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Abstract: Measurement of total protein in urine is key to monitoring kidney health in diabetes. 25 

However, most total protein assays are performed using large, expensive laboratory chemistry 26 

analyzers that are not amenable to point-of-care analysis or home monitoring and cannot provide 27 

real-time readouts. We developed a miniaturized optoelectronic biosensor using a vertical cavity 28 

surface-emitting laser (VCSEL), coupled with a fast protein assay based on protein-induced 29 

fluorescence enhancement (PIFE), that can dynamically measure protein concentrations in 30 

protein-spiked buffer, serum, and urine in seconds with excellent sensitivity (urine LOD=0.0004 31 
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g/dL, LOQ=0.0013 g/dL) and over a broad range of physiologically relevant concentrations. 32 

Comparison with gold standard clinical assays and standard fluorimetry tools showed that the 33 

sensor can accurately and reliably quantitate total protein in clinical urine samples from patients 34 

with diabetes. Our VCSEL biosensor offers a portable, low-cost, easy-to-use format for sensitive, 35 

accurate, and real-time total protein measurements from small biofluid volumes.  36 
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Introduction 37 

Diabetes mellitus affects 30 million Americans and is the most common cause of renal failure 38 

worldwide1, 2. Nephropathy occurs in about 20 – 40% of patients with diabetes, with a large 39 

number of patients progressing to end-stage renal disease (ESRD) and cardiovascular disease 40 

(CVD)1. Microalbuminuria (MA), the presence of serum albumin at low levels (30-300 mg/L) in 41 

urine, is a well-established marker of increased renal and CVD risk that is present in up to 40% 42 

of patients with diabetes3,4, and in 5-7% of healthy individuals who are at increased risk of CVD 43 

as well36-39. Even a small increase in urine albumin in these patients is associated with 44 

subsequent development of clinical nephropathy. However, patients with diabetes are typically 45 

tested for MA only once a year5 in the clinic and do not have access to a method for accurate and 46 

routine monitoring of their kidney health at home. Regular screening for microalbuminuria could 47 

enable early detection of renal disease when it is still reversible, reducing both mortality and 48 

treatment cost in those affected6,7.   49 

The gold-standard microalbumin tests, which include turbidimetric and nephelometric 50 

immunoassays8, 9, are performed in a clinical lab and are not cost-effective due to their reliance 51 

on antibodies9. More rapid, low-cost alternatives that measure urine total protein as a surrogate 52 

for urine albumin have been investigated10-12. Established quantitative protein assays employ 53 

either: 1) a colorimetric dye (e.g. Coomassie Blue, Pyrogallol Red) that changes absorbance 54 

upon binding to proteins13,14; 2) a redox reaction of copper ions with peptide bonds, leading to a 55 

color change (BCA, Lowry assays)14-17; or 3) turbidimetric assays using trichloroacetic acid,  56 

sulfosalicylic acid, benzethonium or benzalkonium chloride18. However, these methods cannot 57 

provide real-time measurements, and require expensive, bulky instrumentation for readout and 58 

highly trained personnel to process and interpret the data.  Such complications preclude their use 59 
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at home or at the point of care. While the urine dipstick is a simple, inexpensive, and fast 60 

colorimetric method, it is not quantitative nor sufficiently sensitive, and is thus prone to false 61 

positive or negative results 17. 62 

Herein, we introduce a miniaturized fluorescence-based sensor that is capable of real-63 

time, sensitive measurement of total protein from a biological sample in a single step. The device 64 

- consisting of a vertical-cavity surface-emitting laser (VCSEL), a PIN photodetector, and optical 65 

filters integrated on-chip - harnesses the protein-induced fluorescence enhancement (PIFE) of a 66 

near-infrared cyanine dye in the presence of sample protein. Given their small size, modularity 67 

and minimal threshold power requirements (<1.5 mW)19, VCSELs can be manufactured in arrays 68 

at high yield and low cost19,20, provide superior wavelength stability (~5-fold less sensitive to 69 

temperature variations), and consume less power compared with light-emitting diodes (LEDs) or 70 

conventional edge-emitting lasers. They are thus an ideal source for wireless point-of-care 71 

sensors20. A key benefit for fluorescence-based detection is a narrow spectral linewidth (< 0.2nm 72 

in single mode) 20, which produces sharp excitation of the desired fluorescent probe and 73 

maximizes the spectral separation from the emission peak for more efficient spectral filtration, 74 

thereby improving fluorescence sensitivity and resolution. VCSELs also produce a low 75 

divergence output beam, facilitating coupling with a small sample while minimizing crosstalk 76 

with the photodector20. 77 

Previous work using VCSELs for analyte detection employed external off-chip 78 

components (PIN or CMOS photodetectors) or large benchtop fluorimeters21-23, which limited 79 

their portability. More recently, we demonstrated monolithic integration of a VCSEL laser and a 80 

