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15 Abstract: Point-of-care (POC) diagnostics have shown excellent potential in rapid 

16 biological analysis and health/disease monitoring. Here, we introduce a versatile, cost-

17 effective, flexible, and wearable POC biomarker patch for effective sweat collection 

18 and health monitoring. We design and fabricate channels/patterns on filter paper using 

19 wax printing technology, which can direct sweat to collection and biomarker detection 

20 zones on the proposed platform. The detection zones are designed to measure the 

21 amount of collected sweat, in addition to measuring the sweat pH, and glucose (a 

22 potential diabetic biomarker), and lactate concentrations. It is significantly challenging 

23 to measure glucose in human sweat by colorimetric methods due to the extremely low 

24 glucose levels found in this medium. However, we overcame this issue by effectively 

25 engineering our wearable biosensor for optimal intake, storage, and evaporation of 

26 sweat. Our design concentrates the colorant (indicator) into a small detection zone and 

27 significantly increases the sensitivity for the sweat glucose sensing reactions. The 

28 device can thus detect glucose in physiological glucose concentration range of 50–300 

29 μM. This cost-effective and wearable biosensor can provide instant in situ quantitative 

30 results for targets of interests, such as glucose, pH, and lactate, when coupled with the 

31 imaging and computing functionalities of smartphones. Meanwhile, it is also feasible 

32 to extract the air-dried sweat from the storage zone for further ex situ measurements of 

33 a broader portfolio of biomarkers, leading to applications of our wearable biosensor in 

34 personalized nutrition and medicine.

35

36 Keywords: wearable biosensors, point-of-care, sweat collection, biomarker detection, 

37 glucose, lactate, personalized nutrition. 
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38 Introduction: Human sweat, the transparent fluid secreted by sweat glands in the skin, 

39 contains rich healthcare information regarding human metabolism and physiological 

40 status1-8. The maximum sweat rates of an adult can be up to 2–4 liters per hour (10–15 

41 g/min·m2)9-11. This abundant biofluid contains electrolytes (e.g., sodium and 

42 potassium), metabolites (e.g., lactate and pyruvate), nitrogenous substances (e.g., 

43 amino acids and proteins), nutrients (e.g., glucose and vitamins), and various disease 

44 biomarkers12-17. Quantification of biomolecules in human sweat can provide insightful 

45 information for the diagnosis of disease, tracking of physiological health, and 

46 monitoring nutritional balance18-21. Despite the rich information contained in sweat and 

47 the non-invasive nature of sweat collection, the lack of cost-effective and convenient 

48 sampling devices for the collection and storage of this material has limited its versatility 

49 for biomonitoring applications22, 23. Wearable point-of-care (POC) devices may serve a 

50 potential solution to this challenge, providing simultaneous sampling and monitoring 

51 of target molecules found in sweat, such as glucose, lactate, and measuring the pH16, 24-

52 28. An ideal wearable POC platform should be lightweight, comfortable, flexible, and 

53 sensitive to the target biomolecule detection29, 30. Most importantly, it must be cost-

54 effective to fabricate31, 32.

55 Glucose, lactate, and minerals are often selected as targets of interests due to their 

56 relation with disease state, physiological metabolism, and hydration status3, 33, 34. 

57 Recently, studies have demonstrated in situ measurements of such biomolecules with 

58 some success using wearable biosensors featuring biosensor parts directly in contact 

59 with human skin for electrochemical or colorimetric sensing6, 35, 36. Electrochemical 

60 sensors have many advantages, such as high sensitivity, real-time measurement, and 

61 easy adaption for wireless data transfer, though the disadvantages include the high-cost 
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62 associated with the fabrication of the digital components, the low flexibility of the 

63 biosensor, and the physical discomfort on human skin37, 38. In addition, current 

64 electrochemical, wearable biosensors lack the ability to conveniently store and 

65 transport sweat for further analysis in the lab (i.e. further ex situ analyses)6, 39. A 

66 convenient and light-weight sweat storage design is especially useful for the analysis 

67 and would provide a new path to non-invasively monitor human nutrition, opening a 

68 window to personalized nutrition/medicine.

69 Recently, researchers fabricated microfluidic devices consisting of 

70 polydimethylsiloxane (PDMS) for the capture, storage, and colorimetric sensing of 

71 sweat35, 40. One major challenge of colorimetric sensing is the difficulty in measuring 

72 biomolecules that are typically found in low concentrations in sweat, such as glucose35, 

73 36, 41. The normal glucose level in human sweat is estimated between 50–120 μM by an 

74 electrochemical sensor. The concentration, 50 μM, is the low end of the normal range, 

75 while 120 μM or higher may indicate potentially high blood glucose levels6. To the best 

76 of our knowledge, no report has demonstrated the ability to cover the linear range of 50 

77 to 120 μM of glucose on a wearable device using an optical/colorimetric readout. In 

78 addition, it is still difficult to scale-up the process for making PDMS-based microfluidic 

79 biosensors due to the labor-intensive and time-consuming process42.

