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Abstract:



Glucose, as an essential substance directly involved in metabolic processes, is closely related to the occurrence of various diseases such as glucose metabolism disorders and islet cell carcinoma. Therefore, it is crucial to develop sensitive, accurate, rapid, and cost effective methods for frequent and convenient detections of glucose. Microfluidic Paper-based Analytical Devices (μPADs) not only satisfying the above requirements but also occupying the advantages of portability and minimal sample consumption, have exhibited great potential in the field of glucose detection. This article reviews and summarizes the most recent improvements in glucose detection in two aspects of colorimetric and electrochemical μPADs. The progressive techniques for fabricating channels on μPADs are also emphasized in this article. With the growth of diabetes and other glucose indication diseases in the underdeveloped and developing countries, low-cost and reliably commercial μPADs for glucose detection will be in unprecedentedly demand.
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1. Introduction


Glucose, one of the essential metabolic intermediates, is an important medical analyte which is the indicator of various diseases, such as glucose metabolism disorders and islet cell carcinoma [1,2,3,4]. Normally, the concentration of glucose in human blood stream is in the range of 3.8–6.9 mM. A level below 2.8 mM after no-eating or following exercise is considered to be hypoglycemia [5]. For diabetics, the blood glucose concentration should be strictly controlled below 10 mM according to the American Diabetes Association [6]. Frequent and convenient monitor of the blood glucose concentration is a key endeavor for medical diagnosis [7,8] and of critical importance to the diabetics for the hyperglycemia complications prevention [9,10,11,12].



A terminology “ASSURED” representing the words “affordable, sensitive, specific, user-friendly, rapid and robust, equipment-free and delivered to those in need”, is summarized by the World Health Organization (WHO) as the guidelines for the diagnostic point-of-care tests (POCTs) [13]. These diagnostic tests are emerging for applications in the underdeveloped and developing world, where cost-effect and simplicity are of major concerns [14,15,16,17]. As the most abundant biopolymer on the Earth, cellulose is mostly used to produce paper for industrial use. Being composed of a network of hydrophilic cellulose fibers [18], paper has a natural porous microstructure, which is amenable to lateral flow via capillary action, realizing on-site analysis without the requirement for external forces such as pumps [14,19].



Microfluidic paper-based analytical devices (μPADs) as a promising and powerful platform have shown great potential in the development of POCTs [20,21,22,23,24]. This concept was first proposed by the Whitesides group in 2007 [14] and the photoresist-patterned paper was used to fabricate the microfluidic devices that the liquid could transport through capillary force in the lack of external equipment. Since then, μPADs have been popular in a variety of applications, such as clinical diagnostics [13,14,25,26,27,28,29,30], food safety [31,32], environmental monitoring [33,34,35] and bioterrorism [36,37,38,39,40] due to the advantages of portability, simplicity, economic affordability and minimal sample consumption.



Paper substrate is hydrophilic by nature. Therefore, to fabricate the μPADs, hydrophobic barriers are usually created to confine the fluid flow within a desired location or direct the fluidics follow desired trails. A number of techniques, including photolithography [14,41,42,43,44,45,46], wax printing [47,48,49,50], screen-printing [51,52], plasma treating [53,54], flexography [55,56,57] and laser treating [58] have been developed for the manufacture of hydrophobic barriers. In the photolithography process, photoresists, e.g., octadecyltrichlorosilane (OTS), poly(o-nitrobenzylmethacrylate) (PoNBMA) and SU-8 used to fabricate μPADs are costly and the expensive photolithography equipment is also required. Patterning paper with wax printing technology could offer relative high speed, facile process and high resolution for fabricating μPADs, while the commercial wax printers of high running costs and the wax of low melting point restrict the use in batch production. Screen-printing method exhibits slightly higher resolutions than wax printing, but it is limited by the requirements of accordingly various printing screens when patterns are changed. Although plasma treating produces patterns without affecting their flexibility or surface topography, this method suffers from the limitation of mass production. Flexographic printing is considered as a proper technique for mass production. However, its requirements locate at the two prints of polystyrene and different printing plates. High resolution could be achieved when fabricating μPADs using laser treating method, but it is of difficulties to fold or store the laser-treated devices [59,60]. Though each fabrication method has its own advantages and limits, the economic benefit of μPAD mass production is the principal issue in concerned, especially for the widespread utilization in glucose detection. Balancing the interests between cost and performance may rely on the development of unique process technology and new materials.



With the development of μPADs, multiple conventional detection techniques, such as colorimetric detection [59,61,62,63,64], electrochemical detection [65,66,67,68], chemiluminescence (CL) [69,70,71,72,73], fluorescence [74,75,76,77], mass spectrum (MS) [78,79] and surface-enhanced Raman spectroscopy (SERS) [80,81] have been applied to paper-based devices for rapid diagnostics.



In this article, colorimetric and electrochemical μPADs for glucose detection in the past five years are summarized and reviewed. With the development of microfabrication and nanomaterial, glucose detection μPADs with high sensitivity and stability will be commercially accessible in the near future.




2. Colorimetric Detection of Glucose


2.1. Fabrication Process of Colorimetric Glucose μPADs


Colorimetric detection has been the most widely employed technique for paper-based analytical devices due to the advantages of visual readout, straightforward operation and superior stability [82,83,84,85]. Glucose oxidase (GOx) and horseradish peroxidase (HRP) are the commonly used bienzyme system to catalyze the reaction between glucose and the color indicator in μPADs. The catalytic reaction of glucose by glucose oxidase results in hydrogen peroxide (H2O2) and gluconic acid. Peroxidase then catalyzes the reaction of H2O2 with color indicator and generates a visual color change. Identifying an appropriate color indicator is one of the crucial steps in the advancement of μPADs for the glucose concentrations determination. Potassium iodide (i.e., KI) was one of the commonly used color indicators. HRP catalyzes the oxidation of iodide to iodine by hydrogen peroxide, leading to a change from colorless to a visual brown color [59,60,62,86,87,88,89,90,91]. Garcia et al. [62] proposed a production method of μPAD using a handheld metal stamp (Figure 1). The channel and barrier widths of the fabricated μPAD were 2.6 ± 0.1 and 1.4 ± 0.1 mm, respectively. The improvement in the color uniformity was created by the covalent coupling of enzymes on the surface of paper. The linear response was in the range from 0 to 12 mM. Cai et al. [59] developed a μPAD fabricated free of metal masks or expensive equipment. A mask immobilized with trimethoxyoctadecylsilane (TMOS) was used to silanize the cellulose paper substrate by heating the paper, which was located between the mask and glass slides. TMOS adsorbed on the mask would evaporate and penetrate into the cellulose paper aligning onto the mask, while other parts remained hydrophilic due to the lack of reaction between cellulose OH groups and TMOS (Figure 2). Li et al. [60,86] developed a piezoelectric ceramic transducer (PZT) drop-on-demand wax droplet generating system for μPADs. Wax was jetted as droplet and shaped to form the hydrophobic fluid pattern on a piece of filter paper with a PZT actuator. Mohammadi et al. [88] proposed a screen-printing method to fabricate μPAD through patterning polydimethylsiloxane (PDMS) instead of wax onto paper to construct hydrophilic channels. The glucose diagnostic device could be developed by drawing with a silane/hexane ink without further requirement of complex equipment. Oyola-Reynoso et al. [92] used a ball-point pen in the fullness of a solution of trichloro perfluoroalkyl silane in hexanes to draw hydrophobic regions of paper. To investigate the glucose concentration in blood plasma, Yang et al. [91] developed a μPAD with agglutinating antibodies immobilized for separating blood plasma from red blood cells in whole blood (Figure 3). Furthermore, laser-induced photo-polymerisation [93] and blade coating [64] were also used for creation of μPADs depending on GOx/HRP bienzyme reaction.


