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Abstract

:

Microneedle (MN) is a novel technique of the biomedical engineering field because of its ability to evaluate bioinformation via minimal invasion. One of the urgent requirements for ground-breaking health care monitoring is persistent monitoring. Hollow microneedles are extremely attractive to extract skin interstitial fluid (ISF) for analysis, which makes them perfect for sensing biomarkers and facilitating diagnosis. Nevertheless, its intricate fabrication process has hampered its extensive application. The present research demonstrates an easy one-step preparation approach for hollow MNs on the foundation of the refraction index variations of polyethylene glycol diacrylate (PEGDA) in the process of photopolymerization. The fabricated hollow microneedle exhibited ideal mechanical characteristics to penetrate the skin. Hydrodynamic simulations showed that the liquid was risen in a hollow microneedle by capillary force. Furthermore, a paper-based glucose sensor was integrated with the hollow microneedle. We also observed that the MN array smoothly extracted ISF in vitro and in vivo by capillary action. The outcomes displayed the applicability of the MN patch to persistent blood glucose (GLU) monitoring, diagnosis-related tests for patients and pre-diabetic individuals.
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1. Introduction


Diabetes often poses a serious health risk to patients. According to the report of the World Health Organization (WHO), there were an estimate of 422 million diabetic individuals in 2014 [1], and the number will increase to 592 million by 2035 [2]. For diabetic patients, a continuous blood glucose monitoring system enables precise and effective measurement of rapid changes in blood glucose levels for effective treatment [3,4]. As a rich sample of biological information, blood is a major source of samples for blood glucose testing. However, blood collection is often painful for the patient and requires specialists to reduce the potential risk of infection [5]. Skin interstitial fluid (ISF) is filtered by capillaries and possesses the same rich biomarkers as blood, with approximately 80% of proteins in serum contained in it as well, and ISF is an effective alternative source to blood [6,7,8]. ISF can be sampled using techniques such as blistering and capillary ultrafiltration, methods which are intricate and harbor the risk of infection [9]. Hence, a more convenient, easy-to-use method of extracting samples for ISF is needed [10].



Microneedles are a new painless physical facilitation technique that can be used for transdermal administration and bio-sensing [10,11]. Microneedles are generally less than 1 mm in length and can penetrate the epidermis without damaging nerves, and its utilization does not require professional guidance. There are generally four types of microneedles: hollow microneedles, solid microneedles, porous microneedles and hydrogel microneedles. Solid microneedles are usually made of conductive materials or coated with conductive materials and can be used as sensing electrodes for bio-signal monitoring [12,13,14]. Hydrogel microneedles generally absorb ISF via the ability to swell [15,16]. Although the process of making hydrogel microneedles is simple, an additional step is required to separate the extracted ISF before analysis. Porous microneedles with interconnected pores allow the extraction of ISF by capillary action, whereas it takes more than 2 h to extract sufficient ISF for analysis [17]. The long extra sampling time can bring an unpleasant usage experience for the patient. As the body’s metabolites change over time, a longer sampling time can reduce the accuracy of metabolite analysis. Therefore, equipment with shorter sampling time has priority in terms of biological monitoring. The hollow microneedle consists of a cavity of a certain length and an oblique opening, which can be used for drug delivery and for the extraction of ISF for bio-analysis [18,19,20]. It presents better drug delivery capabilities compared to solid, soluble microneedles [21]. Hollow microneedles are generally made of glass, metal, silicon, ceramic and require the use of Micro-Electro-Mechanical System (MEMS). Although hollow microneedles made of silicon exhibit ideal physical properties, the high material cost and complicated fabrication process constitute their disadvantages [19,22]. In contrast, the use of diffraction lithography and a special mask design in this paper allows hollow microneedles to be fabricated in a single pass [23,24]. The mixture of polyethylene glycol diacrylate (PEG-DA) and photoinitiator can be considered a negative photoresist. PEG-DA can be cured under UV light irradiation [25,26]. PEG-DA is used due to its satisfactory biocompatibility and sufficient mechanical properties to penetrate the skin after curing [27,28,29].