80 Herein, we demonstrate a versatile, cost-effective, flexible, wearable biosensor using 

81 regular filter paper and medical tapes. The channels/patterns were designed and printed 

82 on the paper using a wax printer. These channels then direct the sweat to collection and 

83 detection zones of the device, where the intake, storage, and evaporation of sweat is 

84 engineered to maximize the efficiency of the colorimetric sensing reactions, leading to 

85 a high sensitivity for the measurement of glucose. The wearable patch can provide 
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86 facile, visual readouts for the targets when coupled with the imaging and computing 

87 functionalities of a smartphone. After the collected sweat is air-dried in the patch, it can 

88 be easily stored at room temperature and also sent to a laboratory for further ex situ 

89 analysis of nutrition and disease biomarkers, enabling personalized nutrition and 

90 medicine. Subsequently, we have demonstrated the use of this versatile, cost-effective, 

91 and flexible POC patch to monitor glucose, pH, and sweat loss using both simulated 

92 artificial and real collected sweat from human subjects. 

93 Materials and Methods 

94 Materials and chemicals

95 Glucose oxidase (G6125-10KU), lactate oxidase (L9795-50UN), peroxidase (P8375-

96 1KU), sodium 3,5-dichloro-2-hydroxybenzenesulfonate (DHBS), 4-aminoantipyrine 

97 (AAP), o-phenylenediamine, potassium iodide, 3,3′,5,5′-tetramethylbenzidine (TMB), 

98 chitosan, glucose (> 98%), sodium hydroxide, sodium phosphate dibasic, sodium 

99 phosphate monobasic, lactic acid, urea, hydrogen chloride, ammonium chloride, and 

100 sodium chloride were purchased from Sigma-Aldrich (St Louis, MO, USA) and used 

101 without any purification. Trehalose was purchased from TCI chemicals (TCI America, 

102 Portland, OR, USA). The universal pH indicator, Bogens in alcohol, is from LabChem 

103 (Zelienople, PA, USA). Whatman qualitative filter paper (#1) was used in the study. A 

104 Xerox Phaser 8200 solid ink printer (Norwalk, CT, USA) was used to print the 

105 biosensing patterns on the filter paper. Ultrapure water (18.2 MΩ/cm) was prepared 

106 from a Millipore water purification system (Burlington, MA, USA). 

107 Fabrication of the wearable patch

108 The Autodesk Inventor and Microsoft PowerPoint software were used to design the 
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109 patterns. The line width on the PowerPoint file was set to 1.81 points (Fig. S1). The 

110 pattern was printed on a piece of filter paper mounted on A-4 paper using the solid ink 

111 printer. The printed wax ink was melted by placing the filter paper on a hot plate (170 

112 oC) for 180 s. The melted wax penetrated through the filter paper, creating hydrophobic 

113 barriers in the otherwise hydrophilic cellulose substrate, leading to the formation of 

114 channels within the filter paper.43-45 The sensing chemicals were loaded and dried on 

115 the designated zones on the filter paper before being sealed by medical tape. 

116 Transparent, single-sided and double-sided medical tape (1522, 1526) was provided by 

117 3M (Maplewood, MN, USA). The inlets and outlets/vents for the sweat were created 

118 on the medical tape using a metal punch with adjustable punching sizes (Fig. S2). 

119 Detection of glucose, lactate, pH, and sweat loss 

120 For glucose detection, we cast glucose oxidase solution (3.5 mg/mL, 4.0 μL, pH 6.1 

121 phosphate buffer), horseradish peroxidase (0.1 mg/mL, 4.0 μL, pH 6.1 buffer), and 

122 AAP/DHBS solution (4.0 μL, 4 mM / 8 mM) on the glucose detection zone in sequence 

123 and air-dried. The lactate measurement was similarly achieved using L-lactate oxidase 

124 (4.0 μL, 2 mg/mL), horseradish peroxidase (4.0 μL, 0.1 mg/mL), and o-

125 phenylenediamine dihydrochloride (OPD) (4.0 μL, 0.5 mg/mL). The sensing enzymes 

126 and substrates were loaded on the center of the detection zone. Universal pH indicator 

127 solution (0.2 μL) was loaded on the pH detection zone for the measurement of pH. The 

128 filter paper changes its visual appearance, darkening, when wetted by sweat that flows 

129 in from the inlet to the collection areas.

130 Photos are acquired at two different stages of the process. First, photos of the wetted 

131 patches were taken by a smartphone and analyzed using the ImageJ software to 

132 determine the wetted surface area and L, a, b value of pH measurement zone. The pH-
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133 value could also be determined by visually matching the color to the standard color set. 

134 Secondly, after the patches were air-dried and the colorimetric reactions were 

135 completed, photos were again acquired and analyzed by ImageJ to determine the color 

136 intensities, which we then used to predict the glucose (pink) or lactate concentrations 

137 (yellow).

138 Sensing of sweat in humans

139 The experimental approach of human studies were reviewed and approved by the 

140 Institutional Review Board for Human Participants at Cornell University with a 

141 protocol number of 1804007937. Twelve adult volunteers (10 completed) participated 

142 for the perspiration study in a gym with access to drinking water and emergency 

143 medical kits. Written consents were obtained from each volunteer before proceeding. 

144 We advised the participants to attach the sweat patches on comfortable positions on the 

145 participant’s hand or arm and to generate sweat (to the marker line in the sweat 

146 collection zone, 6.25 μL) for analysis by exercising on treadmills or elliptical machines. 

