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Abstract

:

Lactate is present in sweat at high concentrations, being a metabolite of high interest in sport science and medicine. Therefore, the potential to determine lactate concentrations in physiological fluids, at the point of need with minimal invasiveness, is very valuable. In this work, the synthesis and performance of an alginate bead biosystem was investigated. Artificial sweat with different lactate concentrations was used as a proof of concept. The lactate detection was based on a colorimetric assay and an image analysis method using lactate oxidase, horseradish peroxidase and tetramethyl benzidine as the reaction mix. Lactate in artificial sweat was detected with a R² = 0.9907 in a linear range from 10 mM to 100 mM, with a limit of detection of 6.4 mM and a limit of quantification of 21.2 mM. Real sweat samples were used as a proof of concept to test the performance of the biosystem, obtaining a lactate concentration of 48 ± 3 mM. This novel sensing configuration, using alginate beads, gives a fast and reliable method for lactate sensing, which could be integrated into more complex analytical systems.






Keywords:


lactate; sweat; alginate bead; biosystem; colorimetric analysis












1. Introduction


Sweat is an aqueous solution that contains a great variety of compounds, such as NaCl, lactate [1], nitrogenous compounds (ammonia, urea and amino acids [2,3]), metal ions (e.g., zinc and iron [4,5]), heavy metals (e.g., arsenic, cadmium, lead and mercury [6]), immune biomarkers (e.g., IgG, IgD and interleukin-1α [7]), cortisol and stress biomarkers [8], lactoferrin [9] and xenobiotics (e.g., drugs of abuse [10] and ethanol [11,12]). The main function of sweat is thermoregulation, leading to heat dissipation by water evaporation [1] in response to an increase in body core temperature. Besides the regulation of body temperature, sweat also plays an important role in protecting, lubricating and waterproofing the skin. Moreover, sweat forms part of the immune system since it contains cytokines and other related molecules involved in the immune-mediated mechanisms that occur in the skin, being one of the first barriers during an immune response [13].



The high amount of physiological information contained in sweat, together with its accessibility in a non-invasive way, highlights the potential of sweat as an emerging alternative to standard blood analysis. Thereby, the analysis of sweat could provide an accurate insight into the physiological condition of the body (e.g., biomarker concentrations), but also a way of measuring body dehydration [14]. In fact, sweat is the diagnostic method for cystic fibrosis, a disease characterised by the presence of high levels of sodium and chloride in sweat [15,16].



In particular, lactate, which can be found in all physiological fluids, including sweat, is an important biomarker of fatigue and an indicative of restricted oxygen levels since it is a product of the anaerobic metabolism that takes place during the performance of intense exercise. Thereby, it is a metabolite of high interest in sport science and medicine, which can be used to keep track of the performance of athletes and to design a personalised training plan for each individual. In addition, it can be used as a diagnostic tool for disorders such as pressure ischemia, characterised by high levels of lactate [1]. However, based on previous literature, there is still some ambiguity regarding lactate concentration in sweat since it highly depends on, sweat rate, gender, age, environmental conditions, climate adaptation, fitness level and exercise intensity [1]. Moreover, sweat also shows variations in its composition depending on where it is collected from. Mickelsen O. et al. [17] measured sweat in five different body locations (torso, face, thigh, axilla and arm) and reported concentrations ranging from 16 mM on the face to 30 mM on the thigh. Despite the different lactate levels previously reported, its concentration in sweat always shows higher levels during the first measurements and begins to decrease when the sweat rate increases, which dilutes the lactate, until a plateau is reached [18]. The lack of standardisation underlines the importance of finding new methods for the determination of lactate levels in sweat, using sensing materials that can be coupled directly onto the skin to allow accurate and real-time measurements [19].



One of the possible biomaterials that could be employed to this end is alginate, a natural anionic polymer that can be found in brown algae and is composed of 1,4-linked α-L-guluronate and β-D-mannuronate residues arranged in linear copolymer blocks [20]. The biocompatibility, non-immunogenicity, porosity, viscosity and relatively low cost as well as gelation required to form dimension-controlled hydrogels of alginate make it an appropriate material to be used in a wide variety of fields, such as tissue engineering (e.g., scaffold for organ-on-a-chip, wound dressing), biomedical applications, drug delivery, food industry and environmental analysis (e.g., water analysis) [21,22,23].



Alginate hydrogels are formed by cross-linking the linear polysaccharide chains, thus creating a 3D network capable of retaining a high amount of water. The typical methods for alginate cross-linking are based on physical and chemical approaches: covalent cross-linking by the addition of a reagent that promotes covalent bonds between the alginate chains, thermal gelation based on temperature changes, cell cross-linking by adding cell adhesion ligands to the alginate and ionic cross-linking [21]. This last method is based on the combination of an alginate solution with divalent cations, such as Ca2+ and Ba2+, which bind the guluronate units allowing the cross-linking of the linear chains. These alginate hydrogels can be applied, for example, to alginate encapsulation of transplanted pancreatic islet cells in patients with type I diabetes as a way of protecting against a possible immune response of the host [24]. Despite its applications, alginate has just recently emerged as a potential technique for biosensing. In this regard, Márquez A. et al. [25] developed a point-of-care amperometric biosystem using a biocompatible alginate hydrogel matrix for glucose sensing in blood, and Zhuang, S. and Wang, J. [22] fabricated alginate beads modified with an indicator of Co2+ capable of effectively detecting Co2+ in aqueous solutions as an environmental analysis tool. Recently, our group has developed an alginate/titanium dioxide nanotubes nanocomposite for the detection of lactate and glucose [26].