The use of paper substrates, which merely requires a small amount of samples, as the interest regarding microfluidic analysis equipment has also arisen [30,31]. The advantage of the paper substrate is the capillary action of the pore-rich structure, which allows the sample to reach the entire analytical area [32]. The pore-rich architecture also offers a great superficial area as an ideal matrix medium for immobilizing macro-molecules, such as enzymes. Therefore, the use of paper substrates as analytical equipment is a fairly effective solution.



In this paper, hollow microneedles are fabricated by photolithography and the combination with glucose paper for ISF sampling and analysis, thereby forming a colorimetric glucose paper sensor. When the integrated microneedle patch pierces the skin, the ISF reaches the glucose paper sensor via the hollow microneedle through capillary action. The concentration of glucose can be measured by the change in the color of the test paper. The extraction aspects of ISF were evaluated by in vitro experiments with microneedle patches and in vivo experiments in rats. A sufficient sample was extracted in about 5 min to induce a color change in paper test strips. Therefore, the microneedle patch can be used as an effective screening test device for pre-diabetic patients.




2. Materials and Methods


2.1. Materials


All chemicals are commercially available and used in the required manner. We purchased PEG-DA with number average molecular weight, Mn = 250, and 2-hydroxy-2 -methylpropio-phenone, a water-soluble photo-initiator (Sigma-Aldrich, St. Louis, MO, USA). Polydimethylsiloxane (PDMS) was purchased from Dow Corning, Midland, MI, USA. Glucose test strips were purchased from Urit, China. The cellulose powder was purchased from RHAWN Chemical, China. The photomask was purchased from Micro and Nano Research Laboratory from Shenzhen, China.




2.2. Fabrication of the Glucose MN Sensor


The complete glucose MN sensor consisted of two parts: the hollow microneedles based on a micro-hole PEG-DA film and the glucose-reactive test paper. A pore-rich PEG-DA film with a 160 μm diameter pore size and a thickness of 100 μm was prepared as a substrate. The fast and high flux through-hole film preparation technology was used to fabricate the PEG-DA film with microholes [33]. Then, the porous film was aligned with the opaque circle on the mask pattern. The photomask was made of soda glass plated with a thin chrome. The thickness was 1.6 mm. The porous film aligned with the mask was placed on top of the PDMS recess containing the UV-curable solution (Figure 1a–c). The solution was a mixture of the 99.5 weight% of PEG-DA and 0.5 weight% of 2-hydroxy-2-methylpropiophenone. Microneedles were produced using UV light to pass through the mask pattern (Figure 1d–f). Ethanol and deionized water were used to rinse the cured hollow MN array several times to wipe off uncured residual solution. Subsequently, it was dried with a nitrogen gun. The prepared glucose paper was integrated with hollow MN by double-sided adhesive and the middle of both layers was filled with cellulose powder to form a complete glucose MN sensor (Figure 1h,i) [34]. Once the hollow MN array penetrated the skin, the ISF reaches the response area of the top glucose sensor due to capillary action; thus, the glucose concentration was identified.




2.3. In Vivo MN Insertion Test Protocol


2.3.1. Scanning Electron Microscopy (SEM)


The characteristics of hollow MNs were assessed via SEM images. The polymerized PEG-DA did not have electrical conductivity and required gold plating to obtain clear SEM images.




2.3.2. Force Displacement Test


The mechanical strength of the hollow microneedles was evaluated using a universal testing machine. The microneedle array was placed facing upwards and the force gauge was moved downwards at 1.2 mm/min to obtain a displacement force relationship curve.




2.3.3. Image Analysis


Images of rats were taken with a Canon digital camera. Optical images of the paper sensor before and after the insertion of the agar gel were obtained by a scanner. The resulting optical image was imported into the OPENCV module for fitting to obtain the size of the reaction zone. The RGB average value of each pixel in each reaction area was identified by Python. The difference between the RGB average of the paper sensor after each response and the non-response was used as the brightness value. This brightness value provided a measure of the change in color intensity before and after the glucose determination reaction.





2.4. In Vivo and Vitro MN Insertion Test Protocol


The insertion experiments were performed on rats. During the experiment, rats were anaesthetized by the inhalation of isoflurane to reduce pain. First, SD rats was placed in a box and anesthetized with 3% isoflurane. They were then transferred to a heating plate and the inhaler was continuously administered with 1% isoflurane. The skin of the rat was exposed by removing the hair using a razor. For the ISF extraction efficacy of microneedles, agar gels of different concentrations were prepared, and microneedle arrays were inserted for testing. The top of the gel was covered with a layer of aluminum (Al) foil.