PIN detector on a single GaAs substrate24. Although this monolithic design offered extreme 81 

miniaturization prospects, its performance was limited by interlayer and lateral optical crosstalk 82 
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(spontaneous emission) between the laser and photodetector25. To overcome this limitation while 83 

still maintaining a small device footprint, separate VCSEL and detector components were 84 

discretely integrated in the current work into a packaged sensor. 85 

In previous literature, VCSEL biosensors (e.g. for dengue virus and aflatoxin detection) 86 

have been described that incorporate multi-step heterogeneous immunoassays22, which require 87 

surface functionalization with antibodies as well as multiple incubation and washing steps, 88 

rendering them laborious and time-consuming. Our biosensor measures the proportionate 89 

fluorescence increase that occurs upon interaction of a protein with free cyanine dye (Cy5.5) in a 90 

simple one-step homogeneous assay (Fig. 1a). The PIFE effect results from the non-covalent 91 

interaction between a protein and a cyanine dye, which sterically inhibits formation of the 92 

fluorescently inactive cis isomer and stabilizes the trans conformation in the excited state, 93 

resulting in a higher fluorescence quantum yield and a longer excited-state lifetime26, 27 (Fig. 1b, 94 

c). For example, Cy3 has been shown to undergo ~2.4-fold increase in quantum yield and a 10-95 

fold increase in fluorescence lifetime upon binding to protein28. While the PIFE effect has been 96 

harnessed in other studies (e.g. monitoring DNA dynamics in protein conformation or nucleic 97 

acid interactions) 29-33, we show that the instantaneous increase in fluorescence intensity that 98 

occurs upon mixing a protein-containing sample with a cyanine dye enables real-time protein 99 

sensing with a miniaturized sensor.  To our knowledge, this is the first demonstration of a 100 

VCSEL sensor coupled with a PIFE assay for real-time sample analysis of total protein 101 

concentration. 102 

In this paper, we first describe our protein sensor design and operation. We then 103 

characterize the sensor’s signal response using buffer spiked with proteins and human serum, and 104 

compare the sensor’s performance to that of benchtop fluorimeters. Finally, we test the accuracy 105 
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of our sensor for measuring total protein concentrations by analyzing clinical urine samples from 106 

patients with diabetes, and compare our results with values obtained using a gold standard 107 

clinical lab method.  108 

 109 

Sensor Design. The VCSEL biosensor is designed to excite and record fluorescence in the near 110 

infrared (NIR) region. Our prototype consists of two commercially available 675 nm VCSELs 111 

(second laser for redundancy) and a custom-fabricated PIN GaAs detector wire bonded on a TO-112 

5 (Transitor Outline, Case Style 5) metal can package. A PIN detector was chosen for its lower 113 

power consumption, smaller size, and much simpler and cheaper integration than photomultiplier 114 

tube (PMT) or complementary metal-oxide-semiconductor (CMOS) detectors. The VCSELs are 115 

placed on a quartz spacer for electrical isolation and spatial separation from the detector, 116 

reducing cross-talk, which is further mitigated with a black Ti/Au baffle (Fig. 2a). Placing the 117 

VCSEL and detector in a coplanar arrangement decreases background interference and improves 118 

limit of detection over an arrangement in which the excitation light is incident on the detector. 119 

On top of the detector sits an integrated dielectric notch filter combined with a hybrid bonded 120 

fluorescence emission filter for maximum rejection of excitation light. The package height and 121 

diameter are both 9 mm, excluding the leads (Fig. 2a). The package sidewalls are painted black 122 

to reduce stray light reflection. Integration is complete with mounting of an anti-reflective 123 

collimation lens (NA=0.55, Thorlabs, Newton, NJ). The packaged sensor is then placed in a 124 

specially designed cage (~1.5 inches) (Fig. 2b) built with black metal optical mounts (Thorlabs, 125 

Newton, NJ). The cage holds a sample well ~1 mm above the sensor, ensuring maximum 126 

coupling of fluorescence excitation and emission beams. Furthermore, the cage acts as a shield to 127 

external light interference, significantly reducing variability. The integrated device is connected 128 
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to external electronics, including a lock-in amplifier, signal generator, and computer (Fig. 2c). 129 

These electronic components are commercially available in miniaturized form and can 130 

potentially be integrated with the sensor within a <3-inch form factor to create a portable 131 

handheld device.  132 

 133 

Sensor Operation. For sensor measurement of a protein-containing biofluid, a few microliters of 134 

sample are first diluted in buffer (~100-fold for serum and 10-fold for urine) to a total volume of 135 

~150 µL, a volume chosen because it fits comfortably within the 300 µL sample well of the 136 

VCSEL biosensor. One microliter of Cy5.5 dye solution (1mg/mL) is then pipetted to the sample 137 

well. Alternatively, the sample solution can be premixed with dye and then transferred to the 138 

sample well. Sample fluorescence from VCSEL laser excitation is captured by the on-chip 139 

detector, and the photocurrent signal is amplified and then filtered by a lock-in amplifier and 140 

routed to a computer for visualization. 141 

 142 

Methods 143 

Study Design. The objective of this study was to design and implement a fully-integrated, 144 

miniaturized fluorimetric sensor for point-of-care and at-home monitoring, capable of rapidly 145 

and reliably detecting protein levels in patient serum and urine samples. Incorporation of a 146 

