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Abstract 9 

Background: Fluorescence detection is employed in high-performance liquid chromatography 

(HPLC) due to its high specificity and sensitivity. However, it is often limited by expensive 

components and bulkiness. Recently, advances in technology and electronics have led to the 

development of smartphones that can serve as portable recording, analysis, and monitoring tools. 

Smartphone-based detection provides advantages of cost effectiveness, rapid signal/data 

processing, and the display of results on a handhold monitor. The combination of smartphone-

based detection with HPLC can offer unique features that are beneficial in overcoming 

limitations of commercial fluorescence detectors. (90) 

Results: A miniaturized and low-cost HPLC fluorescence detector based on a smartphone is 

introduced for the detection of six fluorescent molecules. The smartphone is able to capture 

emitted fluorescence in video format while MATLAB code is used for data processing to provide 

chromatograms based on different detection channels. A custom designed double-channel flow 

cell was utilized to enable simultaneous detection of fluorescent compounds with different 

excitation wavelengths. The detector consists of a lab-made flow cell, monochromatic LEDs as 

the light source, 3D printed housing and connector box, fiber optic cables, and a smartphone. 

The effects of flow cell geometry, channel width and light slit diameter, as well as a comparison 

of different flow cell manufacturing techniques, are studied and discussed. The validated system 

was successfully applied to samples from diverse water sources, yielding spiking recoveries 

within the range of 91.7% and 109.7%. (141) 

Significance: This study introduces the first smartphone-based fluorescence detector for HPLC 

with cost-effective and customizable flow cells, allowing for the simultaneous detection of 

fluorescent compounds with different excitation wavelengths and offering a potential solution 

for the analysis of co-eluting compounds. Beyond its user-friendly interface and low-cost,  

smartphone detection in HPLC provides tremendous opportunities in further miniaturizing 
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chromatographic instrumentation while offering high sensitivity and can be expanded to other 

mechanisms of detection. (70) 
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1. Introduction 35 

Fluorescence is a form of luminescence in which molecules absorb light of a particular 36 

wavelength and emit light of longer wavelengths. In high-performance liquid chromatography 37 

(HPLC), fluorescence detectors are used to due to their high sensitivity and selectivity [1]. They 38 

are considered to be selective detectors due to the fact that their excitation and emission 39 

wavelengths are specific for a given molecule, providing them advantages over ultraviolet (UV) 40 

detectors which respond to nearly all molecules with moderate to strong chromophores [2,3]. Since 41 

fluorescence intensity is often directly proportional to the intensity of the excitation source, 42 

fluorescence detectors offer high sensitivity through the use of intense light sources. Most 43 

commercially-available detectors used in HPLC are equipped with a xenon lamp as the excitation 44 

source, sophisticated excitation and emission monochromators, optical modules, and a 45 

photomultiplier tube (PMT). However, the use of xenon lamps has certain drawbacks, including 46 

their short lifetime, low light intensity stability, high energy consumption, and high replacement 47 

costs. Additionally, the application of PMTs is limited due to their high cost and propensity of 48 

being sensitive to vibrations, electromagnetic fields, and light leakage [4,5]. Moreover, computers 49 

are generally required to control the excitation/emission wavelengths as well as the acquisition and 50 

processing of data which ultimately limits their portability. There is a growing trend within the 51 

field of chemical analysis to develop miniaturized, portable, and low-cost instrumentation [6]. 52 

Over the last several years, a number of miniaturized detectors for HPLC have been reported 53 

including the photothermal absorbance detector [7], UV absorption detector [8,9] and 54 

electrochemical detector [10]. However, a low-cost, user-friendly and miniaturized fluorescence 55 

detector for HPLC has yet to be introduced and remains as an unmet need. 56 
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To meet the goals of miniaturizing components and reducing the costs of chemical analysis, 57 

widely-available light recording and light analyzing devices such as cameras [11,12], monitor 58 

calibrators [13,14], Raspberry Pi [15,16], ocean optic [17], and smartphones [18,19] have been 59 

reported. Among these devices, smartphones have attracted extensive attention in the analytical 60 

chemistry community due to their accessibility, versatility, and compactness [20,21]. Smartphones 61 

employ fast, multi-core processors that enable them to process signals rapidly without requiring 62 

connection to a computer, while also offering other exclusive features such as a touch screen, high 63 

capacity memory for data storage, long battery lifetimes, and high quality cameras that are tolerant 64 

to ambient light, electromagnetic interference and vibration are among important features of a 65 

portable detector [22,23]. Smartphones have been applied to a number of techniques employing 66 

fluorescence [24326], colorimetry [27329], chemiluminescence [30332], and electroluminescence 67 

[33] to produce reliable, low-cost, and portable spectroscopic detection methods. In recent years, 68 

the combination of smartphones with capillary electrophoresis [34], paper microfluidic cell 69 

chromatography [35] and thin layer chromatography [36] has been reported. However, the 70 

coupling of smartphones with HPLC, in particular fluorescence detection, has yet to be reported 71 

due to the following major challenges: (1) detection of fluorescence signals under the conditions 72 

of a flowing mobile phase, (2) transmission of emitted fluorescence to the smartphone for proper 73 

recording by the camera, and (3) ensuring conditions of the setup are such that the emitted 74 

fluorescence and capturing of images results in highly reproducible video recordings to maximize 75 

sensitivity. 76 

In this study, we present the design and development of a smartphone-based fluorescence 77 

detector coupled to HPLC for the analysis of six fluorescent molecules. The approach involves a 78 

customized flow cell capable of withstanding high mobile phase flow rates and enabling double 79 
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channel detection, LEDs as excitation sources (instead of expensive sources used in commercial 80 

fluorimeters), fiber optic cables to transfer fluorescent light to the smartphone camera for 81 

minimization of noise and signal loss, customizable 3D printed components that eliminate 82 

interference from surrounding light, detection of emitted fluorescent light using a smartphone, and 83 

