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

However, most total protein assays are performaaguarge, expensive laboratory chemistry
analyzers that are not amenable to point-of-caa¢yais or home monitoring and cannot provide
real-time readouts. We developed a miniaturizedealpttronic biosensor using a vertical cavity
surface-emitting laser (VCSEL), coupled with a fasbtein assay based on protein-induced
fluorescence enhancement (PIFE), that can dynawicaéasure protein concentrations in

protein-spiked buffer, serum, and urine in secomils excellent sensitivity (urine LOD=0.0004
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g/dL, LOQ=0.0013 g/dL) and over a broad range oyspilogically relevant concentrations.

Comparison with gold standard clinical assays aaddard fluorimetry tools showed that the
sensor can accurately and reliably quantitate fotatlein in clinical urine samples from patients
with diabetes. Our VCSEL biosensor offers a pogalaw-cost, easy-to-use format for sensitive,

accurate, and real-time total protein measurenfemts small biofluid volumes.
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Introduction
Diabetes mellitus affects 30 million Americans aadhe most common cause of renal failure
worldwide" 2 Nephropathy occurs in about 20 — 40% of patievita diabetes, with a large
number of patients progressing to end-stage reisahge (ESRD) and cardiovascular disease
(CVD)". Microalbuminuria (MA), the presence of serum aitin at low levels (30-300 mg/L) in
urine, is a well-established marker of increasetdhlrand CVD risk that is present in up to 40%
of patients with diabetd4 and in 5-7% of healthy individuals who are at@ssed risk of CVD
as welf®®°. Even a small increase in urine albumin in thesgéiepts is associated with
subsequent development of clinical nephropathy. él@n, patients with diabetes are typically
tested for MA only once a yean the clinic and do not have access to a methoddcurate and
routine monitoring of their kidney health at horRegular screening for microalbuminuria could
enable early detection of renal disease when gtilsreversible, reducing both mortality and
treatment cost in those affectéd

The gold-standard microalbumin tests, which incladedidimetric and nephelometric
immunoassays®, are performed in a clinical lab and are not @ffetive due to their reliance
on antibodie$ More rapid, low-cost alternatives that measuireutotal protein as a surrogate
for urine albumin have been investigdfelf. Established quantitative protein assays employ
either: 1) a colorimetric dye (e.g. Coomassie Blagrogallol Red) that changes absorbance
upon binding to proteif&'* 2) a redox reaction of copper ions with peptideds, leading to a
color change (BCA, Lowry assays}” or 3) turbidimetric assays using trichloroaceitid,
sulfosalicylic acid, benzethonium or benzalkoniunodde'®. However, these methods cannot
provide real-time measurements, and require expenbulky instrumentation for readout and

highly trained personnel to process and intergretdata. Such complications preclude their use
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at home or at the point of care. While the urinpstick is a simple, inexpensive, and fast
colorimetric method, it is not quantitative nor feziently sensitive, and is thus prone to false
positive or negative results

Herein, we introduce a miniaturized fluorescencgeblasensor that is capable of real-
time, sensitive measurement of total protein frobicdogical sample in a single step. The device
- consisting of a vertical-cavity surface-emittiager (VCSEL), a PIN photodetector, and optical
filters integrated on-chip - harnesses the proisiluced fluorescence enhancement (PIFE) of a
near-infrared cyanine dye in the presence of samatein. Given their small size, modularity
and minimal threshold power requirements (<1.5 AWCSELSs can be manufactured in arrays
at high yield and low cost*° provide superior wavelength stability (~5-foldsdesensitive to
temperature variations), and consume less powepamd with light-emitting diodes (LEDs) or
conventional edge-emitting lasers. They are thusdaal source for wireless point-of-care
sensor?. A key benefit for fluorescence-based detectioa fgrrow spectral linewidth (< 0.2nm
in single mode)?®, which produces sharp excitation of the desired résocent probe and
maximizes the spectral separation from the emisgeak for more efficient spectral filtration,
thereby improving fluorescence sensitivity and hatson. VCSELs also produce a low
divergence output beam, facilitating coupling withsmall sample while minimizing crosstalk

with the photodectdf.

Previous work using VCSELs for analyte detectionplayed external off-chip
components (PIN or CMOS photodetectors) or largech®p fluorimeters™?3 which limited
their portability. More recently, we demonstratednmulithic integration of a VCSEL laser and a
PIN detector on a single GaAs substfatélthough this monolithic design offered extreme

miniaturization prospects, its performance wastkohiby interlayer and lateral optical crosstalk
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(spontaneous emission) between the laser and ptetdf. To overcome this limitation while
still maintaining a small device footprint, separdafCSEL and detector components were

discretely integrated in the current work into akzged sensor.