VCSEL laser afforded the requisite device miniaturization, while harnessing the PIFE effect 147 

afforded fast measurement speeds. We conducted controlled laboratory experiments to assess the 148 

response time of the sensor for detecting proteins in buffer, and tested the sensitivity, dynamic 149 

range, and linearity of the sensor in buffer as well as in human blood and urine samples. We also 150 

compared the performance of our sensor with that of benchtop fluorimetry. In all studies, protein 151 
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concentrations were tested in triplicate. Finally, we performed a study on urine samples from 14 152 

patients with diabetes (each patient sample run in triplicate) to determine the accuracy of the 153 

sensor by comparing with a gold standard method.  154 

 155 

Protein-spiked buffer solutions. A protein cocktail containing 0.1% human serum albumin 156 

(HSA) and 0.1% immunoglobulin G (IgG) (10:7 ratio) in phosphate-buffered saline (PBS) was 157 

prepared to simulate the relative protein composition in plasma. The cocktail was serially added 158 

in two-fold increments, starting with 4 µL, to PBS in separate microcentrifuge tubes (149 μl total 159 

volume). One microliter of a 1 mg/mL Cy5.5 dye solution in dimethylformamide (DMF) was 160 

added to each tube and the tubes were vortexed for 3s to ensure uniform mixing. 161 

 162 

Serum-spiked buffer solutions. Pooled human serum (obtained from the Stanford Blood Bank, 163 

Stanford, CA) was serially spiked in two-fold increments, starting at 0.5 μL, to PBS in separate 164 

microcentrifuge tubes (149 μL total volume) to create solutions with a wide range of serum 165 

protein concentrations (0.003 - 0.41 g/dL). One microliter of 1 mg/mL Cy5.5 dye solution was 166 

added to each tube and mixed. Protein concentrations of the serum-spiked samples were 167 

measured using the Pierce BCA Protein Assay Kit (Thermofisher, Walthum, MA) according to 168 

the manufacturer’s protocol and then tested with the VCSEL biosensor to assess the accuracy of 169 

the sensor. 170 

 171 

Protein-spiked urine solutions. A 0.1% HSA/PBS solution was spiked in increasing quantities 172 

into normoalbuminuric urine from the Stanford Diabetes Clinic and diluted in PBS 10-fold (up to 173 

149 µL total volume) to create urine solutions with protein concentrations spanning from 0.0013 174 
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g/dL to 0.86 g/dL. After testing a number of different dilutions, we found that 10-fold dilution 175 

optimally minimized background interference from the urine matrix while still maintaining good 176 

sensitivity for protein analysis. One microliter of Cy5.5 dye solution was added to each tube with 177 

mixing, and the samples were then tested with the VCSEL biosensor to obtain a standard curve 178 

for urine protein.  179 

 180 

Clinical urine samples. An initial set of urine samples (n=5) were obtained from patients at the 181 

Stanford Diabetes Clinic in accordance with and permission from the Stanford Institutional 182 

Review Board (IRB). Patients were instructed to urinate into a plastic urine collection cup, which 183 

was immediately sealed and stored on ice, and either tested within 1-2 hours or transferred to 15 184 

mL tubes and stored frozen at -20 C for future testing. Additional urine samples (n=9) from 185 

diabetic patients that had already been pre-tested by dipstick were purchased from an outside 186 

vendor (Lee Biosolutions, Maryland Heights, MO). We first tested (or re-tested) all urine 187 

samples by dipstick, and protein content was assessed semi-quantitatively (normal, trace, 1+, 2+, 188 

3+, 4+) against color codes provided on the package label. We then tested urine samples for total 189 

protein using the VCSEL biosensor and by benchtop fluorimetry. Urine samples also underwent 190 

microalbumin testing at the Stanford Clinical Laboratory using gold standard 191 

immunonephelometry on a Dimension Vista (Siemens AG, Munich, Germany) chemistry 192 

analyzer. Sensor values were plotted against clinical lab values to assess the accuracy of the 193 

sensor. 194 

 195 

Spectrophotometer measurements. Samples and calibration standards (149 uL sample/standard 196 

+ 1 μL dye) were pipetted in triplicate into a 96-well black microtiter plate, which was read by a 197 
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Synergy 4 benchtop microplate reader (BioTek, Winooski, VT). The reader was set to 198 

fluorescence mode with 675 nm excitation and 710 nm emission. Readings were acquired at 199 

room temperature with a 1-second acquisition time per sample. The triplicate fluorescence 200 

intensities for each sample and calibration standard were averaged and background subtracted by 201 

the average intensity of the negative control samples (buffer + dye) to obtain the net fluorescence 202 

signal. Sample concentrations were interpolated from the best-fit curve for the calibration 203 

standard intensities.  204 

 205 

VCSEL biosensor measurements. The excitation VCSELs acquired from Vixar (Plymouth, MN) 206 

were current-driven with a sinusoidal 1.5 mA (peak-to-peak), 23Hz waveform, on top of a 10 207 

mA DC offset (Keithley Instruments 6221, Cleveland, OH) resulting in an average optical output 208 

power of ∼0.75 mW at 675 nm at room temperature with narrow laser line widths, minimizing 209 

scattered excitation interference. The GaAs detectors exhibit dark currents less than 5 pA∕mm2 210 

for 100 mV bias and quantum efficiencies surpassing 75%. The detector output was read out 211 

with a lock-in amplifier (Stanford Research Systems SRS 830, Sunnyvale, CA) with a time 212 

constant of 30 ms and sensitivity of 20 mV. The instruments were automatically controlled by a 213 