Figure 1. Scheme of the typical stamping process for microfluidic paper-based analytical devices (μPADs) fabrication: (a) a native paper (n-paper) is covered by a paraffinized paper (p-paper); (b) after heated at 150 °C, the metal stamp is pressed against the layered paper pieces; (c) a typical μPAD fabricated by the stamping process and its optical micrograph (d). With the permission from [62]; Copyright 2014, The Royal Society of Chemistry.
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Figure 2. Scheme of the μPAD fabrication in [59]: A filter paper mask (b) was obtained by cutting on a native filter paper (a), and was immersed in TMOS solution (c); The TMOS-adsorbed mask and a native filter paper were packed between two glass slides (d); TMOS molecules were assembled on the native filter paper by heating (e); and the fabricated μPAD with hydrophilic-hydrophobic contrast (f) and its photograph (g) obtained by spraying water on it. With the permission from [59]; Copyright 2014, The Royal Society of Chemistry.
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Figure 3. Fabrication scheme of the μPAD designed in [91]. The central plasma separation zone (a) and the four test readout zones (b) were patterned on chromatography paper by a wax printer (c); (d) Agglutinating antibodies were immobilized at the central part while the reagents for the colorimetric assay at the periphery zones; (e) To perform a diagnostic test with the developed μPAD, the whole blood sample was dropped onto the plasma separation zone; (f) The red blood cells were agglutinated in the central zone, while the separated plasma wicked into the test readout zones and reacted with the reagents of the colorimetric assay. With the permission from [91]; Copyright 2012, The Royal Society of Chemistry.
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2.2. Alternative Color Indicators for Glucose μPADs


Due to the weaker color signal produced by potassium iodide, some organics and nanoparticles were used as color indicators in glucose μPADs. 2,4,6-tribromo-3-hydroxy benzoic acid (TBHBA) and 4-aminoantipyrine (4-APP) were used as substrates catalyzed by HRP to generate color signal for glucose detection due to superior water solubility of TBHBA and positive charges of TBHBA/4-APP which can be attached firmly onto paper substrate with negative charges [94,95]. Chen et al. [4] replaced TBHBA with N-ethyl-N (3-sulfopropyl)-3-methyl-aniline sodium salt (TOPS) and used TOPS/4-APP in μPAD for glucose detection, which showed a limit of detection (LOD) of 38.1 μM. Gabriel et al. [96] used 4-AAP and sodium 3,5-dichloro-2-hydroxy-benzenesulfonate (DHBS) as the chromogenic solution. Chitosan was involved to improve the sensing performance of glucose in tear samples and the detection limit was 0.023 mM. Zhou et al. [61] used cross-linked siloxane 3-aminopropyltriethoxysilane (APTMS) as probe for colorimetric μPAD. Only glucose oxidase needs to be immobilized on the μPAD due to a visual color change when APTMS/glutaraldehyde (GA) complex reacted with H2O2. The μPAD exhibited good linearity for the concentration in the range from 0.5 to 30 mM, covering the clinical range for normal blood glucose level [6]. Similarly, Soni et al. [97] used co-immobilized color pH indicator for direct determination of salivary glucose with no need for peroxidase. While most conventional intensity-based colorimetric μPAD were still constrained to the requirement of camera for quantitative detection, Cate et al. [35] and Wei et al. [63] utilized visual distance-based methods for μPADs through the distance of color development as a detection value. GOx and colorless 3,3′-diaminobenzidine (DAB) were immobilized in a hydrophilic channel as the substrate on the μPADs. H2O2 were generated by GOx when sample solution travelled along the channel by capillary action, and then further reacted with DAB to form a visible brown, insoluble product (poly(DAB)) in the presence of peroxidase (Figure 4). The length of the brown precipitate was positively correlated to the concentration of glucoses.


Figure 4. Scheme of the μPAD fabrication in [35] (a) Poly(DAB) as a brown precipitate was generated in the present of peroxidase when DAB reacted with H2O2 which came from the oxidation of glucose under the existing of glucose oxidase. By the capillary effect, the brown distance along the channels was related to the concentration of glucose involved in the reactions; (b) The standard calibration curves (closed blue squares) of the color development distance with the standard glucose solutions. The real (complex) serum samples (opened squares) contained 100 nM glucose according to the color development distance. With the permission from [35]; Copyright 2013, The Royal Society of Chemistry.
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Nanoparticles have been used in lateral flow assays associated with colorimetric detection to improve the analytical performance and minimize washing effects [98,99,100]. Figueredo et al. [99] applied three different types of nanomaterials, namely Fe3O4 nanoparticles (MNPs), multiwalled carbon nanotubes (MWCNT), and graphene oxide (GO) in paper-based analytical devices to improve the homogeneity on color measurements. Instead of constructing hydrophobic barriers on paper surface as described above, a layer of hydrophilic paper channels was directly built up on the surface of a hydrophobic substrate. With the assistance of glucose oxidase and HRP, the LOD of the μPADs treated with MNPs, MWCNT and GO were 43, 62, and 18 μM, respectively. Evans et al. [100] also aimed at improving color intensity and uniformity by using silica nanoparticles (Figure 5). The PAD added with silica nanoparticles can prevent the color gradients in the colorimetric detection caused by the washing away effect and the LOD was 0.5 mM. According to the ability of glucose oxidase to reduce Au3+ ions to Au0 in the presence of glucose [101,102], Palazzo et al. [98] used gold nanoparticles (AuNPs) as colorimetric reporters to detect glucose. This μPAD only used glucose oxidase instead of conventional bienzymatic (GOx/peroxidase) device and it avoided bleaching of the final color, with a LOD of 5 µM. Some nanoparticles like graphene oxide (GO) and cerium oxide (CeO2) possessed high intrinsic peroxidase-like catalytic activity [103,104]. Deng et al. [105] synthesized GO@SiO2@CeO2 hybrid nanosheets (GSCs) as an alternative to the commonly employed peroxidase. 2,2′-azinobis(3-ethylbenzothiozoline)-6-sulfonic acid (ABTS) used as the electron donor dye substrate was converted from a colorless reduced form to a blue-green oxidized form by GSCs instead of HRP [106] with a LOD of 9 nM.


Figure 5. (a) Scanning electron microscope (SEM) images of the μPAD in [100] after the SiO2 nanoparticles deposition. Optical images of the μPADs with (c) and without (b) SiO2 nanoparticles modification applied to the colorimetric assay for glucose. Adapted with the permission from [100]; Copyright 2014, The Royal Society of Chemistry.
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2.3. 3D-μPADs


Three-dimensional microfluidic paper-based analytical devices (3D-μPADs) represent an emerging platform development tendency due to the advantages of high throughput, complex fluid manipulation, multiplexed analytical tests, and parallel sample distribution [107]. Compared to the 2D μPADs, 3D-μPADs showed the advantage of highly homogeneous coloration that covering all the surface of the paper reaction zones. Fluid can move freely in both the horizontal and vertical directions in a 3D-μPAD. Yoon groups [108,109], Costa et al. [110] and Lewis et al. [111] fabricated 3D-μPADs by stacking alternating layers of patterned paper and double-sided adhesive tape with holes. In the presence of H2O2 generated by GOx, the HRP converts 4-AAP and N-ethyl-N-(2-hydroxy-3-sulfopropyl)-3,5-dimethylaniline sodium salt monohydrate (MAOS) from colorless compounds to a blue form, which can be visualized in the detection zone. Digital camera from a smartphone was utilized to read the signal and the dynamic detection ranges from 0.3 to 0.8 mM [109]. Li et al. [112] integrated a minimally invasive microneedle with 3D-μPAD to create the one-touch-activated blood diagnostic system, which shows great potential in clinical application.



3D-μPADs could also be converted from 2D structures by origami [113,114,115]. Choi et al. [114] separated the 3D-μPADs into two layers. Reservoirs on the top layer were preloaded with reagent for glucose detection and the test solutions were loaded to each injection zone in the bottom layer. The device was used by tip-pinch manipulation with the thumb and index fingers to operate the chemical reaction of the preloaded reagent and test solutions. Sechi et al. [115] used 3D origami technique to fold the 3D-μPAD and the sample flows from the x, y, and z directions toward the detection points along the hydrophobic channels created by the wax printing technique (Figure 6).


Figure 6. The paper-based 3D-μPADs designed in [115]. (a) The yellow rectangles of the unfolded μPADs marked out the protein detection region while the orange rectangles for glucose; (b) Flow pattern of the developed 3D-μPADs. Sample flow was introduced from the corner at the top left and spread into the middle square at the bottom layer. With the permission from [115]; Copyright 2013, American Chemical Society.
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Traditional fabrication techniques of 3D-μPAD involve stacking layers of patterned paper and origami-clamping, which are complicated and low efficiency. Li et al. [107] and Jeong et al. [116] proposed a method to fabricate a 3D-μPAD in a single layer of paper by doubled-sided printing and lamination (Figure 7). Through adjusting the density of printed wax and the heating time, penetration depth of melted wax could be controlled. This method eliminates major technical hurdles related to the complicated and interminable stacking, alignment, bonding and punching process.


Figure 7. Scheme of the 3D-μPAD formation on a single sheet of paper in [116]. Before (a) and after (b) loading the red dye solution, the front, backside and cross section images of each parts indicated that the red dye solution had smoothly flowed from the inlet to the outlet via the alternative lower and upper channels. With the permission from [116]; Copyright 2015, The Royal Society of Chemistry.
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The LODs achieved versus the colorimetric specific indicators through enzymatic reactions and the kinds of barriers explored were summarized in Table 1.



Table 1. Summary of the colorimetric μPADs for glucose detection in representative references. TMB: 3,3′,5,5′-tetramethylbenzidine.