MATLAB software to process and analyze recorded videos. The novel detection approach in this 84 

study utilizes a smartphone for capturing and recording the signal, thereby eliminating the need 85 

for a specialized detector while reducing the number of electronic components involved. 86 

Additionally, the system was designed based on the minimum necessary optical components by 87 

eliminating the need for optical filters, which are typically used to reduce noise and ensure 88 

emission of monochromatic light, as well as lenses used for focusing light. The optical and 89 

electrical components make the miniaturized detector low-cost and user-friendly. This study also 90 

develops a customized double-channel flow cell employing UV and green LEDs as light sources 91 

to permit the detection of two fluorescent molecules that are poorly resolved during 92 

chromatographic separation.  93 

2. Experimental Section 94 

2.1 Materials, standards, and instrumentation 95 

The six studied fluorescent molecules consisted of five coumarin dyes and rhodamine B 96 

dye. Coumarin 6 (98%), coumarin 153 (99%), coumarin 120 (99%), and rhodamine B (95%) were 97 

purchased from Sigma-Aldrich (St. Louis, MO, USA). Coumarin 307 (98%) and coumarin 466 98 

(98%) were obtained from Santa Cruz Biotechnology (Dallas, TX, USA). Acetonitrile (HPLC 99 

grade, g99%), methanol (HPLC grade, g99%) and chloroform (98%) were obtained from Sigma-100 

Aldrich. Deionized water (18.2 M« cm) was produced by a Milli-Q water filtration system 101 

(Millipore, Bedford, MA, USA). Coumarin 6 (500 mg L21) was prepared in a methanol:acetonitrile 102 
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solution (50:50, v/v) and all other analytes (500 mg L21) were prepared in methanol in light-103 

resistant containers and stored at 4 °C. Standard solutions were prepared daily by diluting the stock 104 

solutions in methanol. 105 

Transparent polylactic acid (PLA), black PLA and white acrylonitrile butadiene styrene 106 

(ABS) filaments, obtained from Dynamism (Chicago, IL, USA), were used for 3D printing by an 107 

Ultimaker S5 printer (Utrecht, the Netherlands). Clear (RS-F2-GPCL-04) and black resin (RS-F2-108 

GPBK-04), purchased from Formlabs (Somerville, MA, USA), were printed by a Form3 109 

stereolithography printer purchased from Formlabs. Clear and black poly(methylmethacrylate) 110 

(PMMA) sheets purchased from Grainger (Clifton, NJ, USA) were cut using a Super Mini Mill 111 

machine from HAAS (Oxnard, CA, USA). Absorption spectra of all fluorescent molecules were 112 

detected with a Varian Cary 100 Bio Spectrophotometer (Palo Alto, CA, USA). 113 

2.2 Design of single and dual-channel flow cells 114 

Fluorescence detectors commonly used in HPLC are equipped with a xenon lamp as an 115 

excitation source and selection of the excitation wavelength of monochromatic light is carried out 116 

between the lamp and flow cell. However, these systems are bulky, expensive, and can complicate 117 

detector miniaturization. Thus, low-cost monochromatic LEDs were used in this study to enable 118 

miniaturization of the detector. A disadvantage of monochromatic LEDs is their emission of light 119 

within a narrow wavelength range (~60 nm) which limits their effectiveness in detecting analytes 120 

with similar excitation wavelengths. To overcome this limitation, monochromatic LEDs providing 121 

a desired range of wavelengths in each HPLC run were employed; however, applying several 122 

monochromatic LEDs required customization of the flow cell. Thus, in an effort to maximize 123 

customizability as well as reduce the cost of the fluorescence detector, lab-made flow cells were 124 

designed and fabricated using a computer numerical control (CNC) machine. The customizability 125 
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of CNC milling provides flexibility by enabling different designs to be imparted into the detection 126 

system.  Figure 1 shows a schematic of the lab made flow cell, LED holder, and light slit that was 127 

designed and 3D printed for this study. A single-channel flow cell was developed to detect 128 

fluorescent molecules using a single LED, and a double-channel flow cell was fabricated for the 129 

detection of fluorescent molecules requiring two different wavelength ranges. The double-channel 130 

design consisted of a continuous pathway that directs eluent through channels equipped with 131 

different monochromic LEDs, as shown in Figure 2 (b). Emitted fluorescent from each channel is 132 

captured as a video that is simultaneously recorded by the smartphone camera. This innovative 133 

design significantly increases the selectivity by enabling the use of LEDs that emit light 134 

corresponding to the excitation wavelength range of a particular fluorescent molecule. 135 

2.3 Flow cell fabrication  136 

Two fabrication methods43D printing and CNC milling 4were assessed for construction 137 

of the flow cells. Flow cells were examined based on their compatibility with different solvents 138 

commonly employed in HPLC, as well as considering their transparence for spectroscopic 139 

analysis. To evaluate material stability, a donut-shaped design was manufactured using 140 

commercially-available materials through 3D printing and CNC milling, and subsequently 141 

subjected to various combinations of solvents. For optical characterization studies, samples of 142 

transparent PLA and clear resin measuring 5 cm in length, 5 cm in width, and 5 mm in thickness 143 

were printed, while clear PMMA was milled by a CNC machine. Transmittance spectra of the 144 

samples were recorded from 2003800 nm using a Varian Cary 100 Bio Spectrophotometer. 145 

Transparency was determined by calculating the transmittance values at 375 nm and 570 nm, 146 

which were used in this study for excitation of the fluorescent molecules. 147 
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The single and double-channel flow cells, housing, and connector box used in this work 148 

(Figures 1 and 2) were designed by SOLIDWORKS 2022 Education Edition, developed by 149 

Dassault Systèmes (Vélizy-Villacoublay, France). Each flow cell consisted of one top and bottom 150 

layer. For flow cell fabrication, channels were milled on the surface of 5 mm clear PMMA using 151 

a CNC machine. Flow cells with different channel widths and a constant channel depth of 1.4 mm 152 

were constructed. After milling channel patterns and cutting holes within the top layer, the two 153 

layers were bonded together with chloroform. To direct eluent from the HPLC column to the flow 154 

cell, PEEK tubing (0.3 mm inner diameter) from Cole-Parmer (Vernon Hills, IL, USA) was used. 155 