MatLab (Mathworks, Natick, MA) program over GPIB interface. With the sensor switched on, 214 

150 µL of either sample or standard solution, premixed with Cy5.5 dye, was pipetted into the 215 

300 µL sample well. Output data was recorded from the lock-in amplifier in real-time as 216 

magnitude of the photocurrent signal at the modulated frequency.  217 

 218 

Sensor response time. To test the response time of the sensor, fluorescence intensity was 219 

recorded as a function of time with addition of dye or protein to buffer in the sensor sample well. 220 
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Specifically, a 130 μL volume of PBS was transferred to the sample well and 1 μL of Cy5.5 dye 221 

solution was added at 20s. A buffer solution containing 1% HSA and 1% IgG was then added at 222 

30s, and a buffer solution containing 10% HSA and 10% IgG was added at 40s. Time to 223 

stabilization of the fluorescence signal change after each of these additions was recorded. 224 

 225 

Fluorescence imaging.  A microtiter plate containing the samples used for spectrophotometry 226 

measurements were positioned within an IVIS Spectrum in vivo imaging system (Perkin Elmer, 227 

Waltham, MA) and fluorescence images were acquired with the following settings: 675 nm 228 

filter; exposure time: 2s; binning: medium; f-stop: 2. Average radiance was measured by drawing 229 

a region of interest (ROI) around each sample well in the acquired image and subtracting the 230 

control (buffer and dye only) signal. 231 

 232 

Data analysis. GraphPad Prism 5 was used for plotting and statistical analysis. All data 233 

presented in this paper represent the mean ± standard deviation (SD) of triplicate samples (n=3). 234 

Sample and calibration standard fluorescence intensities were background subtracted by control 235 

samples to obtain net fluorescence signals. Best-fit standard curves were obtained by linear 236 

regression using the calibration standard fluorescence intensities and R2 correlation coefficients 237 

were calculated. Coefficients of variation (CV) were calculated according to: �� =238 

(��/�	
�) × 100. Limit of detection (LOD) and limit of quantification (LOQ) values were 239 

calculated using the following:  ��� =
�×��

�
 
�� ��� =

��×��

�
, as per the International 240 

Conference on Harmonisation (ICH) and United States Pharmacopoeia (USP)35 , where s is the 241 

slope of response curve. For accuracy measurements, the correlation between sensor and gold 242 
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standard measurements was assessed using a Pearson R-value and two-tailed P-value 243 

(P<0.0001).  244 

245 
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Results and Discussion 246 

Protein Analysis of Spiked Buffer and Pooled Serum Samples. For the 150 µL assay volumes 247 

used in our sensor experiments, preliminary results with different amounts of dye and protein 248 

showed that 1 µg of Cy5.5 dye was sufficient to detect a wide range of protein concentrations in 249 

diluted urine and serum (data not shown). We first characterized the response rate and stability of 250 

the sensor signal with introduction of protein to the sample well. Here, protein solutions of 251 

increasing concentration were directly added to the existing dye solution to record the time 252 

response, instead of premixing as was done in subsequent experiments. As shown in Fig. 3a, the 253 

sensor responds in < 1 s to introduction of 1 µl of dye to buffer (phosphate buffer saline or PBS), 254 

and demonstrates a similarly rapid response or signal increase to subsequent additions of proteins 255 

(1% and 10% solutions of human serum albumin (HSA) and immunoglobin G (IgG) in buffer). 256 

Addition of the 10% protein mixture may have saturated the signal, hence yielding an increase 257 

that is not exactly proportionate relative to the 1% protein mixture, but nevertheless demonstrates 258 

the rapid response in detecting the change in protein concentration. Further, the signal is stable 259 

over the 2-minute duration of the measurement, attesting to the robustness of the electronic 260 

components, the slow off-rate of the protein-dye complex, and minimal photobleaching of the 261 

dye.46 Furthermore, measurements of various serum dilutions on a Synergy 4 benchtop 262 

microplate reader (BioTek, Winooski, VT) at 1-minute intervals confirmed negligible 263 

degradation of assay signal, even after 10 minutes (Fig. S1). 264 

Next, we evaluated the limit of detection (LOD) and dynamic range of the device on 265 

buffer spiked with known quantities of purified proteins and on pooled serum. In so doing, our 266 

goal was to assess device performance under ideal conditions (spiked buffer) with pure forms of 267 

the predominant proteins found in proteinuric urine - human serum albumin (HSA) and 268 
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immunoglobulin G (IgG) - as well as in a complex matrix (serum) containing numerous types of 269 

proteins and potential small molecule interferents. Incremental amounts of a protein cocktail 270 