	
Reference

	
Indicator

	
Barrier

	
Limits of Detection






	
Garcia et al. (2014) [62]

	
KI

	
Paraffin

	
0.1 mM




	
Cai et al. (2014) [59]

	
KI

	
TMOS

	
Not mentioned




	
Li et al. (2016) [86]

	
KI

	
Wax

	
Not mentioned




	
Mohammadi et al. (2015) [88]

	
KI

	
PDMS

	
5 mM




	
Oyola-Reynoso et al. (2015) [92]

	
KI

	
Trichloro silane

	
5.5 mM




	
Chen et al. (2012) [4]

	
4-AAP/TOPS

	
Paper pieces

	
0.21 mM




	
Zhu et al. (2014) [94]

	
4-AAP/TBHBA

	
Paper pieces

	
0.3 mM




	
Zhou et al. (2014) [61]

	
APTMS/GA

	
Paper pieces

	
0.25 mM




	
Soni et al. (2015) [97]

	
Methyl red

	
Paper pieces

	
1.23 mM




	
Cate et al. (2013) [35]

	
DAB

	
Paper pieces

	
1.11 mM




	
Figueredo et al. (2016) [99]

	
TMB

	
Paper pieces

	
0.043, 0.062 and 0.018 mM (with different nanomaterials)




	
Palazzo et al. (2012) [98]

	
AuNPs

	
Paper pieces

	
0.1 mM




	
Deng et al. (2014) [105]

	
ABTS

	
Paper pieces

	
9 nM




	
Im et al. (2016) [109]

	
4-AAP/MAOS

	
Wax

	
0.3 mM




	
Gabriel et al. (2016) [96]

	
4-AAP/DHBS

	
Paraffin

	
0.023 mM












3. Electrochemical Detection of Glucose


3.1. Advanced Fabrications of Electrochemical Glucose μPADs


Electrochemical detection integrated with a paper-based analytical device plays an important role in glucose detection due to the advantage of low cost, high sensitivity and selectivity, minimal sample preparation and short time of response.



Screen-printed electrode (SPE) has been used for glucose detection in many paper-based analytical devices due to the advantage of flexible design and easy modification with chemicals. The research group of Swee Ngin Tan developed a paper-based amperometric glucose biosensor by placing a paper disk immobilized with glucose oxidase (GOx) on top of the SPE and used Fc-COOH or Prussian Blue (PB) as mediator [117,118]. The linear response range was 1–5 mM with a correlation coefficient of 0.971. The PAD showed a LOD of 0.18 mM. Yang et al. [65] modified the SPE with platinum nanoparticles (PtNPs) and used the enzymeless PtNPs-SPE to detect glucose oxidase reaction product H2O2. The detection limit was dropped to 9.3 μM. Noiphung et al. [119] added a plasma isolation part and used the PAD to detect glucose from whole blood. A polyvinyl alcohol-bound glass fiber was used to separate whole blood and the linear calibration range was from 0 up to 33.1 mM with a correlation coefficient of 0.987. Dias et al. [120] developed a paper-based enzymatic device to detect glucose in the 3D batch injection analysis (BIA) cell coupled with SPEs. The LOD was 0.11 mM and linear range was 1–10 mM. Miki et al. [121] replaced screen-printed electrode with complementary metal–oxide–semiconductor (CMOS) chips for electrochemical paper-based glucose detection. Electrodes were fabricated on CMOS chips, the working electrode (WE) and counter electrode (CE) were dropped with carbon ink, and the reference electrode (RE) was formed using Ag/AgCl ink. Glucose oxidase and electron mediator K3[Fe(CN)6] were immobilized on chromatography paper. Anodic currents given by electrodes were proportional to the glucose concentrations and linearity is up to 10 mM, which is sufficient for clinical applications [6].




3.2. Electrochemical Glucose μPADs with Printed Electrodes


An electrochemical sensor is composed of substrate and electrode so that it is important to fabricate electrodes on paper using an easy and versatile method. Some scientists directly printed electrodes on paper substrate instead of using commercial screen-printed electrodes [66,67,68,122,123,124]. Rungsawang et al. [122] used 4-aminophenylboronic acid (4-APBA) as redox mediator to improve the selectivity of the homemade screen-printed carbon electrode due to the low detection potential and the detection limit was 0.86 mM. Määttänen et al. [67] used an inkjet-printing paper-based device, whose working and counter electrodes were printed gold-stripes and a silver-stripe was printed onto an AgCl layer to form the reference electrode. Several modifications were carried to demonstrate the inkjet-printing paper-based device showed no difference with conventional electrodes. Li et al. [123] proposed a direct writing method using a pressure-assisted accessory ball pen to fabricate electrodes on paper (Figure 8). The electrodes fabricated on paper were demonstrated with great electrical conductivity and electrochemical performance, and the electrode could be used in the artificial urine samples, which exhibited the potential in practical application. Li et al. [66] developed a three-electrode system prepared on paper directly by drawing with graphite pencils. The μPAD was designed with a sandwich-type structure that mediator and glucose oxidase were immobilized on separated zones. This origami μPAD showed acceptable reproducibility and high selectivity against interferents in physiological fluids. The linear calibration range was from 1 up to 12 mM and the LOD was 0.05 mM. Santhiago et al. [125] developed a dual-electrode system to replace the conventional three electrode systems. Graphite pencil was directly used as the working electrode instead of drawing on the paper. 4-aminophenylboronic acid was added as redox mediator to reach low limits glucose detection with a LOD of 0.38 μM.


Figure 8. Photographs of electrochemical PADs built up on: A4 papers (a,b); and paper cups (c). Adapted with the permission from [123]; Copyright 2015, The Royal Society of Chemistry.
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The LODs achieved versus the electrochemical specific mediators through enzymatic reactions and the kinds of electrodes explored were summarized in Table 2.



Table 2. Summary of the electrochemical μPADs for glucose detection in representative references. FcA: Ferrocenecarboxylic acid.







	
Reference

	
Mediator

	
Electrode

	
Limits of Detection






	
Lawrence et al. (2014) [118]

	
Fc-COOH

	
Commercial SPE

	
0.18 mM




	
Sekar et al. (2014) [117]

	
PB

	
Commercial SPE

	
0.01 mM




	
Yang et al. (2014) [65]

	
PtNPs

	
Commercial SPE

	
0.0093 mM




	
Miki et al. (2014) [121]

	
K3[Fe(CN)6]

	
CMOS

	
1 mM




	
Rungsawang et al. (2016) [122]

	
4-APBA

	
Wax-printing electrode

	
0.86 mM




	
Li et al. (2015) [123]

	
K3[Fe(CN)6]

	
Writing electrode

	
2 mM




	
Li et al. (2016) [66]

	
FcA

	
Graphite drawing electrode

	
0.05 mM




	
Santhiago et al. (2013) [125]

	
4-APBA

	
Graphite dual-electrode

	
0.38 μM












4. Other Glucose Detection Platforms


Except for the conventional colorimetric and electrochemical techniques for glucose detection, there are some other techniques, such as luminescence [126], fluorescence [127], calorimetric [128], mass spectrum (MS) [129] and surface-enhanced Raman spectroscopy (SERS) [130] applied to μPADs for rapid glucose diagnostics. Chen et al. [126] developed a turn-on paper-based phosphorescence device using Ir-Zne, a kind of luminescence sensing material, composited with GOx with layer-by-layer technique. Once glucose existed, the oxygen content was depleted and the phosphorescence of Ir-Zne increased concomitantly. The linear calibration range was from 0.05 to 8.0 mM with a correlation coefficient of 0.9956 and the LOD was 0.05 mM. Durán et al. [127] utilized colloidal CdSe/ZnS quantum dots (Q-dots) to produce an optical paper-based device for glucose detection. Paper loaded with Q-dots would display strong fluorescence under a UV lamp. H2O2 generated by GOx could cause fluorescence intensity to be quenched after a 20 min exposure. Calorimetric detection is demonstrated as an extension of current detection mechanisms of colorimetric and electrochemical μPADs. Davaji et al. [128] developed a calorimetric μPAD based on binding temperature of glucose/GOx for glucose detection through change in heat. Colletes et al. [129] presented a new insert sample method based on paper with paraffin barriers (PS-PB) and it was employed to glucose detection with a LOD of 2.77 mM. A paper membrane-based SERS platform was developed by Torul et al. [130] for glucose determination in blood using a nitrocellulose membrane and wax-printing microfluidic channel. Gold nanoparticles modified with 4-mercaptophenylboronic acid (4-MBA) and 1-decanethiol (1-DT) molecules were used as probe for μPADs. Glucose molecules were moved through the channel toward the measuring area constructed by dropping AuNPs on the membrane. The glucose concentration was 6.17 ± 0.11 mM and the device may provide a wide range of applications in daily life.




5. Conclusions


Rapid and convenient tests for glucose have become essential in underdeveloped and developing countries, as glucose is an important indicator of metabolic activity. Since microfluidic paper-based analytical device was proposed by the Harvard group in 2007, it has attracted extensive attention in a wide range of applications. Numerous methods have been developed to fabricate the μPADs and multiple detection techniques have been applied to glucose diagnostics. Colorimetric and electrochemical detection are doubtlessly the most important techniques. Colorimetric detection is more widely used than electrochemical detection while the sensitivity is lower than the latter. With the development of point-of-care diagnostic (POCT), it is expected that the carry-on paper-based analytical devices will be generated. The devices tend to be miniaturization and the spectrometric functions or electronic measurements could be integrated in the smartphones [131]. Alternative materials like toner [132,133] have also been investigated for clinical glucose diagnostics without the part of cumbersome fabrication process. Besides, the exploration of biocompatibility and toxicity of papers give a potential for developing minimally invasive or non-invasive μPADs for real-time glucose detection. Improvements of stability and accuracy of glucose detection will bring the devices to be commercially available in the future.