147 Patches were collected and photographed by a smartphone immediately following the 

148 workout (lighting uncontrolled). The photos of the patches were used for the 

149 determination of sweat loss and pH level. The sweat patches were then placed in petri 

150 dishes and air-dried before a second photograph was taken to capture the color intensity 

151 on the detection zones. The photos were analyzed by ImageJ software to calculate the 

152 wetted area and color intensities. The sweat volume and glucose concentration were 

153 calculated based on a standard curve constructed from simulated sweat with various 

154 concentrations of glucose. The substances in the sweat stay on the sweat collection zone 

155 after the patches are dried. Biomolecules, such as vitamins and other nutrients, were 

156 easily extracted by water and subsequently quantified by liquid chromatography-mass 
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157 spectroscopy (LC-MS).

158 Results and discussion

159 Design and fabrication of the wearable device for sweat monitoring. For the design 

160 of our POC wearable sweat capturing/monitoring platform, we took several key 

161 features and characteristics into account, including flexibility, comfort, in situ 

162 monitoring/colorimetric sensing, cost-of-fabrication, and ease of handling for further 

163 lab analyses. Our POC wearable sweat biosensor includes four layers. These four layers 

164 are assembled together to form a patch that can be mounted on human skin (Fig. 1a). 

165 The top layer is a transparent adhesive medical tape (Fig. 1a-i), which is attached on 

166 top of a piece of patterned filter paper (Fig. 1a-ii). This transparent tape layer prevents 

167 the evaporation of sweat. The patterned Whatman # 1 filter paper was used as the matrix 

168 to capture and store sweat due to its flexibility and hydrophilicity. It also serves as the 

169 carrier for sensing enzymes and chemicals. The filter paper is extremely lightweight, 

170 thin, and also resistant to damage from bending and twisting, making it as an ideal 

171 material to wear and adhere closely to the surface of human skin. The third layer, as 

172 shown in Fig. 1a-iii, is a piece of double-sided medical tape, which is attached to the 

173 fabricated pattern (Fig. 1a-ii) on one side and to a piece of protective paper (Fig. 1a-

174 iv) on the other side. This protective paper can be easily peeled off, allowing the patch 

175 to be mounted on human skin via the adhesive tape (Fig. 1a-v). 

176 Fig. 1b provides more details about the characteristics and functionality of our wearable 

177 POC biosensor. The top adhesive tape layer (Fig. 1b-i) has two small vents to provide 

178 O2 for the glucose/lactate enzymatic reactions which occur in the underlying glucose 

179 and lactate assay zones. As shown in Fig. 1b-iii, the double-sided tape layer features 
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180 six holes that serve as sweat inlets, labeled 1–6, which allow the sweat from human 

181 skin to enter the patterned paper device. The inlets are connected to the assay zones by 

182 the channels, which route the sweat from human skin to the detection (circular) and 

183 collection/storage (rectangular) zones using capillary force. Inlets #1 and #2 are 

184 connected to the two identical rectangular zones, i.e. sweat storage/sweat loss detection 

185 zone. Inlets #3 and #4 are used to route sweat to two identical pH assay zones. The 

186 sweat for the lactate and glucose assay zones are routed using inlets #5 and #6, 

187 respectively. As the sweat flows from the inlets to the detection zones, the 

188 glucose/lactate is oxidized by the glucose/lactate oxidase, which produces hydrogen 

189 peroxide and further oxidizes the pre-loaded color substrates in the presence of 

190 peroxidase.18, 46, 47 Sufficient supply of oxygen is needed for the reactions and is 

191 provided via the two vents made on top of the transparent layer (Fig. 1b-i). Fig. 1b-ii 

192 also magnifies the lactate and glucose zones in a perspective view to show the 

193 alignment of the vents on the top transparent layer with the underlying patterned filter 

194 paper. Moreover, Fig. S1 displays the different device designs that we studied and 

195 optimized to reach the current final design described in Fig. 1. 

196 In our patch, we designed the channels using computer software and printed the patterns 

197 using a solid-phase wax printer (see Supplementary Movie and Fig. S2 for fabrication 

198 details). One of the major advantages of this technique is its ability to print hundreds of 

199 devices in just a few minutes, making fabrication highly efficient and cost-effective 

200 (see Supplementary Movie). This is important because conventional microfluidic 

201 devices made out of PDMS via well-established soft lithography techniques often 

202 require a cleanroom for device fabrication and are limited for large-scale device 

203 fabrication. Fig. 1c shows images of the front and back sides of the device, including 

Page 9 of 34 Lab on a Chip

La
b

on
a

C
hi

p
A

cc
ep

te
d

M
an

us
cr

ip
t

Pu
bl

is
he

d 
on

 3
0 

A
ug

us
t 2

01
9.

 D
ow

nl
oa

de
d 

by
 M

ac
qu

ar
ie

 U
ni

ve
rs

ity
 o

n 
8/

30
/2

01
9 

4:
28

:5
1 

A
M

. 

View Article Online
DOI: 10.1039/C9LC00734B

https://doi.org/10.1039/c9lc00734b


10

204 before (Fig. 1c-i) and after (Fig. 1c-ii) adding the double-sided medical tape on the 

205 back side of the device and the transparent tape on the front side (Fig. 1c-iii). After 

206 adding the transparent tape on the patch, the features of the device can still be clearly 

207 seen, including the channels, assay zones, etc. (Fig. 1c-iii). Moreover, Fig. 1c-iv shows 

208 the two vents aligned to the glucose and lactate assay zones. By peeling off the 

209 protective paper on the bottom side of the device, exposing the double-sided tape, the 

210 patch can be easily adhered to the surface of human skin (Fig. 1d). The double-sided 

211 medical tape from 3M is designed to remain adhered for up to 24 h. We also examined 

212 the excellent contrast between the wetted storage zone and the rest of the device at 

213 different lighting exposures (Fig. S3).

