching and dry etching are the two major types of 

etching techniques.11 The advantages of wet etching are simple, relative fast, high etch rate, and 

high selectivity. However, wet etching is generally isotropic, which means the etchant chemicals 

remove substrate materials under the mask material at the same rate.12 Dry etching often refers to 

plasma etching. Unlike wet etching, the dry etching process typically etches directionally or 

anisotropically. 13 Common types of dry etching are reactive ion etching (RIE) and ion milling. 

The advantages of dry etching include creating high aspect ratio structures and particularly useful 

for materials that are chemically resistant and could not be wet etched. 

Sealing or bonding steps are used to enclose the etched structure including holes, wells, 

trenches and so on. Many approaches have been developed to achieve a seal, such as adhesive 

bonding, anodic bonding, eutectic bonding, and fusion bonding.14 The substrate material is the key 

factor to determine the sealing method. Adhesive bonding is widely used to bond various materials 

including polymers, adhesives, epoxies and UV curable compounds.15 Anodic bonding is often 
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used to bond silicon and ionic glass substrates.16 Eutectic bonding is specifically applied to bond 

materials to form eutectic compound.17 Fusion bonding is a common approach to bonding silicon, 

silica, quartz, compound semiconductors, as well as oxide materials.18 

Other techniques such as physical vapor deposition, chemical vapor deposition, ion 

implantation and annealing are also widely used in MEMS-based device fabrication, depending 

on the need and application. Common types of physical vapor deposition include sputtering, e-

beam evaporation and pulse-laser deposition. Common types of chemical vapor deposition include 

plasma enhance chemical vapor deposition, low pressure chemical vapor deposition, and atomic-

layer chemical vapor deposition.  

Recently, MEMS-based technology has broadened their applications in various fields, such 

as civil engineering, materials engineering, chemical engineering, neuron science, tissue 

engineering, biology and medicine. Much attention has been attracted in multidisciplinary 

applications, especially in biomedical and healthcare areas, which often needs electrical, material, 

mechanical, chemical, optical, and biomedical knowledges to develop low cost and high accurate 

MEMS-based integrated platforms to solve various biomedical issues. 

Apart from the conventional approaches that are suitable for patterning, etching and 

bonding bulk inorganic substrate materials such as silicon and glasses, many methods suitable for 

organic substrate materials have been developed and widely used in BioMEMS applications such 

as microfluidics chips, molecular analysis, and miniaturized sensors. Polymers, papers, and 

hydrogels are among the most used types of substrate materials. 

Polymer-based microfluidics was introduced in the 1980s and viewed as the second birth 

of MEMS technology, compared to conventional MEMS-based devices using silicon and glass 

substrates, such as micromotors, micropumps and microvalves.  The wide variety of polymers 
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grants great flexibility in choosing a suitable substrate material for specific applications. Polymers 

offer attractive advantages as they are easy to access, usually cost efficient, and with good overall 

physical properties and biocompatibility.19 Various polymers can be used to build chips, such as 

polydimethylsiloxane (PDMS),20 polymethylmethacrylate (PMMA),21 polystyrene (PS),22 

polycarbonate (PC),23 and polyvinyl chloride (PVC).24  

PDMS is the material of choice for fast prototyping, and thus it is commonly used in 

laboratories, especially in the academic field. The most popular fabrication method for fabricating 

PDMS chip is soft lithography. In this approach, a PDMS prepolymer solution is mixed with a 

curing agent to crosslink the polymer. The hardness of the final product is determined by the ratio 

of the curing agent. Normally, a prepolymer to a curing agent ratio of 1:10 is used. The whole 

precursor solution is subsequently cast onto a master mold and then placed in an oven to allow 

crosslinking. Many methods are available to produce the master mold such as conventional 

photolithography, three-dimensional (3D) printing, and two-photon polymerization. Once cured, 

open channels are obtained by the pattern transferred from the master mold and the PDMS can be 

easily peeled off from the master mold. Finally, the PDMS needs to be bonded to another surface 

to form enclosed channels, such as glass or PDMS itself. This is usually done by performing an 

oxygen plasma treatment on the surfaces to be bonded. 

Paper, as one of the cheapest materials, is widely studied and used in microfluidic and 

sensor applications. For instance, commercially pregnancy test kits work by having a slip of paper 

that reacts by changing color when  human chorionic gonadotropin (HCG) is present. Many 

methods have been developed for paper-based microfluidics and sensors including wax printing, 

inkjet printing, flexographic printing, screen printing, paper cutting, and even photolithography.25, 

26 Most fabrication methods are relatively simple, flexible, convenient and low cost. Wax printing 
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is commonly used for paper-based microfluidic devices. In a wax printing process, a filter paper 

is patterned with microchannels using a wax printer, or simply by a wax pen and a template ruler. 

The patterned paper is subsequently placed in an oven, causing the wax to melt and penetrating 

the paper, hence forming the hydrophilic channel areas confined by the hydrophobic wax walls.27 

The microchannel made of paper can act as passive pump dispenser without the need of external 

power components.28 Paper-based microfluidic devices are promising in portable and low-cost 

personalized diagnostics, especially for unrepresented populations and underserve communities. 

Hydrogels 3D hydrophilic polymer networks that can swell in water and hold a large 

amount of water while maintaining the structure due to chemical or physical cross-linking of 

individual polymer chains.29 Several methods have been developed for the patterning and 

integration of hydrogels including a soft lithography-based approach with sacrificial or reusable 

templates, photopolymerization, and local integration.30 Over the past decades, various hydrogels, 

such as agarose, Matrigel, poly(ethylene glycol) diacrylate (PEGDA), alginate, and gelatin 

methacryloyl (GelMA), have been frequently used for different applications such as microfluidic 

devices, implantable/insertable sensors, and tissue engineering. The reusable template refers to the 

master mold in the soft lithography-based approach, which can be produced by conventional 

lithography methods or 3D printing. In the photopolymerization method, a ultraviolet (UV) light 

is used to construct gel structures by crosslinking with high spatial resolution.31 High spatial 

resolution and high aspect ratio features can be achieved using this method.32 In the local 

integration method, the creation of gel structures is performed in a microfluidic device.33, 34 Due 

to the laminar nature of flow in microfluidic systems, various gels can be co-polymerized in the  

same microchannel. 
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1.3. Significance of Research 

MEMS-based platforms offer numerous advantages over conventional experimental and 

analytical devices. MEMS-based platforms often have extremely low sample consumption. Due 

to the low internal micro/nano channel volume, the use of fluid sample is therefore reduced to 

microliter or even smaller. This could bring a huge benefit to the applications with expensive 

samples or volume-limited samples. MEMS-based platforms also enable LOC with automated and 

fast operation. Multi-functional devices can be integrated on a single chip. Hence, sample 

preparation, reaction, sample analysis, and waste collection can be done sequentially. Additionally, 

MEMS-based platforms can improve signal-to-noise ratio, sensitivity and stability. Finally, using 

industrial fabrication and assembling techniques make it simple for future mass production 

consideration with low cost. 

In this dissertation, three types of MEMS-based platforms using PDMS, paper, and 

hydrogel substrates were proposed and demonstrated for various applications. Firstly, a size 

selective microfluidic platform for EV isolation is introduced in chapter 2. High particle recovery 

and yield with specific size were achieved by this automated, rapid, and reliable platform. 

Secondly, a low-cost and enzyme-free paper-based sensing platform is introduced in chapter 3. 

Various biomarkers detection was demonstrated by this cost-effective disposable paper sensor 

paltform. Thirdly, a barcode hydrogel platform for multiplexed optical sensing is introduced in 

chapter 4. A multiplexed an implantable barcode hydrogel platform was developed and 

demonstrated for continuous oxygen and glucose monitoring. Finally, summaries of the studies of 

these three platforms are concluded and the future plans are pointed out in chapter 5. 
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2. SIZE SELECTIVE MICROFLUIDIC PLATFORM* 

 

2.1. Introduction 

2.1.1. Significance of Extracellular Vesicles Isolation 

Among translational and clinical researchers, there is significant interest in extracellular 

vesicles (EVs) as potential diagnostic biomarkers and therapeutic vehicles that can be fast-tracked 

to clinical evaluation and precision medicine applications.35, 36 EVs refer to a heterogenous 

population of particles with lipid bilayer membranous structures that hold information in the form 

of proteins, lipids, or nucleic acids, thereby physiologically and pathologically influencing the 

intercellular communication of both the recipient and parent cells.37 EVs are released by most 

viable cells. These particles can be isolated and collected from various bodily fluids such as blood, 

saliva, urine, lymph, and milk. The existing criteria adopted to discriminate among the 

subpopulations are based on size, density, function, and molecular cargo.38  

In the past decades, there are at least three main subgroups that have been identified and 

termed as: exosomes, microvesicles and apoptotic bodies.39, 40 The physical properties of EVs 

contribute to distinct biological functions and organ distribution patterns. A unique cancer-derived 

EV population was recently identified and termed as “large oncosomes”, due to their atypical size. 

They transport oncogenic material and are more specific to cancer cells.41 Exosomes are nano-

 

* Part of this chapter is reprinted with permission from “Isolation of cancer-derived extracellular 

vesicle subpopulations by a size-selective microfluidic platform” by Chen, Z., Yang, Y., 

Yamaguchi, H., Hung, M. C., Kameoka, J., 2020. Biomicrofluidics, 14 (3), 034113. Copyright 

2020 by American Institute of Physics. “Development of size-selective microfluidic platform” by 

Chen, Z., Yamaguchi, H., Kameoka, J., 2019. Annu Int Conf IEEE Eng Med Biol Soc, 2019, 5661-

5664. Copyright 2019 by Institute of Electrical and Electronics Engineers. 
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sized populations of EVs that are released by most viable cells. Two exosome subpopulations were 

recently identified as large exosome vesicles (Exo-L, 90-120 nm) and small exosome vesicles 

(Exo-S, 60-80 nm), and a population of non-membranous nanoparticles was newly discovered and 

termed “exomeres” (~35nm).42 Proteomic profiling of these three nanoparticle subsets has 

revealed that each subgroup contains unique protein cargoes. These proteins participate in different 

signaling pathways and have distinct biological functions.42 Increasing evidence has revealed the 

underlying heterogeneous nature of exosomes within intensively distinct particulate secretomes.43 

EVs display a diverse range of sizes in terms of diameter, but the terms of exosomes and 

microvesicles tend to cause inaccuracy and confusion by both manifold.  

Therefore, the three main subgroups of EVs can be categorized and named based on size 

and in this chapter: small EVs (< 120 nm, sEVs), medium EVs (120 nm-200 nm, mEVs) and large 

EVs (> 200 mm, lEVs). Tremendous attention has recently been focused on sEVs, which play a 

vital role in tumorigenesis, tumor microenvironments, cancer metastasis, and chemotherapeutic 

resistance.42, 44, 45 Thus, the molecular properties and cargo information of various subpopulations 

of EVs must be dissected in order to investigate their clinical potential as diagnostic, prognostic, 

and therapeutic candidates in liquid biopsies. 

 

2.1.2. Conventional Isolation Methods 

To unravel the mystery of EVs, several conventional approaches have been developed such 

as ultracentrifugation (UC),46-48 precipitation,49-51 and membrane filtration,52-54 and 

immunoaffinity-based separation.55  

UC is currently the most common approach for isolating EVs. This gold standard method 

differentiates among sizes with a sequence of centrifugations from low to high rotation speeds. 
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The key barriers to implementing this approach in a clinical setting are the lengthy operating time 

(more than 5 h), low EV recovery, purity, and reproducibility, and poor specifications. There is 

also evidence that the high centrifugal force (100,000 to 200,000 g) can cause EV fusion and 

coagulation, and may damage their structure, properties, and function.56, 57  

Precipitation approaches have drawbacks such as small sample volumes and low purity. 

The polymer matrix used for precipitation can influence the biological activity of the EVs. 

Therefore, precipitation approaches have some difficulty in isolating intact EVs for cancer research 

and biomarker discovery.49, 50  

Membrane filtration method usually utilizes multiple nanoporous membrane filters to 

separate EVs by the pore size. The challenges accompanying membrane-based filtration include 

difficulties with operation optimization, low specificity, and poor reproducibility due to membrane 

fouling.58  

A major drawback of immunoaffinity-capturing based method is the low yield due to 

limitations in specific EV-antibody interactions.55 This approach also requires pre-treatment and 

lengthy processing times.  

Size-selective EV isolation has also been demonstrated by the asymmetric flow field-flow 

fraction (AF4) method42 and multiple nanomembrane filter devices.59 These two approaches have 

been proven to further isolate EV subgroups based on size. However, the equipment for AF4 is 

expensive, not user friendly, and bulky, and the method requires a lengthy processing time. The 

drawback of multiple nanomembrane filtration is the irregular liquid pressure distribution through 

five nanomembranes (the first to fifth membrane pressure applications are not same), which 

reduces reproducibility.  
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Other approaches such as nanowire trapping,60, 61 acoustic separation,62, 63 lateral 

displacement,64, 65 viscoelastic flow separation,66 electrophoretic separation,67 and 

dielectrophoretic separation68 have been implemented. However, these methods are unable to 

efficiently separate EVs based on the size of the subpopulation and suffer from limitations such as 

additional reagents/labels, pre-treatment steps, lengthy processing times, low reproductivity, low 

EV recovery and low purity.  

In this chapter, EV isolation on a single size-selective microfluidic platform (ExoSMP) 

that targets an automated, consistent, and reliable isolation method was reported.69 This method is 

based on a size-selective process accomplished via nanomembrane filtration and the hydrodynamic 

properties of nanoparticles. This unique platform enables the identification and harvesting of size-

specific EVs (i.e., sEVs and mEVs) with the additional advantage of being label-free and featuring 

low cost, short processing times, and convenient integration with other on-chip technology and 

downstream analysis. In this work, intact sEV isolation based on size from mEVs, lEVs, proteins, 

and other bio-fragments was firstly demonstrated with a short processing time of less than one 

hour. Then, isolation of subpopulations of EVs was investigated by simply altering the pore sizes 

of nanomembrane filters. Quantitative analysis of the isolated EVs by nanoparticle tracking 

analysis (NTA) was shown to confirm high recovery from the cancer cell derived EVs.  

 

2.2. Design and Working Principle 

As shown in Figure 1 and 2, the microfluidic platform consists of three horizontally aligned 

polydimethylsiloxane (PDMS) microchannels and two polycarbonate (PC) nanoporous 

membranes (with the pore sizes of 30 and 100 nm) sandwiched between the microchannels. A 

through-hole is punched in the center microchannel to form an enlarged fluid exchange area 



11 

 

through the top to the bottom microchannels. Gold electrodes are connected to the top and bottom 

microchannels to induce the electrophoretic force through the two nanoporous membranes. An 

optical image of the microfluidic platform is presented in Figure 1c.  