Acknowledgments


This work was supported by National Natural Science Foundation of China (81301293) and National Science and Technology Major Projects for “Major New Drugs Innovation and Development” (2014ZX09507008).




Conflicts of Interest


The authors declare no conflict of interest.




References


	1. 
Kaefer, M.; Piva, S.J.; De Carvalho, J.A.M.; Da Silva, D.B.; Becker, A.M.; Coelho, A.C.; Duarte, M.; Moresco, R.N. Association between ischemia modified albumin, inflammation and hyperglycemia in type 2 diabetes mellitus. Clin. Biochem. 2010, 43, 450–454. [Google Scholar] [CrossRef] [PubMed]

	2. 
Si, P.; Kannan, P.; Guo, L.H.; Son, H.S.; Kim, D.H. Highly stable and sensitive glucose biosensor based on covalently assembled high density Au nanostructures. Biosens. Bioelectron. 2011, 26, 3845–3851. [Google Scholar] [CrossRef] [PubMed]

	3. 
Lu, J.; Bu, R.F.; Sun, Z.L.; Lu, Q.S.; Jin, H.; Wang, Y.; Wang, S.H.; Li, L.; Xie, Z.L.; Yang, B.Q. Comparable efficacy of self-monitoring of quantitative urine glucose with self-monitoring of blood glucose on glycaemic control in non-insulin-treated type 2 diabetes. Diabetes Res. Clin. Pract. 2011, 93, 179–186. [Google Scholar] [CrossRef] [PubMed]

	4. 
Chen, X.; Chen, J.; Wang, F.B.; Xiang, X.; Luo, M.; Ji, X.H.; He, Z.K. Determination of glucose and uric acid with bienzyme colorimetry on microfluidic paper-based analysis devices. Biosens. Bioelectron. 2012, 35, 363–368. [Google Scholar] [CrossRef] [PubMed]

	5. 
Vaurs, C.; Brun, J.-F.; Bertrand, M.; Burcelin, R.; du Rieu, M.C.; Anduze, Y.; Hanaire, H.; Ritz, P. Post-prandial hypoglycemia results from a non-glucose-dependent inappropriate insulin secretion in Roux-en-Y gastric bypassed patients. Metab. Clin. Exp. 2016, 65, 18–26. [Google Scholar] [CrossRef] [PubMed]

	6. 
Amer Diabet, A. Diagnosis and classification of diabetes mellitus American diabetes association. Diabetes Care 2011, 34, S62–S69. [Google Scholar]

	7. 
Maeda, E.; Kataoka, M.; Hino, M.; Kajimoto, K.; Kaji, N.; Tokeshi, M.; Kido, J.I.; Shinohara, Y.; Baba, Y. Determination of human blood glucose levels using microchip electrophoresis. Electrophoresis 2007, 28, 2927–2933. [Google Scholar] [CrossRef] [PubMed]

	8. 
Riddle, M.C. Oral pharmacologic management of type 2 diabetes. Am. Fam. Physician 1999, 60, 2613–2620. [Google Scholar] [PubMed]

	9. 
Allemann, S.; Houriet, C.; Diem, P.; Stettler, C. Self-monitoring of blood glucose in non-insulin treated patients with type 2 diabetes: A systematic review and meta-analysis. Curr. Med. Res. Opin. 2009, 25, 2903–2913. [Google Scholar] [CrossRef] [PubMed]

	10. 
Clar, C.; Barnard, K.; Cummins, E.; Royle, P.; Waugh, N. Aberdeen Health Technology Assessment Group. Self-monitoring of blood glucose in type 2 diabetes: Systematic review. Health Technol. Assess. 2010, 14, 1–140. [Google Scholar] [CrossRef] [PubMed]

	11. 
Hu, J. The evolution of commercialized glucose sensors in China. Biosens. Bioelectron. 2009, 24, 1083–1089. [Google Scholar] [CrossRef] [PubMed]

	12. 
Lockwood, C.; Xue, Y.F.; McArthur, A. Self-monitoring of blood glucose in type 2 diabetes mellitus: A systematic review of economic evidence. J. Adv. Nurs. 2010, 66, 1931–1936. [Google Scholar]

	13. 
Martinez, A.W.; Phillips, S.T.; Whitesides, G.M.; Carrilho, E. Diagnostics for the developing world: Microfluidic paper-based analytical devices. Anal. Chem. 2010, 82, 3–10. [Google Scholar] [CrossRef] [PubMed]

	14. 
Martinez, A.W.; Phillips, S.T.; Butte, M.J.; Whitesides, G.M. Patterned paper as a platform for inexpensive, low-volume, portable bioassays. Angew. Chem. Int. Edit. 2007, 46, 1318–1320. [Google Scholar] [CrossRef] [PubMed]

	15. 
Zhao, W.A.; van den Berg, A. Lab on paper. Lab Chip 2008, 8, 1988–1991. [Google Scholar] [PubMed]

	16. 
Carvalhal, R.F.; Carrilho, E.; Kubota, L.T. The potential and application of microfluidic paper-based separation devices. Bioanalysis 2010, 2, 1663–1665. [Google Scholar] [CrossRef] [PubMed]

	17. 
Coltro, W.K.T.; de Jesus, D.P.; da Silva, J.A.F.; do Lago, C.L.; Carrilho, E. Toner and paper-based fabrication techniques for microfluidic applications. Electrophoresis 2010, 31, 2487–2498. [Google Scholar] [CrossRef] [PubMed]

	18. 
Hunter, D. Papermaking: The History and Technique of an Ancient Craft; Courier Corporation: North Chelmsford, MA, USA, 1978. [Google Scholar]

	19. 
Yager, P.; Edwards, T.; Fu, E.; Helton, K.; Nelson, K.; Tam, M.R.; Weigl, B.H. Microfluidic diagnostic technologies for global public health. Nature 2006, 442, 412–418. [Google Scholar] [CrossRef] [PubMed]

	20. 
Parolo, C.; Merkoci, A. Paper-based nanobiosensors for diagnostics. Chem. Soc. Rev. 2013, 42, 450–457. [Google Scholar] [CrossRef] [PubMed]

	21. 
Tokel, O.; Inci, F.; Demirci, U. Advances in plasmonic technologies for point of care applications. Chem. Rev. 2014, 114, 5728–5752. [Google Scholar] [CrossRef] [PubMed]

	22. 
Sun, J.S.; Xianyu, Y.L.; Jiang, X.Y. Point-of-care biochemical assays using gold nanoparticle-implemented microfluidics. Chem. Soc. Rev. 2014, 43, 6239–6253. [Google Scholar] [CrossRef] [PubMed]

	23. 
Hsieh, K.; Ferguson, B.S.; Eisenstein, M.; Plaxco, K.W.; Soh, H.T. Integrated electrochemical microsystems for genetic detection of pathogens at the point of care. Acc. Chem. Res. 2015, 48, 911–920. [Google Scholar] [CrossRef] [PubMed]

	24. 
Yetisen, A.K.; Akram, M.S.; Lowe, C.R. Paper-based microfluidic point-of-care diagnostic devices. Lab Chip 2013, 13, 2210–2251. [Google Scholar] [CrossRef] [PubMed]

	25. 
Aragay, G.; Pons, J.; Merkoci, A. Recent trends in macro-, micro-, and nanomaterial-based tools and strategies for heavy-metal detection. Chem. Rev. 2011, 111, 3433–3458. [Google Scholar] [CrossRef] [PubMed]

	26. 
Yang, D.; Ma, J.Z.; Zhang, Q.L.; Li, N.N.; Yang, J.C.; Raju, P.A.; Peng, M.L.; Luo, Y.L.; Hui, W.L.; Chen, C.; et al. Polyelectrolyte-coated gold magnetic nanoparticles for immunoassay development: Toward point of care diagnostics for syphilis screening. Anal. Chem. 2013, 85, 6688–6695. [Google Scholar] [CrossRef] [PubMed]

	27. 
Gao, Y.L.; Lam, A.W.Y.; Chan, W.C.W. Automating quantum dot barcode assays using microfluidics and magnetism for the development of a point-of-care device. ACS Appl. Mater. Interfaces 2013, 5, 2853–2860. [Google Scholar] [CrossRef] [PubMed]

	28. 
Zhang, Y.; Zhang, L.; Sun, J.S.; Liu, Y.L.; Ma, X.J.; Cui, S.J.; Ma, L.Y.; Xi, J.J.; Jiang, X.Y. Point-of-care multiplexed assays of nucleic acids using microcapillary-based loop-mediated isothermal amplification. Anal. Chem. 2014, 86, 7057–7062. [Google Scholar] [CrossRef] [PubMed]