In previous literature, VCSEL biosensors (e.g.dengue virus and aflatoxin detection)
have been described that incorporate multi-steprbgéneous immunoass&yswhich require
surface functionalization with antibodies as waedl multiple incubation and washing steps,
rendering them laborious and time-consuming. Ouwsdmsor measures the proportionate
fluorescence increase that occurs upon interadtfi@enprotein with free cyanine dye (Cy5.5) in a
simple one-step homogeneous asddy.(1la). The PIFE effect results from the non-covalent
interaction between a protein and a cyanine dydgctwBterically inhibits formation of the
fluorescently inactivecis isomer and stabilizes thieans conformation in the excited state,
resulting in a higher fluorescence quantum yield afonger excited-state lifetiffe?’ (Fig. 1b,

c). For example, Cy3 has been shown to undergo felddincrease in quantum yield and a 10-
fold increase in fluorescence lifetime upon bindingprotei®. While the PIFE effect has been
harnessed in other studies (e.g. monitoring DNAadtyics in protein conformation or nucleic
acid interactionsf®>3 we show that the instantaneous increase in fiwerece intensity that
occurs upon mixing a protein-containing sample vatieyanine dye enablesal-time protein
sensing with a miniaturized sensor. To our knogéedthis is the first demonstration of a
VCSEL sensor coupled with a PIFE assay for reagtisample analysis of total protein
concentration.

In this paper, we first describe our protein sendesign and operation. We then

characterize the sensor’s signal response usirfgrizgdiked with proteins and human serum, and

compare the sensor’s performance to that of bepdhiorimeters. Finally, we test the accuracy
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of our sensor for measuring total protein conceiana by analyzing clinical urine samples from
patients with diabetes, and compare our results w#lues obtained using a gold standard

clinical lab method.

Sensor Design. The VCSEL biosensor is designed to excite andrdefiuorescence in the near
infrared (NIR) region. Our prototype consists obtaommercially available 675 nm VCSELs
(second laser for redundancy) and a custom-faledcBtN GaAs detector wire bonded on a TO-
5 (Transitor Outline, Case Style 5) metal can pgek#& PIN detector was chosen for its lower
power consumption, smaller size, and much simpidrceaper integration than photomultiplier
tube (PMT) or complementary metal-oxide-semiconolu¢€MOS) detectors. The VCSELs are
placed on a quartz spacer for electrical isolataoral spatial separation from the detector,
reducing cross-talk, which is further mitigated twa black Ti/Au baffle Fig. 2a). Placing the
VCSEL and detector in a coplanar arrangement deesdaackground interference and improves
limit of detection over an arrangement in which #xeitation light is incident on the detector.
On top of the detector sits an integrated dielectotch filter combined with a hybrid bonded
fluorescence emission filter for maximum rejectmexcitation light. The package height and
diameter are both 9 mm, excluding the ledglg.(2a). The package sidewalls are painted black
to reduce stray light reflection. Integration isngmete with mounting of an anti-reflective
collimation lens (NA=0.55, Thorlabs, Newton, NJhelpackaged sensor is then placed in a
specially designed cage (~1.5 inchdsy( 2b) built with black metal optical mounts (Thorlabs,
Newton, NJ). The cage holds a sample well ~1 mmvalibe sensor, ensuring maximum
coupling of fluorescence excitation and emissioanhe Furthermore, the cage acts as a shield to

external light interference, significantly reducingriability. The integrated device is connected
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to external electronics, including a lock-in amiglif signal generator, and comput&ig; 2c).
These electronic components are commercially dvailan miniaturized form and can
potentially be integrated with the sensor withincainch form factor to create a portable

handheld device.

Sensor Operation. For sensor measurement of a protein-containinfiultdo a few microliters of
sample are first diluted in buffer (~100-fold faram and 10-fold for urine) to a total volume of
~150 pL, a volume chosen because it fits comfoytabthin the 300 pL sample well of the
VCSEL biosensor. One microliter of Cy5.5 dye sant{1mg/mL) is then pipetted to the sample
well. Alternatively, the sample solution can berppeed with dye and then transferred to the
sample well. Sample fluorescence from VCSEL lasaritation is captured by the on-chip
detector, and the photocurrent signal is amplied then filtered by a lock-in amplifier and

routed to a computer for visualization.