 

Figure 1 Schematics of the size-selective microfluidic platform device. (a) Schematic diagram 

of the three-layer microfluidic device. (b) 3D explosive view of the microfluidic device. The 

nanomembrane filters are sandwiched by three microchannel layers. (c) An optical image of 

the microfluidic device with 30 and 100 nm membrane filters. Deionized (DI) water with 

different color dyes was pumped into the top (red), center (blue) and bottom (orange) 

microchannels, respectively. SEM images of the nanomembrane filters with pore sizes (in 

diameter): (d) 100 nm and (e) 30 nm. 

 

The scanning electron microscopy (SEM) images of the 30 and 100 nm nanoporous 

membranes are shown in Figures 1d and e, respectively. The entire sample solution is pumped into 

the top microchannel (red) through the top inlet, and the extraction buffer solutions (PBS) are 

pumped into the center (blue) and bottom (yellow) microchannels at optimum flow rates. 
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Figure 2 Computer aided design (CAD) layout of the microchannel layers.  

 

The top and bottom microchannels are symmetrically designed. The dimensions of the top, 

the center and the bottom microchannels are the same with 25 mm in length, 1000 μm in width 

and 200 μm in height.  The inlets, outlets, and through-hole (in the center layer) are 2 mm in 

diameter. Through-holes are created with 2.5 mm in diameter. 

The flow direction in the microchannels is perpendicular to the vertical electrophoretic 

force acting through the top to bottom microchannels. Less particle fouling can be expected using 

ExoSMP because the transportation direction of the sample flow and electrophoretic force are 

perpendicular, as compared to other membrane-filtration approaches.52-54  

 In the present study, there were two perpendicular forces on the particles: fluidic flow and 

electrophoretic force (see Figure 3). The fluidic flow was induced in the horizontal direction, while 
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the electrophoretic force was prompted by the applied electric field in a vertical direction. The 

forward velocity (𝑉𝐹) was equal to the flow rate of the fluid, while the electrophoretic velocity (𝑉𝐸) 

was calculated based on Equation (1) under a laminar flow condition:70   

                                                  𝑉𝐸 =
𝑄𝐸

6𝜋𝜇𝑅
       (1) 

where Q is the surface charge of the particle, E is the applied electric field, µ is the dynamic 

viscosity of the fluid, and 𝑅 is the hydrodynamic radius of the particle. With the applied voltage 

and fluid, the electrophoretic velocity was therefore inversely proportional to the radius and 

surface charge of the particle. According to the Grahame equation, the zeta potential of the particle 

could be converted to the surface charge,71 as shown in Equation (2):  

                                                      Q =
ε∙ζ

𝜆
                                                                          (2) 

where 𝜀 is the dielectric constant, and ζ and 𝜆 are the zeta potential and Debye screening 

length, respectively. The zeta potential of the proteins was approximately two times larger than 

that of the EVs at their maximum.60, 72, 73 Thus, the most dominant factor for determining the 

electrophoretic velocity was the hydrodynamic radii of the proteins (5-10 nm) and sEVs (30-100 

nm).  

Particles of various sizes under fluidic flow have the same forward fluidic velocity (𝑉𝐹). 

However, particles with smaller hydrodynamic radii (𝑅 ) tend to have larger electrophoretic 

velocity. The variables 𝑅1, 𝑅2, and 𝑅3 represent particles with three different hydrodynamic radii. 

If 𝑅1 > 𝑅2 ≫ 𝑅3 , we have 𝑉𝐸1 < 𝑉𝐸2 ≪ 𝑉𝐸3 according to Equation (1), as shown in Figure 3a. 

Smaller dimensional particles tend to have faster vertical motion. That is to say, the vertical 

velocity of the proteins was much faster than that of the EVs under the applied electric field. 

Moreover, the vertical electrophoretic velocity of the larger EVs was much slower than that of the 
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smaller EVs and proteins, thereby enabling the proteins and smaller EVs to pass vertically through 

the nanoporous membrane. 

 

Figure 3 Schematic diagrams for theory and working principle of the ExoSMP device. (a) 

Negatively charged particles with different dimensions are subject to the electrophoretic 

force by the applied electric field in vertical direction. They have different vertical velocity 

profiles due to their dimensions. (b) Working principle of size-selective isolation of EVs using 

the ExoSMP device with 30 and 100 nm membrane filters in the side view. Schematic particle 

trajectories are labeled in blue arrows. 

 

The workflow of the EV isolation is shown in Figure 3b. EVs, including sEVs, mEVs and 

lEVs, are negatively charged particles.60, 74 ExoSMP can separate particles based on the pore sizes 

of nanomembrane filters and hydrodynamic properties of the particles. Particles larger than the 

pore size are retained by the fluidic force in the same microchannel. Negatively charged particles 

such as apoptotic cells and microvesicles are attracted to the cathode but retained in the top channel 

outlet due to their dimensions and slow vertical velocity. Positively charged molecules such as 

certain proteins are retained and attracted to the gold anode electrode located in the top 
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microchannel. Nanovesicles and negatively charged proteins can pass vertically through the 100 

nm nanoporous membrane due to the electrophoretic force. EVs with dimensions between 30 and 

100 nm are retained in the center microchannel and collected at the center channel outlet. 

Negatively charged proteins are quickly guided into the bottom microchannel through the 30 nm 

membrane filter.75 

 

2.3. Device Fabrication and Assembly 

2.3.1. Microchannel Layer Fabrication 

The microfluidic device consists of three PDMS microchannels and two track-etched 

nanoporous polycarbonate (PC) membranes (Whatman, GE Healthcare Life Sciences). There are 

two approaches to the fabrication of the microchannel master molds: photolithography and 3D 

printing. Photolithography is a conventional IC fabrication process for precise patterning, and 3D 

printing can be used for micro-size structures with the advantages of easy modifying and fast 

prototyping. 

The fabrication process of the maser mold by photolithography is conducted and illustrated 

in Figure 4. In brief, SU-8 2075 photoresist (MicroChem) was spin-coated on a silicon wafer. 

Then, the wafer was soft baked on a hotplate at 65°C. SU-8 photoresist was patterned by 

photolithographic process as the top-, center-, and bottom- microchannel layer master molds 

through UV exposure, hard bake, and  developing process. The wafer was then hard-baked 

overnight to improve mechanical properties. 
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Figure 4 Fabrication process of the master mold by photolithography. 

 

The master mold for each layer can be also simply fabricated by a 3D printer 

(EnvisionTEC). The layout of each master mold was created by a computer-aid design software. 

After printing, the printed molds were exposed to UV light for 5 min and cured at 65°C for at least 

24 h. 
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Figure 5 Fabrication process of the PDMS microchannel layers. 

 

The fabrication process of the PDMS microchannel layers is shown in Figure 5. A Sylgard 

184 Silicone Elastomer (Dow Corning) curing agent and base solution were thoroughly mixed at 

a weight ratio of 1:10, followed by a degassing process in a desiccator with a mechanical vacuum 

pump to remove any air bubbles and ensure a thorough mix of the two liquids. Then, a prepolymer 

mixture was cast on top of the master molds and cured at 65°C for 4 h. After curing, the PDMS 

replicates were peeled off from the master molds. The top layer was punched with three inlets and 

three outlets, and the center layer was punched with two holes to connect the bottom microchannel 

inlet and outlet. A large through-hole was also punched in the center layer.  

 

2.3.2. Device Assembly 

The microchannel layers were bonded by oxygen plasma pre-treatment. The methyl groups 

on the surface of the PDMS layers were oxidized to hydroxide groups under oxygen plasma 
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exposure. In the bottom/center layer bonding process, the channel side of the bottom layer and flat 

side of the center layer were treated with oxygen plasma for 2 min. A piece of PC membrane filter 

was sandwiched between these two layers. A uniform pressure was applied to the top of the device 

for 60 s. Then, the device was baked in the oven at 65°C for 2 h. After baking, the device was 

taken out for a second bonding process with the top layer. Another piece of PC nanomembrane 

was sandwiched between the bonded bottom/center layers and the top layer. After applying the 

appropriate pressure on top of the device to form pre-bonding, the three-layer device was baked at 

65°C for 2 h to improve bonding quality. Microfluidic devices with four groups of nanomembrane 

combinations were fabricated. The pore-size combinations were: (1) 50 and 100 nm, (2) 30 and 

100 nm, (3) 30 to 200 nm, and (4) 30 and 50 nm.  

After removing the device from the oven, six pieces of tubing (Tygon 3350) were cut at 

the same length and connected to the inlets and outlets of the device. The free ends of the inlet 

tubing were connected to syringes, while the free ends of the outlet tubing were connected to 

containers that collected the separated solutions. Gold wires were employed as electrodes and 

pinned at the same position of the top inlet and bottom outlet tubing. A well-mixed epoxy was 

applied around each tube to prevent any leakage from the electrode points. Then, the device was 

baked at 65°C for 30 min to completely cure the epoxy glue. A photograph of the assembled  

microfluidic platform is shown in Figure 6. 
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Figure 6 A photo image of the assembled microfluidic platform with tubing. 

 

2.4. Experiment and Characterization 

2.4.1. Sample Preparation and Experimental Set-up 

For liposome isolation, the sample solution was prepared by mixing three particles with 

different diameters including polystyrene beads, liposomes, and antibodies.  The stock solution of 

polystyrene beads stock solution was purchased from Sigma Aldrich. The mean particle size of 

polystyrene beads is 1 μm. The fluorescent dye (DHPE) labeled liposome stock solution was 

purchased from FormuMax, California, USA. The excitation wavelength is 496 nm and the 

emission wavelength is 519 nm. The mean particle diameter of liposomes is 100 nm with range 

of 90-120 nm. The goat anti-mouse immunoglobulin G (IgG) secondary antibody stock 

solution was purchased from Life Technologies with a concentration of 2 mg/mL. The 

antibody was used to represent proteins. 
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The initial solution was prepared by mixing 1 μL the liposome stock solution, 1 μL of the 

antibody (IgG) stock solution, and 1 μL of the polystyrene beads stock solution with phosphate-

buffered saline (PBS) solution added to a total volume of 1 mL. 0.5 mL of the initial solution was 

pumped into the top microchannel at a flow rate of 5 μL/min, and the PBS buffer solutions were 

pumped into the center and bottom microchannels at flow rates of 10 and 20 μL/min, respectively. 

The applied voltage was kept at 200 V. The total processing time for isolation was less than 2 hours. 

The rest of the initial solution and isolated solutions were kept in the refrigerator at 4 ℃ for the 

following quantification analysis. 

For EV and EV subgroups isolation, the MDA-MB231 cell line was obtained from the 

American Type Culture Collection (Manassas, VA). It was independently validated using STR 

DNA fingerprinting at MD Anderson Cancer Center. Tests for mycoplasma contamination were 

negative. Cells were grown in a DMEM medium supplemented with 10% fetal bovine serum at 

37°C in 5% CO2. 

EV sample was prepared from the cell culture media with the following steps. Cells were 

cultured for 72 h. EVs were collected from their culture media after sequential ultracentrifugation 

as described previously.76 In brief, cells supernatants were collected and centrifuged at 300 g for 

10 min. The supernatants were collected for centrifugation at 2,000 g for 10 min, then collected 

again for another centrifugation at 10,000 g for 30 min. Finally, the supernatants were ultra-

centrifuged at 100,000 g to pellet the EVs. The pellets were washed in a large volume of PBS to 

eliminate contaminating proteins and centrifuged one last time at the same high speed. The final 

pellets containing EVs were re-suspended in PBS and stored at −80℃. The total EV protein 

concentrations were determined using a BCA protein assay. 
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The initial sample cell culture media solution was prepared by diluting 1 μL stock EV 

solution with a PBS solution, for a total volume of 1 mL. To isolate sEVs with 30 and 100 nm 

membrane filters at different sample flow rates, 0.5 mL of the initial solution was pumped into the 

top microchannel at flow rates of 20, 10, and 5 μL/min, and the PBS buffer solution was pumped 

into the center and bottom microchannels at flow rates of 40 and 5 μL/min. Gold wires were 

connected to the positive and negative ends of a power supply and the applied voltage was set at 

500 V. The outlets of the tubing were connected to containers to collect the solutions containing 

EVs. The total processing time was 50 min (less than 1 h). The rest of the initial and isolated 

solutions were kept in a refrigerator at 4℃ for a subsequent quantification analysis. The 

experiment setups were the same for the EV subgroup isolations using nanomembrane 

combinations of (1) 50 and 100 nm, (2) 30 and 100 nm, (3) 30 to 200 nm, and (4) 30 and 50 nm. 

 

2.4.2. Extracellular Vesicle Characterization 

The diameters of the particles were studied by dynamic light scattering (DLS) apparatus 

(Zetasizer nano, Malvern). The size distribution and total number of the particles in the original 

sample and isolated solutions were also measured by nanoparticle tracking analysis (NTA). Before 

measurement, the sample solution was diluted 10 times to fit the suggested particle concentration 

range for the instrument. The center channel solution was also diluted 2.5 times. The top outlet 

channel solution was also diluted 10 times before characterization. The measurement was 

conducted at room temperature using a NanoSight LM10 system (Malvern, Worcestershire, UK) 

with an emitting laser λ = 405 nm. Samples were manually introduced from a syringe and video 

images were recorded and analyzed by NTA software version 3.2. Particle distributions were 

measured at least three times.  The average results of the particle size distributions were then 
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plotted; the dilution factors were considered when plotting the figures and calculating the total 

number of particles.  

Scanning electron microscopy (SEM) images of the EVs were acquired by a Tescan 

scanning electron microscope. The isolated EVs were first filtered through a cellulose membrane 

(Whatman) to remove the PBS buffer, followed by washing with serial concentrations of ethanol 

to fully dehydrate the isolated EVs. The concentrations of ethanol were set at 50%, 60%, 70%, 

80%, 90%, 95%, and 100%. Each washing was conducted three times. A 5-nm-thick Pt/Pd thin 

film was deposited on the surface of the isolated EVs on the filter membrane to increase the 

sample’s conductivity for SEM imaging. The pore size distributions of the PC nanoporous 

membranes were also studied by SEM. The nanoporous membranes with different pore sizes (30, 

50, 100, and 200 nm) were cut into small pieces and sputtered with a 5-nm-thick Pt/Pd film for 

SEM imaging. 

