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Abstract
Diabetes mellitus is a global health problem resulting from islet dysfunction or insulin resistance. The mechanisms of islet dysfunction are still under investigation. Islet hormone secretion is the main function of islets, and serves an important role in the homeostasis of blood glucose. Elucidating the detailed mechanism of islet hormone secretome distortion can provide clues for the treatment of diabetes. Therefore, it is crucial to develop accurate, real-time, labor-saving, high-throughput, automated, and cost-effective techniques for the sensing of islet secretome. Microfluidic chips, an elegant platform that combines biology, engineering, computer science, and biomaterials, have attracted tremendous interest from scientists in the field of diabetes worldwide. These tiny devices are miniatures of traditional experimental systems with more advantages of time-saving, reagent-minimization, automation, high-throughput, and online detection. These features of microfluidic chips meet the demands of islet secretome analysis and a variety of chips have been designed in the past 20 years. In this review, we present a brief introduction of microfluidic chips, and three microfluidic chips-based islet hormone sensing techniques. We focus mainly on the theory of these techniques, and provide detailed examples based on these theories with the hope of providing some insights into the design of future chips or whole detection systems.
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Core Tip: Islet hormone secretome distortion is one of the main mechanisms of diabetes mellitus. How to detect the islet secretome in an accurate, real-time, labor-saving, high-throughput, automated, and cost-effective way is still challenging. Microfluidic chip technique has become popular and has demonstrated great advantages in hormone sensing and shown huge potential in resolving the above challenge. Here, we discuss three elegant microfluidic chips-based islet hormone-sensing techniques.

INTRODUCTION
Diabetic mellitus is a global disease involving one-tenth of adults worldwide[1], and is mainly caused by insulin deficiency or insulin acting deficiency. This distortion of islet secretion results in the elevation of blood glucose levels, which subsequently leads to diabetic complications including diabetic nephropathy, retinopathy, neuropathy, foot and cardiovascular diseases[2]. The International Diabetes Federation estimates that the number of diabetic patients will reach783 million by 2045[1]. These data revealed the necessity for clinical and basic research to further elucidate the mechanism of diabetes and islet function.
Langerhans islets are round or ellipse-shaped three-dimensional (3D) structures, which are randomly distributed in the pancreas and account for 1% to 2% of the total pancreas mass[3]. These microscale structures composed of α, β, δ, PP, and ε cells have a diameter ranging from 50 μm to 500 μm, and play a pivotal role in the regulation of blood glucose by the secretion of insulin and glucagon[4]. Apart from these two glucose-regulating hormones, amylin, somatostatin, and ghrelin can also be secreted by islets in response to various metabolic changes[5]. The collection of multifarious hormones secreted by the islets can be defined as the islet secretome[6]. This islet secretome, which is involved in a multitude of biological processes, was recently accepted in the clinical or basic research area for the identification of novel biomarkers or therapeutic targets[7].
Islet perfusion, as a classical method for the study of islet secretome, has been widely accepted around the world[8]. There are some commercial platforms for determining islet perfusion such as the Biorep islet perfusion system[9] or Brandel Suprafusion system[10]. With the assistance of these systems, the dynamics of islet hormone release can be explored in a time-resolved manner. However, these platforms still have some limitations: (1) A number of islets need to be pooled together to achieve a measurable concentration of islet secretions; thus, the secretome at a single islet level is not practical; (2) The supernatant collected by these platforms is usually measured by the traditional enzyme linked immunosorbent assay or a radioimmunoassay in a delayed manner, and these measurements are just a rough reflection of islet secretome in time resolution; and (3) The procedure for these platforms is often time-consuming and laborious. Given the above shortcomings, a more delicate and innovative tool with a high resolution reflecting the real-time islet secretome is necessary for understanding islet secretome physiology and pathophysiology.

MICROFLUIDIC CHIPS
With the development of new high technology, a platform named microfluidic chips or organ-on-a-chip system has been developed. Microfluidic chips, usually referred to as a system or device with a designed pattern of micro-channels, which allow fluids to pass through to fulfill different types of research needs such as cell culture, organ-on-a-chip simulation, secretion analysis, and shear stress simulation[11].