Animal care and experimental procedures used in the current study were approved by the Animal Care and Use committee of Xiamen University (Permit Number: XMULAC20210083). The study was carried out adhering to guidelines provided by National Institutes of Health for the Care and Use of Laboratory Animals and all efforts were made to minimize suffering of animals.





3. Results and Discussion


3.1. Principle of Hollow Microneedle Design


As presented by Figure 2a, the light-transmitting parts of the pattern were asymmetrical. I1 and I2 are the maximum and minimum values of the aperture diameter, respectively. When UV light passed through the pattern on the mask into the PEG-DA monomer solution, the monomers near the pattern would be polymerized to form a lens-shaped morphology, as presented by Figure 2b. The cured lens-shape had a greater refraction index in contrast to the uncured area; thus, the UV light was focused, and a cone-shaped curing zone was formed. Since polymerized PEG-DA has a greater refraction index in contrast to its monomer, UV light was refracted at the interfacial region between the both materials with a refractive angle:


   θ r  = s i  n  − 1   (  n s  s i n  θ i  /  n l  )  



(1)




where    n l    and    n s    denote the refraction indexes of the uncured polymer and photocured polymer, respectively. As the difference in the refraction indexes between cured and uncured PEG-DA was 0.04, the reflected light could be neglected in the cone-growing phase (Figure 2c). The light refraction allowed the conical zone to grow persistently. The cone angle continuously became steep and reached a critical angle:


   θ r  =   sin   − 1   (  n s  /  n l  )  



(2)







The UV light propagation became a total internal reflection, leaving only reflected light at the photocured/non-cured interface. If the exposure was stopped at the critical angle, it could obtain a single-step conical structure. The different light transmission widths on the pattern formed a single-step conic architecture with different heights. The pattern was a circular structure forming a hollow structure depicted by dashed lines, as show in Figure 2d Owing to the properties of the light ray focusing deriving from the different refraction indexes of the materials producing 3D architectures without any additional condition, this phenomenon is named as self-focusing photolithography [35].




3.2. Characterization of PEG-DA


Due to its innocuous, good biocompatibility, low immunogenicity and ease of use, the PEG-DA is utilized extensively in the biomedical area. PEG-DA hydrogels have a viscoelastic, three-dimensional network structure. The acrylate double bond at the end of the PEG-DA molecule chain can be broken under UV irradiation and join with other PEG-DA molecules to form cross-linking points and networks. During photo-polymerization, the double bond is fully converted to form a polymeric network. The 1H NMR was utilized to verify the photopolymerization level of the PEG-DA monomer, as shown in Figure 3 A total of 50 µL solvent mixture was placed in the NMR tube. The tube was exposed at various times with an intensity of 10 mW/cm2 and a wavelength of 365 nm. The characteristic peaks of the acrylate double bonds became gradually weaker as the light exposure time increased. This indicates that the proportion of acrylate double bonds decreases as the degree of photopolymerization progresses. Eventually, the PEG-DA solvent was largely converted to a solid state.




3.3. Characterization of Hollow Microneedles


The sizes of the catheter opening, needle height, and tip profile are the important features of hollow microneedles, which determine their functions and mechanical stability. In the used preparation approach, those features were predominantly influenced by these aspects: diameters of inner and outer patterns, offset distance, UV strength, and total UV exposure time.



The hollow microneedle was obtained after the exposure. A side-slanted hole similar to a hypodermic syringe is shown in Figure 4a. The needle height was 600 μm. The tip of the microneedle was so sharp that it effectively penetrated the skin. The hollow channel enabled the efficient extraction of ISF. The outer multi-blade structure allowed the microneedle to create a blade structure from the base of the microneedle to the tip, which allowed the microneedle to penetrate the skin more effectively, as shown in Figure 4b. The use of photolithographic polymerization also enabled the bulk generation of microneedles into arrays. Figure 4d presents the outcomes of the fabrication of hollow MN arrays via patterned arrays.