Collection of fluorescence emitted by the fluorescent molecules was accomplished using a fiber 156 

optic cable purchased from Thorlabs (Newton, NJ, USA) featuring an inner core diameter of 1500 157 

µm that was attached to the flow cell, as shown in Figure 1a. The emitted fluorescence image was 158 

directed to the camera of a Samsung Galaxy S20 smartphone (Suwon-si, South Korea) by 159 

connecting the other end of the fiber optic cable to the connector, as illustrated in Figure 2 (a,b). 160 

A second fiber optic cable was added to the double-channel flow cell to direct emitted light from 161 

the second channel to the connector and smartphone, as represented in Figure 2 (c). 162 

2.4 Setup of detection system 163 

With exception of the flow cell, which was milled using CNC, all other detector 164 

components such as the housing, LED holder, light slit plate and connector box were all fabricated 165 

by 3D printing and subsequently assembled as shown in Figure 2 (a,b). Depending on whether a 166 

single-channel or double-channel design was used, either one LED or two LEDs were employed 167 

as the excitation light source. These LEDs were housed within the LED holder, as this design 168 

permits easy replacement of the appropriate LED depending excitation characteristics of the 169 

targeted analytes. In this study, two LEDs (375 ± 20 nm and 570 ± 30 nm) were obtained from 170 
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Thorlabs and Mouser Electronics (Mansfield, TX, USA), respectively, to enable detection of the 171 

coumarin and rhodamine B dyes, respectively. The light slit plate was placed between the flow 172 

cell and LED holder to control the amount of light that reaches the flow cell as well as to minimize 173 

chromatographic band broadening. Since the emission intensity of the LED depends on the applied 174 

voltage, constant voltage was applied to each LED using a Jesverty adjustable direct current power 175 

supply obtained from Amazon (Seattle, WA, USA). 176 

2.5 Experimental design for characterization of detector performance 177 

Fluorescence profiles of the examined analytes were obtained to develop a double-channel 178 

flow cell for detection of two analytes having similar chromatographic retention times. A single-179 

channel design was first examined to optimize channel width and light slit diameter and these 180 

optimized parameters were then incorporated into the double-channel design. 181 

To optimize channel width and light slit diameter, a mixture of five coumarin dyes 182 

consisting of coumarin 120 (1.0 mg L21), coumarin 466 (1.5 mg L21), coumarin 307 (2.0 mg L21), 183 

coumarin 153 (6.0 mg L21) and coumarin 6 (3.0 mg L21) were selected since they can be readily 184 

separated using reverse phase HPLC. To test the performance of the double-channel flow cell, four 185 

mixtures containing different combinations of coumarin 120 (1.5 mg L21), coumarin 466 (2.0 mg 186 

L21), coumarin 307 (1.5 mg L21), coumarin 153 (6.0 mg L21), coumarin 6 (4.5 mg L21) and 187 

rhodamine B (20.0 mg L21) were prepared. The first solution was a mixture consisting of coumarin 188 

120, coumarin 466, coumarin 153 and coumarin 6, while the second solution consisted only of 189 

rhodamine B. The third solution was a mixture consisting of coumarin 120, coumarin 466, 190 

coumarin 153, coumarin 6, and rhodamine B. These three solutions were used to investigate the 191 

feasibility of simultaneous fluorescence detection using different excitation wavelengths within 192 

the double-channel flow cell design. The fourth solution consisted of coumarin 120, coumarin 466, 193 
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coumarin 307, coumarin 153, coumarin 6, and rhodamine B and was used to perform positive peak 194 

identification. 195 

 Chromatographic separations were carried out on a Shimadzu LC-20A HPLC (Tokyo, 196 

Japan) with a Rheodyne manual injector featuring a 20 ¿L sample loop. Separations were 197 

performed using a Restek Ultra C18 analytical column (250 mm x 4.6 mm i.d., 5 µm particle size) 198 

obtained from Restek Corporation (Bellefonte, PA, USA) at room temperature under isocratic 199 

mode using a methanol:water (90:10, v/v) mobile phase with a constant flow rate of 1 mL min-1. 200 

As shown in the Figure S2, the eluent was first directed through a UV detector set at detection 201 

wavelengths of 235 nm and 260 nm and then entered the lab-made flow cell equipped with 202 

smartphone detection and finally to waste. 203 

2.6 Video recording and data processing 204 

The smartphone was set to record videos using the rear-facing camera when the standard 205 

solution was injected into the HPLC. The procedures used for video recording are provided in 206 

Supporting Information as well as in Figure S1 in the Supporting Information. All videos were 207 

processed using a customized MATLAB script. Upon opening the video in MATLAB, a region of 208 

interest (ROI) was selected. MATLAB code provided three chromatograms based on red, green, 209 

and blue (RGB) values versus time, as shown in Figure 3, by averaging the RGB values of each 210 

pixel captured from the selected ROI for each frame of the video. By manually selecting the peaks, 211 

MATLAB code calculated the area, height, width, and retention time of the peaks from the 212 

chromatograms. As observed in Figure 3a, the signal intensity for each peak was not equal in the 213 

three chromatograms. Since the peak intensity in each chromatogram depends on the maximum 214 

emission wavelength of the particular dye molecules, longer wavelengths produced higher 215 

intensities for R and G values in the chromatograms. For optimization purposes and for 216 
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construction of calibration curves, the R value was used to determine the peak area of rhodamine 217 