(5:3.5 ratio of 1%HSA:1%IgG) were spiked into PBS to 149 µL total volume and 1µL of Cy5.5 271 

dye (1mg/mL) was then added and mixed into each sample well. The resulting calibration curve 272 

(Fig. 3b) demonstrates that the sensor signal is linearly correlated with protein concentration 273 

over the range of 0.0027 – 0.34 g/dL, with a correlation coefficient (R2) of 0.9996. The LOD was 274 

0.0073 g/dL, such that as little as 10 µg of protein could reliably be detected. Similarly, pooled 275 

serum was spiked into PBS in incremental volumes (starting from 0.5µL serum spiked into 148.5 276 

µL PBS) to create solutions with a wide range of protein concentrations (0.003 - 0.41 g/dL)(Fig. 277 

S3).  For serum, the calibration curve was linear over a wide range: 0.003-0.22 g/dL (R2 = 278 

0.9898)(Fig. 3c), allowing measurements spanning from well below to well above the normal 279 

reference range of serum protein concentrations (6-8.3 g/dL34, before ~100-fold sample dilution). 280 

Furthermore, the slopes of the calibration curves in buffer (Fig 3b.) and serum (Fig. 3c) were 281 

close, indicating that the serum matrix does not introduce significant interference on the protein 282 

detection as compared to the buffer. 283 

The calibration curve for protein-spiked buffer was then used to interpolate the 284 

concentration of the serum dilutions from their sensor signals. These interpolated concentrations 285 

were compared against the actual sample protein concentrations as determined by BCA protein 286 

analysis, which yielded an accuracy curve with a strong correlation coefficient (R2=0.99), a y-287 

intercept close to zero, and a slope close to unity (~0.94) (Fig. 3d). The average intra-assay 288 

coefficient of variation (CV) (n=3) was 5.66%. These results demonstrated that an HSA/IgG-289 

spiked buffer system could be used to accurately calibrate serum protein concentrations, despite 290 

the diversity of small molecules, ions, proteins and other potential interferents present in serum.  291 
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 292 

Performance Comparison of Sensor and Benchtop Spectrophotometer. We compared the 293 

performance of the sensor with that of a benchtop microplate reader (e.g. standard fluorimetry) 294 

for both serum and urine by running calibration standards on both devices (details of preparing 295 

urine calibration standards are provided in the next section). Because the microplate reader’s 296 

output is given in fluorescence intensity units whereas our sensor’s output is in amperes, we 297 

normalized both sets of measurements and plotted them for comparison. For serum, the sensor 298 

response curve appears to be left-shifted compared with that of the spectrophotometer (Fig. 4a). 299 

Interestingly, at low concentrations (0.003-0.08 g/dL range), the sensor’s dose response is 300 

steeper than that of the spectrophotometer. However, the sensor’s signal also begins to saturate at 301 

lower concentrations compared with the reader, which is likely attributable to the smaller surface 302 

area of the sensor’s photodiode compared with the reader’s photodetector. This saturation can be 303 

mitigated by using a higher voltage limit PIN detector, or by placing a more attenuating filter in 304 

the optical path, though the latter option will decrease sensitivity. Alternatively, samples that fall 305 

within the saturation range can be diluted further so that their concentrations fall within the linear 306 

range. We found that serum and urine data had different-shaped best-fit curves (Fig. S4), which 307 

may be due to their different constituents and calibration matrices. For urine, the best-fit curves 308 

for the sensor and spectrophotometer correlated well each other (p-value <0.001, Pearson 309 

coefficient r=0.82). (Fig. 4b). However, we observed that signal correlated more strongly with 310 

protein concentration in the sensor (R2=0.94) than in the spectrophotometer (R2=0.69). 311 

 312 

VCSEL Sensor Protein Analysis on Clinical Urine Samples. We then proceeded to test the 313 

device on urine samples from patients with type II diabetes (n=14). A calibration curve was 314 
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obtained by spiking two-fold serial additions of HSA (0.1% stock) into a normoalbuminuric 315 

urine sample (Fig. 5a), and the resulting spiked urine samples were further diluted 10-fold to 316 

ensure that protein concentrations were within the linear range of the assay and to minimize the 317 

contribution of interferents. While a logarithmic dose response could be used to fit the 318 

calibration data (R2=0.91), a better fit was obtained with a bilinear curve: a steep line at very low 319 

protein concentrations (0.0013-0.021 g/dL), with a slope of 35.95 (R2=0.997) and a shallower 320 

line at intermediate to high concentrations (0.043-0.86 g/dL) with a slope of 1.52 (R2=0.988). 321 