214 Characterization of the channels/assay zones. The key to creating channels/assay 

215 zones on filter paper by the wax printing method is that the wax must be fully melted 

216 and penetrate through the filter paper to the back side of the substrate. The printing line 

217 width (the initial amount of wax) and the temperature are two key factors for controlling 

218 the morphology of the melting wax. The printing line width determines how much wax 

219 will be printed on the filter paper, while the heating condition determines how much 

220 wax can be melted to the back side of the paper. We empirically found that a line width 

221 of ~ 380 μm and heating at 170 °C for 180 s resulted in ideal microchannel barriers, 

222 which can efficiently confine the sweat fluids in channels. Then, after printing the wax 

223 on filter paper, we heated the patterned paper on a hot plate for a short period of time 

224 (~ 3 min) to melt the wax, allowing the wax to penetrate and reach the back side of the 

225 paper (see Supplementary Movie). Fig. 2a shows optical images of the patterned filter 

226 paper over different heating times (0–180 s), as well. Without any heating, the wax 

227 stays on the front side of the filter paper and the back side of the paper remains blank. 
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228 Within 30 and 60 s of heating, we observed the wax to penetrate through the filter paper 

229 until it reached the back side of the paper device. However, the boundaries of the 

230 channels were not fully sealed by the wax. As we extended the heating time, more wax 

231 melted and penetrated to the back side of the paper (see Supplementary Movie). Over 

232 this time, the wax also spreads horizontally to make the line wider, as shown in the 

233 schematic of Fig. 2a (wax penetration part). Based on the results obtained, we selected 

234 180 s of heating time to melt the wax and form the channel barriers. After this amount 

235 of time, the wax barriers have shown to contain the sweat in channels very well when 

236 the volume is less than 12.5 μL (Fig. S3). Fig. 2b illustrates the comparison between 

237 the microscopic morphology of the filter paper before and after heating. The line width 

238 increased from ~380 μm to ~880 μm after heating for 180 s, indicating the spreading of 

239 the wax on the filter paper. As the wax barriers widen, we found the width of the inlet 

240 channels reduced from ~930 μm to ~540 μm. The cellulose fibers on the filter paper do 

241 not reveal any morphological changes when examined under an optical microscope, 

242 remaining ~15–20 μm in diameter (Fig. 2b), as also shown in the scanning electron 

243 microscopy image (Fig. S4). The 180 s of heating at 170 °C also did not alter the 

244 physical and mechanical properties of the filter paper. Fig. 2c shows that the device can 

245 sustain severe bending and twisting, recovering quickly within a few seconds (see 

246 Supplementary Movie). The flexibility of the paper-based device allows it to easily 

247 attach and conform to the surface of skin in a manner (see Supplementary Movie) that 

248 draws and directs sweat through the patterned channels using the strong capillary force 

249 generated by the cellulose fibers of the filter paper (Fig. S4) and also by the action of 

250 perspiration pressure.

251 Quantitative analysis of the sweat volume, glucose concentrations, lactate 
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252 concentrations, and pH. One of the most important features of our wearable platform 

253 is in situ measurement of targeted analytes found in sweat. The device features two 

254 rectangular zones that are designed to collect/store the sweat and measure the sweat 

255 volume, enabling the average sweat rate to be calculated over time. As shown in Fig. 

256 3a, the sweat can be easily observed on the sweat collection zone. The wetted area has 

257 a remarkable contrast (grey color) compared to other areas (Fig. S5). We found a linear 

258 relationship between the wetted surface area and the sweat volumes (R2 = 0.9933), 

259 suggesting the wetting area could be used to quantitatively measure the volume of sweat 

260 generated from the epidermis. Fig. 3b shows the results of the colorimetric reactions 

261 induced by adding artificial sweat containing different concentrations of glucose (0–

262 300 μM) through the device inlet. We used ImageJ software to calculate the intensities 

263 of the pink color of indicator after the sweat dried. The intensity of the pink color has a 

264 strong correlation with the concentration of the glucose (R2 = 0.9825). It is worth noting 

265 that the range of 50–120 μM is especially important because it represents the sweat 

266 glucose levels associated with normal blood glucose. Therefore, our wearable patch 

267 (biosensor) might potentially be used to predict an acceptable range of blood glucose 

268 levels in a non-invasive manner. It is generally considered difficult to achieve a low 

269 detection limit of glucose in sweat by colorimetric methods due to the intrinsic 

270 limitations of colorimetric sensing. Previous paper-based biosensors have focused on 

271 biological fluids other than sweat and reported linear detection ranges of 100 – 1000 

272 μM,47 1 – 10 mM,41 and 2.8−28.0 mM48 for glucose. We tailored our device and selected 

273 a quinone colorant for the glucose detection. We created a vent on the top layer of the 

274 device to allow oxygen to be delivered into the glucose detection zone. At the same 

275 time, as the water from the sweat evaporates and escapes from the vent, it directs the 

276 sweat flow to the venting area and concentrates the glucose and colorants, which greatly 
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277 increases the sensitivity of our designed colorimetric sensing for glucose (Fig. S6). 