M ethods

Study Design. The objective of this study was to design and engnt a fully-integrated,
miniaturized fluorimetric sensor for point-of-caaed at-home monitoring, capable of rapidly
and reliably detecting protein levels in patiemuse and urine samples. Incorporation of a
VCSEL laser afforded the requisite device miniaation, while harnessing the PIFE effect
afforded fast measurement speeds. We conducterbliedtlaboratory experiments to assess the
response time of the sensor for detecting protaibsiffer, and tested the sensitivity, dynamic
range, and linearity of the sensor in buffer ad a&in human blood and urine samples. We also

compared the performance of our sensor with thaeathtop fluorimetry. In all studies, protein
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concentrations were tested in triplicate. Finalg, performed a study on urine samples from 14
patients with diabetes (each patient sample ranghcate) to determine the accuracy of the

sensor by comparing with a gold standard method.

Protein-spiked buffer solutions. A protein cocktail containing 0.1% human serum aibu
(HSA) and 0.1% immunoglobulin G (IgG) (10:7 ratia) phosphate-buffered saline (PBS) was
prepared to simulate the relative protein compasitn plasma. The cocktail was serially added
in two-fold increments, starting with 4 pL, to PBSseparate microcentrifuge tubes (14 %otal
volume). One microliter of a 1 mg/mL Cy5.5 dye smlo in dimethylformamide (DMF) was

added to each tube and the tubes were vortexe&s$ftar ensure uniform mixing.

Serum-spiked buffer solutions. Pooled human serum (obtained from the Stanford d@Bank,
Stanford, CA) was serially spiked in two-fold ingrents, starting at 0.pL, to PBS in separate
microcentrifuge tubes (14QL total volume) to create solutions with a wide ganof serum
protein concentrations (0.003 - 0.41 g/dL). Onerailiter of 1 mg/mL Cy5.5 dye solution was
added to each tube and mixed. Protein concentmtainthe serum-spiked samples were
measured using the Pierce BCA Protein Assay Kie(ifofisher, Walthum, MA) according to
the manufacturer’s protocol and then tested withMESEL biosensor to assess the accuracy of

the sensor.

Protein-spiked urine solutions. A 0.1% HSA/PBS solution was spiked in increasingugities
into normoalbuminuric urine from the Stanford DiggeClinic and diluted in PBS 10-fold (up to

149 pL total volume) to create urine solutions witbtein concentrations spanning from 0.0013
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g/dL to 0.86 g/dL. After testing a number of ditet dilutions, we found that 10-fold dilution
optimally minimized background interference frore thirine matrix while still maintaining good
sensitivity for protein analysis. One microliter@§5.5 dye solution was added to each tube with
mixing, and the samples were then tested with t8SKL biosensor to obtain a standard curve

for urine protein.

Clinical urine samples. An initial set of urine samples (n=5) were obtairfiexn patients at the
Stanford Diabetes Clinic in accordance with andnpssion from the Stanford Institutional
Review Board (IRB). Patients were instructed tmate into a plastic urine collection cup, which
was immediately sealed and stored on ice, andra#ise=d within 1-2 hours or transferred to 15
mL tubes and stored frozen at -20 C for futureingstAdditional urine samples (n=9) from
diabetic patients that had already been pre-tasyedipstick were purchased from an outside
vendor (Lee Biosolutions, Maryland Heights, MO). West tested (or re-tested) all urine
samples by dipstick, and protein content was asdessmi-quantitatively (normal, trace, 1+, 2+,
3+, 4+) against color codes provided on the packatys. We then tested urine samples for total
protein using the VCSEL biosensor and by benchiagrifetry. Urine samples also underwent
microalbumin testing at the Stanford Clinical Ladtory using gold standard
immunonephelometry on a Dimension Vista (Siemens, AM@&nich, Germany) chemistry
analyzer. Sensor values were plotted against elifab values to assess the accuracy of the

Sensor.

Spectrophotometer measurements. Samples and calibration standards (149 uL samaitelatd

+ 1 uL dye) were pipetted in triplicate into a 96-wellhtk microtiter plate, which was read by a
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Synergy 4 benchtop microplate reader (BioTek, Wakno VT). The reader was set to
fluorescence mode with 675 nm excitation and 710emission. Readings were acquired at
room temperature with a 1-second acquisition tiree gample. The triplicate fluorescence
intensities for each sample and calibration stathdare averaged and background subtracted by
the average intensity of the negative control sasiffbuffer + dye) to obtain the net fluorescence
signal. Sample concentrations were interpolatedn fithe best-fit curve for the calibration

standard intensities.