	29. 
Mu, X.; Xin, X.L.; Fan, C.Y.; Li, X.; Tian, X.L.; Xu, K.F.; Zheng, Z. A paper-based skin patch for the diagnostic screening of cystic fibrosis. Chem. Commun. 2015, 51, 6365–6368. [Google Scholar] [CrossRef] [PubMed]

	30. 
Chapman, R.; Lin, Y.; Burnapp, M.; Bentham, A.; Hillier, D.; Zabron, A.; Khan, S.; Tyreman, M.; Stevens, M.M. Multivalent nanoparticle networks enable point-of-care detection of human phospholipase-A2 in serum. ACS Nano 2015, 9, 2565–2573. [Google Scholar] [CrossRef] [PubMed]

	31. 
Aid, T.; Kaljurand, M.; Vaher, M. Colorimetric determination of total phenolic contents in ionic liquid extracts by paper microzones and digital camera. Anal. Methods 2015, 7, 3193–3199. [Google Scholar] [CrossRef]

	32. 
Tram, K.; Kanda, P.; Salena, B.J.; Huan, S.Y.; Li, Y.F. Translating bacterial detection by dnazymes into a litmus test. Angew. Chem. Int. Edit. 2014, 53, 12799–12802. [Google Scholar] [CrossRef] [PubMed]

	33. 
Sanjay, S.T.; Fu, G.L.; Dou, M.W.; Xu, F.; Liu, R.T.; Qi, H.; Li, X.J. Biomarker detection for disease diagnosis using cost-effective microfluidic platforms. Analyst 2015, 140, 7062–7081. [Google Scholar] [CrossRef] [PubMed]

	34. 
Sameenoi, Y.; Panymeesamer, P.; Supalakorn, N.; Koehler, K.; Chailapakul, O.; Henry, C.S.; Volckens, J. Microfluidic paper-based analytical device for aerosol oxidative activity. Environ. Sci. Technol. 2013, 47, 932–940. [Google Scholar] [CrossRef] [PubMed]

	35. 
Cate, D.M.; Dungchai, W.; Cunningham, J.C.; Volckens, J.; Henry, C.S. Simple, distance-based measurement for paper analytical devices. Lab Chip 2013, 13, 2397–2404. [Google Scholar] [CrossRef] [PubMed]

	36. 
Zhang, R.Q.; Liu, S.L.; Zhao, W.; Zhang, W.P.; Yu, X.; Li, Y.; Li, A.J.; Pang, D.W.; Zhang, Z.L. A simple point-of-care microfluidic immunomagnetic fluorescence assay for pathogens. Anal. Chem. 2013, 85, 2645–2651. [Google Scholar] [CrossRef] [PubMed]

	37. 
Zhao, W.; Zhang, W.P.; Zhang, Z.L.; He, R.L.; Lin, Y.; Xie, M.; Wang, H.Z.; Pang, D.W. Robust and highly sensitive fluorescence approach for point-of-care virus detection based on immunomagnetic separation. Anal. Chem. 2012, 84, 2358–2365. [Google Scholar] [CrossRef] [PubMed]

	38. 
Dou, M.W.; Sanjay, S.T.; Benhabib, M.; Xu, F.; Li, X.J. Low-cost bioanalysis on paper-based and its hybrid microfluidic platforms. Talanta 2015, 145, 43–54. [Google Scholar] [CrossRef] [PubMed]

	39. 
Li, Y.W.; Yan, X.H.; Feng, X.J.; Wang, J.; Du, W.; Wang, Y.C.; Chen, P.; Xiong, L.; Liu, B.F. Agarose-based microfluidic device for point-of-care concentration and detection of pathogen. Anal. Chem. 2014, 86, 10653–10659. [Google Scholar] [CrossRef] [PubMed]

	40. 
Taudte, R.V.; Beavis, A.; Wilson-Wilde, L.; Roux, C.; Doble, P.; Blanes, L. A portable explosive detector based on fluorescence quenching of pyrene deposited on coloured wax-printed μPADs. Lab Chip 2013, 13, 4164–4172. [Google Scholar] [CrossRef] [PubMed]

	41. 
He, Q.H.; Ma, C.C.; Hu, X.Q.; Chen, H.W. Method for fabrication of paper-based microfluidic devices by alkylsilane self-assembling and UV/O3-patterning. Anal. Chem. 2013, 85, 1327–1331. [Google Scholar] [CrossRef] [PubMed]

	42. 
Klasner, S.A.; Price, A.K.; Hoeman, K.W.; Wilson, R.S.; Bell, K.J.; Culbertson, C.T. Paper-based microfluidic devices for analysis of clinically relevant analytes present in urine and saliva. Anal. Bioanal. Chem. 2010, 397, 1821–1829. [Google Scholar] [CrossRef] [PubMed]

	43. 
Yu, L.; Shi, Z.Z. Microfluidic paper-based analytical devices fabricated by low-cost photolithography and embossing of Parafilm®. Lab Chip 2015, 15, 1642–1645. [Google Scholar] [CrossRef] [PubMed]

	44. 
Park, T.S.; Baynes, C.; Cho, S.I.; Yoon, J.Y. Paper microfluidics for red wine tasting. RSC Adv. 2014, 4, 24356–24362. [Google Scholar] [CrossRef]

	45. 
Martinez, A.W.; Phillips, S.T.; Wiley, B.J.; Gupta, M.; Whitesides, G.M. Flash: A rapid method for prototyping paper-based microfluidic devices. Lab Chip 2008, 8, 2146–2150. [Google Scholar] [CrossRef] [PubMed]

	46. 
Martinez, A.W.; Phillips, S.T.; Whitesides, G.M. Three-dimensional microfluidic devices fabricated in layered paper and tape. Proc. Natl. Acad. Sci. USA 2008, 105, 19606–19611. [Google Scholar] [CrossRef] [PubMed]

	47. 
Lu, Y.; Shi, W.; Jiang, L.; Qin, J.; Lin, B. Rapid prototyping of paper-based microfluidics with wax for low-cost, portable bioassay. Electrophoresis 2009, 30, 1497–1500. [Google Scholar] [CrossRef] [PubMed]

	48. 
Carrilho, E.; Martinez, A.W.; Whitesides, G.M. Understanding wax printing: A simple micropatterning process for paper-based microfluidics. Anal. Chem. 2009, 81, 7091–7095. [Google Scholar] [CrossRef] [PubMed]

	49. 
Renault, C.; Koehne, J.; Ricco, A.J.; Crooks, R.M. Three-dimensional wax patterning of paper fluidic devices. Langmuir 2014, 30, 7030–7036. [Google Scholar] [CrossRef] [PubMed]

	50. 
Chaiyo, S.; Siangproh, W.; Apilux, A.; Chailapakul, O. Highly selective and sensitive paper-based colorimetric sensor using thiosulfate catalytic etching of silver nanoplates for trace determination of copper ions. Anal. Chim. Acta 2015, 866, 75–83. [Google Scholar] [CrossRef] [PubMed]

	51. 
Dungchai, W.; Chailapakul, O.; Henry, C.S. A low-cost, simple, and rapid fabrication method for paper-based microfluidics using wax screen-printing. Analyst 2011, 136, 77–82. [Google Scholar] [CrossRef] [PubMed]

	52. 
Nie, Z.H.; Nijhuis, C.A.; Gong, J.L.; Chen, X.; Kumachev, A.; Martinez, A.W.; Narovlyansky, M.; Whitesides, G.M. Electrochemical sensing in paper-based microfluidic devices. Lab Chip 2010, 10, 477–483. [Google Scholar] [CrossRef] [PubMed]

	53. 
Li, X.; Tian, J.F.; Nguyen, T.; Shen, W. Paper-based microfluidic devices by plasma treatment. Anal. Chem. 2008, 80, 9131–9134. [Google Scholar] [CrossRef] [PubMed]

	54. 
Li, X.; Tian, J.F.; Shen, W. Quantitative biomarker assay with microfluidic paper-based analytical devices. Anal. Bioanal. Chem. 2010, 396, 495–501. [Google Scholar] [CrossRef] [PubMed]

	55. 
Määttänen, A.; Fors, D.; Wang, S.; Valtakari, D.; Ihalainen, P.; Peltonen, J. Paper-based planar reaction arrays for printed diagnostics. Sens. Actuators B Chem. 2011, 160, 1404–1412. [Google Scholar] [CrossRef]

	56. 
Sameenoi, Y.; Nongkai, P.N.; Nouanthavong, S.; Henry, C.S.; Nacapricha, D. One-step polymer screen-printing for microfluidic paper-based analytical device (μPAD) fabrication. Analyst 2014, 139, 6580–6588. [Google Scholar] [CrossRef] [PubMed]

	57. 
Olkkonen, J.; Lehtinen, K.; Erho, T. Flexographically printed fluidic structures in paper. Anal. Chem. 2010, 82, 10246–10250. [Google Scholar] [CrossRef] [PubMed]