278 Without this design, the detection limit of similar devices is as high as 300 μM, which 

279 is not sufficient for POC testing of sweat glucose (Fig. S7). Our wearable device makes 

280 it possible to detect the sweat glucose within the physiological range using color as an 

281 indicator via the venting/concentrator design (Fig. 1d and Fig. S6). Fig. 3c and 3d show 

282 the measurement of pH and lactate in the artificial sweat. pH is associated with 

283 hydration status in human health.49 For the pH measurement, we used a universal pH 

284 indicator solution that changes color from red to yellow between 4.0–7.0. As shown in 

285 Fig. 3c, we could visually detect the pH change of the artificial sweat based on the color 

286 in the pH detection zone. The pH measurements on paper based devices have previously 

287 been accomplished by a smartphone-based health accessory.50 Lactate is a useful 

288 marker to predict exercise intolerance, tissue hypoxia, and other metabolism in the 

289 human body.51, 52 The wearable patch is a convenient way to monitor the lactate 

290 concentration in sweat for athletes. As shown in Fig. 3d, the color density in the lactate 

291 detection zone increased as the concentration of lactate increased using o-

292 phenylenediamine dihydrochloride as a color substrate, demonstrating a linear 

293 relationship. It is worth noting that the lactate (5 mM), due to its high concentration in 

294 sweat, could also be detected by other sensing reactions and designs with/without color 

295 concentrated in the venting zone (Fig. S8). 

296 Smartphones can be used to capture the photo of the device and acquire quantitative 

297 color data for easy home testing. However, one of the biggest challenges for using a 

298 smartphone with colorimetric methods for biomolecule quantification is the variation 

299 in captured photos caused by different light exposure, camera distance, etc.53 To 

300 eliminate the errors caused by these variations, we studied the glucose standard curves 

Page 13 of 34 Lab on a Chip

La
b

on
a

C
hi

p
A

cc
ep

te
d

M
an

us
cr

ip
t

Pu
bl

is
he

d 
on

 3
0 

A
ug

us
t 2

01
9.

 D
ow

nl
oa

de
d 

by
 M

ac
qu

ar
ie

 U
ni

ve
rs

ity
 o

n 
8/

30
/2

01
9 

4:
28

:5
1 

A
M

. 

View Article Online
DOI: 10.1039/C9LC00734B

https://doi.org/10.1039/c9lc00734b


14

301 determined by the actual color intensity (sensing zone), intensity difference (Isensing zone 

302  Icontrol zone), and the intensity ratio (Isensing zone / Icontrol zone), when the photo was taken ―

303 from different distances and lighting exposures (Fig. S9 and S10). To capture a visible 

304 photo of our wearable biosensor, the distance from the smartphone camera needs to be 

305 adjusted in the range of 3 to 5 inches. We averaged the results obtained from images 

306 taken at these distances, and made an averaged standard curve. As shown in Fig. 4a 

307 and 4b, the standard curves based on the intensity difference and intensity ratio both 

308 show a linear relationship between the values and glucose concentrations. Further, we 

309 also compared photos taken from weak, medium, and strong lighting exposures and the 

310 corresponding standard curves are shown in Fig. S10. The averaged standard curves 

311 under different lighting exposures showed linear relationships (Fig. 4c and 4d). 

312 However, it seems that the intensity ratio is a better indicator when we compared the 

313 R-squared values, slope, and intercept of the averaged standard curve equations at 

314 different distances and lighting exposures (Fig. 4b and 4d): Y = 0.0038 X + 1.0798, R2 

315 = 0.9727, and Y = 0.0036 X + 1.1218, R2 = 0.9723. Using the intensity ratio between 

316 the glucose sensing zone and the designated control zone (the center of the patch) to 

317 quantify the glucose would serve to minimize the errors caused by the variation in cell 

318 phone images.

319 Simulated sweat spiked with certain concentrations of glucose were tested to validate 

320 if our method can be used for quantification purposes. As showed in Table S1, our POC 

321 device coupled with smart phones can successfully quantify the spiked glucose in the 

322 simulated sweat. For the spiked concentrations of 0, 50, 200, and 300 μM, our method 

323 has calculated the concentration to be -13.79, 67.08, 200.29, and 322.25 μM, 

324 respectively. These results indicated that the sensing reactions, the colorimetric 
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325 readouts, and the image processing algorithm works well in predicting the 

326 concentration of glucose in the sweat and may use as a very convenient and cost-

327 effective method to estimate the concentration of sweat glucose. However, the 

328 sensitivity may be improved by using strictly controlled lighting for taking photos, or 

329 by using a portable colorimetric device coupled with smart phones. In this way, we may 

330 further improve the sensitivity and reduce the standard errors for the measurements at 

331 low concentrations (<50 μM).

332 Correlation between the required amount of sweat and the glucose concentration. 

333 Finding the minimum and maximum amounts of sweat required for a consistent and 

334 reliable glucose testing assay is crucial for our wearable POC biomarker assay 

335 biosensor. Fig. 5a-i shows a schematic of the glucose assay zone (including the zone-1 

336 and zone-2 in Fig. 5a-i), in which the yellow color represents the loaded and dried 

337 glucosidase enzyme. Fig. 5a-ii demonstrates the schematically isolated sweat collection 

338 zone loaded with “m” volume of sweat during the glucose assay. Fig. 5A-iii shows 

339 what happens when the “m” volume of sweat is not enough to fully wet zone-1 of the 

340 glucose assay (first panel at t = t0). Consequently, the enzymatic reaction is performed 