B, the B values were used for peak areas of coumarin 120 and coumarin 466, and the G values 218 

were used for peak areas of coumarin 307, coumarin 153, and coumarin 6. Two representative 219 

videos demonstrating the ROI detected when a band of fluorescent molecules is passed through 220 

the channel and subsequent processing of the ROI by MATLAB into the individual chromatograms 221 

are provided in the supplementary information.  222 

2.7. Real samples 223 

Environmental water samples were collected in Ames, IA from two lakes and one river to 224 

analyze the presence of fluorescent molecules and investigate the influence of matrix on the 225 

detection method. All samples were filtered prior to analysis. Since certain coumarin dyes exhibit 226 

low solubility in water and to ensure the solubility of all analytes while spiking at the two 227 

concentration levels, the water samples were appropriately diluted with acetonitrile. 228 

3. Results and Discussion 229 

3.1 Design and fabrication of detection system 230 

The housing and connector box, shown in Figure 2, were designed and 3D printed using 231 

black PLA filament. The connector box functioned to not only isolate the smartphone camera from 232 

surrounding light but also fixed the distance and angle of the camera with respect to the end of the 233 

fiber optic cable. The distance between the smartphone and the recorded object is essential, as it 234 

can affect the signal intensity and quality of the recorded video [30]. Connector boxes with varied 235 

lengths between the camera and the end of the fiber optic cable were examined. Due to the camera 236 

lens9s focal length, it was not able to clearly focus on an object at distances less than 7.5 cm. On 237 

the other hand, distances greater than 7.5 cm resulted in decreased signal by reducing the amount 238 
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of emitted light that reaches the camera. Thus, 7.5 cm was selected as an optimal distance between 239 

the camera and end of the fiber optic cable and was incorporated into the final design of the 240 

connector box. The housing was designed to accommodate the flow cell, slit plate, LED and LED 241 

holder, and also prevented light from the surroundings to enter the fiber optic cable and flow cell.  242 

3.2 Solvent compatibility and optical transparency of the flow cell 243 

Flow cells used for fluorescence studies in HPLC are exposed to a wide variety of solvent 244 

combinations [37]. Therefore, it is important to identify materials that are compatible with the 245 

mobile phase composition for construction of the flow cell. Four types of commercially-available 246 

3D printing materials and two types of PMMA were examined by preparing a model using the 247 

aforementioned procedure. The models were then exposed to different solvents and solvent 248 

combinations for 10 hours followed by measuring the percent change in mass. Materials that 249 

exhibited minimal swelling and softening offered the highest solvent compatibility. As shown in 250 

Table S1, all materials exhibited good compatibility with water whereas ABS and clear PMMA 251 

exhibited the best compatibility with methanol. The model created from clear resin provided the 252 

smallest change in mass when exposed to acetonitrile and its combinations; however, the observed 253 

change in mass was larger than the mass change for ABS and clear PMMA when they were 254 

exposed to methanol.  255 

Optical transparency of the flow cell is an additional characteristic that needs to be 256 

examined to assess the efficiency of transmitting light from the LEDs to the fluorescent molecules. 257 

As shown in Figure S3a, the transparency of 3D printed models and CNC-machined parts was 258 

evaluated by collecting transmittance spectra from 2003800 nm. All experiments were performed 259 

using three different samples of printed and milled components.  For clear PMMA, the 260 

transmittance exceeded 90% within the 400 nm to 800 nm range, while a transmittance of over 261 
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60% was observed up to 300 nm. Beyond 300 nm, a notable reduction in clear PMMA 262 

transmittance was observed.  In the case of the 3D printed samples, transmittance in the entire UV-263 

Vis range for the clear resin and transparent PLA fell to below 15% and 0.6%, respectively. 264 

Additionally, the transmittance values at 375 nm (T375nm) and 570 nm (T570nm) for all samples were 265 

measured and are represented in Figure S3b. Although it is more convenient to manufacture flow 266 

cells using 3D printing, the flow cell is less transparent compared to using clear PMMA by CNC 267 

milling and requires more optical components to transfer light into the channel(s). Therefore, clear 268 

PMMA was chosen for construction of the flow cell using a CNC mill, and a mobile phase 269 

composed of methanol and water was used throughout the study.  270 

To assess the impact of methanol exposure on the transparency of clear PMMA, samples 271 

of clear PMMA were exposed to methanol for seven days followed by measurement of their 272 

transparency. The results demonstrated that the average of T375nm and T570nm values changed by 273 

less than 0.5%. To ascertain whether there is significant differences in T375nm and T570nm values 274 

between the PMMA samples exposed to methanol and untreated PMMA samples, a Student9s t-275 

test was performed at a significance level of 0.05 for a two-tailed distribution. The calculated p-276 

values for T375nm and T570nm are presented in Table S2. The p-values suggest that there is no 277 

significant difference in T375nm and T570nm values between the PMMA samples exposed to 278 

methanol for seven days and those of untreated PMMA. 279 

3.3 Effect of flow cell channel width and light slit diameter on chromatographic peak area 280 

and efficiency 281 

High detector sensitivity permits analytes to be determined at low concentration levels and 282 

requires minimal extra-column band broadening. As peaks broaden, the plate number decreases, 283 

indicating reduced separation efficiency [38]. Lower plate numbers result in wider peaks, lower 284 



14 

 

peak heights, and poorer sensitivity.  The effects of channel width and light slit diameter on 285 

sensitivity and band broadening were investigated. To identify the optimal channel dimension, 286 

widths in the range of 0.8 to 1.2 mm were examined. To carry out these measurements, a mixture 287 

of five coumarin dyes at a specific concentration (see experimental section for details) was 288 

separated under a constant flow rate and mobile phase composition to eliminate the effect of 289 

diffusion coefficient on extra1column band broadening. By increasing the channel width, the linear 290 

flow velocity decreased [39] resulting in increased exposure time of the analytes to the excitation 291 

source. Therefore, a larger number of molecules within the band were promoted to an excited state 292 

resulting in increased fluorescence intensity. As shown in Figure S4, peak areas for all analytes 293 

increased by 15% to 35% using a channel width of 1.0 mm. However, decreased linear flow 294 

velocity resulted in increased diffusion of analytes from regions of high to low concentration 295 

producing band broadening and loss of separation efficiency [39]. It is observed in Figure S4b that 296 

increasing the channel width resulted in broader chromatographic peaks. Based on the results, a 297 

channel width of 1.0 mm was chosen as optimal in order to reduce extra-column band broadening 298 

while achieving acceptable detection sensitivity. 299 

The material chosen for the slit plate should effectively eliminate most LED light from the 300 

slit area. Additionally, the thickness of the slit plate should be minimized to prevent reduction in 301 

the intensity of light that reaches the flow cell [40]. Consequently, slit plates with different slit 302 

diameters were manufactured by 3D printing using black PLA with a thickness of 1 mm. A series 303 

of light slit diameters ranging from 2.5 to 4.0 mm were subsequently studied. As seen in Figure 304 