VCSEL hiosensor measurements. The excitation VCSELs acquired from Vixar (PlymouthN)
were current-driven with a sinusoidal 1.5 mA (péadpeak), 23Hz waveform, on top of a 10

mA DC offset (Keithley Instruments 6221, Clevela@d) resulting in an average optical output
power of ~0.75 mW at 675 nm at room temperature with narraset line widths, minimizing

scattered excitation interference. The GaAs detea@ghibit dark currents less than 5/p#?

for 100 mV bias and quantum efficiencies surpas3ibg. The detector output was read out
with a lock-in amplifier (Stanford Research SysteBRS 830, Sunnyvale, CA) with a time
constant of 30 ms and sensitivity of 20 mV. Thearumeents were automatically controlled by a
MatLab (Mathworks, Natick, MA) program over GPIBtenface. With the sensor switched on,
150 pL of either sample or standard solution, pxewchiwith Cy5.5 dye, was pipetted into the
300 pL sample well. Output data was recorded frowm lock-in amplifier in real-time as

magnitude of the photocurrent signal at the moddl&tequency.

Sensor response time. To test the response time of the sensor, fluorescentensity was

recorded as a function of time with addition of dygrotein to buffer in the sensor sample well.

10
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Specifically, a 13QL volume of PBS was transferred to the sample amdl 1uL of Cy5.5 dye
solution was added at 20s. A buffer solution comitej 1% HSA and 1% IgG was then added at
30s, and a buffer solution containing 10% HSA afd601lgG was added at 40s. Time to

stabilization of the fluorescence signal changeraéiach of these additions was recorded.

Fluorescence imaging. A microtiter plate containing the samples useddpectrophotometry
measurements were positioned within an IVIS Spettiruvivo imaging system (Perkin Elmer,
Waltham, MA) and fluorescence images were acquwétl the following settings: 675 nm
filter; exposure time: 2s; binning: medium; f-st@:Average radiance was measured by drawing
a region of interest (ROI) around each sample wethe acquired image and subtracting the

control (buffer and dye only) signal.

Data analysis. GraphPad Prism 5 was used for plotting and stedistanalysis All data
presented in this paper represent the mestandard deviation (SD) of triplicate samples (n=3
Sample and calibration standard fluorescence iittensvere background subtracted by control
samples to obtain net fluorescence signals. Bestéindard curves were obtained by linear
regression using the calibration standard fluoneseentensities and Rorrelation coefficients
were calculated. Coefficients of variation (CV) wercalculated according toCV =

(SD/Mean) x 100. Limit of detection (LOD) and limit of quantificatio (LOQ) values were

3XSD and LOQ — 10XSD

calculated using the following:LOD = , as per the International

S

Conference on Harmonisation (ICH) and United St&earmacopoeia (USP) wheres is the

slope of response curve. For accuracy measurentéetgorrelation between sensor and gold

11



243 standard measurements was assessed using a Pdamgalme and two-tailed P-value
244  (P<0.0001).
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Results and Discussion

Protein Analysis of Spiked Buffer and Pooled Serum Samples. For the 150 puL assay volumes
used in our sensor experiments, preliminary reswits different amounts of dye and protein
showed that 1 pg of Cy5.5 dye was sufficient tedea wide range of protein concentrations in
diluted urine and serum (data not shown). We @ihstracterized the response rate and stability of
the sensor signal with introduction of protein e tsample well. Here, protein solutions of
increasing concentration were directly added to dkisting dye solution to record the time
response, instead of premixing as was done in gulese experiments. As shownhing. 3a, the
sensor responds in < 1 s to introduction of 1 dy to buffer (phosphate buffer saline or PBS),
and demonstrates a similarly rapid response oakigarease to subsequent additions of proteins
(1% and 10% solutions of human serum albumin (H&4J immunoglobin G (IgG) in buffer).
Addition of the 10% protein mixture may have satedathe signal, hence yielding an increase
that is not exactly proportionate relative to tBé firotein mixture, but nevertheless demonstrates
the rapid response in detecting the change in ipratencentration. Further, the signal is stable
over the 2-minute duration of the measurementsitig to the robustness of the electronic
components, the slow off-rate of the protein-dyenptex, and minimal photobleaching of the
dye®® Furthermore, measurements of various serum dilstion a Synergy 4 benchtop
microplate reader (BioTek, Winooski, VT) at 1-miautintervals confirmed negligible
degradation of assay signal, even after 10 min(ifies S1).