Western blot analysis was used to identify the CD63 biomarker on EVs. EV samples were 

re-suspended in a 5 × SDS loading buffer (0.25 M Tris-HCl pH 6.8, 10% SDS, 50% glycerol, 0.5M 

dithiothreitol, 0.25% Bromophenol blue) and boiled at 95℃ for 10 min. Then, the samples were 

separated by 10% SDS-polyacrylamide gel electrophoresis (100 V, 2 h) and transferred to 

polyvinylidene fluoride (PVDF) membranes (90 V, 2 h). The membranes were blocked in a 5% 

milk solution at room temperature (RT) for 1 h and incubated with the CD63 primary antibody 

(BioLegend, mouse anti-human) diluted with the blocking solution overnight at 4℃. After 

washing three times with TBST, the membranes were incubated with a secondary antibody (anti-

mouse IgG-HRP) at RT for 1 h. After washing the membrane three times with TBST, signals were 

detected using a chemiluminescent substrate (Thermo Fisher).  
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2.5. Results and Discussion 

2.5.1. Isolation of Liposomes from Mixed Solutions 

To study the feasibility and evaluate isolation efficacy of the proposed ExoSMP, isolation 

of liposomes from mixed solution containing three types of particles polystyrene beads, liposomes 

(representative of exosomes) and antibodies were demonstrated at the first step.77 

Similarly, the microfluidic platform has three horizontally aligned microchannels and two 

nanomembrane filters with pore sizes of 30 and 200 nm sandwiched between the three 

microchannels as shown in Figure 7. Gold electrodes were connected to the top and bottom of the 

microchannels to induce the force through the two nanoporous membranes. Particles are separated 

based on pore sizes of the membrane filters. Due to the electric field between the top and bottom 

microchannels, proteins and particles less than 200 nm in size are forced to pass through the 200 

nm membrane filter and transported into the center channel. Particles larger than 200 nm are 

separated from particles less than 200 nm and guided to the top outlet. All proteins are quickly 

guided into the bottom channel through the 30 nm membrane filter. Here, sample solutions 

containing 1 μm diameter polystyrene beads (representative of large particles), 100 nm diameter 

liposomes (representative of exosomes) and antibodies (<10 nm, representative of proteins) are 

used to validate the feasibility of the proposed isolation process and evaluate the separation 

efficacy. 
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Figure 7 Schematic illustration of the size-selective microfluidic device for liposome isolation. 

(a) Schematic diagram of the microfluidic device. (b) Fabrication process of microchannel 

layers. (c) Assembly process of the microfluidic device. (d) SEM image of 200 nm PC 

membrane, scale bar: 500 nm. (e) A photo image of an actual device, scale bar:1 cm. 
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Figure 8 Schematic working principle of the size-selective microfluidic platform for 

liposome isolation. 

 

During the separation process shown in Figure 8, fluorescence images were taken at the 

center outlet of the device. Figure 9 was the microscopic fluorescent image of the center channel 

outlet before the separation process was activated. Fluorescent microscopic image of the center 

channel outlet after the separation process was activated, was shown in Figure 9b. It was concluded 

that the DHPE labeled liposomes were continuously guided to the center outlet. When the initial 

solutions were pumped into the top channel, liposomes passed through the 200 nm nanomembrane 

to the center channel due to the electrophoretic force and flowed to the center outlet. 
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Figure 9 Fluorescent microscopic images at the center outlet, scale bar: 500 mm. (a) 

Fluorescent image of the outlet before isolation as control, and (b) after the isolation process. 

Obvious fluorescent image was acquired after the electric field application. 

 

The initial solution and the isolated solutions were collected and then diluted by PBS 

solution to align with testing requirements for DLS measurement. As shown in Figure 10a, the 

initial solution that was pumped into the top inlet had two obvious peaks: about 100 nm and 1 μm, 

which contained mainly liposomes and polystyrene beads, respectively. No obvious peak in the 

range of 1 to 10 nm was detected although the IgG antibody was included in the initial solution. 

This was because the initial solution was polydisperse and the intensity of the IgG antibody was not 

strong enough to be detected compared to particles with larger diameters. The DLS analysis of the 

center isolated solution was shown as the graph in Figure 10b. This distribution graph had a visible 

peak at around 100 nm, which contained mainly liposomes. No peaks were detected at around 10 

nm and 1 μm. Meanwhile, the particle distribution graph from the bottom isolated solution was 

shown in Figure 10c. This graph had a peak at around several nanometers, which contained proteins 

(IgG) mainly. No peaks were detected at around 100 nm and 1 μm. Thus, the results suggested that 

the liposomes in the initial solution were successfully separated from the mixture solution and 
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guided to the center microchannel. The IgG antibodies, representative of proteins, were also 

separated and guided to the bottom microchannel. 

 

Figure 10 DLS analysis results for the initial and isolated solutions. (a) Initial solution. (b) 

Center isolated solution. (c) Bottom isolated solution. 
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The size distribution and total numbers of liposomes in the initial solution and isolated 

solution in the center outlet were analyzed by NTA. As shown in Figure 11, liposomes in both initial 

and center isolated solutions showed similar size distribution profiles. The peaks at around 250 nm 

could be aggregations of multiple liposomes. The center isolated solution exhibited a size 

distribution with a single peak at 98 nm. The initial solution showed a broad size distribution with 

a single peak at 106 nm, which represented a slight shift from the one acquired from the center 

outlet.  This difference could be attributed to the resolution limits of NTA when testing highly 

heterogeneous samples.63 

 

Figure 11 Size distribution for initial and center channel outlet solutions. From this graph, 

the recovery rate of liposomes was calculated. 

 

The result from NTA measurement was used for qualification of the liposome 

concentrations. The volume of the center solution collected was twice of that of the initial solution. 

Liposome concentration in the center outlet was corrected by multiplying the dilution factor. The 

total number of liposomes (90 to 120 nm) from the center outlet was calculated at 3.12 × 109 per 
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microliter. The total number of liposomes (90 to 120 nm) in the initial solution was 3.37 × 109 per 

microliter. The recovery rate is defined as the fraction of the total numbers of isolated liposomes 

and the total numbers of liposomes in the initial solution. Overall, the present microfluidic platform 

showed a high recovery rate of 92.5% for liposome isolation. 

In this study, a size-selective liposome isolation platform was conclusively developed and 

demonstrated. Polystyrene beads (representative of large particles), liposomes (representative of 

exosomes) and IgG antibody (representative of proteins) in the initial solutions were successfully 

separated with a liposome recovery rate of 92.5% with short processing time of less than 2 h.   

 

2.5.2. Isolation of Cancer-Derived Extracellular Vesicles 

EV isolation was conducted using ExoSMP with 30 and 100 nm membrane filters. Isolation 

efficacy was studied and compared under sample flow rates of 5, 10, and 20 μL/min. The size 

distribution and total number of EVs were measured by NTA and the averaged results of more 

than three times the measurements were plotted.  

As shown in Figure 12a, the original sample solution (red line) exhibited a broad size 

distribution, with two specific peaks at approximately 108 and 154 nm representing two major EV 

subgroups: sEVs and mEVs. At the sample flow rate of 10 μL/min, the particle size distribution 

acquired from the center outlet (blue line) displayed a narrow range, between 50 and 150 nm, with 

a single peak at approximately 99 nm; this is consistent with the NTA results from the sample 

solution and predicted size of EVs based on the pore sizes of the nanomembrane filters. The peak 

concentration of sEVs in the center channel outlet solution was slightly higher than that of the 

sample solution. One possible reason could be that the total volume of the collected center outlet 

solution was slightly less than that of the sample solution (0.5 mL).  Moreover, a slight shift in the 
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sEV distribution peaks acquired from the center channel outlet and original sample solutions was 

observed, which can be attributed to the detection limits of the NTA resolution due to the 

heterogeneity of the samples.  

 

Figure 12 Isolation of EVs from cancer cell derived EVs with 30 and 100 nm nanoporous 

membranes at the sample flow rate of 10 μL/min. (a) The size distributions of the particles 

in top channel inlet (original sample solution, red line), center channel outlet (blue line), and 

top channel outlet (pink line) solutions. (b) The total numbers of particles at the top channel 

inlet (red bar), center channel outlet (blue bar), and top channel outlet (pink bar) are 

calculated from the NTA profiles. (c) SEM image of the isolated EVs loaded on a cellulose 

filter membrane. 
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The top channel outlet solution (pink line) exhibited a size distribution between 

approximately 100 and 280 nm with a single peak at about 156 nm, which corresponded to the 

other major subgroup of microvesicles. This result is also coincident with the particle distribution 

from the original sample solution. The total number of the particles in the top channel inlet (red 

bar), center channel outlet (blue bar), and top channel outlet (pink bar) solutions were 1.17 × 108 

per mL, 2.26 × 108 per mL, and 7.95 × 108 per mL, respectively, as shown in Figure 12b. The total 

number of particles collected from both the center and top channel outlets as a fraction of those in 

the sample solution was 87.2%, suggesting that ExoSMP achieved a high sample yield with minor 

loss during the isolation process. The sample loss could be due to particles remaining in the 

microchannels or tubing that were not transported to the outlets. The morphology and size of the 

isolated EVs were confirmed and examined by SEM, as shown in Figure 12c and Figure 13. 

 

Figure 13 SEM images of the cancer derived EVs. (a) EVs in the sample solution. (b) The 

EVs isolated from the center channel outlet by the nanomembrane filters with pore sizes of 

30 and 100 nm. 

 

Significant variations in the size distribution profiles were observed under different sample 

flow rates, given the 0.5 mL volume of sample solution. At the sample flow rate of 20 μL/min, the 
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total number of EVs collected in the center outlet solution was too low to be accurately measured 

by the NTA. The size distribution of the particles collected from the top outlet (see Figure 14) was 

analyzed. It showed a similar broad size distribution with two peaks at 120 and 155 nm, which 

represented the sEV and mEV subgroups. The size distribution of the mEVs exhibited a profile 

close to that of the original sample solution, while the size distribution of the sEVs showed a low 

level of EV recovery, indicating that most of the particles were guided to the top outlet channel 

due to the fast sample flow rate. 

 

Figure 14 The size distribution of particles collected from the top channel outlet at a sample 

flow rate of 20 μL/min (black line). The size distribution of particles in the sample solution 

is shown in red line. 

 

The size distribution of the particles collected from the center channel outlet (green line) 

at a sample flow rate of 5 μL/min is shown in Figure 15a. A broad size distribution was observed 

between 50 and 400 nm with two peaks at 113 and 202 nm representing the sEVs and mEVs. The 

peak at 202 nm indicates that EVs larger than the pore size (100 nm) of the first membrane filter 
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were collected in the center channel outlet. Particles took more residual time to pass through the 

nanomembrane filter area at this sample flow rate. This phenomenon can be explained by the 

deformability of EVs through the nanomembranes.  EVs consist of soft and flexible membranous 

lipid structures, which enables them to pass through the membrane filter even if their diameter 

exceeds the physical size limitation of the pores.78, 79 With a long residual time, some of the large 

vesicles (> 100 nm) may have had enough time to deform and penetrate through the 

nanomembrane filter with a pore size of 100 nm, resulting in the peak shift corresponding to sEVs 

and a broad distribution of mEVs. Coincidently, some small particles with diameters between 30 

and 100 nm might also have had sufficient time to pass through the 30 nm membrane filter, thus 

reducing the number of sEVs recovered from the sample solution. 

As shown in Figure 15 b, the total number of particles with dimensions between 30 and 

100 nm isolated at the sample flow rate of 10 μL/min was calculated to be 1.29 × 108 per mL. This 

was much higher than that of the sample flow rate of 5 μL/min, which was calculated to be 6.58 × 

107 per mL. The recovery rate was defined as a fraction of the total number of particles with 

dimensions between 30 and 100 nm that were recovered from the center channel solution and total 

number of particles in the original sample solution. The purity is defined as the fraction of the 

isolated particles among the collected particles of all sizes in the center solution.   
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Figure 15 Isolation of EVs from cancer cell derived EVs at different sample flow rates. (a) 

The size distribution of the isolated EVs collected in the center channel outlet (green line) at 

the sample flow rates of 5 μL/min. (b) The numbers of particles with dimensions from 30 to 

100 nm collected from the center channel outlet solution at different flow rates. N.D. refers 

to not detectable. (c) Recovery rates of the EVs with dimensions from 30 to 100 nm 

determined based on the NTA data. 
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As shown in Figure 15c, the recovery rate at a sample flow rate of 20 μL/min was low. 

From our calculations, at a sample flow rate of 10 μL/min, the total number of particles ranging 

from 30 to 100 nm collected in the center channel outlet solution and the number of particles with 

the same dimension range collected in the sample solution were 1.29 × 108 per mL and 1.37 × 108 

per mL, respectively. The recovery rate in this situation was calculated as 94.2%, with a very small 

standard deviation of 3.2%. The results show that the EVs were isolated from the cancer cell 

culture media with high rates of recovery and reproducibility at the optimal sample flow rate. We 

also calculated that the purity of the isolated EVs ranging from 30 to 100 nm was estimated to be 

56.3%, In the meanwhile, we calculated the recovery rate and the purity of the isolated EVs ranging 

from 30 to 110 nm to be 86.9% and 90.7%, respectively. The results implied that of a large 

proportion of the isolated EVs have size ranging from 100 to 110 nm. Similarly, at a sample flow 

rate of 5 μL/min, the total number of particles ranging from 30 to 100 nm collected in the center 

channel outlet solution was 6.58 × 107 per mL, and the recovery rate was calculated as 48.0%. 

Overall, the proposed microfluidic platform showed a high rate of recovery of 94.2%, at the 

optimum sample flow rate for particles ranging from 30 to 100 nm, while also offering the 

advantage of a short processing time (less than 1 h). 
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Figure 16 Schematic side view diagrams of the EV isolation processes at different sample 

flow rates. (a) 20 μL/min (b) 10 μL/min and (c) 5 μL/min sample flow rates. Schematic 

particle trajectories are labeled in blue arrows. 

 

The schematic diagram of the isolation process at a sample flow rate of 20 μL/min is shown 

in Figure 16a.  Under this condition, the EVs had less residual time to pass through the 

nanomembrane filters and most of the particles were quickly transported to the top channel outlet, 

which led to a low EV recovery. In contrast, the isolation mechanism at a sample flow rate of 10 
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μL/min is shown in Figure 16b. ExoSMP achieved a high particle recovery rate at the optimized 

sample flow rate. The schematic diagram of the isolation process is shown in Figure 16c at a 

sample flow rate of 5 μL/min. In this situation, the EVs took more residual time to pass through 

the nanomembranes due to their soft and flexible membranous structures, which led to the peak 

corresponding to microvesicles, and thus reduced the EV recovery compared to that at a sample 

flow rate of 10 μL/min. 

 

2.5.3. Isolation of Subpopulations with Different Nanomembrane Combinations 

We further demonstrated the microfluidic platform as a modular unit for sEV 

subpopulation and EV subgroup isolation with tunable size groups. The ExoSMP technique was 

used to separate subpopulations of sEVs and subgroups of EVs simply by altering the pore sizes 

of the nanomembrane filters. Size-selective isolation was investigated with different 

nanomembrane combinations: 50 and 100 nm, 30 and 50 nm, and 30 and 200 nm. The isolation 

process and parameters were same as those of the sEV isolation with 30 and 100 nm membrane 

filters.  