The history of microfluidic chips dates back to 1979 with the invention of a microscale gas chromatography system using photolithography and an etching technique[12]. Then in 1990, the concept of “miniaturized Total Analysis System (μTAS)” was first proposed by Manz et al[13], drawing knowledge from the integrated circuit. The investigator demonstrated the potential of the microfluidic chips technique and introduced a method for the future development of μTAS. Subsequently, with the support of the Defense Advanced Projects Research Agency and the human genome project, the first generation of glass chips was developed in 1994 for DNA sequencing and hugely improved the speed and efficiency of the sequencing technique[14]. Six years later, poly(dimethylsiloxane) (PDMS) was introduced to microfluidic chips because of its economical, convenient, optical transparent, nontoxic, elastomeric, surface modifiable advantages, and easiness to bond with a wide range of materials[15]. Thereafter, PDMS became the most popular material in microfluidic chips. With the rapid expansion of this area, numerous novel microfluidic chips such as droplet microfluidics[16], paper microfluidics[17], open microfluidics[18], and organ-on-a-chip[19] systems were developed in this field. The brilliance of these ingenious chips is beyond the scope of this review, a more dedicated and splendid summary by Convery and Gadegaard[20] may offer more inspirations. With the rapid advances in 3D printing techniques, especially the Stereo Lithography Appearance strategy[21], this technique fully meets the demands of resolution required for the manufacture of microfluidics. In 2002, Cooper first described the fabrication of microfluidic devices with PDMS using the solid-object printer, and this method gives the lowest resolution of 250 μm[22]. The low cost, time-saving, high precision of 3D structures, and surface finishing features of 3D printing were soon popularized in the field of microfluidic chips[23]. In addition, some commercial 3D printers with ultra-high resolution[24] (2 μm, nanoArch S130; BMF Precision Tech Inc., Chongqing, China) further narrowed the gap between 3D printing and the traditional soft lithography fabrication technique.
Compared with traditional analytical platforms, the advantages of microfluidic chips are obvious. First, because of the microscale of miniaturized systems, the Reynolds number (Re) is usually less than 2000[25]. This Re means the fluid in these systems demonstrates a laminar flow state with high predictability in mathematical modeling in some commercial software such as COMSOL Multiphysics. Second, the minimized channels provide a decreased diffusion time in an exponential manner[26], which guarantees an excellent mix efficiency and reduced reaction time. Third, the reduced size of these microsystems requires less reaction buffer, which markedly decreases the need for expensive reagents. Apart from the above benefits, the optical transparent feature of microfluidic chips provides an outstanding platform for detections based on optical measurements. The advantages summarized here are just a glimpse of the benefits for these systems. With the advances in prospective studies, systems with increasingly convenient features such as continuous flow culture[27], 3D culture[28], and electrochemical sensor coupling[29-31] have been sequentially developed.
Possessing these advantages, microfluidic chips seem to be a promising platform for the study of islet function. Over the last 20 years, numerous microfluidic chips have been designed for islet study, which have involved islet separation[32,33], islet imaging[34], islet hormone monitoring[35], islet microencapsulation[36], islet adenoviral transduction[37], and pseudoislet formation[28]. This review focuses on the islet secretome-sensing techniques based on microfluidic chips.