Next, we evaluated the limit of detection (LOD) adghamic range of the device on
buffer spiked with known quantities of purified pgms and on pooled serum. In so doing, our
goal was to assess device performance under idaditons (spiked buffer) with pure forms of

the predominant proteins found in proteinuric urinehuman serum albumin (HSA) and

13



269 immunoglobulin G (IgG) - as well as in a complextrixa(serum) containing numerous types of
270  proteins and potential small molecule interferetsremental amounts of a protein cocktalil
271 (5:3.5 ratio of 1%HSA:1%IgG) were spiked into PBSI¥9 pL total volume andul of Cy5.5
272 dye (Img/mL) was then added and mixed into eaclpkawell. The resulting calibration curve
273  (Fig. 3b) demonstrates that the sensor signal is linearyeladed with protein concentration
274  over the range of 0.0027 — 0.34 g/dL, with a catieh coefficient (R) of 0.9996. The LOD was
275 0.0073 g/dL, such that as little as 10 pg of prowuld reliably be detected. Similarly, pooled
276  serum was spiked into PBS in incremental volumest{sg from 0.5IL serum spiked into 148.5
277 pL PBS) to create solutions with a wide range oftgaroconcentrations (0.003 - 0.41 g/dtig.
278 S3). For serum, the calibration curve was linearromewide range: 0.003-0.22 g/dL {R
279  0.9898)Fig. 3c), allowing measurements spanning from well belowvell above the normal
280 reference range of serum protein concentratior&36y/dL>*, before ~100-fold sample dilution).
281  Furthermore, the slopes of the calibration curvesuffer (Fig 3b.) and serum (Fig. 3c) were
282  close, indicating that the serum matrix does ntwbduce significant interference on the protein
283  detection as compared to the buffer.

284 The calibration curve for protein-spiked buffer w#sen used to interpolate the
285  concentration of the serum dilutions from theirsm@rsignals. These interpolated concentrations
286  were compared against the actual sample proteicetrations as determined by BCA protein
287  analysis, which yielded an accuracy curve withrars correlation coefficient #20.99), a y-
288 intercept close to zero, and a slope close to u®i®94) Fig. 3d). The average intra-assay
289  coefficient of variation (CV) (n=3) was 5.66%. Thesesults demonstrated that an HSA/IgG-
290 spiked buffer system could be used to accuratdligrate serum protein concentrations, despite

291 the diversity of small molecules, ions, proteind ather potential interferents present in serum.

14
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Performance Comparison of Sensor and Benchtop Spectrophotometer. We compared the
performance of the sensor with that of a benchtepaplate reader (e.g. standard fluorimetry)
for both serum and urine by running calibratiomdtds on both devices (details of preparing
urine calibration standards are provided in thet reection). Because the microplate reader’s
output is given in fluorescence intensity units véas our sensor’s output is in amperes, we
normalized both sets of measurements and plotet fior comparison. For serum, the sensor
response curve appears to be left-shifted compaitbdthat of the spectrophotometétig. 4a).
Interestingly, at low concentrations (0.003-0.08ILgkange), the sensor's dose response is
steeper than that of the spectrophotometer. Howé#wesensor’s signal also begins to saturate at
lower concentrations compared with the reader, wigdikely attributable to the smaller surface
area of the sensor’s photodiode compared withdhdar’'s photodetector. This saturation can be
mitigated by using a higher voltage limit PIN detecor by placing a more attenuating filter in
the optical path, though the latter option will dEase sensitivity. Alternatively, samples that fall
within the saturation range can be diluted furg®that their concentrations fall within the linear
range. We found that serum and urine data hadrdifteshaped best-fit curveBi§. $4), which
may be due to their different constituents andocation matrices. For urine, the best-fit curves
for the sensor and spectrophotometer correlated esh other (p-value <0.001, Pearson
coefficient r=0.82). Kig. 4b). However, we observed that signal correlated nstr@ngly with

protein concentration in the sensof<R.94) than in the spectrophotometef<&69).