341 only in zone-1 and a light pink color—i.e., the color indicator—appears in the reaction 

342 zone (the second panel at t = t0 of Fig. 5A-iii). As discussed in the device 

343 characterization of Fig. 1, we have designed our wearable POC biosensor to feature a 

344 vent between glucose assay zone-1 and zone-2 in order to help the water from the 

345 collected sweat evaporate more quickly. When the water evaporates from the sweat, the 

346 pink color indicator will become more concentrated toward the evaporation direction 

347 (see the arrows in Fig. 5A-iii). However, due to the dry region between the forefront of 

348 the reaction area in zone-1 and the vent (shown as “r1” on the second panel at t = t0 of 
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349 Fig. 5a-iii), the sweat cannot significantly progress toward the vent and concentrate 

350 while the water is evaporating (panels t = t1, t2, and t3 of Fig. 5a-iii, r2 < r1). This causes 

351 the pink-colored indicator to distribute across a wide area and resulting in a color 

352 intensity (Intn.) that is variable (vrble). Fig. 5a-iv shows a real patch immediately after 

353 it was loaded with 1.2 μL of artificial sweat, showing the beginning of the enzymatic 

354 reaction (i.e., t = t0) and after the patch has fully-dried (i.e., t = t3). As can be seen on 

355 the patch at t = t0, the sweat (1.2 μL) is not enough to fully wet zone-1. After the sweat 

356 at the glucose assay zone fully dried (t = t3), the intensity difference (small venting zone 

357 to a control zone, Fig. S9) was zero and zone-1 itself featured a very weak pink color 

358 intensity (Fig. 5a-iv, second panel). We also measured the gray value along the zone-1 

359 diameter, namely the screened arrow on the inset of Fig. 5a-v, representing the pattern 

360 of the indicator after zone-1 is air-dried. The gray value increases along the normalized 

361 screening arrow, illustrating an increasingly weak pattern of the dried indicator dye.

362 We also studied the patterns of the pink-color indicator for other cases, including: (i) 

363 sweat that fully wets only zone-1 (“n” volume of sweat loaded, Fig. 5B), (ii) sweat that 

364 wets (i.e., saturates) both zone-1 and zone-2 (“2n” volume of sweat loaded, Fig. 5c), 

365 and (iii) sweat that over-saturates both zone-1 and zone-2 with loading of more than 

366 “2n” volume of sweat, while the collection sweat is not 100% wetted (Fig. 5d). In Fig. 

367 5b-i, “n” volume of sweat is loaded into the sweat collection zone. The “n” volume of 

368 sweat is enough to only wet the glucose assay zone, as schematically shown using gray 

369 color in Fig. 5b-ii at t = t0. This amount of sweat causes the enzymatic reaction in assay 

370 zone-1 (light pink color), while there is no enzymatic reaction in assay zone-2 (light 

371 yellow color in Fig. 5b-ii). We also confirmed this fact experimentally using 2.5 μL of 

372 300 μM artificial sweat loaded into the designed POC biomarker assay patch in Fig. 
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373 5b-ii. Upon subsequent sweat evaporation, the sweat pulls and concentrates the pink-

374 colorant toward the evaporation direction (vent) (shown in Fig. 5b-iii schematically at 

375 time-points t1 and t2 and in the experimental test). When glucose assay zone-1 is fully 

376 dried, the indicator dye is concentrated toward the vent and a remarkable intensity of 

377 pink-colored indicator appears (Fig. 5b-iv). This concentrated indicator is extremely 

378 well-aligned with the vent. In this case (“n” volume of collected sweat), we determined 

379 that the intensity difference was 40. 

380 If “2n” volume of sweat is collected in the sweat collection zone (Fig. 5C-i), it should 

381 be sufficient to wet both glucose assay zone-1 and zone-2 (Fig. 5c-ii). In this case, the 

382 enzymatic reaction occurs in both zones, as shown experimentally in Fig. 5c-ii. The 

383 water evaporation from sweat in this case (“2n” volume of sweat loading) will occur in 

384 a counter-current manner (see the arrows’ direction in this figure) and toward the vent, 

385 as demonstrated using the arrows in Fig. 5c-iii. After concentrating the indicator dye 

386 toward the vent, the intensity should be approximately twice that when only “n” volume 

387 of sweat was used (Fig. 5b-iv), which we confirmed, with an intensity difference of 85 

388 for 5.0 μL of artificial sweat loading in Fig. 5c-iv. 

389 If more than “2n” (> 2n) volume of sweat is loaded into the glucose assay zones, 

390 however, not 100% wetting the sweat collection zone (Fig. 5d-i), the same trends of 

391 enzymatic reaction in both zones and the counter-current water evaporation in the 

392 glucose assay zones occur (Fig. 5d-ii, and 5d-iii). However, the intensity difference is 

393 correlated to the volume of the sweat loaded. In this case (Fig. 5d), we loaded 9.0 μL 

394 of 300 μM artificial sweat and obtained an intensity difference of 135 (Fig. 5d-iv). As 

395 a result, to determine the exact concentration of glucose in sweat using our POC 

396 biomarker platform, it is necessary to record the initial volume of sweat at t = t0, as 
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397 indicated by Fig. 2 using the wetted area in the sweat collection zone. However, using 

398 data processing and dividing the final intensity of the indicator by the initial collected 

399 volume of sweat ensures that the obtained intensities are calibrated to the same scale of 

400 the sweat volume. Eventually, if more than the storage/collection zone saturation (> ~ 

401 12.5 μl), the sweat is loaded in, we will not be able to calibrate the exact concentration 

402 of glucose and consequently the test is failed (not shown here). 