S5a, peak areas increased by 121% to 546% for all dyes using a slit diameter of 3.0 mm, while 305 

they increased by only 4% to 32% when a larger slit diameter was used. This is likely due to more 306 

light reaching the flow cell at larger slit diameters causing excitation of more fluorescent 307 
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molecules; however, a wider pathlength of the flow cell is exposed to the light, resulting in an 308 

increased light exposure time of the band and wider chromatographic peaks (Figure S5b). To 309 

maintain high chromatographic efficiency and acceptable sensitivity, a slit diameter of 3.5 mm 310 

was chosen for the optimum flow cell design. 311 

3.4 Double-channel flow cell geometry to enable detection of co-eluting peaks 312 

The versatility of the flow cell design enables extension to a double-channel detection 313 

system, where bands of analytes simultaneously pass through regions in which LEDs produce 314 

different excitation wavelengths. The optimum values for channel width and light slit diameter 315 

(vide supra) were used in the design of the flow cell. Coumarin and rhodamine B dyes were chosen 316 

to evaluate the performance of the double-channel flow cell since they have different excitation 317 

and emission wavelengths. The double-channel flow cell consists of two continuous and connected 318 

pathways with the first channel being equipped with a 375 nm LED which lies near the maximum 319 

excitation wavelength of coumarin dyes, while the second channel featured a 570 nm LED to 320 

detect rhodamine B dye. Three solutions consisting of coumarin and rhodamine B dyes (see 321 

experimental for more information) were separated by HPLC and chromatograms for both 322 

channels are shown in Figure 4. Separation of four coumarin dyes from the first solution (Figure 323 

4, top row) was achieved with fluorescence being detected only in the first channel. This is due to 324 

coumarin dyes absorbing within an excitation range of 2502500 nm and emitting fluorescence 325 

between 4002600 nm. In the case of rhodamine B, it appeared in chromatograms from both 326 

channels (Figure 4, middle row) since the two LEDs facilitate fluorescence emission. However, 327 

the signal from the second channel was of higher intensity than the first due to lower absorption in 328 

the first channel. As shown in Figure S6, the maximum absorption wavelength of rhodamine B is 329 

near 550 nm. As expected, its signal intensity in the second channel was greater than that of the 330 
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first channel, thereby demonstrating the selectivity of this channel. When the third mixture 331 

consisting of four coumarin dyes and rhodamine B was chromatographically separated (Figure 4, 332 

bottom row), five peaks were detected in channel one and one peak (rhodamine B) was detected 333 

in channel two. 334 

The aforementioned results prompted further exploration into the detection of co-eluting 335 

peaks and the determination of peak purity. To demonstrate the ability of the double-channel 336 

detection strategy to identify and distinguish overlapped peaks in the chromatogram and allow a 337 

comparison with a standard UV detector, coumarin 307 was selected and added to the mixture of 338 

dyes. Since the retention times of coumarin 307 and rhodamine B are similar, their peaks were 339 

overlapped when analyzing the six component mixture. As shown in Figure 5, UV detection was 340 

not able to distinguish between coumarin 307 and rhodamine B due to spectral interference. Figure 341 

S6 shows that these compounds have continuous absorption throughout the UV range. The 342 

chromatogram in the middle panel of Figure 5 (first channel) revealed coumarin 307 and 343 

rhodamine B at a retention time of 4.5 min. As expected, the chromatogram from the second 344 

channel showed only the rhodamine B peak, permitting its detection without chromatographic 345 

interference from coumarin 307. Figure S7 shows the six chromatograms plotted with the R, G, B 346 

values using both channels. 347 

3.5 Calibration, sensitivity, and precision 348 

To investigate the figures of merit of the detector in detecting coumarin and rhodamine B 349 

dyes, different concentration levels of fluorescent molecules were subjected to HPLC separation 350 

and the linear dynamic ranges (LDR), limits of detection (LODs), and limits of quantification 351 

(LOQs) measured. Table 1 and Figure 6 show results obtained when varied dye concentrations 352 

were subjected to analysis to determine the LDR, slopes of calibration curve, errors of the intercept,  353 
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coefficients of determination, and calculated  354 

FLoF values. Coefficients of determination higher than 0.991 were obtained for all calibration 355 

curves using six different analyte concentration levels injected on the column. Lack of fit test was 356 

performed to detect mismatches between the data and the linear equations of the calibration curves 357 

generated for each analyte [41]. In this regard, the �!"#  values were calculated for all calibration 358 

curves, as shown in Table 1, using equation 1, 359 
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	[1] 360 

where �$%	(	,- 	./ represents the determined calibration curve equation, n represents the number of 361 

measurements, and c indicates the number of measurement replicates [41,42]. By comparing the 362 

calculated	�!"# values with the critical �	value at a significance level of 0.05 (3.26 at � = 0.05), 363 