The interest of using these types of biomarkers in sport science has grown considerably in recent years. Even though blood is still the gold standard method for analytical determinations in this field due to its inherent invasiveness, there is a high interest in developing non-invasive analyses, which could be achieved by sampling other biofluids, such as sweat. In particular, microfluidic technology is bringing sweat analysis in real-time to reality [27,28].



A wide range of biosensors have been developed in recent years [28,29,30]. Specifically, colorimetric detection, which allows immediate image analysis, is gaining interest for point of care as a fast, easy-to-use and versatile approach for sensing, due to the high quality of the cameras on the smartphones that are continuously appearing in the market. Moreover, the integration of wireless near-field communication (NFC) within microfluidics and wearable devices is enhancing the growth of the sector [31,32]. However, important aspects in the development of sweat analytical devices, such as efficient sweat collection, the sensitivity of the sensors and their correct operation in the specific circumstances of the analysis, still require optimisation. Furthermore, when the biosensor is formed of enzymes, one of the biggest challenges is maintaining its stability and activity for long periods of time in the final device. In these regards, the use of alginate-based hydrogels with integrated sensing moieties (enzyme assays) could overcome these limitations.



With the idea of being able to develop robust portable devices for the detection of lactate in sweat, in this work, we investigated the use of alginate beads as a biocompatible biosystem for the determination of lactate concentrations. We present the fabrication of alginate beads, the integration of a lactate enzymatic assay in the beads and the full characterisation of the assay for the determination of the lactate levels in both artificial sweat and real sweat samples using a “fit-to-purpose” colorimetric image analysis method.




2. Materials and Methods


2.1. Artificial Sweat


Artificial sweat was made by mixing NaCl (99%, Sigma-Aldrich, Burlington, MA, USA), urea (Sigma-Aldrich, Burlington, MA, USA) and sodium L-lactate (Sigma-Aldrich, Burlington, MA, USA) at a concentration of 800 mM in distilled water and adjusted to a pH of 6.5. Solutions of lactate of 10, 20, 40, 60, 80 and 100 mM were prepared in artificial sweat at room temperature conditions. The solutions were stored at 2–8 °C until use. There was not an effect of varying the concentrations of NaCl and urea in the artificial sweat solution for the range of lactate concentrations of 10–100 mM, see Figure S1.




2.2. Solutions for the Synthesis of the Alginate Beads


The reaction mix for lactate sensing consists of lactate oxidase (LOD, 1KU, AGScientific, MA, USA), horseradish peroxidase (HRP, Sigma Aldrich, Burlington, MA, USA), tetramethyl benzidine (TMB Sigma Aldrich, Burlington, MA, USA) dissolved in dimethyl sulfoxide (DMSO, Sigma Aldrich, Burlington, MA, USA) and alginate (Sigma Aldrich, Burlington, MA, USA). LOD and HRP solutions were prepared in distilled water to a concentration of 0.40 and 0.05 mg mL−1, respectively. Twenty-four milligrams of TMB were dissolved in 2.25 mL of DMSO at 37 °C under continuous agitation for 2 h until its complete dissolution. An initial 2% alginate solution in distilled water was made, at room temperature and continuous agitation conditions, for 4 h until its complete dissolution. An initial solution of 2% alginate was prepared and diluted in distilled water to obtain solutions of 0.25, 0.50, 0.75, 1.00 and 1.50%. A CaCl2 (Sigma Aldrich, Burlington, MA, USA) solution was used for the formation of the alginate beads. It was prepared by mixing CaCl2 in distilled water to obtain a 400 mM solution (pH~7.5). All solutions were kept at 2–8 °C.




2.3. Fabrication and Characterisation of the Alginate Beads


For initial fabrication and characterisation, the alginate beads were made by mixing 10 µL of LOD, 10 µL of HRP and 5 µL of TMB solutions with 30 µL of alginate 1% (pH~8). The amount of each component varied during the optimisation experiments, as specified in Section 3.2 and Section 3.3. After mixing all the components together, 25 µL of the mix was taken with a pipette and dropped into the 400 mM CaCl2 solution. After 5 min, the formed alginate beads were washed with distilled water for 5 min and dried with filter paper, to remove any excess solution. The pH of the beads was measured from a water solution of 15 hydrogel scaffolds crushed, stored and settled in 1 mL distilled water for 24 h, obtaining a value of ~6.0. This pH should not affect the stability and performance of the enzymes. Then, the beads were placed in a 96-well white plate (Thermo Fisher Scientific, Waltham, MA, USA) and artificial sweat at different lactate concentrations was added for the analysis. Finally, images were taken at different times and analysed with ImageJ to measure the black and white index.



Bead fabrication and experiments were done at room temperature (25 ± 1 °C). The moisture conditions of the alginate hydrogel diminished the possible small temperature increments of the outside temperature by keeping the enzymes in an active state. Conventionally, evaporation of the water could have an effect, contracting the hydrogel bead, which could exert an external tension on the enzymes, leading to enzyme deactivation. In this regard, to avoid the contraction of the hydrogel, beads were stored in moisture conditions at 10–25 °C and used immediately after fabrication.



All the experiments were repeated by triplicate. The diameter of the alginate beads was measured 20 times.



Scanning electron microscopy (SEM) images of the freeze-dried alginate beads were recorded by Hitachi S-4800 (Hitachi, Tokyo, Japan) at an accelerating voltage of 5 kV.




2.4. Colorimetric Image Analysis


Different images of the alginate beads were taken during the experiments at 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 13, 16, 19, 25, 30, 35 and 50 min, using a 20 MP (megapixel) + 2 MP dual camera with an f/1.8 aperture (Huawei, Shenzhen, China) placed 25 cm over the sample. The same light conditions and camera settings were kept during all experiments using a photography chamber (MVpower Kit Photography Illumination Studio, Cube 80 × 80 × 80 cm3, 3× softbox 50 × 70 cm2, 3× light sources 135 W and 4× background colours, black, white, blue and red, Kissta). The images were later analysed using the image colour analysis software ImageJ. The original colour image was converted to an 8-bit grayscale and the black and white value (B/W value) of each bead was measured, scaling from 0–255 where black stands for 0 and white for 255.