The bilinear response could be attributed to limitations in the sensor’s dynamic reserve, resulting 322 

in lower resolution at higher concentrations and hence a flatter slope. The limits of detection and 323 

quantitation were 0.0004 g/dL and 0.0013 g/dL, respectively, using established calculation 324 

methods35. The sensor’s dynamic range (0.0013-0.86 g/dL) covers the range of urine protein 325 

concentrations seen in microalbuminuria (0.02-0.20 g/dL)41, and in fact spans a wide range of 326 

dipstick protein concentrations from trace to 3+ (0.0050-0.15 g/dL)42. 327 

There are no definitive guidelines as to whether proteinuria should be defined in terms of 328 

albumin or total protein loss36. Although urine total protein is the strongest predictor of adverse 329 

outcomes in chronic kidney disease, urine albumin is the more commonly used biomarker for 330 

early diabetic nephropathy. Therefore, our next goal was to assess whether our sensor’s urine 331 

total protein measurements would be a reliable surrogate for urine albumin in diabetics. We 332 

tested our clinical urine samples (n=14) with the sensor and used the calibration curve obtained 333 

above (Fig. 5a) to interpolate the sample protein concentrations (Fig. 5b, c). The average intra-334 

assay CV (n=3) within the working range of the assay was 21.5%. However, without the two 335 

samples that had a large quantity of sediment, the intra-assay CV (n=3) was 13.9%. For each 336 

sample, we then plotted the sensor-derived total protein value against the albumin concentration, 337 

Jo
urn

al 
Pre-

pro
of



 

17 

as determined by gold standard immunonephelometry (Figs. 5d, e). We found that urine total 338 

protein was strongly correlated with urine albumin across a wide range of urine albumin levels 339 

seen clinically (p-value <0.0001, Pearson r = 0.957). Sensor measurements of total protein 340 

correlated strongly with gold standard nephelometric measurements of albumin in the low 341 

concentration regime (0-0.05 g/dL, R2 = 0.989), and only somewhat less so in the high 342 

concentration regime (>0.05 g/dL, R2= 0.857). Even within the high concentration regime, the 343 

linear correlation is qualitatively quite strong up to ~0.15 g/dL, and falls off afterwards. This 344 

could potentially be attributed to: (1) the presence of sediments that were observed in the two 345 

urine samples with the highest protein concentrations, causing interference; (2) poor correlation 346 

between urine total protein and urine albumin at high concentrations, possibly due to the 347 

presence of other interfering urinary proteins that can pass through a compromised glomerular 348 

basement membrane (IgG, myoglobin); or (3) lower sensor accuracy at higher urine protein 349 

concentrations. To address (1), we could filter out urinary sediment in future studies and redesign 350 

our sensor to contain microfluidic pre-filtration steps to clear the urine of sediment prior to 351 

reaction with dye. To address (2) and (3), urine sample could be measured at a few different 352 

dilutions to ensure that even high protein samples fall within the linear range of our assay. In 353 

addition, (3) could be addressed by increasing the dynamic reserve of the lock-in amplifier. 354 

Nevertheless, the high correlation between urine protein and urine albumin at concentrations 355 

<0.05 g/dL suggests that these two markers are interchangeable at low concentrations, and that 356 

our total protein assay is a reliable surrogate for albumin in detecting microalbuminuria. 357 

Overall, the VCSEL biosensor has several advantages over current clinical protein 358 

quantitation methods and fluorimeters in terms of size, speed, sensitivity, cost, and sample 359 

requirement (Table S1). The miniaturization and the on-chip integration of all components 360 
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within a 9 mm footprint make our device portable and suitable for point-of-care use.  361 

Compared to turbidimetric and nephelometric immunoassays for albumin, or colorimetric 362 

assays for total protein, our assay is a simple and rapid two-component reaction that requires 363 

only 1-2 seconds of mixing and no washing, incubation, or heating steps. Because the PIFE 364 

fluorescence change is nearly instantaneous (<1 second) and proportional to sample protein 365 

concentration, the device can effectively measure total protein in real time, making it ideal for 366 

point-of-care and frequent monitoring applications like sudden drops in serum protein levels, as 367 

can occur in sepsis or after major surgery45. 368 

While the urine volumes used by the VCSEL biosensor (10-20 µL) are comparable to 369 

those used for clinical measurements of albumin and total protein in clinical chemistry analyzers, 370 

the plasma or serum volume required is only 1.5 µL. The low volume requirement is ideal for 371 

point-of-care testing, allowing serum total protein to be measured from as little as a finger prick 372 

of blood (~5-10 µL).  373 

The cost of goods for the VCSEL biosensor is orders of magnitude lower than that of 374 

commercial benchtop fluorimeters (~$2,000 for Qubit fluorimeter) and small microplate readers 375 

(>$5,000), not to mention large clinical chemistry analyzers (>$30,000). When purchased in 376 

bulk, the costs of VCSELs, PIN detectors, and collimating lenses are $2-4, $0.10-0.50, and $3-4, 377 

respectively. Additional costs for a standalone device include firmware with Bluetooth (~$10-378 