	58. 
Chitnis, G.; Ding, Z.W.; Chang, C.L.; Savran, C.A.; Ziaie, B. Laser-treated hydrophobic paper: An inexpensive microfluidic platform. Lab Chip 2011, 11, 1161–1165. [Google Scholar] [CrossRef] [PubMed]

	59. 
Cai, L.F.; Wang, Y.; Wu, Y.Y.; Xu, C.X.; Zhong, M.H.; Lai, H.Y.; Huang, J.S. Fabrication of a microfluidic paper-based analytical device by silanization of filter cellulose using a paper mask for glucose assay. Analyst 2014, 139, 4593–4598. [Google Scholar] [CrossRef] [PubMed]

	60. 
Li, Z.A.; Hou, L.Y.; Zhang, W.Y.; Zhu, L. Preparation of paper micro-fluidic devices used in bio-assay based on drop-on-demand wax droplet generation. Anal. Methods 2014, 6, 878–885. [Google Scholar] [CrossRef]

	61. 
Zhou, M.; Yang, M.H.; Zhou, F.M. Paper based colorimetric biosensing platform utilizing cross-linked siloxane as probe. Biosens. Bioelectron. 2014, 55, 39–43. [Google Scholar] [CrossRef] [PubMed]

	62. 
Garcia, P.T.; Cardoso, T.M.G.; Garcia, C.D.; Carrilho, E.; Coltro, W.K.T. A handheld stamping process to fabricate microfluidic paper-based analytical devices with chemically modified surface for clinical assays. RSC Adv. 2014, 4, 37637–37644. [Google Scholar] [CrossRef]

	63. 
Wei, X.F.; Tian, T.; Jia, S.S.; Zhu, Z.; Ma, Y.L.; Sun, J.J.; Lin, Z.Y.; Yang, C.J. Microfluidic distance readout sweet hydrogel integrated paper based analytical device (μDiSH-PAD) for visual quantitative point-of-care testing. Anal. Chem. 2016, 88, 2345–2352. [Google Scholar] [CrossRef] [PubMed]

	64. 
Gao, B.B.; Liu, H.; Gu, Z.Z. Bottom-up fabrication of paper-based microchips by blade coating of cellulose microfibers on a patterned surface. Langmuir 2014, 30, 15041–15046. [Google Scholar] [CrossRef] [PubMed]

	65. 
Yang, J.; Nam, Y.G.; Lee, S.K.; Kim, C.S.; Koo, Y.M.; Chang, W.J.; Gunasekaran, S. Paper-fluidic electrochemical biosensing platform with enzyme paper and enzymeless electrodes. Sens. Actuators B Chem. 2014, 203, 44–53. [Google Scholar] [CrossRef]

	66. 
Li, W.B.; Qian, D.P.; Wang, Q.H.; Li, Y.B.; Bao, N.; Gu, H.Y.; Yu, C.M. Fully-drawn origami paper analytical device for electrochemical detection of glucose. Sens. Actuators B Chem. 2016, 231, 230–238. [Google Scholar] [CrossRef]

	67. 
Maattanen, A.; Vanamo, U.; Ihalainen, P.; Pulkkinen, P.; Tenhu, H.; Bobacka, J.; Peltonen, J. A low-cost paper-based inkjet-printed platform for electrochemical analyses. Sens. Actuators B Chem. 2013, 177, 153–162. [Google Scholar] [CrossRef]

	68. 
Zhao, C.; Thuo, M.M.; Liu, X.Y. A microfluidic paper-based electrochemical biosensor array for multiplexed detection of metabolic biomarkers. Sci. Technol. Adv. Mater. 2013, 14, 54402–54408. [Google Scholar] [CrossRef] [PubMed]

	69. 
Yu, J.H.; Wang, S.M.; Ge, L.; Ge, S.G. A novel chemiluminescence paper microfluidic biosensor based on enzymatic reaction for uric acid determination. Biosens. Bioelectron. 2011, 26, 3284–3289. [Google Scholar] [CrossRef] [PubMed]

	70. 
Yu, J.H.; Ge, L.; Huang, J.D.; Wang, S.M.; Ge, S.G. Microfluidic paper-based chemiluminescence biosensor for simultaneous determination of glucose and uric acid. Lab Chip 2011, 11, 1286–1291. [Google Scholar] [CrossRef] [PubMed]

	71. 
Delaney, J.L.; Hogan, C.F.; Tian, J.F.; Shen, W. Electrogenerated chemiluminescence detection in paper-based microfluidic sensors. Anal. Chem. 2011, 83, 1300–1306. [Google Scholar] [CrossRef] [PubMed]

	72. 
Chen, X.; Luo, Y.; Shi, B.; Liu, X.M.; Gao, Z.G.; Du, Y.G.; Zhao, W.J.; Lin, B.C. Chemiluminescence diminishment on a paper-based analytical device: High throughput determination of beta-agonists in swine hair. Anal. Methods 2014, 6, 9684–9690. [Google Scholar] [CrossRef]

	73. 
Ge, L.; Wang, S.M.; Song, X.R.; Ge, S.G.; Yu, J.H. 3D origami-based multifunction-integrated immunodevice: Low-cost and multiplexed sandwich chemiluminescence immunoassay on microfluidic paper-based analytical device. Lab Chip 2012, 12, 3150–3158. [Google Scholar] [CrossRef] [PubMed]

	74. 
Thom, N.K.; Lewis, G.G.; Yeung, K.; Phillips, S.T. Quantitative fluorescence assays using a self-powered paper-based microfluidic device and a camera-equipped cellular phone. RSC Adv. 2014, 4, 1334–1340. [Google Scholar] [CrossRef] [PubMed]

	75. 
Jang, G.; Kim, J.; Kim, D.; Lee, T.S. Synthesis of triphenylamine-containing conjugated polyelectrolyte and fabrication of fluorescence color-changeable, paper-based sensor strips for biothiol detection. Polym. Chem. 2015, 6, 714–720. [Google Scholar] [CrossRef]

	76. 
Dou, M.W.; Dominguez, D.C.; Li, X.J.; Sanchez, J.; Scott, G. A versatile pdms/paper hybrid microfluidic platform for sensitive infectious disease diagnosis. Anal. Chem. 2014, 86, 7978–7986. [Google Scholar] [CrossRef] [PubMed]

	77. 
Thom, N.K.; Lewis, G.G.; DiTucci, M.J.; Phillips, S.T. Two general designs for fluidic batteries in paper-based microfluidic devices that provide predictable and tunable sources of power for on-chip assays. RSC Adv. 2013, 3, 6888–6895. [Google Scholar] [CrossRef]

	78. 
Ho, J.; Tan, M.K.; Go, D.B.; Yeo, L.Y.; Friend, J.R.; Chang, H.C. Paper-based microfluidic surface acoustic wave sample delivery and ionization source for rapid and sensitive ambient mass spectrometry. Anal. Chem. 2011, 83, 3260–3266. [Google Scholar] [CrossRef] [PubMed]

	79. 
Liu, J.J.; Wang, H.; Manicke, N.E.; Lin, J.M.; Cooks, R.G.; Ouyang, Z. Development, characterization, and application of paper spray ionization. Anal. Chem. 2010, 82, 2463–2471. [Google Scholar] [CrossRef] [PubMed]

	80. 
Li, B.W.; Zhang, W.; Chen, L.X.; Lin, B.C. A fast and low-cost spray method for prototyping and depositing surface-enhanced Raman scattering arrays on microfluidic paper based device. Electrophoresis 2013, 34, 2162–2168. [Google Scholar] [CrossRef] [PubMed]

	81. 
Yu, W.W.; White, I.M. Inkjet printed surface enhanced Raman spectroscopy array on cellulose paper. Anal. Chem. 2010, 82, 9626–9630. [Google Scholar] [CrossRef] [PubMed]

	82. 
Dietrich, J.A.; McKee, A.E.; Keasling, J.D. High-throughput metabolic engineering: Advances in small-molecule screening and selection. Annu. Rev. Biochem. 2010, 79, 563–590. [Google Scholar]

	83. 
Jiang, Y.; Zhao, H.; Lin, Y.Q.; Zhu, N.N.; Ma, Y.R.; Mao, L.Q. Colorimetric detection of glucose in rat brain using gold nanoparticles. Angew. Chem. Int. Edit. 2010, 49, 4800–4804. [Google Scholar] [CrossRef] [PubMed]

	84. 
Lee, S.Y.; Amsden, J.J.; Boriskina, S.V.; Gopinath, A.; Mitropolous, A.; Kaplan, D.L.; Omenetto, F.G.; Dal Negro, L. Spatial and spectral detection of protein monolayers with deterministic aperiodic arrays of metal nanoparticles. Proc. Natl. Acad. Sci. USA 2010, 107, 12086–12090. [Google Scholar] [CrossRef] [PubMed]