3. Results and Discussion


3.1. Fabrication and Characterisation of the Alginate Beads


This novel sensor approach is based on the reaction shown in Figure 1. Figure 1A represents a schematic diagram of the reaction that takes place inside the bead. First, the lactate present in the artificial sweat solution was oxidised to pyruvate by the LOD. The resulting H2O2 was then used by the HRP to oxidise the TMB. TMB is a diamine that, in the presence of an oxidising agent, is oxidized to a diimine and it can undergo either a one- or two-electron oxidation. The first coloured product, the resulting product of the one-electron oxidation, consists of a charge-transfer complex formed by the diamine, its oxidised diimine product and the radical cation, both species existing in equilibrium. This product absorbs light at 370 nm and 652 nm, providing to the material a characteristic blue colour. However, if this product is further oxidised, two-electron oxidation generates a diamine, absorbing visible light at 450 nm, yielding an orange/yellow-coloured product stable at acidic pHs [33].



After being added, the lactate solution covered the alginate bead while the enzymatic components of the mix remained inside the bead (Figure 1B, t0). Then, diffusion started in both directions, that is, lactate entered the bead while LOD, HRP and TMB slowly diffused outside, although this second process was observed to be much smaller due to the stabilisation of the assay components enacted upon the alginate matrix. As this happened, the TMB started becoming oxidised, yielding to the one-electron oxidation blue product inside the bead, giving the capsule a blue appearance (t1), which gradually developed from the edges of the bead towards the centre. On the other hand, outside the bead, the elevated concentration of lactate compared to the enzymatic components induced the complete oxidation of the TMB to its two-electron oxidation state, generating an orange/yellow solution surrounding the bead (t1). Then, diffusion through the alginate membrane continued in both directions, that is, lactate entered the bead while LOD, HRP and TMB diffused outside. As this happened, the TMB continued becoming oxidised, increasing the intensity of the blue colour of the bead. On the other hand, outside the bead the elevated concentration of lactate compared to the enzymatic components that leached out of the bead induced the complete oxidation of the TMB to its two-electron oxidation state. This yielded to an increase in the orange/yellow colour of the liquid surrounding the bead (t2). This condition (higher lactate concentration) remained the same during the length of the experiment, so the intensity of the orange/yellow-coloured liquid increased over time. The orange/yellow colour appeared first in the area closer to the bead, since it is there where the enzymatic assay reacts first with the lactate in the artificial sweat solution. As diffusion inside the bead occurred, the blue intensity increased inside the bead, whereas the yellow intensity in the surrounding liquid also increased due to the second oxidation of the TMB in the solution. This continued until an equilibrium was reached between the solutions outside and inside the bead (t3) and no further increase in the blue colour was appreciated in the bead. A video of the performance of a bead after the addition of 50 µL of solution of lactate 80 mM in artificial sweat is presented in Video S1.



Figure 2A shows the flow diagram for the fabrication of the alginate bead biosystems as explained in Section 2.3. Figure 2B shows an image of an alginate bead before adding the lactate solution. The alginate beads were clear and uniform, and presented a well-defined spherical shape with a diameter of 2.3 ± 0.2 mm (n = 20). This variability was due to human handling and to the viscosity of the alginate. In Figure 2C an SEM image of the alginate bead cut in half is presented.



As a first characterisation, the colour of the beads, after adding artificial sweat containing lactate (60 mM), was analysed before and after the washing/drying step. The obtained B/W values are shown in Figure 2D; both assays followed the same tendency, but the unwashed beads had higher B/W values and thus a lighter blue colour, see Figure S2. In both cases, the formation of an orange/yellow colour in the solution, surrounding the bead, was observed. In the unwashed beads experiments, the orange/yellow colour of the surrounding solution was more intense than in the washed/dried beads, and rapidly covered the full solution in the well. This was due to the excess of mix solution on the surface of the bead that diffused into the artificial sweat solution. Additionally, the intensity of the blue colour over time was not as pronounced as in the washed/dried beads. This effect was explained by looking at the porosity of the alginate. In the case of the unwashed beads, there was an excess of reagents (enzymes and TMB) in the solution, coming from the surface of the bead. Therefore, the reaction immediately started in the outside of the bead, since lactate was in excess in the solution, proceeding towards the two-electron oxidation of the TMB (orange/yellow product). By the time the diffusion process became noticeable, since lactate diffusion through the bead is a slower process than the reaction in the solution, there was little lactate left available surrounding the bead. Therefore, the observed blue colour of the bead was not very intense—see Figure S2—even at long reaction times, up to 35 min.



By washing the beads before the addition of the artificial sweat solutions (Figure 2D), the excess of enzymes and TMB from the surface of the beads was removed, increasing the sensitivity of the colorimetric analysis. Thus, when artificial sweat was added, lactate did not react in the solution, and had time to diffuse inside the bead in order to perform the reaction. This allowed the bead to increase its blue intensity overtime until the system reached the equilibrium.



PBS 1% was also tested as a solution to wash the beads with instead of distilled water, as it is a biological buffer. However, the obtained B/W values of the beads were not as homogenous as the ones obtained when washing with distilled water. Moreover, it was observed that TMB precipitates inside the beads (Figure S3), which affected the colorimetric analysis. From this point onward, all experiments were performed using washed/dried beads.