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

device on urine samples from patients with typeliflbetes (n=14). A calibration curve was

15
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obtained by spiking two-fold serial additions of A$0.1% stock) into a normoalbuminuric
urine sampleKig. 5a), and the resulting spiked urine samples werehé&urtliluted 10-fold to
ensure that protein concentrations were withinlithear range of the assay and to minimize the
contribution of interferents. While a logarithmicmse response could be used to fit the
calibration data (R=0.91), a better fit was obtained with a bilineane: a steep line at very low
protein concentrations (0.0013-0.021 g/dL), witklape of 35.95 (R0.997) and a shallower
line at intermediate to high concentrations (0.0436 g/dL) with a slope of 1.52 tR0.988).
The bilinear response could be attributed to litiotes in the sensor's dynamic reserve, resulting
in lower resolution at higher concentrations anddeea flatter slope. The limits of detection and
guantitation were 0.0004 g/dL and 0.0013 g/dL, eesipely, using established calculation
method®. The sensor’'s dynamic range (0.0013-0.86 g/dL)ec®the range of urine protein
concentrations seen in microalbuminuria (0.02-Gy&{L)*, and in fact spans a wide range of
dipstick protein concentrations from trace to 3:0050-0.15 g/dL%.

There are no definitive guidelines as to whethetenuria should be defined in terms of
albumin or total protein 108% Although urine total protein is the strongestdiceor of adverse
outcomes in chronic kidney disease, urine albursithe more commonly used biomarker for
early diabetic nephropathy. Therefore, our nextl gzss to assess whether our sensor’s urine
total protein measurements would be a reliableogate for urine albumin in diabetics. We
tested our clinical urine samples (n=14) with teesor and used the calibration curve obtained
above Fig. 5a) to interpolate the sample protein concentratidng. Gb, c). The average intra-
assay CV (n=3) within the working range of the gssas 21.5%. However, without the two
samples that had a large quantity of sedimentjrtra-assay CV (n=3) was 13.9%. For each

sample, we then plotted the sensor-derived totakpr value against the albumin concentration,
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as determined by gold standard immunonephelomé&iigs.(5d, €). We found that urine total
protein was strongly correlated with urine alburacross a wide range of urine albumin levels
seen clinically (p-value <0.0001, Pearson r = 0)9%&nsor measurements of total protein
correlated strongly with gold standard nephelometrieasurements of albumin in the low
concentration regime (0-0.05 g/dL,> R 0.989), and only somewhat less so in the high
concentration regime (>0.05 g/dL?®R0.857). Even within the high concentration regirfe
linear correlation is qualitatively quite strong tgp ~0.15 g/dL, and falls off afterwards. This
could potentially be attributed to: (1) the present sediments that were observed in the two
urine samples with the highest protein concentnati@ausing interference; (2) poor correlation
between urine total protein and urine albumin ahhconcentrations, possibly due to the
presence of other interfering urinary proteins tet pass through a compromised glomerular
basement membrane (IgG, myoglobin); or (3) lowarsee accuracy at higher urine protein
concentrations. To address (1), we could filterwutary sediment in future studies and redesign
our sensor to contain microfluidic pre-filtratioteps to clear the urine of sediment prior to
reaction with dye. To address (2) and (3), urine@a could be measured at a few different
dilutions to ensure that even high protein samfdéswithin the linear range of our assay. In
addition, (3) could be addressed by increasingdyramic reserve of the lock-in amplifier.
Nevertheless, the high correlation between urireepm and urine albumin at concentrations
<0.05 g/dL suggests that these two markers arechdageable at low concentrations, and that
our total protein assay is a reliable surrogatefoumin in detecting microalbuminuria.

Overall, the VCSEL biosensor has several advantayes current clinical protein
guantitation methods and fluorimeters in terms iak,sspeed, sensitivity, cost, and sample

requirement Table S1). The miniaturization and the on-chip integratioh all components
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within a 9 mm footprint make our device portablel anitable for point-of-care use.

Compared to turbidimetric and nephelometric immwsags for albumin, or colorimetric
assays for total protein, our assay is a simplerapdi two-component reaction that requires
only 1-2 seconds of mixing and no washing, incugtior heating steps. Because the PIFE
fluorescence change is nearly instantaneous (<@nd¢cand proportional to sample protein
concentration, the device can effectively measatal fprotein in real time, making it ideal for
point-of-care and frequent monitoring applicatidike sudden drops in serum protein levels, as
can occur in sepsis or after major surdery

While the urine volumes used by the VCSEL bioser{$6r20 pL) are comparable to
those used for clinical measurements of albumintatad protein in clinical chemistry analyzers,
the plasma or serum volume required is only 1.5 Tile low volume requirement is ideal for
point-of-care testing, allowing serum total proteanbe measured from as little as a finger prick
of blood (~5-10 pL).