	85. 
Namera, A.; Nakamoto, A.; Saito, T.; Nagao, M. Colorimetric detection and chromatographic analyses of designer drugs in biological materials: A comprehensive review. Forensic Toxicol. 2011, 29, 1–24. [Google Scholar] [CrossRef]

	86. 
Li, Z.A.; Yang, J.Q.; Zhu, L.; Tang, W.C. Fabrication of paper micro-devices with wax jetting. RSC Adv. 2016, 6, 17921–17928. [Google Scholar] [CrossRef]

	87. 
Li, B.W.; Fu, L.W.; Zhang, W.; Feng, W.W.; Chen, L.X. Portable paper-based device for quantitative colorimetric assays relying on light reflectance principle. Electrophoresis 2014, 35, 1152–1159. [Google Scholar] [CrossRef] [PubMed]

	88. 
Mohammadi, S.; Maeki, M.; Mohamadi, R.M.; Ishida, A.; Tani, H.; Tokeshi, M. An instrument-free, screen-printed paper microfluidic device that enables bio and chemical sensing. Analyst 2015, 140, 6493–6499. [Google Scholar] [CrossRef] [PubMed]

	89. 
Zhang, A.L.; Zha, Y. Fabrication of paper-based microfluidic device using printed circuit technology. AIP Adv. 2012, 2, 6. [Google Scholar] [CrossRef]

	90. 
Sun, J.Y.; Cheng, C.M.; Liao, Y.C. Screen printed paper-based diagnostic devices with polymeric inks. Anal. Sci. 2015, 31, 145–151. [Google Scholar] [CrossRef] [PubMed]

	91. 
Yang, X.X.; Forouzan, O.; Brown, T.P.; Shevkoplyas, S.S. Integrated separation of blood plasma from whole blood for microfluidic paper-based analytical devices. Lab Chip 2012, 12, 274–280. [Google Scholar] [CrossRef] [PubMed]

	92. 
Oyola-Reynoso, S.; Heim, A.P.; Halbertsma-Black, J.; Zhao, C.; Tevis, I.D.; Cinar, S.; Cademartiri, R.; Liu, X.Y.; Bloch, J.F.; Thuo, M.M. Draw your assay: Fabrication of low-cost paper-based diagnostic and multi-well test zones by drawing on a paper. Talanta 2015, 144, 289–293. [Google Scholar] [CrossRef] [PubMed]

	93. 
Sones, C.L.; Katis, I.N.; He, P.J.W.; Mills, B.; Namiq, M.F.; Shardlow, P.; Ibsen, M.; Eason, R.W. Laser-induced photo-polymerisation for creation of paper-based fluidic devices. Lab Chip 2014, 14, 4567–4574. [Google Scholar] [CrossRef] [PubMed]

	94. 
Zhu, W.J.; Feng, D.Q.; Chen, M.; Chen, Z.D.; Zhu, R.; Fang, H.L.; Wang, W. Bienzyme colorimetric detection of glucose with self-calibration based on tree-shaped paper strip. Sens. Actuators B Chem. 2014, 190, 414–418. [Google Scholar] [CrossRef]

	95. 
Cha, R.T.; Wang, D.; He, Z.B.; Ni, Y.H. Development of cellulose paper testing strips for quick measurement of glucose using chromogen agent. Carbohydr. Polym. 2012, 88, 1414–1419. [Google Scholar] [CrossRef]

	96. 
Gabriel, E.F.M.; Garcia, P.T.; Cardoso, T.M.G.; Lopes, F.M.; Martins, F.T.; Coltro, W.K.T. Highly sensitive colorimetric detection of glucose and uric acid in biological fluids using chitosan-modified paper microfluidic devices. Analyst 2016, 141, 4749–4756. [Google Scholar] [CrossRef] [PubMed]

	97. 
Soni, A.; Jha, S.K. A paper strip based non-invasive glucose biosensor for salivary analysis. Biosens. Bioelectron. 2015, 67, 763–768. [Google Scholar] [CrossRef] [PubMed]

	98. 
Palazzo, G.; Facchini, L.; Mallardi, A. Colorimetric detection of sugars based on gold nanoparticle formation. Sens. Actuators B Chem. 2012, 161, 366–371. [Google Scholar] [CrossRef]

	99. 
Figueredo, F.; Garcia, P.T.; Corton, E.; Coltro, W.K.T. Enhanced analytical performance of paper microfluidic devices by using Fe3O4 nanoparticles, mwcnt, and graphene oxide. ACS Appl. Mater. Interfaces 2016, 8, 11–15. [Google Scholar] [CrossRef] [PubMed]

	100. 
Evans, E.; Gabriel, E.F.M.; Benavidez, T.E.; Coltro, W.K.T.; Garcia, C.D. Modification of microfluidic paper-based devices with silica nanoparticles. Analyst 2014, 139, 5560–5567. [Google Scholar] [CrossRef] [PubMed]

	101. 
Yasui, K.; Kimizuka, N. Enzymatic synthesis of gold nanoparticles wrapped by glucose oxidase. Chem. Lett. 2005, 34, 416–417. [Google Scholar] [CrossRef]

	102. 
Caseli, L.; dos Santos, D.S.; Aroca, R.F.; Oliveira, O.N. Controlled fabrication of gold nanoparticles biomediated by glucose oxidase immobilized on chitosan layer-by-layer films. Mater. Sci. Eng. 2009, 29, 1687–1690. [Google Scholar] [CrossRef]

	103. 
Song, Y.J.; Qu, K.G.; Zhao, C.; Ren, J.S.; Qu, X.G. Graphene oxide: Intrinsic peroxidase catalytic activity and its application to glucose detection. Adv. Mater. 2010, 22, 2206–2210. [Google Scholar] [CrossRef] [PubMed]

	104. 
Ornatska, M.; Sharpe, E.; Andreescu, D.; Andreescu, S. Paper bioassay based on ceria nanoparticles as colorimetric probes. Anal. Chem. 2011, 83, 4273–4280. [Google Scholar] [CrossRef] [PubMed]

	105. 
Deng, L.; Chen, C.G.; Zhu, C.Z.; Dong, S.J.; Lu, H.M. Multiplexed bioactive paper based on GO@SiO2@CeO2 nanosheets for a low-cost diagnostics platform. Biosens. Bioelectron. 2014, 52, 324–329. [Google Scholar] [CrossRef] [PubMed]

	106. 
Mitchell, H.T.; Noxon, I.C.; Chaplan, C.A.; Carlton, S.J.; Liu, C.H.; Ganaja, K.A.; Martinez, N.W.; Immoos, C.E.; Costanzo, P.J.; Martinez, A.W. Reagent pencils: A new technique for solvent-free deposition of reagents onto paper-based microfluidic devices. Lab Chip 2015, 15, 2213–2220. [Google Scholar] [CrossRef] [PubMed]

	107. 
Li, X.; Liu, X.Y. Fabrication of three-dimensional microfluidic channels in a single layer of cellulose paper. Microfluid. Nanofluid. 2014, 16, 819–827. [Google Scholar] [CrossRef]

	108. 
Chun, H.J.; Park, Y.M.; Han, Y.D.; Jang, Y.H.; Yoon, H.C. Paper-based glucose biosensing system utilizing a smartphone as a signal reader. BioChip J. 2014, 8, 218–226. [Google Scholar] [CrossRef]

	109. 
Im, S.H.; Kim, K.R.; Park, Y.M.; Yoon, J.H.; Hong, J.W.; Yoon, H.C. An animal cell culture monitoring system using a smartphone-mountable paper-based analytical device. Sens. Actuators B Chem. 2016, 229, 166–173. [Google Scholar] [CrossRef]

	110. 
Costa, M.N.; Veigas, B.; Jacob, J.M.; Santos, D.S.; Gomes, J.; Baptista, P.V.; Martins, R.; Inacio, J.; Fortunato, E. A low cost, safe, disposable, rapid and self-sustainable paper-based platform for diagnostic testing: Lab-on-paper. Nanotechnology 2014, 25, 94006–94017. [Google Scholar] [CrossRef] [PubMed]

	111. 
Lewis, G.G.; DiTucci, M.J.; Baker, M.S.; Phillips, S.T. High throughput method for prototyping three-dimensional, paper-based microfluidic devices. Lab Chip 2012, 12, 2630–2633. [Google Scholar] [CrossRef] [PubMed]

	112. 
Li, C.G.; Joung, H.A.; Noh, H.; Song, M.B.; Kim, M.G.; Jung, H. One-touch-activated blood multidiagnostic system using a minimally invasive hollow microneedle integrated with a paper-based sensor. Lab Chip 2015, 15, 3286–3292. [Google Scholar] [CrossRef] [PubMed]

	113. 
Schilling, K.M.; Jauregui, D.; Martinez, A.W. Paper and toner three-dimensional fluidic devices: Programming fluid flow to improve point-of-care diagnostics. Lab Chip 2013, 13, 628–631. [Google Scholar] [CrossRef] [PubMed]