3.2. Optimisation of the Mix Reagents


Alginate concentrations of 0.5, 0.75, 1, 1.5 and 2% were tested for the synthesis of the beads. No alginate beads with an alginate concentration lower than 0.5% were tested because the obtained hydrogel would be too weak to form a bead (Figure S4). Likewise, no beads with an alginate concentration higher than 2% were tested due to the high viscosity of the alginate, which hindered its manipulation and the homogeneity of the generated beads.



The B/W values of the different alginate beads were obtained when immersing the beads, up to 40 min, in an artificial sweat solution with a lactate concentration of 60 mM, Figure 3A. As can be appreciated, the B/W values of the blank beads barely changed throughout the experiment, since the solution did not contain any lactate. When lactate was added to the beads, the obtained B/W values were higher and there was a lighter blue colour for the beads with a lower % of alginate. This behaviour was observed throughout all the times investigated. As an example, Figure 3B shows how the blue colour of the beads increased with the alginate concentration at time 13 min.



The reason behind this phenomenon lies in the concentration of alginate in the bead, which generates thicker beads when the percentage of alginate is increased. In the beads made with higher alginate concentrations, lactate diffused inside slowly, and thus lead to the generation of a lower amount of H2O2, promoting just the one-electron oxidation of TMB. Thus, the beads with higher alginate concentrations appeared as a darker blue, with subsequent lower B/W values.



Alginate 0.5% and 0.75% beads were fabricated, but their shape was not homogeneous, and they were not robust enough to be used as material in a biosystem. On the other hand, beads made with alginate 2% were robust and the variation in the B/W value, after the assay performance, was small (±3%). However, alginate at this concentration is very viscous, which made its manipulation tedious. Therefore, this percentage of alginate was not used for further developments of the material. Thereby, either alginate 1% or alginate 1.5% were the concentrations that worked the best when preparing alginate beads since they combined an easy manipulation of the alginate, homogenous colour distribution when lactate was added and a good formation as well as durability of the beads. For further experiments, alginate 1.5% was chosen due to its slightly higher robustness. In general, a plateau in the B/W values from minute 13 was observed for all the alginate concentrations, which represents the point where the assay reached the equilibrium.



The calibration curve for the lactate assay in the beads made with alginate in the range from 0.5% to 2% at 13 min is shown in Figure S5. Results demonstrated that, despite alginate 1.5% being chosen for the fabrication of the beads in this investigation, other alginate concentrations could be used for the fabrication of the beads, since the B/W values obtained were consistent and reliable, opening the detection capabilities and versatility of the proposed biosensing material. Finally, the optimisation of LOD, HRP and TMB concentrations is explained in Figure S6.




3.3. Calibration Curve for Lactate in Artificial Sweat


Once the concentration of alginate and the mix of enzymes and TMB were optimised for the fabrication of the bead biosystem, different artificial sweat solutions with lactate concentrations of 0, 10, 20, 40, 60, 80 and 100 mM were tested, as the lactate concentration in sweat has been reported to be in the range of 10–70 mM [34,35,36]. As shown in Figure 4A, the colour of the beads barely changed when lactate is not present in the solution. However, the B/W values increased as the lactate concentration increased, the alginate beads with lactate 100 mM solution being the ones with the highest B/W values, while the alginate beads with lactate 10 mM solution showed the lowest B/W values. This means that, as the lactate concentration increases, the blue intensity of the beads decreases, which is due to the second-electron oxidation of TMB that takes place inside the bead when lactate is absorbed inside of the beads. As demonstrated in Section 3.2, the more lactate inside the alginate beads, the more the reaction will develop towards the complete second-electron oxidation of the TMB, and thus the formation of the orange/yellow product. Consequently, the alginate beads with lactate 100 mM showed a lighter blue intensity, which gradually increased as the lactate concentration of the solution surrounding the beads decreased.



At minute thirteen the reaction reached a plateau because of the saturation of the enzymes and the lack of TMB available. Afterwards, the B/W values were stable within the error until minute 35. Since all the lactate concentrations presented distinguishable B/W values at this point, the values were used to build an external calibration curve, Figure 4B. Lactate concentrations were determined in a linear calibration range of 10 mM to 100 mM, which is compatible with the sweat lactate values obtained in the literature, as referenced before. A limit of detection of 6.4 mM and a limit of quantification of 21.2 mM were obtained (the limit of detection was calculated as LoD = 3 SD/k and the limit of quantification as LoQ = 10 SD/k, where SD is the standard deviation of the blank and k is the slope).



In contrast to blood, there is not an established range of lactate concentration in sweat since it depends on fitness level, age, sex, gender and the place where the sweat is collected from [1,18,37]. Therefore, a wide variety of lactate concentrations have been reported in sweat. Promphet N. et al. [38] were able to measure lactate levels of 13, 60 and 64 mM in three volunteers after 30 min of jogging using a non-invasive textile-based colorimetric sensor. On the other hand, Kim, S. B. et al. [31] detected an average lactate concentration of 14 mM after exposing three subjects to cycling on a stationary bike with increasing resistance. In later research, the same group developed a microfluidic device for the colorimetric detection of lactate in sweat that detected levels between 15 mM to 22 mM in healthy subjects after cycling exercises [39]. Therefore, according to the results found in the literature, our alginate-based sensor can be employed for lactate detection in sweat samples, since its detection range sits within the human physiological lactate sweat range.



To verify the potential of using alginate beads as biosystems for lactate determination using image analysis, two samples of artificial sweat were prepared with unknown lactate concentrations. Alginate beads were immersed in the two samples and the B/W values were obtained at 13 min. The values were plotted in the external calibration line, obtaining values of 18 ± 2 and 50 ± 7 mM, respectively (error bars correspond to mean values ± SD, n = 3). The real values of those two solutions were 20 mM and 45 mM, respectively. These results demonstrated that accurate and reliable measurements of lactate concentrations in artificial sweat could be obtained using an enzymatic alginate bead biosystem.