CAPILLARY ELECTROPHORESIS-BASED TECHNIQUE
In 2003, the first microfluidic chip for islet insulin detection was designed by Roper et al[38] in the University of Michigan. Their study reported a chip using the electrokinetic injection technique[39]. This chip consisted of the fluid channel and the electrical circuit (Figure 1A, the solid black line represents the fluid channel and the blue dashed line indicates the electrical circuit). In microfluidic chips, the islet, insulin antibody, and fluorescein isothiocyanate-labeled (FITC)-insulin port are grounded. The waste channel is connected to a negative high voltage. The voltage of the gate port is floated by a computer-controlled high-voltage relay with the relay off for 10 s and on for 1 s periodically. The operation procedure for the microfluidic chip can be summarized as follows: A single islet is loaded into the islet port, and the supernatant of the islet together with insulin antibody as well as FITC-insulin flow into the reaction channel at the crossroad on the chip (Figure 1A, red dashed circle). When the relay is off or the gate port connects with the ground, the electrical field will push the sample fluid (Figure 1B, upper left, white fluid) from the reaction channel to the waste channel, then the relay is opened for 1 s, thus changing the electric potential difference between the gate port and waste port allowing about 100 pL of the sample fluid to enter the separation channel (Figure 1B, middle panel). Then the relay is closed again and the sample fluid in the separation channel is excited by a 488 nm Ar+ laser, and the emission light is collected for the calculation of insulin content. As the insulin secreted by the islet competes with FITC-insulin for the insulin antibody, the concentration in the islet insulin can be reflected by the ratio of emission peak of FITC-insulin-antibody to FITC-insulin (B/F). The relationship between B/F and insulin is modeled by a four-parameter logistic equation with an excellent fitting efficiency for islet insulin even in real-time. A more detailed protocol for this chip can be found in Lu and Kennedy[40].
Based on the above theory, Kennedy’s group subsequently developed a series of similar chips. In 2005, this electrophoresis islet chip was applied to quantitatively monitor the classical biphasic and oscillatory insulin secretion in a single islet online[41]. Then the more complicated and highly integrated electrophoresis-based chips were separately developed, making the secretome analysis of 4 islets[42] or 15 islets[43] in parallel possible. This chip was then further employed for the online measurement of glucagon in 2012[44]. Next, Guillo and Roper[45] upgraded this chip for the measurement of both glucagon and insulin, both islet amyloid polypeptide (IAPP) and insulin[46], and insulin, glucagon and IAPP[47] simultaneously using a multicolor-labeled method.
By summarizing these achievements, the advantages of electrophoresis-based islet microfluidic chips are as follows: A real-time measurement of islet secretome, single analysis of islet secretome in parallel, high automation by computer-assisted programs, simultaneous detection of multiple islet hormones by applying different fluorophore-labeled substrates, and long-term monitoring of the islet secretome[48]. Despite the various advantages mentioned above, the shortcomings of the devices should also be noted such as: A deep understanding of fluid operation, circuit design, and computer-assisted programming is needed for this system, which limits the popularization of this chip; and the influence of the electrical field on islet function and antibody combination should be considered.

FLUORESCENCE ANISOTROPY METHODS
Fluorescence anisotropy also known as fluorescence polarization is a measurement of the changing orientation of a molecule after excitation by linearly polarized light[49]. By measuring the orientation change, it can reflect the concentration of molecule. This phenomenon has been applied in the detection of antigens and antibodies for decades[50]. However, the theory of this method is not complicated.
Figure 2 gives a detailed example of how fluorescence anisotropy is applied in the measurement of insulin concentration[51]. As shown in Figure 2, when only FITC-labeled insulin exists or insulin antibodies are all occupied by islet secreted insulin, the FITC-labeled insulin will generate a high rotation angle (because of low molar volume) and an opposite anisotropy value with excitation by linearly polarized light. The rotation or anisotropy: Can be calculated by the parallel, and perpendicular emission fluorescence intensities sensed by photomultiplier tubes (Figure 2) using Perrin’s equation[52]:
[bookmark: _Hlk121060497] (1)
Where I|| represents the parallel emission fluorescence intensity and I┴ represents the perpendicular emission fluorescence intensity. When the FITC-labeled insulin is all combined with the antibodies or there is no unlabeled insulin, the rotation angle will be smallest with a large anisotropy value. The third state is when the insulin antibodies are both combined with a proportion of free insulin (pf) and another proportion of fluorophore-labeled insulin (pc, c represents the complex of FITC-ins-Ab). The total anisotropy (rt) is a linear combination of anisotropy of Ab-FITC-labeled insulin (rc) and the anisotropy of free FITC-labeled insulin. The equation for anisotropy is as follows:
  (2)
[bookmark: _Hlk121061245]Where pf and pc are the proportion of free FITC-labeled insulin and the proportion of Ab-FITC-labeled insulin, respectively. According to this equation, there should be a unique mapping relationship between rt and the non-labeled insulin concentration.