403 Human perspiration study. We tested our wearable POC biosensor on human subjects 

404 to verify its sensing functionality and performance. The patches for the human studies 

405 were designed to have two glucose sensing zones, two sweat collection/sweat loss 

406 sensing zones, and two pH monitoring zones to increase the accuracy of the tests (Fig. 

407 S11). The human participants were advised to wear the patch while exercising, in order 

408 to generate sweat for the study. They were asked to stop the exercise and peel off the 

409 patch when the sweat reach the marker line in the sweat sensing zone. Ten participants 

410 completed their tasks, generated enough sweat, and returned the patches. Two sets of 

411 photos were taken for the patches — one immediately after the exercise and one after 

412 the patches had dried. All of the participants reported no discomfort and no interference 

413 to their exercise as they were wearing the patches. 

414 Fig. 6a illustrates our wearable patch mounted on the forearm of one of the human 

415 participants during workout. The sweat can be seen on the patch inlets in 4 min and 

416 more sweat were progressed through the wearable patch as workout continues to 7 min 

417 and 13 min. When the sweat reached the marker line in the sweat collection zone at 20 

418 min, the optimal sweat volume has been generated. The workout was stopped and the 

419 patch was peeled off from the participant’s forearm for drying. The air-dried patch and 

420 the magnified glucose detection zone are also shown in Fig. 6a. The pink color 
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421 developed due to the presence of sweat glucose and concentrated in the venting area, 

422 as shown in the magnified glucose detection zone, can be easily seen by eyes without 

423 using any additional instrument.  

424 As shown in Fig. 6b, the wearable patches successfully directed the sweat from the 

425 human epidermis to the sweat collection and detection zones for the 10 human subjects. 

426 The hydrophobic wax barrier can contain the sweat in the channels with minimum 

427 leakage (Fig. 6b). One of the functions of the device is to monitor the volume of sweat 

428 that is generated during exercise. All of the subjects can successfully generate sweat for 

429 the study and most of them can reach the optimal sweat level as showed in the sweat 

430 monitoring/storage area (Fig. 6b). There was sufficient contrast between the wetted 

431 sweat collection area (rectangles) and the dry areas, which made it possible to quantify 

432 the volume of sweat based on the area of the wetted zone (Table 1). We were also able 

433 to read the pH value visually when compared to the standard colors shown in Fig. 3C. 

434 The pH measurement here, performs like pH (litmus) paper and serves to indicate the 

435 pH of sweat (Table 1).

436 Photos were also taken after the patches were air-dried. As shown in Fig. 6b, the pink 

437 color appears in the glucose detection zones, with subjects 1, 7, and 9 showing the 

438 strongest pink color. The color intensity ratio of the glucose detection zones and the 

439 designated control zone (center of the patch) were determined by software and used to 

440 predict the glucose concentration in the sweat. Table 1 shows the glucose concentration 

441 in sweat from different subjects before and after corrected by the sweat rate. We 

442 observed glucose concentrations between 4.7 and 98.4 μM for eight of the subjects, 

443 which is in the normal range of sweat glucose (<120 μM).54 Subject 2 and 10 have a 

444 relatively high sweat glucose concentration of 163.5 μM and 336.1 μM, respectively. 
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445 The high glucose readout in subject 10, corrected by the sweat volume, could 

446 potentially indicate a prediabetic or diabetic condition for the subject. This result could 

447 serve as a first alarm to the subjects and prompt further in-lab confirmation of 

448 conditions. The goal of designing this POC biosensor is to help monitor the glucose or 

449 diagnose the hidden prediabetes and diabetes conditions with convenience, minimal 

450 invasions, and affordable cost.54 

451 Moreover, the sweat contains rich information concerning human nutrition. The dried 

452 sweat samples stored on the patches were re-extracted by water and analyzed using LC-

453 MS. The results showed that we can successfully detect a range of biomarkers in the 

454 sweat, including creatine, lactate, choline, and several B-vitamins (Table S2). The 

455 patch provides a convenient way to collect sweat, store the biomarkers, and mail for lab 

456 analysis. The patches are affordable and can be used daily or weekly to monitor changes 

457 in targeted biomarkers found in sweat. Such information could be used to detect 

458 nutritional deficiencies and personalize nutritional intakes (e.g. micronutrients).

459 In summary, we designed a versatile, cost-effective, flexible, wearable device for sweat 

460 collection and monitoring in this study. The device can detect sweat loss, pH, glucose 

461 concentrations and lactate concentrations in sweat, with the ability to detect glucose 

462 levels in the physiological range of 50–300 μM. This cost-effective, wearable, patch 

463 could potentially provide instant concentration results for biomolecular targets of 

464 interests if coupled with the imaging and computing capabilities of a smartphone. 