3.4. Validation of the Biosystem with Real Sweat Samples


For the validation of the biosystem, real sweat was collected from a healthy female (age 28) after 45 min of indoor cycling. A total volume of 50 µL was collected from the forehead and stored into an Eppendorf tube until use. In order to have enough volume to run three assays, the sample was diluted three times in distilled water. Of the sample, 50 µL was added to the bead and the lactate concentration was measured after 13 min by plotting the measured B/W value into the calibration curve obtained before. A lactate concentration of 48 ± 3 mM (n = 3) was obtained for sweat. The concentration of the sample was also measured using a commercially available device (Lactate Plus, Nova Biomedical, Waltham, MA, USA) for the determination of lactate levels, obtaining a concentration of 56 ± 1 mM (n = 3).



These results demonstrate that the biosystem developed in this work can, indeed, be used for lactate determination in real sweat samples within the physiological range, after colorimetric analysis of the alginate beads. However, since lactate levels during exercise vary between individuals and over exercise time, no analytical conclusions can be obtained from this result yet. In order to get them, continuous tracking of sweat lactate levels would need to be done by integrating the biomaterial within a wearable device. The implementation of these type of devices has not been solved yet, since it is difficult to obtain reliable sweat samples without compromising sweat analyte concentrations and avoiding contamination [28,40,41,42]. Moreover, this biosystem could also be applied in the medical field for the detection of diseases such as cystic fibrosis. However, more research needs to be done regarding the possible relation between sweat and blood lactate levels.





4. Conclusions


In this work, we have demonstrated and discussed the synthesis and application of alginate beads as novel biocompatible materials for lactate sensing in artificial and real sweat. Lactate concentrations were determined using a colorimetric alginate-based biosystem integrated with LOD, HRP and TMB in 1.5% alginate beads. This method permitted the detection of up to 6.4 mM concentration of lactate and the quantification of up to 21.2 mM of lactate in artificial sweat. Moreover, as a proof of concept, this newly developed biosystem was tested with real sweat samples, demonstrating its possible applicability in real-case scenarios.



Compared to standard blood analysis, this new technology provides the possibility of measuring lactate in a non-invasive biofluid, such as sweat. Moreover, since the enzymatic components are immobilised in a hydrogel, the reaction takes place inside the bead, providing higher sensitivity for the colorimetric analysis using image analysis. This, together with the ease of manipulation of alginate beads and lower detection times of up to 15 min, will allow the integration of this biosystem into a microfluidic platform and its application to monitor lactate levels at the point and place of need.



The possibility of measuring lactate levels in sweat in its physiological range using alginate bead biosystems and image analysis opens up many options in the development of easy-to-use biosensors for wearable technology and wearable applications. Since alginate is a biocompatible, non-immunogenic and porous hydrogel that can be fabricated at low cost, its use as biosensing material will open new avenues in sensor devices. With lactate being a biomarker of anaerobic metabolism, the work developed here opens a door to a new way of lactate determination by using alginate, with applications in sports science and medicine.
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Author Contributions


Conceptualisation, S.G.-R., E.O., L.B.-D. and F.B.-L.; Formal Analysis, S.G.-R., E.O. and F.B.-L.; Funding Acquisition, L.B.-D. and F.B.-L.; Investigation, S.G.-R. and U.B.G.; Project Administration, L.B.-D. and F.B.-L.; Supervision, L.B.-D. and F.B.-L.; Visualisation, S.G.-R.; Writing—Original Draft, S.G.-R.; Writing—Review and Editing, E.O., U.B.G., L.B.-D. and F.B.-L. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the European Union’s Horizon 2020 research and innovation programme under the Marie Skłodowska-Curie grant agreement no. 778001 (DNASurf), the European Union’s Horizon 2020 research and innovation programme under grant agreement no. 766007, the “Ministerio de Ciencia y Educación de España” under grant PID2020-120313GB-I00/AIE/10.13039/501100011033 and the Basque Government (grant IT1271-19).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data will be available in Zenodo: https://zenodo.org/communities/mami-h2020 accessed on 19 August 2021.




Acknowledgments


F.B.-L. and L.B.-D. acknowledge the “Red de Microfluídica Española” RED2018-102829-T.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Derbyshire, P.J.; Barr, H.; Davis, F.; Higson, S.P.J. Lactate in Human Sweat: A Critical Review of Research to the Present Day. J. Physiol. Sci. 2012, 10, 429–440. [Google Scholar] [CrossRef] [PubMed]

	



Al-Tamer, Y.Y.; Hadi, E.A.; Al-Badrani, I.E.I. Sweat Urea, Uric Acid and Creatinine Concentrations in Uraemic Patients. Urol. Res. 1997, 25, 337–340. [Google Scholar] [CrossRef] [PubMed]

	



Huang, C.T.; Chen, M.L.; Huang, L.L.; Mao, I.F. Uric Acid and Urea in Human Sweat. Chin. J. Physiol. 2002, 45, 109–115. [Google Scholar] [PubMed]

	



DeRuisseau, K.C.; Cheuvront, S.N.; Haymes, E.M.; Sharp, R.G. Sweat Iron and Zinc Losses during Prolonged Exercise. Int. J. Sport Nutr. Exerc. Metab. 2002, 12, 428–437. [Google Scholar] [CrossRef] [PubMed]

	



Saran, T.; Zawadka, M.; Chmiel, S.; Mazur, A. Sweat Iron Concentration during 4-Week Exercise Training. Ann. Agric. Environ. Med. 2018, 25, 500–503. [Google Scholar] [CrossRef]

	