20), diode amplifier (~$10), battery ($1-2), and sample well ~$0.02. Thus, the estimated cost of 379 

the entire sensing platform is ~$30. Also, unlike immunoturbidimetry, which requires the 380 

expense of antibodies, our assay requires minimal quantities of an inexpensive reagent, Cy5.5 381 

fluorescent dye ($0.10 per test), and readily available buffers. The cost-effectiveness of the 382 

device can enable broad screening for microalbuminuria in patients with diabetes and healthy 383 
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persons, allowing for early-stage intervention with anti-hypertensive treatment, which can 384 

stabilize or slow the progression of renal disease38.  385 

The VCSEL biosensor’s limit of detection is 5-10 fold better than the gold standard 386 

pyrogallol method used in clinical labs for total protein analysis. The sensor can detect as little as 387 

1.95 μg of total protein (0.013 µg/µL LOQ × 150 µL well volume), compared to 21.6 μg of total 388 

protein detectable by the gold standard Pyrogallol method43 (Table S1).  389 

 390 

Conclusion 391 

According to the CDC, an estimated ~96% of people with kidney damage (e.g., mildly reduced 392 

kidney function) are unaware of it. Therefore, the ability to monitor urine albumin and protein 393 

levels routinely outside the doctors’ office would likely improve surveillance and screening of 394 

kidney disease in patients with diabetes and the general population, and empower individuals to 395 

track their own health. The use of urine total protein as a surrogate marker for urine albumin has 396 

been previously proposed10-13, and has the advantage of being measurable with dye-based 397 

reagents, which afford faster and less expensive assays. However, existing fluorescence detection 398 

instruments, including benchtop fluorimeters, microplate readers, and chemistry analyzers for in 399 

vitro analyses are bulky and expensive and do not permit portable, in-home, real-time urine 400 

protein analysis. Therefore, new methods are needed to easily and accurately monitor renal 401 

health on a routine basis both in patients with diabetes and in the general population. 402 

 We have developed a miniaturized VCSEL biosensor for PIFE-based measurement of 403 

total protein in human urine and serum, with applications in point-of-care and routine home 404 

monitoring of renal health. The discretely integrated device consists of a 675-nm VCSEL laser 405 

excitation source, a PIN photodiode, an optical filter, and a collimating lens, all within a package 406 
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of 9-mm footprint. The device sits directly beneath a sample well, where a 150 μl volume of a 407 

pre-diluted biofluid sample is mixed with Cy5.5 dye, yielding an instantaneous and measurable 408 

fluorescence enhancement in proportion to protein concentration (PIFE phenomenon). This is the 409 

first study that we know of demonstrating the design and implementation of a VCSEL-based 410 

sensor for urine and serum total protein measurements and for real-time bio-analyte sensing.  411 

We tested the device on pooled human serum from healthy individuals and urine from 412 

patients with diabetes and demonstrated that our easy-to-use platform achieves sensitive (1.95 µg 413 

protein limit of detection) and accurate real-time total protein measurements over a wide 414 

dynamic range (>2 orders of magnitude) using minimal sample volumes (<15 µL). Calibration 415 

curves using serum-spiked buffer and HSA-spiked urine were linear across a wide range of 416 

physiologically-relevant protein concentrations. Coupled with its low detection limit, the 417 

sensor’s high dose response in the low protein concentration range could make it a powerful 418 

screening tool since small changes in urine protein concentration within the “normal” range are 419 

magnified in a quantifiable way, thus providing the potential to better alert an otherwise healthy 420 

individual of early kidney disease and progression.  421 

While we demonstrate the VCSEL sensor’s use for plasma and urine protein 422 

measurement, the technology could be further extended to other biofluids, including saliva, 423 

sweat, tears, or cerebrospinal fluid. Other potential medical applications of the device include 424 

home monitoring of urine protein for rapidly progressive glomerulonephritis and surveillance for 425 

kidney transplant rejection, and monitoring of serum protein levels in liver disease. In addition, 426 

our sensor and PIFE protein assay are not limited to use with Cy5.5, and can be used with other 427 

dyes and for other optical assay applications as described further in the supplemental section. 428 

Furthermore, the device could be extended to include an array of VCSELs with different 429 
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excitation wavelengths along with their corresponding optical filters and detectors to detect 430 

multiple analytes, enabling on-chip multiplexed sensing. Our platform thus holds great promise 431 

for personalized and mobile health monitoring.  432 

 433 

434 
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Figures 631 

            632 

Fig. 1 Protein-induced fluorescence enhancement of Cy5.5 dye. a. Schematic of Cy5.5 633 

photoisomerization between the photoactive trans isomer and the photoinactive cis isomer. b. 634 

Lower intensity fluorescence in absence of protein: Cy5.5 dye exists as a photoactive trans 635 

isomer at ground state that fluoresces upon excitation and tends to undergo photo-isomerization, 636 

converting to a fluorescently inactive cis isomer c. Higher intensity fluorescence in the presence 637 

of protein: when a protein is present in the vicinity of the dye, it sterically hinders isomerization 638 

and stabilizes the trans conformation in the photoactive state, resulting in a higher fluorescence 639 

quantum yield and a longer excited-state lifetime. As the VCSEL laser excites the sample, the 640 

emitted fluorescence is captured by an on-chip detector, yielding current in proportion to 641 

fluorescence intensity.  642 
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 643 