�#, it can be concluded that the equations representing the linear calibration curves obtained from 364 

this study fit the experimental data.  365 

The LODs and LOQs of each analyte were calculated by reducing the concentration of the 366 

analytes until a signal of at least 3.3 and 10 times the average noise level of the detector, 367 

respectively, was produced. LODs were observed to range between 0.08 mg L21 and 0.35 mg L21 368 

with LOQs ranging from 0.25 mg L21 to 1.25 mg L21 for all analytes. The reported figures of merit 369 

are highly dependent on different physical and experimental parameters of the separation/detection 370 

system, including mobile phase composition, wavelength of excitation source, and light source 371 

intensity. Based on previously reported procedures [43,44], intraday and interday precision was 372 

calculated by the analysis of standard coumarin dye solutions at three concentration levels (from 373 

low, medium and high concentration range from the calibration curve) and the relative standard 374 
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deviation (RSD (%)) values determined. Intraday precision was measured by analyzing the results 375 

of triplicate injections of standards at different levels in the same day (n = 3). Interday precision 376 

was measured from data obtained during a 3-day validation (n = 9). For the intraday study, RSD 377 

values were between 1.2 and 5.1% (n = 3) and for the interday study, RSD values were between 378 

1.8 and 7.0% (n = 9), as shown in Table 2. To ascertain whether there is significant differences in 379 

the data obtained in three different days, the data were subjected to a one-way analysis of variance 380 

(ANOVA) and F-values were calculated, as shown in Table 2. Considering the maximum 381 

calculated F-values (4.96) and critical F-value at a significance level of 0.05 (5.14 at � = 0.05) 382 

taken from the F distribution table, no significant difference in the average of results was observed 383 

from three different days. The results demonstrate acceptable repeatability for both intraday and 384 

interday precision, as indicated by the RSD values obtained for all the coumarin dyes and one-way 385 

ANOVA. In this study, a customized flow cell was employed, which is a consumable component 386 

with a cost of approximately $5 USD. Additionally, the detector introduced in this study is user-387 

friendly, enabling users to effortlessly replace the flow cell in under two minutes if any signal 388 

reduction occurs after prolonged usage. 389 

3.6 Analysis of real sample 390 

 The suitability of the detector for quantifying fluorescent molecules in real samples was 391 

investigated, and spiking recoveries were calculated based on previously reported procedures 392 

[45,46]. Since the analytes were not detected in the lake and river samples, they were spiked at 393 

two concentration levels to assess matrix effects, which can originate from sample components in 394 

addition to the analytes that can interfere in quantitative analysis [47]. Figure S8 shows 395 

chromatograms of three injections for each spiked level in Lake I water sample. As shown in Table 396 
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3, all recoveries were in the range of 91.73109.7%, with relative standard deviations lower than 397 

6.5%. 398 

 A comparison of the HPLC smartphone-based fluorescence detection approach with other 399 

fluorescence detectors for the analysis of coumarin dyes and rhodamine B is presented in Table 4. 400 

Ping and co-workers reported a LOQ value of 0.016 mg L-1 for rhodamine B using a commercial 401 

detector under optimal condition [48]. Ferguson and co-workers reported a rapid acquisition 402 

fluorescence detector coupled to HPLC that enabled LODs down to 0.53-1.05 mg L21 [49], which 403 

are comparable to the values obtained in this study. 404 

 405 

4. Conclusions 406 

 This study reports for the first time the design and construction of a smartphone-based 407 

fluorescence detector coupled to HPLC. To reduce fabrication costs and enable miniaturization of 408 

the detector, low-cost monochromatic LEDs were used as excitation light sources, and a 409 

smartphone camera was used to capture and record the emitted fluorescence in video format. 410 

Furthermore, lab-made flow cells were designed to minimize extra-column band broadening and 411 

to ensure compatibility with the employed mobile phase composition. A double-channel flow cell 412 

geometry was used to identify co-eluting peaks by placing appropriate LEDs within each channel 413 

of the flow cell. This study showcases the versatility, sensitivity, and portability of smartphones 414 

as detectors for chromatographic separations. When combined with appropriate software tools, 415 

smartphones can be used to simultaneously record and process the signal to present chromatograms 416 

on the smartphone screen. We envision that this detection approach may help to catalyze the 417 

growing trend of chromatographic instrumentation miniaturization by decreasing the costs of 418 

necessary components without sacrificing losses in sensitivity. Integration of this detection 419 
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approach within the classroom and teaching laboratory may also be beneficial in educating new 420 

generations of scientists and engineers about luminescence since the profile of fluorophore-tagged 421 

molecules or natively fluorescent molecules can be easily viewed by the user on any smartphone. 422 

While numerous advantages of the detector have been highlighted, it is important to acknowledge 423 

certain limitations that require improvement in future studies. In the current design, the flow cell 424 

is incompatible with acetonitrile and is restricted to mobile phases consisting of methanol and 425 

water. Ongoing studies are focused on the development of flow cells based on 3D printing and 426 

seek to use acetonitrile-based mobile phases as well as expand the detector's application to include 427 

fluorescence molecules with excitation wavelengths lower than 300 nm by incorporating 428 

straightforward optical components. Moreover, the current detection method works effectively for 429 

detecting fluorescence emission in the visible range. Ongoing efforts are also focused at enhancing 430 

this capability by integrating a low-cost and compact electrical component into the smartphone, 431 

thereby enabling the detection of ultraviolet light. Additionally, there is currently a lack of a 432 

customized smartphone application that would enable users to calculate peak areas and analyze 433 

data directly from their smartphones. Furthermore, beyond the optimization of general 434 

instrumental parameters discussed in this study, there are several other influential factors that can 435 

significantly impact and enhance LOD and LOQ. Among these factors, two parameters of 436 

particular importance are the LED emission wavelength and the composition of the mobile phase. 437 

It should be noted that since these parameters are highly dependent on the specific analytes under 438 

investigation, they were not explored in detail within the scope of this research.  439 
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Table 1. Analytical performance of the smartphone-based detector in the determination of six 673 

coumarin and rhodamine B dyes. The dyes were detected using LEDs with maximum wavelengths 674 

of 375 and 570 nm, respectively. Calibration curves of rhodamine B were plotted using the peak 675 

area of the R value from the chromatogram in the separation of six different concentration levels 676 

of rhodamine B on the column. Calibration curves of coumarin 466 and coumarin 307 were plotted 677 

using the peak area of B values while coumarin 307, coumarin 153, and coumarin 6 were plotted 678 

using the peak area of G values from the separation of mixtures consisting of five coumarin dyes. 679 