According to the above theory, Schrell et al[53] first designed a gravity-based microfluidic chip for online monitoring of insulin secretion, by utilizing this theory, this chip achieved a 4 nM limit of insulin detection with < 1% relative standard deviation of anisotropy value. Then in 2019, Glieberman et al[51] at Harvard University developed a more complicated two-layer chip for islet loading, trapping, shunting, stimulating and online insulin sensing, a maximum of 16 islets are allowed in the chip and the secretome is measured using FITC-labeled insulin. As anisotropy is highly determined by fluorophore lifetime, different fluorophores will generate different anisotropy ranges and varied detection resolution. Adablah, in the same group as Schrell, replaced the Cy5 with SeTAu-647 characterized by a longer lifetime and higher brightness, and the alteration resulted in a 45% increase in anisotropy range and a significant improvement in signal-to-noise ratio[54]. With the development of this technology, a highly integrated chip for separately sensing up to 12 islet secretomes was designed by Wang et al[55], this integration ensures the possibility of high-throughput single islet secretome monitoring, and the procedure for islet heterogeneity study is markedly simplified.
The advantages of fluorescence anisotropy-based chip technology are generally similar to electrophoresis-based methods. However, there is no complicated electrical circuit and separation step in fluorescence anisotropy-based chip technology; thus, it is more convenient and time-saving. Therefore, the future development direction may be the multicolor and high-throughput anisotropy measurement technique.

LOCALIZED SURFACE PLASMON RESONANCE SENSING TECHNIQUE
[bookmark: _Hlk120102023]Localized surface plasmon resonance (LSPR) is a physical phenomenon where metal nanoparticles will resonate by a light wave under the conditions of: The wavelength of light is larger than the diameter of nanoparticles; and the frequency of light is equal to the oscillation frequency of nanoparticles[56]. This resonant frequency is strongly correlated with nanoparticle size, geometry, material, dielectric environment, and particle-particle separation distance[57]. In addition, this resonant phenomenon can trap light and generate a special scattering spectrum. Tiny changes of nanoparticles such as a combination of antigen to antibody conjugated nanoparticles will cause a spectral shift[58] (Figure 3A). This spectral shift is strongly correlated with the determinant’s concentration. By measuring the peak LSPR wavelength, the spectral shift can be easily calculated. The equation used to calculate peak LSPR[56] is as follows:
 (3)
Where λmax is the LSPR peak wavelength and εm represents a dielectric constant of metal nanoparticles. This εm is changeable according to the surface modification of the nanoparticles. When the nanoparticles are combined with biomolecules, the εm changes causing a shift in λmax. By measuring the shift, the concentration of the biomolecules can be modeled. Applying this theory, numerous biomolecules including DNA[59] and protein[60,61] can be measured.
Ortega et al[62] reported the first, and currently only, application of LSPR in insulin sensing. In this study, the two-chip combined system was designed, this system contains an islet trapping/perfusion chip and LSPR-based online insulin detection chip, the islets are trapped in the islet-trapping chip by a cellulose-based cryogel skeleton and perfused by stimulus, the islet secretions flow into the LSPR chip[61], which contains insulin antibody coupled to a gold nanoparticle array and insulin concentrations are observed in a real-time readout by measuring the spectral shift (Figure 3B).
Although LSPR-based islet hormone-sensing microfluidics is in the initial stage, the future of this technique is very promising. Unlike traditional fluorescence-based methods, the plasmonics of metal nanoparticles are photobleached thus making it a robust label for immunoassays[63]. In addition, nanoparticles are small enough to be easily arranged into different arrays and can be labeled with different antibodies, enabling high-throughput and multiparametric measurements[60,64]. With meticulous design and further study, LSPR-based chips will soon become prominent in islet studies.