The size distributions of the isolated EVs from the nanomembrane combinations of 50 and 

100 nm and 30 and 200 nm were acquired by NTA, as shown in Figure 17a. The sEV subpopulation 

isolated by 50 and 100 nm nanomembrane filters displayed a narrow size distribution with a single 

peak at 100 nm, which corresponded to the major EV subgroup of sEVs. This size distribution 

profile was similar to that of sEVs isolated by nanomembranes with 30 and 100 nm pore sizes. 

The EV subgroup isolated by 30 and 200 nm nanomembrane filters exhibited a broad size 

distribution, between 50 and 400 nm. Single peaks at about 107 nm and 163 nm corresponded to 

the two major EV subgroups of sEVs and mEVs. The size distribution displayed a profile similar 
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to that of the original sample solution. A valley between two peaks at 132 nm was consistent with 

that of the original sample solution at 130 nm. A small peak at about 330 nm indicated that there 

might be a small amount of microvesicles penetrating through the 200 nm membrane filter, or 

some EV aggregation. The size distribution of the isolated EVs collected from the device with 30 

and 50 nm membrane filters was not applicable, which was mainly attributable to the detection 

limit of NTA for heterogeneous samples of small dimensions.  

 

Figure 17 Isolation of sEV subpopulations and EV subgroups with ExoSMP and different 

pore sizes. (a) The size distributions of the isolated EVs with different nanoporous membrane 

combinations by NTA. (b) Western bolt analysis of EV biomarker CD63 in the isolated EVs 

with different nanomembrane combinations: (1) 50 and 100 nm, (2) 30 and 100 nm, (3) 30 to 

200 nm, and (4) 30 and 50 nm.  
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For each size group, the EV transmembrane protein CD63 was studied by western blot 

analysis, as shown in Figure 17b. The isolated exosomal biomarker was confirmed by the smear 

patterns, which were observed for α-CD63, as expected.56 The EVs were isolated with the 

following nanomembrane combinations: 30 and 100 nm, 30 and 200 nm, and 30 and 50 nm; they 

showed broad smear patterns ranging from 50 to above 75 kDa, while only the isolated EVs with 

the 50 and 100 nm nanomembrane combination showed narrow smear patterns in the range of 50 

to 75 kDa. It is of note that the light smear patterns for the isolated EVs with the 30 and 200 

nanomembrane combination were due to a low EV recovery, as shown by the size distribution 

measured by the NTA result (see Figure 17).  

 

2.6. Summary  

To summarize, a size-selective microfluidic platform (ExoSMP) was developed and 

demonstrated for automated, consistent, and reliable EV isolation. This unique platform offers an 

enhanced approach to the isolation of EV subgroups and sEV subpopulations, along with the 

additional advantage of being label-free, low-cost, and featuring a short processing time (< 1 h), 

and convenient integration with downstream analysis. This platform demonstrated a high recovery 

rate of 94.2% and reproducibility (a low standard deviation) from cancer cell culture media 

samples with an optimal sample flow rate. The size-selective isolation of EVs can easily be 

controlled by altering the pore sizes of the nanomembrane combinations. We further utilized 

ExoSMP with various combinations of nanomembrane pore sizes to demonstrate the isolation of 

EV subgroups and investigate sEV subpopulations of various size groups. The western blot 

analysis suggested the evidence of CD63 biomarker in the subgroups of the EVs. This improved 

technique will serve as a precise clinical tool for isolating EVs and addressing the heterogenicity 
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of EV subgroups. Additionally, with its efficient size-based isolation of EV subpopulations, 

ExoSMP shows broad promise for investigating the role of EVs in various point-of-care 

applications in disease monitoring, medical diagnosis, and drug delivery.  
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3. LOW-COST AND ENZYME-FREE PAPER SENSORS† 

 

3.1. Introduction 

3.1.1. Significance 

Diabetes mellitus is a chronic condition that affects millions of people around the 

world. The disease develops as a result of either disrupted insulin production (type I) or 

altered insulin absorption (type II).80 Diabetic patients must monitor their glucose 

concentration often to avoid complications, such as cardiovascular damage, nerve 

degeneration, and vision damage.81, 82 For this purpose, current glucose sensors utilize 

electrochemical glucose detection with glucose oxidase (GOx) to detect changes in glucose 

concentration and have been commercially available and commonly used for diabetic 

patients.83, 84 This enzyme-based method is costly and sensitive to pH and temperature. 

Furthermore, electrochemical detection of glucose based on GOx on a solid substrate is 

unreliable.85 To improve such weakness, there have been multiple new glucose-sensing 

techniques, such as optical transducers,86, 87 and electrical transducers88-91 investigated; 

however, these approaches still require GOx structures to recognize glucose, although their 

reliabilities have been improved. As one of the most expensive diseases to treat, it is 

 

† Part of this chapter is reprinted with permission from “A Low-Cost Paper Glucose Sensor 

with Molecularly Imprinted Polyaniline Electrode” by Chen, Z., Wright, C., Dincel, O., 

Chi, T. Y., Kameoka, J., 2020. Sensors, 20 (4), 1098, Copyright 2020 by Multidisciplinary 

Digital Publishing Institute. “A Low-cost and Enzyme-free Glucose Paper Sensor”, Chen, 

Z., Chi, T. Y., Dincel, O., Tong, L., Kameoka, J., 2020. Annu Int Conf IEEE Eng Med Biol 

Soc, 2020, 4097-410, Copyright 2020 by Institute of Electrical and Electronics Engineers. 
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important to reduce the cost of detecting glucose levels as much as possible without 

sacrificing reliability and accuracy.92 

To address the need for easy, rapid, and reliable glucose sensing with low cost, 

various non-enzymatic methods have been investigated and developed.93-95 Among these 

methods, molecularly imprinting (MIP) approach has attracted much attention. MIP is a 

promising process that works by the co-polymerization of functional monomers and cross-

linking agents in the presence of a template molecule or its derivative.96 MIP approach has 

shown great advantages, such as its simple preparation, potential reusability, long-term 

durability, and stability as well as low-cost production.  

 

3.1.2. Low-Cost Paper Sensor Using MIP Technology   

MIP technology has been applied in various fields, such as purification,97 

chromatographic separation,98 chiral separation,99 and solid-phase extraction.100 MIP has 

also been investigated in chemical/biosensors.96, 101-104 However, a simple, cost-efficient, 

and easy-operating way to transduce specific signals has yet to be established. Polyaniline 

(PANI) is one of the conductive polymers that has been widely used as a sensing electrode 

due to its characteristics of stability, high conductivity, and easy synthesis. MIP-PANI can 

act as both the sensing electrode and the conductive electrode, with the additional 

advantage of being low cost. The electrochemical polymerization of aniline has been 

reported as one of the most common approaches for biosensing,105, 106 which demonstrates 

good selectivity and sensitivity. However, electro-polymerization has some drawbacks. 

The method requires monomers that can be oxidized electrochemically, and the substrate 
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must be conductive but inert to react during the electro-polymerization process. Moreover, 

conducting polymers tend to detach from the electrodes after suffering mechanical stress, 

sonication, and sterilization 107-109. Such drawbacks limit its potential application in 

disposable glucose test strips with long durability and stability. 

As common and low cost substrate, paper is recently replacing the conventional 

substrate in the microfluidics field.110.Additionally, its bendable nature enables paper-

based microfluidic sensors to be flexible and wearable.111-113 Paper also has natural 

wicking force that enable transportation of fluids through the channel automatically.114 

Furthermore, a folded layout of paper, or called origami paper, is widely applied in paper 

microfluidic sensors including colorimetric assays,115 potentiometric biosensors, and 

enzymatic glucose sensors.111, 116, 117 Its three-dimensional configuration consisting of a 

sequence of panels allows vertical transportation, separated reaction sites, and time-

controllable sensing.118 

In this chapter, instead of utilizing enzymes, we developed and demonstrated a 

low-cost paper biosensor by direct MIP technology. This process enables a simple one-

step approach to the fabrication of PANI by polymerization of the aniline monomer with 

the template on paper strips, providing a glucose-sensing electrode and a signal-

transducing electrode at the same time. The proposed device was fabricated by MIP in a 

solution to create a glucose-binding site integrated with a conductive PANI electrode.119, 

120 As a proof of concept, glucose concentration was determined in both aqueous and 

bovine blood solutions to evaluate the performance of the PANI paper sensors. This simple 

and straightforward approach makes the production of easy, rapid, and robust glucose test 
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strips possible and provides low-cost and reliable glucose-monitoring access to diabetes 

patients. 

 

3.2. Materials and Methods 

A schematic diagram of molecular imprinting process is illustrated in Figure 18. 

The MIP process mainly consists of copolymerization of the functional monomers and 

template materials, and removal of template materials to form specific binding sites for 

target (template materials) sensing. Various target molecules such as glucose, C-reactive 

protein (CRP) can be used as the template materials and will be further discussed in this 

chapter. 

 

Figure 18 Schematics of molecular printing process. (a) Functional monomers (blue) 

and template material are mixed in the solution. (b) Functional monomers and 

templates co-polymerization. Aniline and glucose were used as the monomer and 

template materials. Glucose recognition sites/cavities were created during the 

polymerization of aniline. (c) Removal of template. Glucose template was removed 

by washing with the ethanol-water solution and followed by rinsing with DI water. 

 

3.2.1. Synthesis of Molecularly Imprinted Polyaniline Paper  

The polyaniline was synthesized from an aniline monomer solution (99%, Sigma-

Aldrich, USA) as shown in Figure 19. 250 μL of the monomer solution was blended with 
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1 mL of 36.8% (w/v) hydrochloric acid (HCl, ACS grade, Macron, USA), which acts as 

the doping agent to increase the conductivity of PANI. An amount of 3 mL of DI water 

was added to the mixed solution to adjust the final concentration. Next, the template 

molecule, 50 mg of glucose (Sigma-Aldrich, USA), was blended into this solution to 

create glucose binding sites. To achieve the proper concentration for PANI 

polymerization, DI water was added until the total volume of the solution became 5 mL. 

For the final process, polyester paper substrates (iGage, USA) were cut into strips (7 × 4 

mm, 250 μm in thickness) and dipped into the final solution to be soaked with the aniline-

HCl solution, completely saturating the paper strips. The paper strips were soaked and 

stirred in the solution for at least 10 min before the oxidation process to ensure continuous 

saturation. 

To prepare the oxidant solution, 0.609 mL of HCl was added into 4 mL DI water, 

followed by the addition of 409 mg of ammonium persulfate (APS, Sigma-Aldrich, USA). 

After 10 s of stirring, a bit more DI water was added to make the total volume of the 

prepared solution equal to 5 mL. HCl was also used to maintain the pH (pH = 0) and 

doping levels throughout the synthesis process. 

Next, the synthesis process was initiated. While stirring the aniline solution, the 

oxidant solution was added drop by drop. The oxidant drops were dispensed in 5 s intervals 

from a pipette until the color of the solution changed from yellowish to dark blue (Figure 

1e). The paper strips were kept immersed in the solution. To complete the synthesis 

process, the paper strips were removed from the solution, washed with DI water to remove 
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excess PANI as well as glucose templates (Figure 1b), and then left out to dry for at least 

8 h before usage. 

 

 

Figure 19 A schematic diagram of the molecular imprinting process for the 

fabrication of a paper sensor. The template represents glucose in this figure. (a) 

Polymerization with templates. Glucose templates were mixed with aniline solution, 

the monomer, prior to the addition of the oxidant solution. Glucose-imprinted PANI, 

represented as the green regiment embedding templates in the schematic diagram, 

was then synthesized on the paper substrate. (b) Removal of glucose templates by 

washing the paper strips with DI water. The cavities left in the polymer matrix create 

the specific recognition sites for the corresponding targets. (c) Recognition of 

templates on the paper sensor when conducting the glucose concentration 

measurement. (d) The polyester paper was cut into strips before polymerization. (e) 

The color of the polymerization solution changed from yellowish to light blue and 

finally became dark blue due to the doping process. The paper strips were completely 

immersed and were subject to vigorous stirring in the solution during polymerization. 

(f) The prepared paper strips with glucose imprinted PANI synthesized on both sides 

of the surface after the glucose removal process by washing with DI water. 

 

 

3.2.2. Fabrication of the Paper Sensor 

After the paper strips were fabricated (see Figure 19f), the electrodes were printed 

by an inkjet printer using the Fujifilm Dimatix Material Printer 2830 with Novacentrix JS 
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ADEV 291 ink. The operation parameters of the printer are listed in Appendix A. Silver 

traces were printed on a flat polyester film (Xerox, USA) with open space left for the 

PANI paper strips. The schematic diagram of the fabrication process of the PANI paper 

sensors were presented in Figure 20. The printed silver traces were cured at 110 °C for 1 

h.  

 

Figure 20 Schematics of the fabrication process of the PANI paper sensors. (a) Silver 

electrodes were printed on the polyester flexible film. (b) Curing of the printed silver 

electrodes at 110oC for one hour. (c) The prepared PANI strips were placed on the 

printed silver electrodes. (d) Conductive silver paste was applied to connect the silver 

electrodes and the PANI paper strips electrically. 

 

Then, the PANI paper strips were fixed onto the open space and electrically 

connected to the silver traces via silver paste. Figure 21 showed the photographic image 

of the fabricated PANI paper sensor with glucose templates on the silver trace. 
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Figure 21 Photographic image of the paper sensor device after the initial silver traces 

were printed and before the secondary silver paste layer was formed to secure the 

strip to the device. 

 

Figure 22 Photo images of the proposed PANI paper sensor. (a) A photo image of the 

paper sensor. (b) Silver electrodes on the flexible polyester film after curing. 
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3.3. Characterization and Measurement 

3.3.1. MIP-PANI Characterization 

An Attenuated Total Reflectance-Fourier-transform Infrared (ATR-FTIR) 

Spectrometer was used to confirm the presence of glucose captured by the PANI paper 

sensor. The paper strips were exposed to 0 to 12 mM glucose, then rinsed with DI water 

after 5 min of the sample dispensing on the PANI surface. The paper strips were washed 

and dried in a vacuum overnight at room temperature. ATR-FTIR spectra of the surface 

were measured using the ATR module of the Thermo Nicolet 380 (Thermo, USA) FTIR 

spectrometer. 

Scanning electron microscopy (SEM) image of the PANI paper sensor was 

acquired by a Tescan scanning electron microscope. The surface of the paper strips was 

cut into small pieces and sputtered with a 5-nm-thick Pt/Pd film to improve the 

conductivity. 

 

3.3.2. I-V Curve Measurement 

After the sensor fabrication, the I-V curve of the paper sensor was investigated. 