The cost of goods for the VCSEL biosensor is oraérmagnitude lower than that of
commercial benchtop fluorimeters (~$2,000 for Qdloibrimeter) and small microplate readers
(>$5,000), not to mention large clinical chemistmyalyzers (>$30,000). When purchased in
bulk, the costs of VCSELSs, PIN detectors, and eowting lenses are $2-4, $0.10-0.50, and $3-4,
respectively. Additional costs for a standaloneickvnclude firmware with Bluetooth (~$10-
20), diode amplifier (~$10), battery ($1-2), andngée well ~$0.02. Thus, the estimated cost of
the entire sensing platform is ~$30. Also, unlikemunoturbidimetry, which requires the
expense of antibodies, our assay requires minimahtifies of an inexpensive reagent, Cy5.5
fluorescent dye ($0.10 per test), and readily abédl buffers. The cost-effectiveness of the

device can enable broad screening for microalbun@nn patients with diabetes and healthy
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persons, allowing for early-stage intervention wdahti-hypertensive treatment, which can
stabilize or slow the progression of renal dis&ase

The VCSEL biosensor’s limit of detection is 5-10dfdetter than the gold standard
pyrogallol method used in clinical labs for totabg@in analysis. The sensor can detect as little as
1.95ug of total protein (0.013 pg/pL LOQ150 pL well volume), compared to 21u§ of total

protein detectable by the gold standard Pyrogaiethod® (T able S1).

Conclusion

According to the CDC, an estimated ~96% of peopté kidney damage (e.g., mildly reduced
kidney function) are unaware of it. Therefore, #imlity to monitor urine albumin and protein
levels routinely outside the doctors’ office wouilkkely improve surveillance and screening of
kidney disease in patients with diabetes and timergé population, and empower individuals to
track their own health. The use of urine total prmotas a surrogate marker for urine albumin has
been previously propos¥d?® and has the advantage of being measurable wihbdged
reagents, which afford faster and less expensisayas However, existing fluorescence detection
instruments, including benchtop fluorimeters, mptate readers, and chemistry analyzersrior
vitro analyses are bulky and expensive and do not pgromtable, in-home, real-time urine
protein analysis. Therefore, new methods are ne¢oleshsily and accurately monitor renal
health on a routine basis both in patients witloelias and in the general population.

We have developed a miniaturized VCSEL biosensorPiFE-based measurement of
total protein in human urine and serum, with agtiens in point-of-care and routine home
monitoring of renal health. The discretely integthtlevice consists of a 675-nm VCSEL laser

excitation source, a PIN photodiode, an opticétifjland a collimating lens, all within a package
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of 9-mm footprint. The device sits directly beneatample well, where a 1%0 volume of a
pre-diluted biofluid sample is mixed with Cy5.5 dygelding an instantaneous and measurable
fluorescence enhancement in proportion to protencentration (PIFE phenomenon). This is the
first study that we know of demonstrating the desand implementation of a VCSEL-based
sensor for urine and serum total protein measuresvaerd for real-time bio-analyte sensing.

We tested the device on pooled human serum frorthlyemdividuals and urine from
patients with diabetes and demonstrated that ay-ause platform achieves sensitive (1.95 pg
protein limit of detection) and accurate real-tirtegal protein measurements over a wide
dynamic range (>2 orders of magnitude) using mihisaanple volumes (<1fL). Calibration
curves using serum-spiked buffer and HSA-spikedheurvere linear across a wide range of
physiologically-relevant protein concentrations. uBled with its low detection limit, the
sensor’s high dose response in the low protein examation range could make it a powerful
screening tool since small changes in urine pratemmcentration within the “normal” range are
magnified in a quantifiable way, thus providing thatential to better alert an otherwise healthy
individual of early kidney disease and progression.

While we demonstrate the VCSEL sensor's use forsmé and urine protein
measurement, the technology could be further ex@nd other biofluids, including saliva,
sweat, tears, or cerebrospinal fluid. Other potémhedical applications of the device include
home monitoring of urine protein for rapidly progsese glomerulonephritis and surveillance for
kidney transplant rejection, and monitoring of serprotein levels in liver disease. In addition,
our sensor and PIFE protein assay are not limaagsé with Cy5.5, and can be used with other
dyes and for other optical assay applications asrdeed further in the supplemental section.