Sears, M.E.; Kerr, K.J.; Bray, R.I. Arsenic, Cadmium, Lead, and Mercury in Sweat: A Systematic Review. J. Environ. Public Health 2012, 184745. [Google Scholar] [CrossRef]

	



Katchman, B.A.; Zhu, M.; Blain Christen, J.; Anderson, K.S. Eccrine Sweat as a Biofluid for Profiling Immune Biomarkers. Proteom. -Clin. Appl. 2018, 12, e1800010. [Google Scholar] [CrossRef]

	



Steckl, A.J.; Ray, P. Stress Biomarkers in Biological Fluids and Their Point-of-Use Detection. ACS Sens. 2018, 3, 2025–2044. [Google Scholar] [CrossRef]

	



Park, J.H.; Park, G.T.; Cho, I.H.; Sim, S.M.; Yang, J.M.; Lee, D.Y. An Antimicrobial Protein, Lactoferrin Exists in the Sweat: Proteomic Analysis of Sweat. Exp. Dermatol. 2011, 11, 369–371. [Google Scholar] [CrossRef]

	



De Giovanni, N.; Fucci, N. The Current Status of Sweat Testing For Drugs of Abuse: A Review. Curr. Med. Chem. 2013, 20, 545–561. [Google Scholar] [CrossRef]

	



Nyman, E.; Palmlöv, A. The Elimination of Ethyl Alcohol in Sweat1. Skand. Arch. Für Physiol. 1936, 74, 155–159. [Google Scholar] [CrossRef]

	



Gamella, M.; Campuzano, S.; Manso, J.; Rivera, G.G.; López-Colino, F.; Reviejo, A.J.; Pingarrón, J.M. A Novel Non-Invasive Electrochemical Biosensing Device for in Situ Determination of the Alcohol Content in Blood by Monitoring Ethanol in Sweat. Anal. Chim. Acta 2014, 806, 1–7. [Google Scholar] [CrossRef] [PubMed]

	



Hussain, J.N.; Mantri, N.; Cohen, M.M. Working up a Good Sweat-The Challenges of Standardising Sweat Collection for Metabolomics Analysis. Clin. Biochem. Rev. 2017, 38, 13–34. [Google Scholar] [PubMed]

	



Ring, M.; Lohmueller, C.; Rauh, M.; Eskofier, B.M. On Sweat Analysis for Quantitative Estimation of Dehydration during Physical Exercise. Med. Biol. Soc. 2015, 19, 7011–7014. [Google Scholar] [CrossRef]

	



Mishra, A.; Greaves, R.; Massie, J. The Relevance of Sweat Testing for the Diagnosis of Cystic Fibrosis in the Genomic Era. Clin. Biochem. Rev. 2005, 26, 135–153. [Google Scholar]

	



Farrell, P.M.; White, T.B.; Ren, C.L.; Hempstead, S.E.; Accurso, F.; Derichs, N.; Howenstine, M.; McColley, S.A.; Rock, M.; Rosenfeld, M.; et al. Diagnosis of Cystic Fibrosis: Consensus Guidelines from the Cystic Fibrosis Foundation. J. Pediatr. 2017, 181, S4–S15.e1. [Google Scholar] [CrossRef] [PubMed]

	



Mickelsen, O.; Keys, A. The Composition of Sweat, with Special Reference to the Vitamins. J. Biol. Chem. 1943, 149, 479–490. [Google Scholar] [CrossRef]

	



Buono, M.J.; Lee, N.V.L.; Miller, P.W. The Relationship between Exercise Intensity and the Sweat Lactate Excretion Rate. J. Physiol. Sci. 2010, 60, 103–107. [Google Scholar] [CrossRef] [PubMed]

	



Curto, V.F.; Fay, C.; Coyle, S.; Byrne, R.; O’Toole, C.; Barry, C.; Hughes, S.; Moyna, N.; Diamond, D.; Benito-Lopez, F. Real-Time Sweat PH Monitoring Based on a Wearable Chemical Barcode Micro-Fluidic Platform Incorporating Ionic Liquids. Sens. Actuators B Chem. 2012, 171–172, 1327–1334. [Google Scholar] [CrossRef]

	



Augst, A.D.; Kong, H.J.; Mooney, D.J. Alginate Hydrogels as Biomaterials. Macromol. Biosci. 2006, 6, 623–633. [Google Scholar] [CrossRef]

	



Lee, K.Y.; Mooney, D.J. Alginate: Properties and Biomedical Applications. Prog. Polym. Sci. 2012, 11, 106–126. [Google Scholar] [CrossRef]

	



Zhuang, S.; Wang, J. Modified Alginate Beads as Biosensor and Biosorbent for Simultaneous Detection and Removal of Cobalt Ions from Aqueous Solution. Environ. Prog. Sustain. Energy 2018, 37, 260–266. [Google Scholar] [CrossRef]

	



Aderibigbe, B.A.; Buyana, B. Alginate in Wound Dressings. Pharmaceutics 2018, 2, 42. [Google Scholar] [CrossRef] [PubMed]

	



Bochenek, M.A.; Veiseh, O.; Vegas, A.J.; McGarrigle, J.J.; Qi, M.; Marchese, E.; Omami, M.; Doloff, J.C.; Mendoza-Elias, J.; Nourmohammadzadeh, M.; et al. Alginate Encapsulation as Long-Term Immune Protection of Allogeneic Pancreatic Islet Cells Transplanted into the Omental Bursa of Macaques. Nat. Biomed. Eng. 2018, 2, 810–821. [Google Scholar] [CrossRef] [PubMed]

	



Márquez, A.; Jiménez-Jorquera, C.; Domínguez, C.; Muñoz-Berbel, X. Electrodepositable Alginate Membranes for Enzymatic Sensors: An Amperometric Glucose Biosensor for Whole Blood Analysis. Biosens. Bioelectron. 2017, 97, 136–142. [Google Scholar] [CrossRef] [PubMed]