The experiment set up is shown in Figure 23. A multimeter (Fluke 8846A, USA) was used 

for recording the current. A DC power supply (Agilent E3643A, USA) was used for 

applying the voltage on the two ends of the silver trace. The voltage was applied from 0 

to 10 V with a 1 V interval. The I-V curve measurement was conducted under air after 

dispensing DI water, and after dispensing 12 mM glucose in DI water. The sample 
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volumes were the same (2 uL) and the measurement was conducted after 5 min of sample 

dispensing. 

 

Figure 23 Photographic image of the experiment set-up for measuring the I-V curves 

of the paper sensor. 

 

3.3.3. Glucose Concentration Determination 

The determination of glucose concentration was conducted by measuring the 

resistance change by connecting the two electrodes to the paper sensor. This approach is 

simple in operation and cost-efficient compared to other methods with an additional 

reference electrode or gate electrode. The resistance of the paper sensor was measured by 
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a multimeter (Fluke 8846A) in a DC current mode. For glucose concentration 

determination in DI water, sample solutions with glucose concentrations from 0 mM to 12 

mM were prepared. First, the direct current (DC) resistance of the device was measured 

as a reference level with DI water. An amount of 2 µL of the sample solutions with 

gradient glucose concentrations was dispensed on the surface of the PANI strips. All DC 

resistance was measured 5 min after sample dispensing. We compared the results based 

on the resistance change ratio (ΔR), which is the fraction of the sample with glucose 

solutions and the control samples.  

Impedance (Z) of the paper sensor can be described as equation (1), 

                                                   Z = R + j X                                                          (1) 

where R is the resistance and X is the reactance. The applied voltage reflects the 

impedance of the paper sensor in the equation (2), 

                                                             Z = (|V| / |I| ) ej                                           (2) 

where  is the phase difference between voltage and current. However, under low 

frequency condition, the real part of the impedance is dominant. We have obtained the 

resistivity from the equation (3),  

               Re(Z) = |Z| cos                                                      (3) 

The ratio of the impedance (Z) can be approximately calculated by the equation 

(4) below. 

                                           Z = Re(Z1) / Re(Z2)  (4) 



52 

 

Re(Z1) represents the real part of the impedance of the PANI paper sensor after the 

sample solution dispensed. And Re(Z2) represents the initial real part of the impedance 

before exposed to the sample solution.  

Each paper sensor was dispensed with the sample solution and the impedance 

change of the sensor was recorded. Three repeating measurements (n=3) on different paper 

sensors were conducted on each glucose concentration. 

For glucose concentration determination in bovine blood, a 250 mL bovine blood 

sample solution containing 35 mL of anticoagulant Citrate Phosphate Dextrose was used 

to characterize the performance of the paper sensor. The bovine blood was obtained from 

a healthy bovine from the Department of Veterinary in Texas A&M University. The blood 

test was conducted immediately after receiving the blood sample. The bovine blood 

solutions were added with 0, 0.1, 0.5, 2.2, 4.4, 6.7, 8.9, and 11.1 mM glucose as the sample 

solutions. The sample solutions were gently stirred before dispensing onto the PANI 

electrodes for glucose concentration detection. The volume of the blood samples was kept 

the same at 10 uL. 

The resistance change of the paper sensor was detected before and after the sample 

solution dispensing. The resistance change ratios of the samples with different glucose 

concentrations added were calculated and normalized to the original resistance ratio of the 

control samples. The regression analysis was conducted by using software (Origin). The 

regression analysis was also conducted with this software. 
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3.4. Results and Discussion 

3.4.1. Glucose Detection by MIP-PANI Paper Sensors 

As shown in Figure 24, the peaks around 3500 to 3800 cm−1 in the FTIR spectra 

correspond to the presence of O-H bonds of glucose. The intensity of the peak of the paper 

strip with 12 mM glucose was significant compared to that with the 0 mM sample (as 

control). The noise presented in this range might be attributed to moisture in the air. The 

result indicate that the glucose was captured and recognized by the PANI paper strip. 

 

Figure 24 FTIR transmission result of the PANI paper strips after being dispensed 

with 0 mM (black line) and 12 mM (red line) of glucose in DI water solutions, 

respectively. The black arrows indicate the presence of an O-H bond that is 

contributed by glucose. 

 

The impedances of the PANI paper sensors at low frequency were measured as 

control. These sensors were labeled with numbers from 1 to 24 and the Re(Z) of each 

sensor were measured before dispensing the glucose blood sample solutions. The Re(Z) 
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distribution of these paper sensors is shown in Figure 25. The prepared paper sensors 

presented a narrow distribution (within the pink band) of the Re(Z) with a mean value of 

0.850 kΩ and a standard deviation of 0.059 kΩ. The maximum and minimum Re(Z) were 

measured to be 0.736 and 0.955 kΩ, respectively. The median value was 0.842 kΩ. The 

results showed that the original real part of the Z of the prepared paper sensors was 

distributed narrowly within a stable range under low frequency condition. 

 

Figure 25 The real part of the original impedance of the prepared paper sensors. The 

red line represents the average value. The pink band shows the resistance was 

distributed within a narrow range. 

 

The DC characteristics of the PANI paper sensors were investigated with gradient 

voltage increases from 0 to 10 V as shown in Figure 26. The results indicate that the PANI 

paper strips showed a linear and homogenous resistive response under uniformly increased 

DC voltage conditions with small standard deviations. A smaller current was observed in 

the paper sensor with the glucose in the DI water sample dispensed compared to those 



55 

 

exposed in the air and with DI water only. A relatively large standard deviation was 

observed with the sensor dispensed with the glucose in the DI water sample. 

 

Figure 26 I-V curve of the PANI paper sensors. Each point represents an average of 

measurements of three identical PANI paper strips. The error bars represent the 

standard deviations of the three measurements. The black square, red circle and blue 

triangle represent the measurements under air, DI water and 12 mM of glucose in 

DI water. 

 

Samples with glucose concentrations from 0 to 12 mM were prepared for 

investigating the sensor performance. Figure 27 shows a graphical representation of the 

resistance as a function of glucose concentration. This graph indicates a clear linear 

correlation between the resistivity of the sensor and the concentration of glucose in the 

sample. The correlation coefficient was estimated to be 0.989 by the software using linear 

regression. The linear regression model was obtained as y = 0.0014x + 0.9993. 
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The limit of blank (LOB) of glucose in DI water samples is calculated based on 

Equation (5)121: 

LOB = mean of blank + 1.645 (SD of blank) (5) 

where mean of blank is the average value at blank sample and SD of blank is the 

standard deviation of blank sample. The limit of detection (LOD) of glucose in DI water 

samples is calculated based on Equation (6)121: 

LOD = LOB + 1.645 (SD of low concentration) (6) 

where SD of low concentration is the standard deviation at low concentration 

sample. Based on the calculation, the LOD for the paper sensor with DI water samples is 

estimated to be 1.0048 mM. 

 

Figure 27 Graph of the normalized resistance change ratio as a function of glucose 

concentration in the DI water samples. The calibration curve (blue dash) of glucose 

concentration shows a linear correlation. Each point represents the average value of 

at least three identical tests in different paper sensors. The error bars are standard 

deviations calculated based on the resistance ratio measurements. 
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Figure 28 shows the photographic image for paper sensors with the blood samples 

dispensed on the PANI electrodes. 

 

Figure 28 Photographic image of the paper sensor array devices after dispensing 

blood solution containing glucose. 

 

As shown in Figure 29, the results for the determination of glucose concentration 

in the blood solutions indicated the linear increase of resistance changes as glucose 

concentrations increased. The result of this experiment also show that the normalized ratio 

of resistance change of the paper sensor was linearly correlated with the glucose 

concentrations ranging from 2.2 mM to 11.1 mM. However, the normalized resistance 

change was not significant due to low glucose concentrations of 0.1 and 0.5 mM. The 

glucose paper sensor showed a linear range of resistance ratio increase with a correlation 

coefficient of 0.984 with the added glucose concentrations ranging from 2.2 mM to 11.1 

mM. In addition, the results show relatively large standard deviations compared to those 

in the DI water measurements. 
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The LOD of glucose detection in the blood samples was also studied by the same 

method mentioned in the DI water samples. Since the normalized resistance ratio at low 

glucose concentrations was not significant, the linear regression analysis was applied in 

the range of 2.2 to 11.1 mM of the added glucose. The linear model was obtained as y = 

0.0651x + 0.8381. The LOD of the paper sensors in the blood samples was estimated to 

be 1.1713 mM. 

The glucose detection mechanism can be simply explained by the change of 

resistivity if glucose binds to the MIP recognition sites on the PANI strips. For the 

detection of glucose in DI water (pH around 7), glucose captured on the PANI strips 

prevents holes from freely moving on the PANI surface. In this case, the decrease of the 

hole concentration in PANI results in the increase of the resistance as shown in Figure 27. 

With the same mechanism, the resistance increases linearly for a certain range of glucose 

concentrations as shown in Figure 29. 

The I-V curve of the paper sensor with the glucose in the DI water sample 

dispensed showed reduced values compared to those exposed in the air and with DI water. 

The decrease of current indicated an increase in the resistance of the paper sensor at the 

given voltage. This is attributed to the binding of glucose when dispensing the glucose in 

DI water solution onto the paper sensor. 
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Figure 29 Graph of the normalized resistance change ratio as a function of the added 

glucose concentration in the bovine blood sample. The calibration curve (blue dash) 

of glucose concentration shows linear correlation ranging from 2.2 to 11.1 mM. Each 

point represents an average of at least three identical tests on different paper sensors. 

The error bars represent the standard deviations calculated based on the resistance 

ratio measurements. 

 

The normalized ΔR for each glucose concentration measured in blood samples 

presents much higher standard deviations than those measured in DI water. This is due to 

the complexity of blood samples dispensed on the polymer electrode. The glucose 

recognition sites could also be captured with molecules in the blood with similar size, 

shape, and charge as glucose, which might cause large standard deviations in glucose 

concentration determination. Additionally, the measurement was conducted 5 min after 

dispensing the sample solution, allowing more small molecules other than glucose to be 

captured on the polymer electrodes, which results in large deviations and a signal increase 
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in the resistance measurement. In addition, blood cells or large biomolecules that tend to 

attach on the surface of the paper sensor might also affect the results. 

The proposed PANI paper sensor is promising as disposable paper strips for 

glucose sensing. MIP-based glucose detection approach using expensive 

graphite/nanoparticle composites101, 103 requires multiple fabrication steps and increases 

the cost sharply. A gate-electrode by MIP method was also reported, but the additional 

electrode increases the cost of the sensor104. The proposed paper sensor provides a low-

cost routine assay to diabetic patients with a moderate detection limit. Furthermore, the 

paper sensor is enzyme-free, which enables a long shelf-time with stability and durability 

when exposed to temperature and pH variations. 

A limitation of the work could be the detection limit of the paper sensor, which 

hinders the application in very low-concentration situations. Furthermore, the reaction 

time is longer compared to traditional electrochemical glucose sensors in several seconds. 

Moreover, the dimensions of the paper strips could be optimized. Future work will be 

focused on improving the sensitivity of the paper sensor and the miniaturization of paper 

sensors which could further reduce the cost. 

In this work, we developed and demonstrated a molecularly imprinted paper 

biosensor that has great potential as a low-cost alternative to determine blood glucose 

levels. The linear resistance response of the paper sensor strip can provide a low-cost, 

highly durable, and accurate glucose measurement method in blood. Other benefits of the 

paper-sensing strips include much lower temperature and humidity dependence that allows 

for a longer shelf life and ease of fabrication. On the contrary, GOx based sensors are more 
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susceptible to temperature and pH fluctuations. The low-cost fabrication, accurate, and 

reproducible detection of paper sensor results can provide a new way of determining 

glucose concentration in the blood of diabetic patients. 

 

3.5. Other Biomarker Detection Applications 

3.5.1. Cardiovascular Disease Biomarker C-Reactive Protein Detection 

C-reactive protein (CRP) was first discovered and described as the first acute-

phase protein in 1930.122 It has a molecular weight of approximately 115,000 with five 

identical non-glycosylated subunits associated as a flat cyclic pentameric disc.123 

Generally, CRP has been used as a sensitive biomarker of inflammation, and more 

recently, as a prognostic indicator of cardiovascular diseases (CVD).124, 125 It also has been 

proven in multiple prospective studies to predict tissue necrosis, infections, surgery, 

cancers, and peripheral arterial disease.126-128 Three CRP levels have been classified129, 130: 

low risk (<1 mg/L); average risk (1–3 mg/L); and high risk (>3 mg/L). A low-cost and 

instantaneous monitoring of CRP levels is critical for CVD clinical prognosis and 

diagnosis. 

The basic biochemical reaction that constitutes CRP detection is the selective 

association of the protein with a specific analyte. As a result, conventional immunoassays 

techniques based on an antigen-antibody approach have been widely studied and applied. 

Enzyme linked Immuno-Sorbent Assay (ELISA) is the most used method.131 

Commercially available kit tests are used in most clinical procedures. However, this 
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method is expensive and limited to elevated concentrations of CRP. Enzymatic assays are 

also sensitive to pH and temperature, which requires carefully handling. 

Emerging techniques based on the formation of plasmon and synthetic receptors 

by means of molecular imprinted polymer (MIP) are shown to be useful for the assessment 

of CRP with the advantage of low cost, rapid response and high sensitivity.132, 133 Based 

on the general principle of molecular imprinting, monomers are polymerized in the 

presence of templates, followed by the removal of templates, leaving cavities/binding sites 

as complements to target analytes.134-136 Conductive polymers are desirable as the MIP 

matrix due to their capability in electron-conducting through the bonding sites and matrix, 

leading the signal variation upon the recognition of target molecules. Polyaniline (PANI) 

is one of the most common conductive polymers that have been investigated and used in 

molecularly imprinted sensor applications.119, 137-139 PANI is easy to synthesize by solution 

process on paper substrates, which promotes the development of portable and disposable 

paper-based device and dramatically reduces the cost. What’s more, the excellent 

environmental durability and availability for operating in aqueous phase make PANI one 

of the best candidates among molecularly imprinted conductive polymers.140 

In this part, a low-cost paper-based CRP sensor was prepared by molecularly 

imprinted polyaniline (CRP-MIP-PANI). CRP-MIP-PANI was synthesized on paper 

substrates in the presence of CRP, followed by the removal of the template molecules from 

the polymer matrix. Electronic response was evaluated in terms of the direct current 

resistance of the paper sensor before and after exposure to various CRP levels. The 

calibration curve of the resistivity change ratio of the paper sensor as a function of the 
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CRP concentrations was studied. This simple and disposable CRP paper sensor is a 

promising approach to prognostics and diagnostics of CVD and capable of serving as a 

low-cost and accurate tool for point-of-care CRP monitoring. 

The surface of the sensing area was characterized by FTIR spectrometry. The 

spectra of NIP-PANI and CRP-MIP-PANI are shown in Figure 30. The spectra of both 

show the main bands at the wavenumber of 1590, 1508 and 1308 cm−1, which correspond 

to the ring-stretching vibrations of the quinoid and benzenoid rings of aniline and nitro 

aniline, respectively.  