All calibration curves were performed in triplicate.  680 

Analytes Limit of 

Detection 

(mg L21) 

Limit of 

Quantitatio

n (mg L21) 

Linear 

Dynamic 

Range (mg 

L21) 

Coefficient of 

Determination 

(R2) 

Slope ± 

SD 

Intercept ± SD ����
a 

Coumarin 

120 

0.08 0.25 0.25-2.50 0.994 645.1±12.4 -120.9±18.1 0.87 

Coumarin 

466 

0.08 0.25 0.25-2.50 0.995 486.4±8.7 -81.7±12.8 0.32 

Coumarin 

307 

0.08 0.25 0.25-2.50 0.995 650.2±11.4 74.0±16.7 2.57 

Coumarin 

153 

0.30 1.00 1.00-10.00 0.991 216.3±5.2 130.9±29.4 2.80 

Coumarin 6 0.35 1.25 1.25-12.50 0.991 222.7±5.4 123.6±38.0 3.17 

Rhodamine 

B 

0.35 1.25 1.25-20.00 0.995 174.6±3.2 -58.7±31.9 2.86 

a Represents the calculated F value for Lake of Fit test using equation 1. 681 
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Table 2. Intraday and interday precision for the determination of coumarin dyes in standard solutions using the smartphone-based 682 

fluorescence detector.  683 

  
  Concentration level I 

  
  Concentration level II 

  
  Concentration level III 

  

  

Intraday precision 

RSD (%) 

Interday 

precision 

RSD 

(%) 

F 

valuea 

Intraday precision 

RSD (%) 

Interday 

precision 

RSD 

(%) 

F 

valuea 

Intraday precision 

RSD (%) 

Interday 

precision 

RSD 

(%) 

F 

valuea 

Analytes  Day 1 Day 2 Day 3     Day 1 Day 2 Day 3     Day 1 Day 2 Day 3     

Coumarin 
120 

4.3 2.9 4.1 4.4 1.18 2.0 1.9 2.9 2.9 3.84 5.1 5.0 4.4 7.0 4.86 

Coumarin 
466 

3.5 4.8 3.9 5.5 3.24 2.2 1.3 3.8 2.8 1.71 2.1 1.3 1.5 1.8 1.51 

Coumarin 
307 

3.0 4.4 4.7 6.1 4.96 4.2 2.4 4.3 3.3 3.10 4.6 4.5 3.7 4.5 1.40 

Coumarin 
153 

4.0 4.0 5.1 4.3 0.95 2.6 4.0 5.1 3.5 2.99 3.3 3.7 4.1 3.4 0.44 

Coumarin 
6 

2.8 1.8 5.0 3.1 2.28 4.7 1.2 2.9 2.7 1.04 5.3 3.1 3.3 4.2 1.18 

 684 

Concentration level I: 0.50, 0.50, 0.50, 2.00, and 2.50 mg L21 for coumarin 120, coumarin 466, coumarin 307, coumarin 153 and 685 

coumarin 6, respectively. Concentration level II: 1.00, 1.00, 1.00, 4.00, and 5.00 mg L21 for coumarin 120, coumarin 466, coumarin 686 

307, coumarin 153 and coumarin 6, respectively. Concentration level III: 2.00, 2.00, 2.00, 8.00, and 10.00 mg L21 for coumarin 120, 687 

coumarin 466, coumarin 307, coumarin 153 and coumarin 6, respectively.  688 

a Represents the calculated F value in one-way ANOVA.689 
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Table 3. Analysis of river water and two lake water samples spiked at two different levels using a 690 

smartphone-based fluorescence detector equipped with a single-channel flow and a LED emitting 691 

a maximum wavelength of 375 nm. All experiments were performed in triplicate. 692 

Sample Analytes  Level I spike   Level II spike   

    

Amount 

found 

(mg L-1) 

SRa 

(%) 

RSDb 

(%) 

Amount 

found 

(mg L-1) 

SR 

(%) 

RSD 

(%) 

River 
water 

Coumarin 120 0.63 104.7 2.2 1.45 96.9 5.4 

  
Coumarin 446 0.42 105.8 3.7 0.98 97.7 5.1 

  
Coumarin 307 0.43 107.7 6.4 0.93 93.1 4.7 

  
Coumarin 153 1.33 106.0 3.2 2.89 93.2 4.0 

  
Coumarin 6 1.71 106.6 0.7 3.71 92.8 3.5 

Lake I 
water 

Coumarin 120 0.59 98.0 2.8 1.53 101.9 6.4 

  
Coumarin 446 0.38 93.8 5.2 1.03 103.3 4.0 

  
Coumarin 307 0.37 91.7 6.0 0.98 98.3 2.9 

  
Coumarin 153 1.23 98.3 3.5 3.18 102.6 2.3 

  
Coumarin 6 1.64 102.6 2.6 4.26 106.5 1.9 

Lake II 
water 

Coumarin 120 0.61 101.2 6.5 1.45 96.6 1.6 

  
Coumarin 446 0.42 104.7 3.1 1.00 100.4 1.4 

  
Coumarin 307 0.40 100.9 5.3 0.97 97.1 1.4 

  
Coumarin 153 1.37 109.7 2.8 2.98 96.3 1.9 

  
Coumarin 6 1.52 94.8 4.6 3.74 93.4 4.4 

 693 

Concentration of spiked analytes at level I: 0.60, 0.40, 0.40, 1.25, and 1.60 mg L21 for coumarin 694 

120, coumarin 466, coumarin 307, coumarin 153 and coumarin 6, respectively.  695 

Concentration of spiked analytes at level II: 1.50, 1.00, 1.00, 3.10, and 4.00 mg L21 for coumarin 696 