	



Bimendra, G.U.; Garcia-Rey, S.; Ojeda, E.; Basabe-Desmonts, L. Benito-Lopez, Fernando. TiO2 Nanotubes Alginate Hydrogel Scaffold for Rapid Sensing of Sweat Biomarkers: Lactate and Glucose. ACS Appl. Mater. Interfaces 2021, 13, 37734–37745. [Google Scholar] [CrossRef]

	



Currano, L.J.; Sage, F.C.; Hagedon, M.; Hamilton, L.; Patrone, J.; Gerasopoulos, K. Wearable Sensor System for Detection of Lactate in Sweat. Sci. Rep. 2018, 8, 15890. [Google Scholar] [CrossRef]

	



Bariya, M.; Nyein, H.Y.Y.; Javey, A. Wearable Sweat Sensors. Nat. Electron. 2018, 38, 160–171. [Google Scholar] [CrossRef]

	



Heikenfeld, J.; Jajack, A.; Rogers, J.; Gutruf, P.; Tian, L.; Pan, T.; Li, R.; Khine, M.; Kim, J.; Wang, J.; et al. Wearable Sensors: Modalities, Challenges, and Prospects. Lab. A Chip 2018, 14, 217–248. [Google Scholar] [CrossRef]

	



Kim, J.; Campbell, A.S.; de Ávila, B.E.F.; Wang, J. Wearable Biosensors for Healthcare Monitoring. Nat. Biotechnol. 2019, 14, 389–406. [Google Scholar] [CrossRef]

	



Kim, S.B.; Lee, K.H.; Raj, M.S.; Lee, B.; Reeder, J.T.; Koo, J.; Hourlier-Fargette, A.; Bandodkar, A.J.; Won, S.M.; Sekine, Y.; et al. Soft, Skin-Interfaced Microfluidic Systems with Wireless, Battery-Free Electronics for Digital, Real-Time Tracking of Sweat Loss and Electrolyte Composition. Small 2018, 14, 2876. [Google Scholar] [CrossRef]

	



Lin, R.; Kim, H.J.; Achavananthadith, S.; Kurt, S.A.; Tan, S.C.C.; Yao, H.; Tee, B.C.K.; Lee, J.K.W.; Ho, J.S. Wireless Battery-Free Body Sensor Networks Using near-Field-Enabled Clothing. Nat. Commun. 2020, 11, 1–10. [Google Scholar] [CrossRef]

	



Josephy, P.D.; Eling, T.; Mason, R.P. The Horseradish Peroxidase-Catalyzed Oxidation of 3,5,3′,5′-Tetramethylbenzidine. Free Radical and Charge-Transfer Complex Intermediates. J. Biol. Chem. 1982, 257, 3669–3675. [Google Scholar] [CrossRef]

	



ÅStrand, I. Lactate Content in Sweat. Acta Physiol. Scand. 1963, 58, 359–367. [Google Scholar] [CrossRef]

	



Green, J.M.; Bishop, P.A.; Muir, I.H.; McLester, J.R.; Heath, H.E. Effects of High and Low Blood Lactate Concentrations on Sweat Lactate Response. Int. J. Sports Med. 2000, 21, 556–560. [Google Scholar] [CrossRef]

	



Patterson, M.J.; Galloway, S.D.R.; Nimmo, M.A. Variations in Regional Sweat Composition in Normal Human Males. Exp. Physiol. 2000, 85, 869–875. [Google Scholar] [CrossRef] [PubMed]

	



Klous, L.; de Ruiter, C.J.; Scherrer, S.; Gerrett, N.; Daanen, H.A.M. The(in)Dependency of Blood and Sweat Sodium, Chloride, Potassium, Ammonia, Lactate and Glucose Concentrations during Submaximal Exercise. Eur. J. Appl. Physiol. 2020, 7, 4526. [Google Scholar] [CrossRef]

	



Promphet, N.; Rattanawaleedirojn, P.; Siralertmukul, K.; Soatthiyanon, N.; Potiyaraj, P.; Thanawattano, C.; Hinestroza, J.P.; Rodthongkum, N. Non-Invasive Textile Based Colorimetric Sensor for the Simultaneous Detection of Sweat PH and Lactate. Talanta 2019, 192, 424–430. [Google Scholar] [CrossRef]

	



Choi, J.; Bandodkar, A.J.; Reeder, J.T.; Ray, T.R.; Turnquist, A.; Kim, S.B.; Nyberg, N.; Hourlier-Fargette, A.; Model, J.B.; Aranyosi, A.J.; et al. Soft, Skin-Integrated Multifunctional Microfluidic Systems for Accurate Colorimetric Analysis of Sweat Biomarkers and Temperature. ACS Sens. 2019, 4, 379–388. [Google Scholar] [CrossRef]

	



Liu, C.; Xu, T.; Wang, D.; Zhang, X. The role of sampling in wearable sweat sensors. Talanta 2020, 212, 120801. [Google Scholar] [CrossRef] [PubMed]

	



Kim, S.B.; Zhang, Y.; Won, S.M.; Bandodkar, A.J.; Sekine, Y.; Xue, Y.; Koo, J.; Harshman, S.W.; Martin, J.A.; Park, J.M.; et al. Super-Absorbent Polymer Valves and Colorimetric Chemistries for Time-Sequenced Discrete Sampling and Chloride Analysis of Sweat via Skin-Mounted Soft Microfluidics. Small 2018, 14, 3334. [Google Scholar] [CrossRef] [PubMed]

	