Fig. 2 Biosensor architecture. a. Schematic cross-sectional view of the biosensor showing the 644 

VCSEL, PIN detector, and optical filters encased within a TO-5 metal package with a 645 

collimating lens. b. Schematic of test setup comprising the VCSEL sensor from (a) and a sample 646 

well mounted directly above it. Inset: Image showing an exploded view of the setup.  c. Block 647 

diagram of the VCSEL and detector connected to a laser driver, lock-in amplifier, switch, and 648 

computer.  649 
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 650 

Fig. 3 Sensor response and accuracy. a. The sensor exhibits an instantaneous response and fast 651 

equilibration upon addition of Cy5.5 dye to buffer at 20s, followed by 4 μL additions of 1% and 652 

10% human serum albumin (HSA)+immunoglobin G (IgG) solutions at 30s and 40s, 653 

respectively. The signal changes are relatively stable over the intervals shown. b. Calibration 654 

curve showing strong correlation of sensor response with protein concentration in HSA/IgG-655 

spiked buffer over the linear range (~0.003-0.34 g/dL). Best-fit line: y = 4.845x – 0.0008. Error 656 

bars  represent standard deviations (s.d.); however, some are too small to be visible on the scale 657 

of the graph. c. Calibration curve showing the strong correlation of sensor response with quantity 658 

of serum spiked into buffer solution over the linear range (0.003-0.2179 g/dL protein). Best-fit 659 

line: y = 4.558x + 0.0023. Protein concentrations for the various serum dilutions were 660 

determined by BCA protein analysis. d. Biosensor accuracy for measuring protein concentrations 661 

in serum. The calibration curve for protein-spiked buffer in (b) was used to interpolate the 662 

protein concentrations of the various serum dilutions in (c). These interpolated values were 663 

plotted in (d) against the actual protein concentrations as determined by BCA protein analysis to 664 

demonstrate the accuracy of our method. Best-fit line: y = 0.9407x + 0.0068 (n=3 replicates for 665 

each data point, mean ± s.d.).  666 
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 679 

 680 

 681 

Fig. 4 Comparison of Sensor Performance with Benchtop Spectrophotometer. Sensor and 682 

microplate reader measurements for a. serum dilutions in buffer, and b. spiked urine samples 683 

after 10-fold dilution. For urine, the sensor best-fit curve is: y = 0.33ln(x) – 0.87; the 684 

spectrophotometer best-fit curve is: y = 0.36ln(x) – 1.10. Inset shows best fit curves for pre-685 

saturation urine protein concentrations. For serum and urine, measurements were normalized to 686 

the maximum linear (pre-saturation) signal (n=3 replicates for each data point, mean ± s.d.). 687 
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 688 

 689 

Fig. 5 Sensor Calibration Curve and Comparison with Gold Standard. a. Calibration curve 690 

showing sensor response versus urine protein concentration (0.0013-0.86 g/dL) for HSA-spiked 691 

human urine (error bars = s.d.). A two-part curve (blue and red lines) provides a better fit to the 692 

data than a logarithmic curve (black)(n=10 concentrations, n=3 replicates each, mean ± s.d).            693 
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b. Clinical urine samples with sensor signal  < 0.8 nA were interpolated over the calibration 694 

curve’s low range (0.0013-0.021g/dL), corresponding to the red line in (a). The sensor shows 695 

particularly high dose response (e.g. large change in signal for small change in protein 696 

concentration) over this low concentration range. Best-fit line: y = 35.95x – 0.0074.  c. Clinical 697 

urine samples with sensor signal > 0.8nA were interpolated over the calibration curve’s high 698 

range (0.043-0.858g/dL), corresponding to the blue line in (a). Best-fit line: y = 1.52x + 0.69. d. 699 

Comparison of protein measurements with the sensor versus albumin measurements by gold 700 

standard nephelometry for urine samples, establishing accuracy and correlation (n=14 701 

concentrations, n=3 replicates each, mean ± s.d). Best-fit line: y = 1.33x – 0.0059. e. Zoom-in 702 

view of the red dashed circle in (d), showing a high correlation with the gold standard in the 703 

lower range of urine protein concentrations. Best-fit line: y = 1.46x – 0.0012. f. A slightly lower 704 

correlation is seen in the higher range of urine protein concentrations. Best-fit line: y = 1.43x – 705 

0.035. 706 
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      Highlights 
 

 

• VCSEL-based sensor and PIFE assay are combined for miniaturized, real-time urine protein sensing. 

 

• Sensitive and rapid (< 1 second) detection of as little as 1.95 µg protein in a biofluid sample. 

 

• Wide dynamic range spans physiologically-relevant protein concentrations in serum and urine. 

 

• Sensor urine total protein in patients with diabetes strongly correlates with gold standard test. 

 

• High dose response at low protein levels could permit early detection of diabetic nephropathy. 

 

• Low cost, small size, and minimal power requirements can afford portability for mobile health. 
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