 

Figure 30 FTIR spectra of the CRP-MIP-PANI (red) and NIP-PANI (black). The 

transmission percentages are adjusted to arbitrary unit to compare the 

characteristic peaks. 

 

The normalized 𝛥𝜌 as a function of the CRP concentration is shown in Figure 31. 

The normalized 𝛥𝜌  of the paper sensor shows a negatively linear correlation to the 

increase of the CRP concentration.  

The fitted model of detecting CRP by the CRP-MIP-PANI paper sensor is 
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described by the following linear regression equation (5),  

 

                                         𝑦 = −0.0205𝑥 + 1.0034                                            (7) 

with the coefficient of determination (R2) of 0.987. According to equation (3) and (4), the 

LOD of CRP-MIP-PANI paper sensor is estimated to be 0.390 mg/L.  

As comparison, CRP concentration determination was also conducted with the 

NIP-PANI paper sensors. Similarly, the fitted model of the NIP-PANI paper sensors is 

shown in the equation (6), 

 

                                           𝑦 = −0.0053𝑥 + 0.9915                                            (8) 

with the R2 to be 0.918. The LOD in the NIP-PANI paper sensor is estimated to be 

7.64 mg/L accordingly.  

The results show the CRP-MIP-PANI paper senor has much smaller LOD 

compared to the NIP-PANI one. The resistivity ratio of the CRP-MIP-PANI paper sensors 

presents larger decrease than that of NIP-PANI paper sensors when exposing to increased 

CRP concentrations, which suggests that the CRP-MIP-PANI obtained higher sensitivity 

than the NIP-PANI. 
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Figure 31 The resistivity ratio of the CRP-MIP-PANI (red square) and NIP-PANI 

(black circle) paper sensors exposed to various CRP concentrations. The red and 

black dash lines are the fitted calibration curves. Each point represents the average 

value of at least three identical measurements. The standard deviations are 

calculated and marked as the error bars. 

 

3.5.2. Methylmalonic Acid Wireless Detection 

In the past years, Methylmalonic acid (MMA) have been investigated as the 

biomarker for vitamin B12 deficiency. The accepted values of MMA in healthy humans 

are between 73 nM and 271 nM for vitamin B12.141 MA detection is mostly conducted by 

conventional methods, liquid chromatography mass spectroscopy (LCMS)141, 142 or gas 

chromatography mass spectroscopy (GCMS).143 However, this approach requires 

extensive sample pre-treatment and large sample volume. It is also expensive and time 

consuming. Recently, MMA has been reported to promote tumor progression due to age-

induced accumulation.144 This research pointed out that MMA could be of vital 
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significance as a potential biomarker for cancer prognostics and diagnostics. MMA 

concentration in aged people could be as high as 80 µM. Nevertheless, most of the current 

research is focused on a small dynamic range. MIP approaches have been reported to sense 

MMA with selectivity, but the narrow linear detection ranges limit their application for 

high concentration MMA detection.145, 146 Hence, simple, low cost and large linear range 

is in urgent need for MMA detection as a promising prognostic and diagnostic biomarker 

for cancer and vitamin B12 diagnostics.  

When synthesizing MIP-PANI paper strips, MMA was employed as the template 

during the co-polymerization process. The MMA-MIP-PANI paper sensor was fabricated 

following the same method mentioned above. The resistance ratio change was measured 

by the multimeter. In the meanwhile, the sensors were also measured by a wireless 

Pokitmeter and the signals was read out through a cellphone. Figure 32 shows that MMA-

MIP-PANI paper sensor can detected MMA with a wide linear range from 0 to 100 µM 

with a positive correlation with the increase of the MMA concentration. The resistance 

was also verified by a Pokitmeter with wireless signal readout. This also demonstrates this 

MIP-PANI paper sensor can be integrated with a mobile-based platform for wireless and 

portable sensing applications in the future.  
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Figure 32 Normalized resistance ratio change with MMA concentration increase 

from 0 to 100 µM. The black squares represent data collected from a conventional 

multimeter. The red dots represent data measured by a wireless portable Pokitmeter. 

All data points represent the average value of at least three measurements with 

standard deviations. 

 

3.6. Summary 

In summary, the MIP-PANI paper sensors have broadened point-of-care 

applications in biomarker detection with advantages of being low-cost and enzyme-free. 

We developed and demonstrated a molecularly imprinted paper biosensor that has great 

potential as a low-cost alternative to determine various chemicals and biomarkers such as 

glucose, CRP, and MMA. This paper sensing platform can be also applied to detect 

environmental contaminates per- and polyfluoroalkyl substances (PFAS) such as 

perfluorooctanoic acid (PFOA) and perfluorooctanesulfonic acid (PFOS). The glucose 

LOD of the paper sensors in the bovine blood samples was estimated to be 1.1713 mM. 
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The CRP LOD of the CRP-MIP-PANI paper sensor was estimated to be 0.390 mg/L with 

the R2 to be 0.987. This low-cost paper-based sensing platform is also applied to the 

detection of MMA with wireless signal readout with a wide linear range. The linear 

resistance response of the paper sensor strip can provide a low cost, long durable, and 

accurate analyte measurements method in blood and aqueous solutions.  
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4. MULTIPLEXED BARCODE HYDROGEL SENSING PLATFORM 

 

4.1. Introduction 

Biosensing technologies capable of simultaneously measuring multiple 

biomarkers associated with chronic diseases such as cancer, diabetes, cardiovascular 

disease, and chronic kidney disease are important to the future of personalized medicine, 

telemedicine, and can drastically improve the way healthcare is delivered.147, 148 

Multianalyte biosensors can provide even more comprehensive patient health insights that 

would allow for more efficient and tailored therapies that can lead to reduced healthcare 

costs and improved patient outcomes.149 In addition to their role in personalized medicine, 

multianalyte biosensors can also be used to improve the accuracy and reliability of 

physiological measurements by providing redundancy even in biosensor systems intended 

to track a single disease. 

 

4.1.1. Overview of Multianalyte Biosensors 

Various types of multianalyte biosensors have been reported in the literature with 

applications in biotechnology,150, 151  the nutrition industry,152, 153 environmental 

analysis,154, 155 and healthcare,156 among others.157-160 Multianalyte biosensors used in 

healthcare applications target a wide range of biomarkers associated with various 

pathological conditions, such as cancer, cardiovascular disease, and diabetes;161-163 from 

a variety of biofluids including blood, interstitial fluid, saliva, and tear fluid.158 Numerous 

signal transduction and detection techniques have been explored in the development of 
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multianalyte biosensing.139, 164-169 Of the various modalities, enzymatic electrochemical 

biosensors are among the most common kinds of multianalyte biosensors.  These systems 

operate by detecting a by-product of the reaction of an enzyme and an analyte. Due to the 

prevalence of diabetes mellitus around the world, multianalyte biosensors capable of the 

simultaneous measurement of glucose as one of the key target analytes are among the most 

widely studied. 

Central to the development of multianalyte electrochemical biosensors are the 

selection of enzymes for use as a bioreceptor, which allows for the specific detection of 

target analytes of interest. Such systems have caught the interest of various research 

groups. One such ex vivo electrochemical multianalyte biosensor based on the 

immobilization of multiple enzymes in an electrode array was demonstrated by Yan et 

al.170 Similarly, a multianalyte biosensor capable of glucose and uric acid detection using 

dual channels for individuals suffering from diabetes and gout was developed by Guo and 

Ma.171 Another multi-enzyme sensor, developed by Perdomo et al, succeeded in detecting 

L-lactate and glucose using silicon chips with flow channels and achieved linear analyte 

responses in physiological ranges.172 Similarly, Kotanen et. al, also developed a lactate 

and glucose dual biosensor using an electropolymerization biofabrication technique.173 

Lin et. al, also developed a microfluidic chip with a solid-state sensor capable of the 

simultaneous detection of glucose, urea and creatinine in human blood serum. This system 

used enzymes immobilized in alginate microbeads along with a magnetic powder to create 

a modular system to electrochemically measure the concentrations of target analytes.174 

Multianalyte biosensors are also very well suited for pathologies such as cardiovascular 
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disease where various metabolites are needed to be measured. These include 

immunoassays capable of the simultaneous detection of cardiac troponin I (cTnI) and C-

reactive protein (CRP)175 and a multianalyte immunoassay capable of detecting MMP-9 

and IL-6 for ischemic stroke detection.176 

While many multianalyte electrochemical biosensors perform well in ex vivo 

applications, they are generally not well suited for implantation applications due to the 

presence of interferents in vivo, the difficulty of transdermal signal transduction, and the 

difficulty of miniaturizing the electronics into an integrated biocompatible form factor 

suitable for implantation. Many electrochemical biosensors are vulnerable to interferences 

because the electrodes used for analyte detection are often not specific.177 Many of these 

systems rely on the enzyme-induced oxidation of the metabolite and reduction of the 

electrode, which may be vulnerable to interferents. One such ex vivo electrochemical 

multianalyte biosensor based on the immobilization of multiple enzymes in an electrode 

array was demonstrated by Yan et al.170  

What’s more, commercially available transcutaneous electrochemical sensing 

products also suffer from drawbacks such as invasiveness, high expense, and the need for 

frequent sensor replacements. The first continuous glucose monitoring (CGM) device 

Dexcom G6 lasts only about 10 days before expiration. These sensors are required to be 

inserted beneath the skin to measure glucose levels and cost about $150 per sensor on 

average. Furthermore, all the devices are prone to the dislodging of the cannula from 

motion due to the soft tissue environment. Additionally, various drugs can falsely alter the 
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glucose reading for CGM’s. These drawbacks offer a lot of room for improvement in 

reliably providing glucose data to patients.  

Optical implantable multianalyte biosensors present possible solutions to these 

issues. A multianalyte optical biosensor capable of detecting changes in glucose, uric acid, 

urea, and creatinine by fluorescent intensity was reported by Tsai and Doong.178 In this 

system, hydrolase and oxidase enzymes, along with horseradish peroxidase immobilized 

using a sol-gel method.178 However, the detection of this array biosensor depends on two 

different principles based on the pH change and the reduction of the Am red reagent. The 

fluorescent readout could be affected by the possible fluctuation of the environment and 

defocusing issues. What’s more, the violet excitation light cannot penetrate the tissue far 

enough, which further limits its application in implantable continuous multianalytes 

monitoring under deep dermal layer.179  

 

4.1.2. Significance  

Herein, we present a multianalyte optical biosensor platform based on 

oxidoreductase enzymes coupled with oxygen-sensitive metalloporphyrin phosphors 

immobilized within nanofilm-coated alginate microparticles embedded in discrete 

compartments of a barcode hydrogel implant made of poly(ethylene glycol) diacrylate 

(PEGDA). The biosensing assay, which was previously developed by McShane et al., 

indirectly detects changes in analytes through oxidase-induced local oxygen depletion to 

produce changes in phosphorescence lifetime via the oxygen-sensitive phosphors.180 

Therefore, by changing the selection of oxidase enzymes used in the assay, the system can 
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be used to target various analytes of interest and in the development of multi analyte 

biosensors. Particularly, since the immobilized phosphors are collisionally quenched in 

the presence of oxygen, the reduction in oxygen results in an increase in phosphorescence 

lifetime that is used to calculate the concentration of the analyte of interest. A key 

advantage of measuring phosphorescence lifetime instead of luminescence intensity is the 

capability to conduct transcutaneous interrogation more effectively without significant 

optical interference from autofluorescence and background noise. This is especially 

valuable in the development of implantable biosensors where scattering and light 

absorption from the surrounding tissue is likely to be a factor. 

In this work, we demonstrate the capability of a multianalyte optical sensing 

platform to encapsulate discrete assays into an implantable and biocompatible hydrogel 

system fabricated using a soft lithography technique. To demonstrate the capability of the 

system to target unique analytes with minimal crosstalk, oxygen and glucose were selected 

as the initial target analytes. The time-lapse fluorescent intensity of the oxygen and 

glucose sensing compartments was studied and analyzed under different oxygen 

concentration conditions. To measure the system response to glucose and oxygen changes, 

the phosphorescence lifetime as a function of oxygen and glucose concentration were also 

studied. Overall, this multiplexed and implantable barcode hydrogel platform has great 

potential in the diagnosis, monitoring, management, and treatment of various pathological 

conditions and can be a valuable tool in personalized medicine. 
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4.2. Materials and Methods 

4.2.1. Materials 

Poly(ethylene glycol) diacrylate (PEGDA, average Mw ~ 3.4 kDa) was purchased 

from Alfa Aesar (Haverhill, MA, USA). 2,2- dimethoxy-2-phenylacetophenone 

(C6H5COC(OCH3)2C6H5, >99%), 1-vinyl-2-pyrrolidinone (C6H9NO, >99%) were 

obtained from Sigma-Aldrich (St. Louis, MO, USA). The two phosphors, Pd(II) meso-

Tetra (sulfophenyl) Tetrabenzoporphyrin Sodium Salt (Group A, Hulk) and Pd(II) meso-

Tetra(4-carboxyphenyl)porphine) (Group B, PdP) were obtained from Frontier Scientific 

(Logan, UT, USA). Glucose oxidase from Aspergillus Niger was obtained from BBI 

solutions (Cardiff, UK) while catalase from bovine liver was obtained from Calzyme 

Laboratories, Inc. (San Luis Obispo, CA, USA). Alginic acid sodium salt, poly(allylamine 

hydrochloride) (PAH, average Mw ~ 17.5 kDa),  poly(sodium-4-styrenesulfonate) (PAH, 

average Mw 70 kDa), calcium carbonate, TRIZMA Base 

(Tris[hydroxymethyl]aminomethane), and dimethyl sulfoxide (DMSO) were purchased 

from Sigma Aldrich (St. Louis, MO, USA). The surfactant, Sorbitan trioleate (SPAN 85), 

was obtained from Tokyo Chemical Industry (Tokyo, Japan), while polyoxyethylene 

sorbitan trioleate (TWEEN 85) was obtained from Sigma Aldrich (St. Louis, MO, USA). 

2,2,4-Trimethylpentane (isooctane) was purchased from Tokyo Chemical Industry (Tokyo, 

Japan). Tris HCl (Tris-(hydroxymethyl) aminomethane hydrochloride) was purchased 

from VWR (Radnor, PA, USA). Finally, calcium chloride (CaCl2) and β-D-glucose were 

purchased from Macron Fine Chemicals (Center Valley, PA, USA). 
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4.2.2. Oxygen and Glucose Sensing Microparticle Synthesis 

Two groups of alginate microparticles were fabricated for use in the barcode 

sensors, which contained two types of compartments and four compartments in total. The 

alginate microparticles placed in compartment Group A were designed for the detection 

of changes in glucose concentrations and oxygen concentrations while those in 

Compartment B Group were designed to be glucose irresponsive but oxygen responsive. 