Choi, J.; Kang, D.; Han, S.; Kim, S.B.; Rogers, J.A. Thin, Soft, Skin-Mounted Microfluidic Networks with Capillary Bursting Valves for Chrono-Sampling of Sweat. Adv. Healthc. Mater. 2017, 6, 1601355. [Google Scholar] [CrossRef] [PubMed]








[image: Biosensors 11 00379 g001 550] 





Figure 1. Enzymatic assay reaction when the components are integrated into the alginate bead sensor for lactate sensing. (A) Enzymatic cascade for lactate detection. The LOD oxidises the lactate present in sweat to pyruvate, yielding hydrogen peroxide, which is later used as the electron donor for the HRP. This enzyme performs the oxidation of TMB, yielding a blue-coloured product, which can be further oxidised in a two-electron oxidation as more hydrogen peroxide is generated, obtaining an orange/yellow-coloured product. (B) Schematic diagram of the alginate beads during lactate sensing over time (t0–t3). 
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Figure 2. Alginate bead fabrication and characterisation. (A) Schematic diagram of the optimised fabrication protocol of the alginate beads. (B) Alginate bead after being washed with distilled water and dried. (C) SEM image of a cut alginate bead, showing its inner configuration. (D) Black and white values of the beads, obtained by image analysis, at different times after the addition of lactate 60 mM in artificial sweat. Values (grey dot) obtained from beads that were not washed with distilled water and dried. Values (black dot) obtained from beads washed with distilled water. Error bars correspond to mean values ± SD (n = 3). 
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Figure 3. Optimisation of the alginate concentration for the fabrication of alginate beads. (A) Black and white values of the beads with alginate 0.5, 0.75, 1, 1.5 and 2%, after adding an artificial sweat solution with a lactate concentration of 60 mM at different times. The blank was an alginate bead, 1.5%, after adding an artificial sweat solution without lactate, as a reference. (B) Pictures of beads with alginate concentrations of 0.5, 0.75, 1, 1.5 and 2% taken at 13 min, when the reaction reached a plateau. Error bars correspond to mean values ± SD (n = 3). 
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Figure 4. (A) B/W values of alginate beads tested with artificial sweat containing 0, 10, 20, 40, 60, 80 and 100 mM concentration of lactate. The shadowed values indicate the time when the plateau is reached, 13 min. (B) External calibration line at 13 min for the determination of lactate in the range of 10 mM to 100 mM in artificial sweat. The calibration curve was defined by the equation y = 0.117x + 62.956, with a R² = 0.9907. Error bars correspond to mean values ± SD (n = 3). 






Figure 4. (A) B/W values of alginate beads tested with artificial sweat containing 0, 10, 20, 40, 60, 80 and 100 mM concentration of lactate. The shadowed values indicate the time when the plateau is reached, 13 min. (B) External calibration line at 13 min for the determination of lactate in the range of 10 mM to 100 mM in artificial sweat. The calibration curve was defined by the equation y = 0.117x + 62.956, with a R² = 0.9907. Error bars correspond to mean values ± SD (n = 3).



[image: Biosensors 11 00379 g004]













	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 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 (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
s

Mix HRP +
LOD +
TMB:DMSO
+ alginate

J

Q0—

Add 25 uL

of the mix

in a CaCl,
solution

—

Capsule
formation

Wash and
dry the
capsule

D) 140
120

o 00
© 80
60
m 40
20

Analysis
» with
ImageJ

software

Xe 7

Add sweat

e Unwashed
e Washed with water

L] L L] L L] L] L] L] L]

0 10 20 30 40 50 60 70 80 90
Time (min)





nav.xhtml


  biosensors-11-00379


  
    		
      biosensors-11-00379
    


  




  





media/file2.png
A)

+H —) + 2H*

T™B,,
(yellow)

t

™
****‘* ok XK oy o KUK 4 4k

% Lactate @ LOD ® HRP ATMB





media/file5.jpg
A)

|
T h p*
iy 050% .
120 45 H
B o O
80 '!igii L3 3 l § .

i i ! ! H % 100% > 4
60 t .
. ©050% 075% 150% *4
2: | oo - n:sn%m 2.:1:% -+ soon L.‘

0 10 o






media/file3.jpg
A

wie | | s 4 i
"::;w‘» e || s (|| e | B
b o =
5 J—

o Washed with water

1020 30 40 50 60 70 80 90
Time (i)





media/file1.jpg
*lactate ©LOD ®HRP  ATMB





media/file7.jpg
<0mM
*20mM
60 mM
100 mM

o 10

i

©10mM
40 mM
80mM

20 30 40
Time (min)

y=0.117x + 62956

20

R?=0.9907

40 60
Lactate (mM)

80

100





media/file0.png





media/file8.png
A B

200 90 -
180 ®adé i § § 80 -

T 70 A % ........... P § ......... i
120 § %{. ..........
| 60 -
2100 % S 0.117x + 62.956
S 1 250 - y =0.117x :
2 o0 | e S R? = 0.9907
2 'Il =40 -
0 5e s
60 - il 1 SR 30 -
$ = 4
40 - 3 ¥ 20
e0mM e 10 mM - )
20 4 ®20 mM 40 mM
* 60 MM 80 mM 10 =
100 mM
0 ' - - - T

0 10 20 30 40 50 60 0O 20 40 60 80 100
Time (min) Lactate (mM)





media/file6.png
A) 160 -

{-{-{{{i{}.}}....{,....} ..... S S T SO S F.1

120-§

140 -

0.50 %
B ol ﬁ‘-um‘iiﬁ

3
S g0  eefig s

40 -
<0 ® blank ©0.50 % ©0.75 % 1.50 %
1.00 % ® 1.50 % 2.00 %
0 | '
0 10 20 30 40 59 2.00 %
Time (min)