465 Meanwhile, the wearable patch could potentially be used to collect information for 

466 personalized nutrition or medicine.
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587 Fig. 1. Schematic design of the wearable device for sweat collection and bio-sensing. 
588 (a) Schematic illustration of the wearable POC device layers, including the (i) top 
589 transparent adhesive layer, (ii) the pattern supported on filter paper, (iii) the double-
590 sided medical tape, and (iv) a protective piece paper, which when fully assembled can 
591 serve as a patch that can be mounted on (v) human skin. (b) The device functionality in 
592 more detail, including: (i) two vents on the transparent adhesive layer for enzymatic O2 
593 delivery for the glucose and lactate oxidation reactions; (ii) the full design for collecting 
594 sweat and monitoring pH, glucose, and lactate, all supported on filter paper (the 
595 magnified inset illustrates the glucose detection zone and cross-sectional view of the 
596 design); (iii) the double-sided tape; and (iv) the protective paper. (c) Images of the 
597 device (Diameter: 3.9 cm) before and after the addition of the transparent and medical 
598 tape layers, along with a magnified image of the glucose detection zone. (d) Image of 
599 the wearable device attached on a human hand. 

600

601
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602 Fig. 2. Characterization of the wax melting process and the flexibility of the 
603 wearable device. (a) Front and back side images of the wax-printed filter paper as the 
604 device (Diameter: 3.9 cm) was heated over time (0–180 s), and a schematic illustration 
605 of the wax penetration process. (b) Optical microscopy images of the printed barrier 
606 lines and channels, before and after heating. (c) Optical images of the wearable device 
607 during different handling situations, and its recovered status after severe bending.  

608

609
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610 Fig. 3. Detection of the sweat volume, glucose, pH, and lactate by the wearable 
611 device. (a) Images of the wearable patch (Diameter: 3.9 cm) filled with different 
612 volumes of simulated sweat and the wet area analysis. (b) Images of the glucose 
613 detection zone after exposure to different concentrations of glucose and the analysis of 
614 the color intensities. (c) Images of the pH detection zone after exposure to simulated 
615 sweat with different pH values and the analysis of the color (R, G, B). (d) Images of 
616 the lactate detection zone after exposure to simulated sweat with different lactate 
617 concentrations and the analysis of the color intensities. 

618  
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619

620 Fig. 4. Quantification of glucose in the sweat: (A) Averaged glucose standard curve 
621 determined by the intensity difference between the glucose sensing zone and the center 
622 of the wearable patch (control) when photos were taken from 3-inch, 4-inch, and 5-inch 
623 distances. (B) Averaged glucose standard curve determined by the intensity ratio of the 
624 glucose sensing zone and the center of the wearable patch (control) when the photos 
625 were taken from 3-inch, 4-inch, and 5-inch distances. (C) Averaged glucose standard 
626 curve determined by the intensity difference of the glucose sensing zone and the center 
627 of the wearable patch (control) when the photos were taken from weak, medium, and 
628 strong lighting conditions. (D) Averaged glucose standard curve determined by the 
629 intensity ratio of the glucose sensing zone and the center of the wearable patch (control) 
630 when the photos were taken from weak, medium, and strong lighting conditions. 

631

632

633
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634 Fig. 5. Correlation between the volume of collected sweat and the intensity of the 
635 indicator representing the glucose enzymatic reaction. The device response when 
636 the collected volume of sweat is (a) not enough to fully wet assay zone-1 (part “a” 
637 includes a schematic glucose assay zone (i), sweat collection and monitoring zone (ii), 
638 schematic glucose zone right after workout (t0) and time-lapse drying (t1, t2, and t3) (iii), 
639 two real patches after workout (t0) and after fully air-dried (t3) (iv), and the color 
640 intensity of the indicator along the screening arrow shown on inset figure (v). The 
641 device response when the collected volume of sweat are (b) sufficient to only wet assay 
642 zone-1, (c) enough to fully wet assay zone-1 and zone-2 but not over-saturate, and (d) 
643 more than enough to over saturate the assay zone-1 and zone-2, but not fully filling the 
644 rectangular sweat collection zone. In parts b–d, they include sweat collection and 
645 monitoring zone (i), schematic glucose zone and a real tested patch right after workout 
646 (t0) (ii), schematically time-lapse air-drying of the glucose zone (t1, t2) and the air-
647 drying real tested patch (t2) (iii), and fully air-dried schematic glucose zone and a real 
648 tested patch (iv). 

649

650

651

652
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653

654 Fig. 6. Use of wearable patches to collect sweat and monitor different biomarkers 
655 (glucose and pH) for human subjects during exercise. (a), the device (Diameter: 3.9 
656 cm) attached on a human forearm during exercise at different time and the image of the 
657 device after drying; (b), The photos of the devices were taken immediately after the 
658 workout and after the patches had air-dried. 

659
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661 Table 1. The sweat volume, concentration of glucose, and the estimated sweat pH 
662 predicted by the sweat patch for the 10 human subjects.  

Subject 
#

Sweat generated 
(μL)

 Con. of glucose 
(μM)

 Con. of glucose correlated 
by sweat volume (μM)*

Estimated 
pH 

1 7.2 94.4 98.4 5
2 4.1 88.4 163.5 4.4
3 7.7 41.8 40.5 5.5
4 5.6 72.3 96.2 5
5 9.8 32.0 24.5 4.4
6 2.7 1.7 4.7 5
7 7.8 47.6 45.9 4.4
8 6.6 9.6 11.0 5
9 11.2 138.1 92.4 >6.6
10 1.5 68.7 336.1 5.5

663
664 *The glucose standard curve was generated using 7.5 μL of simulated sweat with various 
665 glucose concentrations. Thus, the concentration of glucose in human subjects was corrected by 
666 the volume of the sweat. 
667
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668 Graphical Abstract
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672 Graphical Abstract 2
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