Furthermore, the device could be extended to imclad array of VCSELs with different
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430 excitation wavelengths along with their correspogdboptical filters and detectors to detect
431 multiple analytes, enabling on-chip multiplexedsieg. Our platform thus holds great promise
432  for personalized and mobile health monitoring.
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Fig. 1 Protein-induced fluorescence enhancement of Cy5.5 dye. a. Schematic of Cy5.5
photoisomerization between the photoactirsns isomer and the photoinactives isomer.b.
Lower intensity fluorescence in absence of prot€g5.5 dye exists as a photoactitrans
isomer at ground state that fluoresces upon eimit@nd tends to undergo photo-isomerization,
converting to a fluorescently inactiess isomerc. Higher intensity fluorescence in the presence
of protein: when a protein is present in the vigiraf the dye, it sterically hinders isomerization
and stabilizes th&ans conformation in the photoactive state, resultimgihigher fluorescence
guantum vyield and a longer excited-state lifetiie.the VCSEL laser excites the sample, the
emitted fluorescence is captured by an on-chip afiete yielding current in proportion to
fluorescence intensity.
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Fig. 2 Biosensor architecture. a. Schematic cross-sectional view of the biosensowsiy the
VCSEL, PIN detector, and optical filters encasedhimi a TO-5 metal package with a
collimating lensb. Schematic of test setup comprising the VCSEL sefnem (a) and a sample
well mounted directly above it. Inset: Image shayan exploded view of the setug. Block
diagram of the VCSEL and detector connected toserldriver, lock-in amplifier, switch, and

computer.
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Fig. 3 Sensor response and accuracy. a. The sensor exhibits an instantaneous responstasnd
equilibration upon addition of Cy5.5 dye to bufédr20s, followed by 4L additions of 1% and
10% human serum albumin (HSA)+immunoglobin G (Ig&jlutions at 30s and 40s,
respectively. The signal changes are relativelplstaver the intervals showb. Calibration
curve showing strong correlation of sensor respamitle protein concentration in HSA/IgG-
spiked buffer over the linear range (~0.003-0.3#Ly/Best-fit line: y = 4.845x — 0.0008. Error
bars represent standard deviations (s.d.); howewene are too small to be visible on the scale
of the graphc. Calibration curve showing the strong correlatibsensor response with quantity
of serum spiked into buffer solution over the lineange (0.003-0.2179 g/dL protein). Best-fit
line: y = 4558x + 0.0023. Protein concentratioms the various serum dilutions were
determined by BCA protein analysis.Biosensor accuracy for measuring protein conceatrat

in serum. The calibration curve for protein-spikeaffer in (b) was used to interpolate the
protein concentrations of the various serum dihgion (c). These interpolated values were
plotted in (d) against the actual protein conceitng as determined by BCA protein analysis to
demonstrate the accuracy of our method. Bestrd: liy = 0.9407x + 0.0068 (n=3 replicates for
each data point, means.d.).
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Fig. 4 Comparison of Sensor Performance with Benchtop Spectrophotometer. Sensor and
microplate reader measurements d&rserum dilutions in buffer, anll. spiked urine samples
after 10-fold dilution. For urine, the sensor bksteurve is: y = 0.33In(x) — 0.87; the
spectrophotometer best-fit curve is: y = 0.36ln{x}.10. Inset shows best fit curves for pre-
saturation urine protein concentrations. For seameh urine, measurements were normalized to
the maximum linear (pre-saturation) signal (n=3icapes for each data point, meas.d.).
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Fig. 5 Sensor Calibration Curve and Comparison with Gold Standard. a. Calibration curve
showing sensor response versus urine protein ctratien (0.0013-0.86 g/dL) for HSA-spiked
human urine (error bars = s.d.). A two-part cutvied and red lines) provides a better fit to the
data than a logarithmic curve (black)(n=10 conaditns, n=3 replicates each, mears.d).
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b. Clinical urine samples with sensor signal < 0/ were interpolated over the calibration
curve’s low range (0.0013-0.021g/dL), correspondimghe red line in (a). The sensor shows
particularly high dose response (e.g. large chaimgeignal for small change in protein
concentration) over this low concentration rangestHit line: y = 35.95x — 0.0074c. Clinical
urine samples with sensor signal > 0.8nA were jdiated over the calibration curve’s high
range (0.043-0.858g/dL), corresponding to the bihein (a). Best-fit line: y = 1.52x + 0.6€.
Comparison of protein measurements with the semswsus albumin measurements by gold
standard nephelometry for urine samples, establishhccuracy and correlation (n=14
concentrations, n=3 replicates each, meand). Best-fit line: y = 1.33x — 0.0058. Zoom-in
view of the red dashed circle in (d), showing ahhaprrelation with the gold standard in the
lower range of urine protein concentrations. Bédirfe: y = 1.46x — 0.0014. A slightly lower
correlation is seen in the higher range of urin@en concentrations. Best-fit line: y = 1.43x —
0.035.
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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 ug 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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