The mask pattern of the microneedle was asymmetrical, as shown in Figure 4a. The outer diameter was a transparent multi-blade structure, internally tangent to a circle of 550 μm in diameter. The diameter of the opaque circle in the middle is 160 μm with 20 μm of offset distance of the inner pattern from the center. In order to optimize the design of the microneedle array, the length of the microneedles and the size of the catheter opening were obtained by changing exposure time from 15 s to 60 s with a UV intensity of 10 mW/cm2. The overall trend is shown in Figure 5a. With the increase in time, the height of microneedles also increased. When the exposure time exceeded 40 s, the opening of the hollow microneedle began to close, and the hollow channel could not be formed, as show in Figure 5a IV. The final selection of the hollow microneedle array was produced by an exposure duration of 45 s. When the light intensity was 30 mW/cm2, the result is shown in Figure S1d We also adjusted the deflection distance from 0 µm to 35 µm. The result is shown in Figure S1a–c Although light intensity and offset distance affect hollow microneedles, the limited data available do not allow a specific link to be obtained. Additional experiments and work may be required.



To assess the mechanical properties of the hollow MN arrays, compression experiments were carried out. An array of 13 × 13 microneedles was fixed to the slide with a double-sided tape and did not come off during the test. The relationship between displacement and force was used to assess its mechanical strength. The total peak force was compared to the number of microneedles to obtain the peak force of a single microneedle. Figure 5b presents the test outcomes of the single microneedle. The fracture force per needle was 0.6 N, which allowed the effective penetration of the skin.




3.4. Hydrodynamic Simulation of Extraction ISF


In order to reveal the hydrodynamic behavior of the hollow microneedle-extracted ISF, hydrodynamic simulations were carried out using the two-phase flow module in COMSOL Multiphysics. Fluid dynamics simulations showed that ISF acquisition occurred in an ultra-fast way with the help of capillary forces induced by the hollow microchannel structure of the hollow microneedles. Figure 6a presents a schematic diagram of the microchannels formed by the MN posterior to the skin penetration. When the hollow microneedle penetrated the skin, the oblique incision at the tip of the microneedle and the exposed side of the incised tissue formed a narrow lower and wide upper channel. By capillary action, the ISF could pass through this channel and pass through the micropores in the substrate to the paper sensor above. Figure 6c shows the process and speed of the ISF rise in the microchannel. Due to the narrow bottom and top wide microchannel structure, the rising speed of ISF gradually slowed down (Movie S1). The effect of dynamic viscosity on the process of MN extraction of tissue fluid was also investigated. As shown in Figure 6b, the fluid rises more slowly as the value of the dynamic viscosity becomes higher. However, the overall speed difference is not very large, indicating that the microchannel is relatively stable and able to cope with different situations.




3.5. Evaluation of Glucose MN Sensor


In order to evaluate the effectiveness of the glucose microneedle sensor, a GLU test was performed, which is one of the most extensively utilized biochemic analysis method. The GLU solution harvested by the microneedle reached to the top reaction tier, in which the oxidation of glucose occurred in the presence of the test paper. The test color varied into another color, which was determined by the GLU level. The powdered cellulose was used as a steady channel between the test paper and the MN layer. As the paper absorbed the sample and became wet, the hollow microneedle array, cellulose powder, and paper formed a connected and stable fluid channel. If the cellulose powder was not filled in, the color of the top layer of the paper would not be changed.



To test the performance of the extracted ISF of the glucose sensor, hollow microneedles were inserted into the agarose gel containing glucose. The top of the gel was covered with a layer of Al foil. Due to capillary forces, the extracted glucose solvent passed through the hollow channels of the hollow microneedles and reached the test paper tier. The test reagent on the test paper tier reacted with GLU, which was oxidized by glucose oxidase to produce glucose acid and H2O2. After that, under the influence of H2O2, the color of the test paper varied from yellow to pink. The glucose concentration was indicated by the color of the testing paper after the reaction. The scan picture and color strength of the reactive process were measured after the insertion of agarose gel at various glucose concentrations for 2 min, as shown in Figure 7 The outcomes showed a clear color variation owing to differences in GLU levels and was visually distinguishable. Starting with a light pink with a concentration of 5.6 mM, the color gradually varied to a deep purple and the color intensity increased rapidly.