CONCLUSION
In this review, several microfluidic chips based on islet hormone detection systems are described and discussed. Although these techniques are not widely used as the learning curve is relatively steep, but with advances in high-resolution 3D printers, it has become easier and more cost-effective to design and manufacture microfluidic chips. With the assistance of modularized circuits such as Arduino, the automation of these chips and the detection can be designed to provide more efficiency even in small laboratories. These breakthroughs have greatly liberated scientists from traditional manual and time-consuming procedures, and have brought islet secretome analysis into the high-throughput era. Combining genomics, proteomics, bioinformatics, and other technologies, we will further unravel the mysteries of islets and diabetes.
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Figure Legends
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[bookmark: _Hlk72858302]Figure 1 Diagram of the classical electrophoresis-based immunoassay microfluidic chip. A: The fluid channel and electric circuit on the microfluidic device. The solid black line represents the fluid channel and the blue dashed line indicates the electric connection, the fluid part consists of the sample, immunoassay buffer, gate and waste port, these ports are separately connected to the ground, high voltage relay or a negative high voltage, the red dotted circle highlights the key separation crossroad on the device; B: Larger image of the red dotted circle. The left panel represents the fluid simulation, white fluid represents the sample, black fluid represents the fluid from the gate port, and the right panel demonstrates the equipotential lines. GND: Ground. A: Citation: Roper MG, Shackman JG, Dahlgren GM, Kennedy RT. Microfluidic chip for continuous monitoring of hormone secretion from live cells using an electrophoresis-based immunoassay. Anal Chem 2003; 75: 4711-4717. Copyright© American Chemical Society 2003. Published by ACS Publications. The authors have obtained the permission for figure using from the American Chemical Society (Supplementary material); B: Citation: Ermakov SV, Jacobson SC, Ramsey JM. Computer simulations of electrokinetic injection techniques in microfluidic devices. Anal Chem 2000; 72: 3512-3517. Copyright© American Chemical Society 2000. Published by ACS Publications. The authors have obtained the permission for figure using from the American Chemical Society (Supplementary material).
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Figure 2 Theory of fluorescence anisotropy-based insulin sensing. The lamp generates depolarized light and goes through the polarizer, and after polarization, the polarized light is used as the excitation source for the fluorophores. Different concentrations of non-labeled insulin will compete with fluorescein isothiocyanate-labeled-insulin for insulin antibodies, thus, generating different fluorescence anisotropy which can be sensed by a vertical and horizontal photomultiplier. The sensed signal is used for the calculation of non-labeled insulin concentration. FITC: Fluorescein isothiocyanate; PMT: Photomultiplier.
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[bookmark: _Hlk120109311]Figure 3 Localized surface plasmon resonance-based islet secretome sensing. A: Theory of localized surface plasmon resonance (LSPR) and spectral curve before and after antigen binding; B: A real-world system for online islet trapping, perfusion and islet secretome monitoring. In general, the perfusate is pumped into the islet trapping chip by the peristaltic pump, and islet secretions are pumped out to the LSPR chip for further measurement; a: Culture medium or perfusate for islets; b: Peristaltic pump provide force for buffer; c: Islet trapping chip with tissue culture module; d: The LSPR detection module for spectral shift signal capturing; e: Work station for real-time signal transducing. LSPR: Localized surface plasmon resonance. A: Citation: Frederix F, Friedt JM, Choi KH, Laureyn W, Campitelli A, Mondelaers D, Maes G, Borghs G. Biosensing based on light absorption of nanoscaled gold and silver particles. Anal Chem 2003; 75: 6894-6900. Copyright© American Chemical Society 2003. Published by ACS Publications. The authors have obtained the permission for figure using from the American Chemical Society (Supplementary material); B: Citation: Ortega MA, Rodríguez-Comas J, Yavas O, Velasco-Mallorquí F, Balaguer-Trias J, Parra V, Novials A, Servitja JM, Quidant R, Ramón-Azcón J. In Situ LSPR Sensing of Secreted Insulin in Organ-on-Chip. Biosensors (Basel) 2021; 11. Copyright© 2021 by the authors. Published by MDPI. No special permission is required to reuse all or part of article published by MDPI, including figures and tables (https://www.mdpi.com/openaccess).
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