120, coumarin 466, coumarin 307, coumarin 153 and coumarin 6, respectively. 697 



34 

 

a Spiking recovery. 698 
b Relative standard deviation. 699 
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Table 4. Comparison of the smartphone-based fluorescence detector with other reported methods 739 

from the literature for the determination of coumarin and rhodamine B dyes. 740 

 741 
a Limit of detection. 742 
b Limit of quantitation. 743 
c Not reported. 744 
d HPLC coupled to fluorescence detection. 745 
e Hadamard-Transform fluorescence excitation-emission-matrix spectroscopy. 746 
f Smartphone-based fluorescence detector. 747 

Methodology Analytes LODa (mg 

L21) 

LOQb (mg 

L21) 

Linear 

dynamic range 

(mg L21) 

Reference 

 

HPLC/FDd 

 

Rhodamine B 

 

0.002 

 

0.016 

 

0.016-2.600 

 

[48] 

HPLC/HT-EEM/e Coumarin 440 0.53 1.75 NRc [49] 
 

Coumarin 450 0.85 2.40 
 

 
 

Coumarin 307 1.05 3.30 
 

 
 

Coumarin 460 0.90 3.00 
 

 
 

Coumarin 540A 0.60 1.90 
 

 

HPLC/SBFDf Coumarin 120 0.08 0.25 0.25-2.50 Present 

study 

 Coumarin 466 0.08 0.25 0.25-2.50  

 Coumarin 307 0.08 0.25 0.25-2.50  

 Coumarin 153 0.30 1.00 1.00-10.00  

 Coumarin 6 0.35 1.25 1.25-12.50  

 Rhodamine B 0.35 1.25 1.25-20.00  
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748 

Figure 1. (a) Three-dimensional schematic of the assembled single-channel flow cell showing all 749 

components and featuring a channel width of 1.0 mm. (b) Schematic of the single-channel design 750 

(left), double-channel design (middle) and slit plate with a slit diameter of 3.0 mm (right). 751 
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752 

Figure 2. Components and their assembly to form the complete smartphone-based fluorescence 753 

detector developed in this study. (a) Schematic showing the housing, single-channel flow cell, 754 

PEEK tubing, LED holder, LED, fiber optic cable, connector box, and smartphone. (b) Side view 755 

of the assembled system. (c) Three-dimensional schematic of assembled single and double-channel 756 

flow cells prepared by CNC milling using clear PMMA. The single-channel flow cell is comprised 757 

of a fiber optic cable and a monochromatic LED. The double-channel flow cell is comprised of 758 

two fiber optic cables and two monochromatic LEDs. Each fiber optic cable is used for transferring 759 

emitted light from the flow cell to the connector box for smartphone imaging.  760 
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 761 

Figure 3. Chromatograms plotted by MATLAB after image processing showing the separation of 762 

coumarin and rhodamine B dyes using the smartphone-based fluorescence detector. (a) 763 

Chromatograms of red (left), green (middle) and blue (right) channels resulting from the separation 764 

of a mixture consisting of coumarin 120 (0.6 mg L21), coumarin 466 (0.6 mg L21), coumarin 307 765 

(0.6 mg L21), coumarin 153 (2.5 mg L21), and coumarin 6 (3.1 mg L21) dyes. The analytes were 766 

detected by a LED offering a maximum wavelength of 375 nm. (b) Chromatograms of red (left), 767 

green (middle) and blue (right) channels in the separation of rhodamine B (5.0 mg L21). A LED 768 

with a maximum wavelength of 570 nm was used. A flow cell width and slit diameter of 1.0 mm 769 

and 3.0 mm, respectively, were used for separations carried out in (a) and (b). 770 
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 771 

Figure 4. Chromatograms showing the separation of coumarin and rhodamine B dyes from three 772 

different dye solutions using the double-channel flow cell design. Each row is the result of 773 

analyzing both channels from a single HPLC run. Channel I is equipped with a 375 nm LED and 774 

channel II employs a 570 nm LED. The top row is the separation from a mixture consisting of 775 

coumarin 120, coumarin 466, coumarin 153 and coumarin 6. In the middle row, rhodamine B was 776 

subjected to separation and appeared in the chromatograms of both channels; however, the signal 777 

intensity in the second channel is higher than the first channel. The bottom row shows the 778 

separation of a mixture consisting of coumarin 120, coumarin 466, coumarin 153, coumarin 6 and 779 

rhodamine B dyes. All analytes were detected within the first channel; however, only rhodamine 780 

B was detected in channel II. 781 
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 782 

Figure 5. (Top) Chromatogram obtained from the separation of coumarin 120, coumarin 466, 783 

coumarin 307, coumarin 153, coumarin 6 and rhodamine B using a UV/vis detector set at a 784 

detection wavelength of 260 nm. The chromatogram shows the limitation of UV/vis detection in 785 

identifying and separating the co-elution of coumarin 307 and rhodamine B. (Middle and Bottom)) 786 

Chromatograms obtained from the separation of coumarin 120, coumarin 466, coumarin 307, 787 

coumarin 153, coumarin 6 and rhodamine B using a double-channel flow cell geometry and 788 

smartphone-based fluorescence detection. The chromatogram in the middle panel shows channel 789 

I and the bottom panel shows channel II. Channel I is equipped with 375 nm LED and channel II 790 

employs a 570 nm LED.  791 



41 

 

 792 

Figure 6. Six-point calibration curves constructed for each of the six dyes evaluated in this study 793 

using the smartphone-based fluorescence detector. The concentration of analytes subjected to 794 

chromatographic separation are given on the x-axis while peak areas are shown on the y-axis. 795 

Coumarin dyes were detected by a LED offering a maximum wavelength of 375 nm while 796 

rhodamine B was detected by a LED offering a maximum wavelength of 570 nm. To construct the 797 

calibration curves, the R value was used for the peak area of rhodamine B, the B values were used 798 

for peak areas of coumarin 120 and coumarin 466, and the G values were used for peak areas of 799 

coumarin 307, coumarin 153 and coumarin 6 dyes. All measurements were performed in triplicate. 800 