A similar emulsion-based procedure was used to make alginate microparticles in both 

Group A (Hulk) and Group B (PdP). Here, alginic acid was combined with the porphyrin 

molecules Hulk and PdP to create the aqueous phase of the emulsion. The chemical 

structures are shown in Figure 32. For glucose-sensing particles, glucose oxidase (GOx) 

and catalase (CAT) were combined with this aqueous phase.  

 

Figure 33 Chemical structures of the oxygen-sensitive metalloporphyrin phosphor 

molecules. (a) Group A, Hulk. (b) Group B, PdP. 

 

The alginate-dye-enzyme mixture was then added to an organic phase of isooctane 

along with surfactants and emulsified using a homogenizer after the addition of surfactants 
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TWEEN85 and SPAN85, which stabilize the emulsion by reducing the surface tension of 

the microparticle droplets as they crosslink within the alginate microparticles. After the 

crosslinking of the microparticles, a 5-layer alternating nanofilm of poly (styrene sulfonate) 

(PSS) and poly (allylamine hydrochloride) (PAH) was deposited on the particles using 

layer-by-layer deposition. These microparticles were suspended in 1 mL TRIS buffer 

solution (50 mM) and stored at 4 ℃ for future use. 

 

4.2.3. Barcode Hydrogel Sensor Fabrication 

To create discrete compartments in a single barcode hydrogel, a bottom master 

mold and a top master mold were fabricated by replica molding polydimethylsilonxane 

(PDMS) from the master molds printed by a 3D printer (EnvisionTEC).181, 182 Alignment 

markers were also designed and fabricated on the master molds for precisely matching the 

bottom and top master molds. PDMS precursor was prepared by mixing the prepolymer 

and curing agent at a ratio of 10:1. The solution was well mixed and degassed before 

casting into the molds. 

The hydrogel solution was prepared by mixing 10% (w/v) PEGDA and 2% (v/v) 

photo-initiator solution. The photo-initiator solution was prepared by adding 2,2- 

dimethoxy-2-phenylacetophenone into 1-vinyl-2-pyrrolidinone with a concentration of 

100 mg/mL. The bottom and top PDMS master molds were pre-treated with oxygen 

plasma for 2 min to make the surface hydrophilic. Immediately after the surface treatment, 

the hydrogel solution was loaded into the bottom master mold. The top master mold was 

aligned on top of the bottom master mold with the help of the alignment markers. Then, 
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the hydrogel polymerization was conducted by cross-linking under 365 nm ultra-violate 

(UV) exposure for 5 min. The barcode hydrogel with a 2x2 array of discrete compartments 

was peeled off the master molds and rinsed by deionized (DI) water (resistivity ~ 18.2 

MΩ/cm) for at least three times. 

The oxygen and glucose sensing assays were mixed with the hydrogel solution at 

a ratio of 3:1. The well-dispersed hydrogel and the sensing assay mixtures were loaded 

into each compartment with a volume of 0.64 µL by a pipette followed by the 

polymerization of the mixed precursors under 365 nm UV for 5 min. The as-fabricated 

barcode hydrogel containing multiplexed sensing assays were then rinsed by DI water for 

at least three times and kept in DI water at 4 ℃. 

 

4.3. Experimental Section 

4.3.1. Testing System 

Each of the four barcode samples were tested in a single flow cell. Each barcode 

sample contained four compartments loaded with alginate microparticles, two of the four 

compartments contained alginate microparticles encapsulating Hulk dye and the two 

remaining compartments contained alginate microparticles encapsulating PdP dye. 

Although each of the four barcode samples was tested for responses to changes in oxygen 

concentration, three of the four samples were tested for changes in the lifetime of the Hulk 

dye using readers with an excitation wavelength of 630 nm while the last compartment 

was tested with a reader with an excitation wavelength of 530 nm to observe changes in 

PdP. For each oxygen concentration, the barcode samples were tested for roughly 90 
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minutes to allow for the normalization of oxygen concentration and for the 

phosphorescence lifetime to reach a steady state.  

Absorbance and emission measurements were performed using an Infinite 200 

PRO 96-well plate reader (Tecan, Männedorf, Switzerland). Radical crosslinking was 

initiated using a Blak-Ray B-100SP UV lamp from UVP (Upland, CA, USA). Flow-

through experiments were conducted using peristaltic pumps (L/S 7550 pump drive), 

pump heads (Easy Load 3), and precision tubing (L/S Norprene Tubing A60 G, L/S 13, 

50 ft) purchased from MasterFlex (Gelsenkirchen, Germany). Oxygen concentrations 

were adjusted using mass flow controllers (Type 1179A General Purpose Mass-Flo 

Controller) and a pressure control unit (PR 4000 F) from MKS Instruments (Andover, MA, 

USA). Optical interrogation of hydrogel samples was conducted using custom optical 

readers, described in previous studies.183, 184 Each reader contained a red LED (Lumileds 

LUXEON Rebel, λex = 630 nm) for excitation and silicon photomultiplier tubes (SiPMT, 

SensL) for emission detection. During oxygen and glucose response testing, samples were 

housed in a custom designed Delrin flow cell capable of holding four hydrogel samples 

and four optical readers. Changes in oxygen concentration during the oxygen response 

tests were verified using an OX-500 oxygen microsensor and PA2000 picoammeter 

(Unisense, Aarhus, Denmark) 

 

4.3.2. Optical and Fluorescent Images 

The optical and fluorescent images of the barcode hydrogel sensor were taken by 

a Leica SP8 confocal microscope. The time-lapse fluorescent images of the barcode 
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hydrogel sensor with oxygen and glucose sensing compartments were analyzed. A 

chamber was created by two cover glasses with an adhesive spacer to confine the specimen. 

The barcode hydrogel sensor sample was put inside the chamber. DI water was first 

injected into the chamber so that the sample was immersed in an ambient oxygen 

concentration environment as control. Fresh glucose solution with a concentration of 100 

mg/dL was then added into the chamber. The glucose sensing assays were excited by 630 

nm and the wavelength of the emission filter ranges from 750 nm to 800 nm. The oxygen 

sensing assays were excited by 530 nm and the wavelength of the emission filter ranges 

from 660 nm to 700 nm. The total duration for taking the time-lapse fluorescent images 

was set as 2h with 654s interval. The mean fluorescent intensity of the glucose and oxygen 

sensing compartment with the same area of region of interest was analyzed by Leica 

Application Suite X core 3.7.4. 23463. 

 

4.3.3. Microparticle Size Distribution 

The size distribution of the microparticles was characterized by a Cellometer 

(Nexcelom Bioscience, Massachusetts, USA). The sample solution was prepared by 

diluting the microparticle stock solution at a ratio of 1:10 by TRIS buffer solution (50 mM) 

and well suspended. The concentration as a function of the size of the microparticles was 

plotted and analyzed. 
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4.4. Results and Discussion 

4.4.1. Design and Working Principle 

The schematic diagram of the barcode hydrogel sensor with discrete compartments 

containing oxygen and glucose sensing assays is shown in Figure 33a and the dimension 

of the barcode hydrogel is described in Figure 34. To achieve this target geometry, the 

bottom and top master molds were designed with the following parameters. The bottom 

PDMS master mold for the fabrication of the barcode hydrogel had arrays of hollow 

cuboid structures with the dimension of 3.5 mm in length, 3.1 mm in width, and 1 mm in 

height. The top PDMS master mold for the creation of the discrete compartments had 

arrays of bulge cuboids with the dimension of 1 mm in length, 0.8 mm in width, and 0.8 

mm in height. The distance between each compartment was designed at 0.5 mm.  

The schematic diagram of the microparticles is shown in Figure 33b. The two types 

of the sensing assays contain an aqueous phase emulsion by combining alginic acid with 

the porphyrin molecules Hulk and PdP followed by crosslinking to form microparticle 

droplets. Especially for glucose sensing assays, glucose oxidase (GOx) and catalase (CAT) 

were added into the aqueous phase. GOx serves as a highly selective bioreceptor while 

CAT reduces hydrogen peroxide (H2O2), which is known to deactivate enzymes such as 

GOx.
185 Polyelectrolyte multilayer (PEM) thin films were coated on the surface of these 

microparticles to control oxygen and glucose diffusion. A 5-layer alternating nanofilm of 

poly (styrene sulfonate) (PSS) and poly (allylamine hydrochloride) (PAH) was deposited 

by a layer-by-layer deposition approach. The size distribution of the microparticles is 

shown in Figure 35. 
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Figure 34 Schematic diagram of the barcode hydrogel platform. (a) The 2x2 array 

barcode hydrogel sensor. (b) The composition and structure of the glucose-

responsive (green) and oxygen-responsive (red)  microparticles. 
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Figure 35 Dimension of the 2x2 array barcode hydrogel platform. 

 

Figure 36 Size distribution of the synthesized microparticles. 
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For a 2x2-array barcode hydrogel platform, four discrete compartments were 

created by replica molding using soft lithography from the top and bottom master molds 

printed by a 3D printer The side view of the fabrication  process flow is shown in Figure 

37, more details are described in the experimental section. A photographic image of the 

as-fabricated barcode hydrogel sensors was shown in Figure 37f. 

 

Figure 37 Schematics of the working principle of the glucose-responsive (green) and 

oxygen-responsive (red)  microparticles. 
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Figure 38 Fabrication process flow of the barcode hydrogel sensor. (a) Load PEGDA 

precursor solution into the bottom mold. (b) The top mold was aligned with the 

bottom mold. The PEGDA solution was crosslinked by UV exposure. (c) Removed 

the top mold. Discrete 2x2 array of compartments were formed in the hydrogel. (d) 

Multi-sensing assays (A: glucose, B: oxygen) mixed with PEGDA solution were 

pipetted into each compartment. (e) The oxygen and glucose sensing assays were 

crosslinked by UV exposure. (f) A Photographic image of the 2x2 barcode hydrogel 

sensors containing discrete oxygen and glucose sensing compartments. Scale bar, 5 

mm. 

 

4.4.2. Brightfield and Fluorescence Images  

The dimension of the single barcode hydrogel with 2x2 arrays was confirmed by 

the top view microscopic image was shown in Figure 38a. The color image was also taken 

and presented in Figure 38b. The glucose responsive compartments (Group A) were in 

dark green, and the oxygen responsive compartments (Group B) were in red. The confocal 

fluorescent image of each compartment was shown in Figure 38c, d, e, and f. 
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Figure 39 Brightfield and fluorescence images of the barcode hydrogel sensor. (a) 

Microscopic image of the barcode sensor immersed in DI water. Scale bar, 1 mm. (b) 

Color image of the barcode sensor. The green compartments contain glucose 

responsive assays, and the red compartments contain oxygen responsive assays. Scale 

bar, 500 µm. (c) and (f) The fluorescence images of the oxygen responsive 

compartments at the top right and bottom left. (d) and (e) The fluorescence images 

of the glucose responsive compartments at the top left and bottom right. Scale bars 

in (c), (d), (e), and (f): 200 µm. 

 

 

The time-lapse fluorescence images in the oxygen and glucose responsive 

compartments were taken when the barcode hydrogel sensor was immersed in 100 mg/dL 

glucose solution in a sealed chamber. The mean fluorescence intensity was calculated by 

the average intensity in the region of interest minus the background mean intensity. As 

shown in Figure 39, the mean fluorescence intensity of the glucose responsive 

compartment increased about 23.6% after exposure to glucose solution for 2h. The mean 

intensity started to saturate after around 90 min. This is due to the consumption of oxygen 
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in the glucose responsive compartment when glucose was added in the sealed environment, 

it formed a low oxygen condition. When the porphyrin was quenched by oxygen, the 

fluorescence intensity increased as the oxygen concentration decreased. When the oxygen 

concentration became very low in the glucose responsive compartment locally, the mean 

intensity tended to be saturated as the oxygen concentration became constant. However, 

the mean intensity of the oxygen responsive compartment showed only about 7.2% 

increase, which suggests the oxygen concentration in the oxygen responsive compartment 

was barely affected by the oxygen consumption in the nearby glucose responsive 

compartments. 

 

Figure 40 Time-lapse mean fluorescence intensity changes of the oxygen and glucose 

responsive compartments. The barcode sensor was immersed in glucose solution with 

a concentration of 100 mg/dL. 

 

 

 



87 

 

4.4.3. Multiplexed Oxygen and Glucose Sensing 

The response of the barcode hydrogel sensors to the changes in oxygen 

concentrations was measured. Specifically, the phosphorescence lifetimes changes 

associated with both Group A and Group B compartments were analyzed as a function of 

oxygen concentration. An oxygen concentration ranging from 0 to 21% (0 - 206.8 μM) 

was used, to represent oxygen concentrations up to ambient oxygen levels. 

 

Figure 41 Phosphorescence lifetime response of the barcode hydrogel sensor under 

different oxygen concentrations. (a) Phosphorescence lifetime changes of the glucose 

(Group A, green) and oxygen (Group B, red) responsive assays under different 

oxygen concentrations. (b) Normalized lifetime ratio and the fitted curve associated 

with the two types of sensing compartments (Glucose in green color, oxygen in red 

color) as a function of oxygen concentration. Green circles represent an average of 

the phosphorescence lifetime response from Group A compartments from three 

identical samples while red squares represent compartments in Group B from a 

single barcode sample. Error bars represent the associated standard deviations. 

 

 

Each barcode array consisted of four compartments, two compartments containing 

alginate microparticles loaded with Hulk dye and two compartments containing alginate 

microparticles loaded with PdP dye. The sensitivity of each barcode compartment to 
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oxygen is quantified by the Stern-Volmer constant, Ksv, which was calculated as the slope 

of the normalized oxygen response graph in Figure 40 and reported in Table 1. 

Both Compartment Group A and B showed pronounced responses to the changes 

in oxygen concentration in Figure 6a as expected. However, the phosphorescence lifetime 

differed significantly between the two compartments due to the difference in the natural 

lifetime range of the phosphors contained in each compartment group. Compartment 

Group A, which contained Hulk (phosphor) and GOx, showed a phosphorescence lifetime 

range of 65 to 203 μs (138 μs) and a Ksv value of 11.3 (%-1 O2) * 10-2. Conversely, the 

oxygen sensitivity of Group B, which contained PdP (phosphor) and no GOx, had a much 

higher phosphorescence lifetime range of 93 to 655 μs (562 μs) and a Ksv value of 32.4 

(%-1 O2) * 10-2. However, in both compartment types, the changes in phosphorescence 

lifetime are more pronounced in low oxygen concentrations and begin to plateau in higher 

oxygen concentrations, which is illustrated by the upward concave trends of normalized 

lifetime ratio seen in Figure 40b. 

 

Table 1 Stern-Volmer constants of the oxygen- and glucose-responsive assays. 