	114. 
Choi, S.; Kim, S.K.; Lee, G.J.; Park, H.K. Paper-based 3D microfluidic device for multiple bioassays. Sens. Actuators B Chem. 2015, 219, 245–250. [Google Scholar] [CrossRef]

	115. 
Sechi, D.; Greer, B.; Johnson, J.; Hashemi, N. Three-dimensional paper-based microfluidic device for assays of protein and glucose in urine. Anal. Chem. 2013, 85, 10733–10737. [Google Scholar] [CrossRef] [PubMed]

	116. 
Jeong, S.G.; Lee, S.H.; Choi, C.H.; Kim, J.; Lee, C.S. Toward instrument-free digital measurements: A three-dimensional microfluidic device fabricated in a single sheet of paper by double-sided printing and lamination. Lab Chip 2015, 15, 1188–1194. [Google Scholar] [CrossRef] [PubMed]

	117. 
Sekar, N.C.; Shaegh, S.A.M.; Ng, S.H.; Ge, L.; Tan, S.N. A paper-based amperometric glucose biosensor developed with Prussian blue-modified screen-printed electrodes. Sens. Actuators B Chem. 2014, 204, 414–420. [Google Scholar] [CrossRef]

	118. 
Lawrence, C.S.K.; Tan, S.N.; Floresca, C.Z. A “green” cellulose paper based glucose amperometric biosensor. Sens. Actuators B Chem. 2014, 193, 536–541. [Google Scholar] [CrossRef]

	119. 
Noiphung, J.; Songjaroen, T.; Dungchai, W.; Henry, C.S.; Chailapakul, O.; Laiwattanapaisal, W. Electrochemical detection of glucose from whole blood using paper-based microfluidic devices. Anal. Chim. Acta 2013, 788, 39–45. [Google Scholar] [CrossRef] [PubMed]

	120. 
Dias, A.A.; Cardoso, T.M.G.; Cardoso, R.M.; Duarte, L.C.; Munoz, R.A.A.; Richter, E.M.; Coltro, W.K.T. Paper-based enzymatic reactors for batch injection analysis of glucose on 3D printed cell coupled with amperometric detection. Sens. Actuators B Chem. 2016, 226, 196–203. [Google Scholar] [CrossRef]

	121. 
Miki, M.; Iwahara, S.; Uno, S. A hybrid system of carbon ink electrodes and chromatography paper on a cmos chip and its application to enzymatic glucose sensor. Jpn. J. Appl. Phys. 2014, 53, 04EL06. [Google Scholar] [CrossRef]

	122. 
Rungsawang, T.; Punrat, E.; Adkins, J.; Henry, C.; Chailapakul, O. Development of electrochemical paper-based glucose sensor using cellulose-4-aminophenylboronic acid-modified screen-printed carbon electrode. Electroanalysis 2016, 28, 462–468. [Google Scholar] [CrossRef]

	123. 
Li, Z.D.; Li, F.; Hu, J.; Wee, W.H.; Han, Y.L.; Pingguan-Murphy, B.; Lu, T.J.; Xu, F. Direct writing electrodes using a ball pen for paper-based point-of-care testing. Analyst 2015, 140, 5526–5535. [Google Scholar] [CrossRef] [PubMed]

	124. 
Labroo, P.; Cui, Y. Graphene nano-ink biosensor arrays on a microfluidic paper for multiplexed detection of metabolites. Anal. Chim. Acta 2014, 813, 90–96. [Google Scholar] [CrossRef] [PubMed]

	125. 
Santhiago, M.; Kubota, L.T. A new approach for paper-based analytical devices with electrochemical detection based on graphite pencil electrodes. Sens. Actuators B Chem. 2013, 177, 224–230. [Google Scholar] [CrossRef]

	126. 
Chen, Y.A.; Tsai, F.J.; Zeng, Y.T.; Wang, J.C.; Hong, C.P.; Huang, P.H.; Chuang, H.L.; Lin, S.Y.; Chan, C.T.; Ko, Y.C.; et al. Fast and effective turn-on paper-based phosphorescence biosensor for detection of glucose in serum. J. Chin. Chem. Soc. 2016, 63, 424–431. [Google Scholar] [CrossRef]

	127. 
Durán, G.M.; Benavidez, T.E.; Ríos, A.; García, C.D. Quantum dot-modified paper-based assay for glucose screening. Microchim. Acta 2016, 183, 611–616. [Google Scholar] [CrossRef] [PubMed]

	128. 
Davaji, B.; Lee, C.H. A paper-based calorimetric microfluidics platform for bio-chemical sensing. Biosens. Bioelectron. 2014, 59, 120–126. [Google Scholar] [CrossRef] [PubMed]

	129. 
Colletes, T.C.; Garcia, P.T.; Campanha, R.B.; Abdelnur, P.V.; Romao, W.; Coltro, W.K.T.; Vaz, B.G. A new insert sample approach to paper spray mass spectrometry: A paper substrate with paraffin barriers. Analyst 2016, 141, 1707–1713. [Google Scholar] [CrossRef] [PubMed]

	130. 
Torul, H.; Ciftci, H.; Cetin, D.; Suludere, Z.; Boyaci, I.H.; Tamer, U. Paper membrane-based sers platform for the determination of glucose in blood samples. Anal. Bioanal. Chem. 2015, 407, 8243–8251. [Google Scholar] [CrossRef] [PubMed]

	131. 
Hong, J.I.; Chang, B.Y. Development of the smartphone-based colorimetry for multi-analyte sensing arrays. Lab Chip 2014, 14, 1725–1732. [Google Scholar] [CrossRef] [PubMed]

	132. 
De Souza, F.R.; Alves, G.L.; Coltro, W.K.T. Capillary-driven toner-based microfluidic devices for clinical diagnostics with colorimetric detection. Anal. Chem. 2012, 84, 9002–9007. [Google Scholar] [CrossRef] [PubMed]

	133. 
Oliveira, K.A.; Silva, P.; de Souza, F.R.; Martins, F.T.; Coltro, W.K.T. Kinetic study of glucose oxidase on microfluidic tolener-based analytical devices for clinical diagnostics with image-based detection. Anal. Methods 2014, 6, 4995–5000. [Google Scholar] [CrossRef]



























© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC-BY) license (http://creativecommons.org/licenses/by/4.0/).







media/file4.png
~
Q
~—

‘native filter paper

*cutting
(b) 0 o L T ilter paper mask

* Immersed into TMOS solution

* heating

o WO

remove slides and mask
(f) "

= *

. .
n
"o.o‘

hydrophilicity I;ydrophoblmty





nav.xhtml


  sensors-16-02086


  
    		
      sensors-16-02086
    


  




  





media/file8.jpg
Glucose + 0,8%%

W 2 paroxidase
AT e
s

\
[N e —
SR —

[High]

i)
o 10 20

T
s !i !ﬁ :
L b

Distance/mm =
3

1.0 15 20
Log (nmol Glucose)





media/file11.png
LU 2 as i
nweis






media/file6.jpg
(@)

plasma separation zone

test readout zone

B

it

0.5cm

()

(d) reagents of colorimetric assay

control §

agglutinating antibodics
(anti-A,B)

(O]

whole blood

‘plasma flow

color change

®

RBC aggregates





media/file18.png





media/file1.png
-paper
— PPap

(@) e (b) (c)





media/file13.png
5

I
U.. A





media/file10.jpg





media/file7.png
(a) (d) reagents of colorimetric assay

control

plasma separation zone agglutmatmg antibodies
(anti-A,B)

test readout zone

(e) whole blood

i : () color change
control

0.5 cm RBC aggregates






media/file12.jpg





media/file3.jpg





media/file9.png
=

Distance/mm =»

Glucose + 02% GA

H,0;
o i Peroxidase

H2N2 O =222 Poly(DAB)

DAB
YN e ——
ved] (Cmmm———

[High]
{0
0 10 20
“ l !i
| g ¥
ﬂ ;
10F
g
SF ﬂ:
0

1.0 1.5 2.0
Log (nmol Glucose)





media/file14.jpg
(a) Frontside

channel channel

= o

ceras (]

(b) Frontside

R — Tower lower
[ ower channel | channel channel

eross-section

Backside





media/file16.jpg





media/file5.png





media/file15.png
(a) Frontside

-
-
———— - ———
(-
-
=]
=
———— e

117
-

Backside

(b) Frontside

upper
inlet channel outlet
r==== r====1 r====
| I—— | p——
lower lower
channel channel
cross-section

{ —
l s

i upper channel

— ‘

Backside

upper
inlet channel outlet
s | e | r====1
[ I Lswwwd
lower lower
channel channel
cross-section






media/file17.png





media/file0.jpg
o PPaper

-
(a) n-paper (b) (c)





media/file2.jpg
(a) o native filter paper

*cumng
(b)  F L L filter paper mask

Immersed into TMOS solution
(c) W NN NN W

0 -

heating
(e)

* remove slides and mask

glass silde
ative filter paper

= glass slide

(f)

hydro?)‘hllicity hydrophobicity