To evaluate the ISF extraction performance of manufactured microneedle arrays, animal experiments were conducted using rats for insertion tests. The rats were anesthetized and the skin was exposed by shaving the back areas of the rats using a razor, as shown in Figure 8a. Then, the microneedles were fitted to the bare skin and then inserted into the rat using fingers. After approximately 4 min, the color of the paper on top of the sensor varied, indicating that the microneedle array successfully penetrated the skin of the mouse and the ISF entered the top of the sensor through a hollow microneedle and reacted with the test strip. This also meant that the measurement of blood glucose concentrations in rats was successfully completed. The comparison with the different concentrations of colorimetric cards obtained in previous agar gel experiments indicated that the blood glucose concentration in rats was around 5.6 mM, which was consistent with that of normal rats. When the MN patch was removed, microholes corresponding to the number of microneedles could be seen on the backs of the rats. As shown in Figure S2, a comparison of the hollow microneedles before and after insertion into the skin of the rats shows that only the tip of the needle is partially worn, which is consistent with the mechanical test results. After about 30 min, the small holes largely disappeared. MN patches did not cause harms to rats. Thus, the glucose concentration in ISF can be persistently measured by combining hollow MN arrays with glucose dry chemical reaction strips. The integrated MN patch can be used as a pre-tester to check one’s own blood glucose concentration in real time to determine whether a pre-diabetic patient needs to seek an accurate diagnosis. Furthermore, as the integrated MN patch has successfully demonstrated its usability with paper-based enzyme sensors, it is expected to provide an effective platform for diagnostic devices utilizing a variety of biosensors.





4. Conclusions


In this paper, a microneedle sensor was fabricated, which could successfully puncture the skin of rats to extract ISF and facilitate the rapid analysis of the absorbed ISF. Integrated microneedle sensors are simple, cost-effective and do not require additional intricate fabrication processes. It is a combination of hollow microneedles and glucose test strips. Under the action of capillary force, the sample absorbed by the microneedle flowed to the test strip through a vertical flow channel. The color of the test strip varied in correspondence to the concentration of glucose. The hollow microneedles were obtained by the photolithographic polymerization of PEG-DA by UV light through an unpaired mask pattern. By adjusting the exposure time and the offset distance of the opaque circle at the center of the mask pattern, microneedles with the right geometric structure and mechanical properties were obtained.



The microneedle sensor is easy to carry and can be easily applied by simply pressing in with a finger. It can measure glucose concentration and is suitable for real-time blood glucose monitoring in daily life. Hollow microneedles can be combined with other kinds of paper-based sensors, which makes them promising for the identification of various other biomarkers.
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Figure 1. Fabrication of MN patches. (a) A PEG-DA film with microholes was fabricated. (b) The PEG-DA film was placed by aligning with the photomask. (c) PEG-DA solution was combined with the film and photomask. (d–f) UV exposure through the photo mask produced MN arrays on PEG-DA films. (g–i) MN array was integrated with the glucose test paper, and cellulose powder was added in the middle. 
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Figure 2. Principle of lithography on the foundation of variable refraction index PEG-DA. UV refracted at the interfacial region of the uncured and photocured PEG-DA. (a–d) The formation process of hollow microneedles. 
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Figure 3. 1H NMR spectrum of PEG-DA. c, d, f is the location of the hydrogen bond on PEGDA. 
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Figure 4. SEM image: (a–c) Front, back and top views of the hollow microneedle. The white part shows the detailed pattern of the photomask. (d) Microneedle array. 
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Figure 5. (a) Microneedle length and SEMs image at different exposure times. (b) The fracture force per needle of the exposure duration of 45 s. 
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Figure 6. (a) Three-dimensional structure of hollow microneedles and formation of hollow channels by the MN wall and skin tissue. (b) Rising velocity of droplets with different kinetic viscosities; 0.056 is the standard value for ISF. (c) Extraction of ISF time-lapse simulation results, initially moving faster and then slower through the closed channel. 
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Figure 7. Scanned images of the reaction zone of the paper sensor with different glucose concentrations and the average color intensity of the reaction zone. 
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Figure 8. (a,b) The rats were shaved on the backs to expose their skin, and the microneedle patch was pressed in with the finger and the color varied after 4 min. (c) The microneedle patch was removed to produce the microholes. (d) After 30 min, the skin of the rats returned to the original state before the microneedle patch insertion. 
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