Group Phosphor 
Ksv 

(%-1 O2) * 10-2 

A Hulk 11.3 

B PdP 32.4 

 

The normalized phosphorescence lifetime ratios of the two types of sensing assays 

show positive correlations with oxygen concentration increasing. The normalized lifetime 
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ratio (T0/T) of the glucose and oxygen sensing compartments were fitted by polynomial 

regression with adjusted R square of 0.996 and 0.998, respectively. 

It should be noted that although the phosphorescence lifetime range for PdP was 

greater than Hulk, the later phosphor was selected for glucose sensing due to its near IR 

excitation wavelength (~ 630 nm), which is within the optical window where light 

absorption by both proteins and water is low.186 Conversely, PdP has an excitation 

wavelength close to 530 nm, which would make in vivo excitation of the phosphor more 

difficult due to the absorption and scattering of light by pigments present in vivo. For 

clinical translation, it may be necessary to select phosphors that operate in the “optical 

window” (600 - 950 nm). 

 

Figure 42 Phosphorescence lifetime response of the barcode hydrogel sensor under 

different oxygen concentrations. (a) Phosphorescence lifetime changes of the glucose 

(Group A, green) and oxygen (Group B, red) responsive assays under different 

oxygen concentrations. (b) Normalized lifetime ratio and the fitted curve associated 

with the two types of sensing compartments (Glucose in green color, oxygen in red 

color) as a function of oxygen concentration. Green circles represent an average of 

the phosphorescence lifetime response from Group A compartments from three 
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identical samples while red squares represent compartments in Group B from a 

single barcode sample. Error bars represent the associated standard deviations. 

 

The glucose response was obtained by measuring the phosphorescence lifetime as 

a function of glucose concentration from the barcode sensors (Figure 41). Each barcode 

array consists of four compartments, two glucose-sensitive compartments (Compartment 

Group A) and two glucose-insensitive compartments (Compartment Group B). As 

expected, Compartment Group A showed a much more pronounced response 

(phosphorescence lifetime range: 86 μs) to changes in glucose concentration than 

Compartment Group B (phosphorescence lifetime range ~36 μs). It’s worth noting that the 

natural lifetime range of PdP is much greater than that of Hulk as shown in Figure 41. As 

such, the lifetime responses during glucose challenges are better reported as a percentage 

change than an absolute phosphorescence lifetime change. Compartment Group A showed 

a 62% change in phosphorescence lifetime while Compartment Group B showed only a 

6% change in phosphorescence lifetime. This is as expected and consistent with the time-

lapse fluorescent intensity testing results mentioned in Figure 39. 

Although Compartment Group A showed a significant increase in 

phosphorescence lifetime during glucose challenges, it does not achieve the lifetime range 

seen in the oxygen tests. This implies that the glucose response is enzyme-limited, as there 

is a plateau in the lifetime response lower than the maximum achievable lifetime, despite 

increases in glucose concentration. In other words, the enzyme-induced oxygen depletion 

by all available enzymes does not consume all local oxygen within the barcode 
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compartments. To achieve a higher lifetime range and achieve a higher lifetime range in 

future studies, the concentration of GOx can be increased.  

A logistic regression model was used to fit the phosphorescence lifetime change 

as a function of glucose concentration with an adjusted R square of 0.995. The model is 

described as 𝑦 = 148.63 − 89.62/(1 + (𝑥 30.36⁄ )1.12). The limit of blank (LOB) of 

glucose is calculated based on Equation (1): 

                          LOB = mean of blank + 1.645 (SD of blank)                            (1) 

where mean of blank is the average value at blank sample and SD of blank is the 

standard deviation of blank sample. The limit of detection (LOD) of glucose is calculated 

based on Equation (2): 

                         LOD = LOB + 1.645 (SD of low concentration)                        (2) 

where SD of low concentration is the standard deviation at low concentration 

sample. Based on the calculation, the LOD for glucose by the barcode hydrogel sensor is 

estimated to be 9.21 mg/dL. 

The presence of a very low response in Compartment Group B also demonstrates 

a low level of crosstalk in the barcode system, since the glucose-sensitive compartment 

responded to the change in oxygen while the glucose insensitive compartment did not 

show a significant response.  

 

4.4.4. Stability Assessment 

Stability tests were conducted on the barcode sensor to evaluate the glucose 

response over multiple cycles. The barcode biosensors were exposed to 10 consecutive 
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cycles of 0 mg/dL glucose and 200 mg/dL glucose. Phosphorescence lifetime 

measurements were conducted throughout this process and the percent change in the 

phosphorescence lifetime response over the cycles was calculated. The samples were 

exposed to each glucose concentration for 1 hour to allow enough time for diffusion-

reaction to reach a dynamic equilibrium (~10 mins) and data collection (30 mins). 

 

Figure 43 Stability assessment of the barcode sensors. Stability assessment of the 

barcode hydrogel sensor. (a) Each point represents an average of three samples. The 

phosphorescence lifetime was only collected from Compartment Group A of each 

barcode sensor. Each data point represents an average of  the phosphorescence 

lifetime response of at least three identical samples. Error bars represent 95% 

confidence intervals. (b) Grouped box chart of the phosphorescence lifetime at 0 

(red) and 200 (blue) mg/dL glucose concentration over 10 cycles. The diamond box 

represents 25 to 75% percentile. 

 

This graph shows that the average phosphorescence lifetime rage gradually 

decreased and resulted in a 16% decrease in phosphorescence lifetime over the 10 cycles. 

A possible reason for the decrease in phosphorescence lifetime response is the deactivation 

of GOx by H2O2, which is produced during glucose catalysis. To mitigate this 

phenomenon, catalase (CAT) was included in the sensing compartments. However, the 

emulsion-based fabrication method limited the amount of CAT that was used in particle 
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fabrication. A greater concentration of CAT might be necessary to further preserve 

enzymatic activity. 

Figure 42a and b show no significant changes in the phosphorescence lifetime over 

the 10 cycles. Specifically, the phosphorescence responses to a 200 mg/dL glucose 

solution showed an average of 171.9 µs with a standard deviation of 3.7 µs in lifetime 

over 10 cycles while the phosphorescence responses to a 0 mg/dL glucose solution showed 

an average of 94.6 µs with a standard deviation of 3.7 µs in phosphorescence responses 

over 10 cycles. The relative stability of the barcode system may be due to the inclusion of 

catalase (CAT) in the sensing compartments. This enzyme has been reported to reduce the 

deactivation of GOx by H2O2, which is produced during glucose catalysis.  

 

4.5. Summary 

In this study, an implantable optical sensing platform was developed based on 

oxidoreductase enzymes coupled with oxygen-sensitive metalloporphyrin phosphors 

immobilized within nanofilm-coated alginate microparticles embedded in discrete 

compartments of a single barcode hydrogel. The barcode hydrogel optical sensing 

platform was fabricated by replica molding from the master molds printed by a 3D printer. 

Optical and fluorescent images of the sensors were taken by a fluorescent microscope. 

Time-lapse mean fluorescent intensity of the barcode hydrogel sensor was studied and 

analyzed under different oxygen concentration conditions. Continuous oxygen and 

glucose monitoring were demonstrated by phosphorescence lifetime change of the 

metalloporphyrin phosphors in oxygen and glucose responsive compartment. The oxygen 
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responsive assays showed a constant phosphorescence lifetime while the glucose 

responsive assays showed increased phosphorescence lifetime with the glucose 

concentration increased from 0 to 400 mg/dL, which demonstrates no crosstalk between 

the nearby oxygen and glucose responsive compartments. Finally, the sensors were 

exposed to 10 consecutive cycles of 0 mg/dL glucose and 200 mg/dL glucose and 

demonstrated a good glucose response stability. 
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5. CONCLUSIONS 

 

5.1. Summary 

In the size selective microfluidic platform, we developed and demonstrated a size-

selective microfluidic platform (ExoSMP) for automated, consistent, and reliable EV 

isolation. This unique platform offers an enhanced approach to the isolation of EV 

subgroups and sEV subpopulations, along with the additional advantage of being label-

free, low-cost, and featuring a short processing time (< 1 h), and convenient integration 

with downstream analysis. This platform demonstrated a high recovery rate of 94.2% and 

reproducibility (a low standard deviation) from cancer cell culture media samples with an 

optimal sample flow rate. The size-selective isolation of EVs can easily be controlled by 

altering the pore sizes of the nanomembrane combinations.  

Isolation of liposomes from mixed solution were validated. A size-selective 

liposome isolation platform was conclusively developed and demonstrated. Polystyrene 

beads (representative of large particles), liposomes (representative of exosomes) and IgG 

antibody (representative of proteins) in the initial solutions were successfully separated 

with a liposome recovery rate of 92.5% with short processing time of less than 2 h.   

We further utilized ExoSMP with various combinations of nanomembrane pore 

sizes to demonstrate the isolation of EV subgroups and investigate sEV subpopulations of 

various size groups. The western blot analysis suggested the evidence of CD63 biomarker 

in the subgroups of the EVs. This improved technique will serve as a precise clinical tool 

for isolating EVs and addressing the heterogenicity of EV subgroups. Additionally, with 
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its efficient size-based isolation of EV subpopulations, ExoSMP shows broad promise for 

investigating the role of EVs in various point-of-care applications in disease monitoring, 

medical diagnosis, and drug delivery.  

In the low-cost and enzyme-free paper sensor platform, we developed and 

demonstrated a molecularly imprinted paper biosensor that has great potential as a low-

cost alternative to determine various chemicals and biomarkers. The linear resistance 

response of the paper sensor strip can provide a low cost, long durable, and accurate 

analyte measurements method in blood and aqueous solutions. Other benefits of the paper-

sensing strips include much lower temperature and humidity dependence that leads to 

longer shelf life, easy to fabricate. The low-cost fabrication, accurate and reproducible 

detection of paper sensor result can provide a new way of the determination of glucose 

concentration in blood for diabetic patients. We have developed a paper-based electrical 

sensor with molecularly imprinted glucose recognition sites and demonstrated the 

determination of various glucose concentrations in bovine blood solutions. The sensing 

electrode is integrated with molecular recognition sites in conductive polymer. A 

calibration graph as a function of glucose concentration in aqueous solution has been 

acquired for each concentration and matched with a correlation coefficient of 0.989. We 

have also demonstrated the determination of glucose concentrations in bovine blood 

samples.  

We have broadened the application of MIP technology to other biomarkers such 

as CRP and MMA. We developed and demonstrated CRP-MIP-PANI and MMA-MIP-

PANI paper sensors. The results show the CRP-MIP-PANI paper senor has much smaller 



97 

 

LOD compared to the NIP-PANI one. The resistivity ratio of the CRP-MIP-PANI paper 

sensors presents larger decrease than that of NIP-PANI paper sensors when exposing to 

increased CRP concentrations, which suggests that the CRP-MIP-PANI obtained higher 

sensitivity than the NIP-PANI. MMA-MIP-PAPNI paper sensors also shows a positive 

correlation with increased MMA concentration. Wireless detection by a Pokitmeter also 

demonstrates the MIP paper sensors can be integrated in a mobile-based and wireless 

platform for multianalyte diagnostics. These non-enzymatic disposable paper sensors have 

the potential to reduce the health care cost of test strips as well as make test strips more 

accessible to underserved communities. 

In the barcode hydrogel optical sensing platform, we proposed a multiplexed and 

implantable optical sensing platform based on oxidoreductase enzymes coupled with 

oxygen-sensitive metalloporphyrin phosphors immobilized within nanofilm-coated 

alginate microparticles embedded in discrete compartments of a single barcode hydrogel. 

Continuous multiplex oxygen and glucose monitoring were demonstrated through the 

measurement of phosphorescence lifetime changes of the metalloporphyrin phosphors. 

The phosphorescence lifetime showed a negative correlation with increases in the oxygen 

concentration and a positive correlation with increases in glucose concentration. The 

oxygen responsive assays showed a constant phosphorescence lifetime and the glucose 

responsive assays showed increased phosphorescence lifetime with the glucose 

concentration increased from 0 to 400 mg/dL, which demonstrates no crosstalk between 

the nearby oxygen and glucose responsive compartments. The sensors were also exposed 

to 10 consecutive cycles of 0 mg/dL glucose and 200 mg/dL glucose and demonstrated 
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high stability during glucose challenges. The presented barcode hydrogel platform has the 

potential to be broadly applied in multiplexed and implantable applications. 

 

5.2. Future Work 

For the size-selective microfluidic platform, future work may include optimizing 

the microfluidic device design for large volume sample isolation, studying EV isolation 

using patient samples (whole blood or human body fluids) and investigating integration 

with other downstream analysis platforms such as EV detection, PCR chips and mRNA 

analysis on a single platform. The molecular and cargo information of EVs could be 

studied based on specific size of subgroups and provide biological information for 

prognostic and diagnostics. Besides, the proteins or other bio-fragments collected in the 

bottom channel could be analyzed. 

For the paper-based biosensors, future work may include optimizing the 

parameters for polyaniline synthesis with more template cavities/binding sites with 

increased surface areas. Other conductive monomers could be also studied as the material 

for co-polymerization, such as polypyrrole, polyacetylene, and polyindole. Furthermore, 

the paper strips could be integrated with filter papers on 3D paper-based microfluidic 

point-of-care testing platform for clinical applications. Human whole blood could be 

studied as the samples to analyze the accuracy of this proposed paper sensor for glucose 

detection. Besides, this paper sensing platform could be further studied for other 

biomarkers such as CRP and MMA in serum and patient samples. 
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For the barcode hydrogel optical sensing platform, future work may include 

optimizing the dimension of the 1x4 array barcode hydrogel sensor for miniaturized 

implantation. The dye concentration, enzyme concentration and catalyze concentration 

could be further optimized to achieve high sensitivity at high glucose concentrations. With 

the development of miniaturized barcode hydrogel sensor, future efforts will be focused 

on collaborating with UCLA and Rice University groups in developing wearable imaging 

platform towards animal test. Other sensing assays based on phosphorescence lifetime 

could be also immobilized in the compartments for multianalyte biosensing such as lactate, 

uric acid, and cholesterol. Fluorescence resonance energy transfer (FRET) based glucose 

sensing assays could be also embedded in this barcode hydrogel platform. 
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APPENDIX A 

OPERATION PARAMETERS FOR INKJET PRINTER 

Table A Summary of the settings used in the inkjet printer for silver 

electrode printing. 

Parameter Nozzle Spacing 
Nozzles 

Activated 

Nozzle 

Diameter 
Frequency 

Cartridge 

Size 

Value 254 µm 16 21 µm 30 kHz 10 pL 

Parameter 
Substrate 

Temperature 

Jetting 

Frequency 

Applied 

Voltage 

Drop 

Spacing 

Drop 

Angle 

Value 30 °C 5 Hz 30 V 20 µm 4.4° 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


