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Abstract

Prostate cancer (PCa) is the second most diagnosed cancer among men. Targeted PCa screening 

may decrease PCa-specific mortality. Prostate-specific antigen (PSA) is the most reliable and 

widely accepted tumor biomarker for screening and monitoring PCa status. However, in many 

settings, quantification of serum PSA requires access to centralized laboratories. In this study, 

we describe a proof-of-concept rapid test combined with a highly portable Cube™ reader 

for quantification of total PSA from a drop of serum within 20 min. We demonstrated the 

application of gold nanoshells as a label for lateral flow assay with significant increase in the 

measured colorimetric signal intensity to achieve five times lower detection limit when compared 

to the traditionally used 40 nm gold nanosphere labels, without a need for any additional 

signal amplification steps. We first optimized and evaluated the performance of the assay with 

commercially available total PSA calibrators. For initial validation with commercially available 

ACCESS Hybritech PSA calibrator, a detection range of 0.5–150 ng/mL was achieved. We 

compared the performance of our total PSA test with IMMULITE analyzer for quantification of 

total PSA in archived human serum samples. On preliminary testing with archived serums samples 

and comparison with IMMULITE total PSA assay, a correlation of 0.95 (p < .0001) was observed. 

The highly portable quantitative screening test for PSA described in this study has the potential to 

make PCa screening more accessible where diagnostic labs and automated immunoassay systems 

are not available, to reduce therapeutic turnaround time, to streamline clinical care, and to direct 

patient care for both initial screening and for post-treatment monitoring of patients.
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1. Introduction

Prostate cancer (PCa) is the second most diagnosed cancer among men with annually 

estimated 1,400,000 new cases worldwide (Sung et al., 2021). In the United States, PCa 

accounts for 26 percent of cancer diagnoses (Siegel et al., 2021) and is the leading cause 

of cancer in men. PCa mortality rates have declined in the United States, decreasing from 

39 to 19 per 100,000 persons during 1992–2017 (Noone et al., 2017). Mathematical models 

indicate that screening accounts for 45–70 percent of the decline in PCa, and mainly by 

decreasing the incidence of men diagnosed with advanced stage disease (Etzioni et al., 

2008). Prostate-specific antigen (PSA) is the most reliable and widely accepted tumor 

biomarker for screening and monitoring prostate cancer status (So et al., 2003). In the U.S, 

the PCa mortality rate declined by 39% from 1991 to 2008, with the decrease attributed 

in part to early detection by screening based on the PSA test (Brawley, 2012). However, 

PSA testing frequency has declined across all racial/ethnic groups in the US over the past 

decade with the rate of decline modestly steeper among African American (AA) men, and 

particularly AA men aged 40–54 (Kensler et al., 2021). Studies suggest that there are racial 

differences in beliefs and attitudes around PCa screening. More effective communication 

between physicians and AA men regarding PSA screening may increase the number of 

patients who undergo screening (Miller et al., 2021; Woods-Burnham et al., 2018). Another 

impediment may be that AA men are less likely to have accessible health care and may not 

go for routine medical care (Nelson et al., 2021). In one study, 42.9% of AA men aged 41 or 

older had never had a PSA test, and most of them chose to have a PSA test at a health fair 

(Hewitt et al., 2018). It is, therefore, imperative to reach this group outside of the health care 

system.

The Food and Drug Administration (FDA) approved the determination of PSA serum levels 

to test asymptomatic men for prostate cancer, in conjunction with digital rectal exam (DRE), 

in men aged 50 years old or older with a serum PSA cut-off value of 4 ng/ml. The US 

Preventive Services Task Force (USPSTF) recommends that men aged 55 to 69 years 

should consider undergoing periodic PSA-based screening for PCa including a discussion 
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of the potential benefits and harms of screening with their physician (USPSTF, 2018). Even 

though the best cutoff to predict PCa based on serum PSA concentrations has been debated, 

historically a concentration below 4 ng/mL is usually considered healthy in most cases. 

Age-specific (Partin et al., 1996) and race-specific (Morgan et al., 1996) reference values 

for PSA have been proposed but are rarely followed in clinical practice. Besides initial 

screening for PCa, periodic PSA tests are also routinely used to monitor disease progression 

and inform clinical decision making after diagnosis and treatment of PCa.

At present, most PSA tests are performed at dedicated centralized laboratories on large 

automated high throughput immunoanalyzers. Some of these commercial immunoanalyzers 

available for quantification of PSA include - Roche Cobas® Core PSA Total enzyme 

immunoassay (EIA), Elecsys® total PSA, Simoa™ Total PSA (Quanterix™), Immulite 

2000 XPi (Siemens Healthcare Diagnostics Inc., Tarrytown, NY, USA), UniCel DxI 800 

(Beckman Coulter, Brea, CA, USA), ADVIA Centaur XPT (Siemens Healthcare Diagnostics 

Inc.), and ARCHITECT i2000SR (Abbott Diagnostics, Abbott Park, IL, USA). There 

are numerous advantages to these fully automated analyzers, including lower detection 

limits (0.05–0.005 ng/ml range), reliability and high-throughput of samples. However, an 

important limitation is that these analyzers are suitable for dedicated laboratories and not 

readily available in the community.. Also, sample transportation requirement causes delays, 

and the therapeutic turnaround time (Kost, 1995), which is the time between the decision to 

test and the therapeutic action taken on the test result, is typically of the order of a few days. 

These limitations also prevent tPSA screening in resource-limited settings that lack access 

to centralized laboratories with fully automated analyzers. At present there are no Food and 

Drug Administration (FDA) -approved lateral flow test strips available in the US market for 

PCa screening based on serum total PSA (tPSA)quantification. At-home PSA tests such as 

‘PSA micro™’ from Pinnacle BioLabs (Nashville, TN) are available, but require collection 

of 3–4 drop of blood to be sent to the lab for processing. Recently, the FDA approved the 

Sangia Total PSA Test (OPKO Diagnostics), which includes a microfluidic cassette with 

Claros® 1 bench-top analyzer diagnostic instrument system to quantify tPSA from a drop of 

blood. However, currently there is no information on OPKO’s website as to if and when this 

will be commercially available in the US.

In recent years, the development of biosensors that have the potential for use in point-of-care 

testing (POCT) devices are revolutionizing medical diagnostics. These POCT biosensors 

are designed to provide rapid and reliable quantitative results ‘anytime, anywhere’ the 

patient is. For POCT to be more widely used, there is interest in reducing the current 

assay formats to the size of portable, handheld devices requiring small sample volumes 

and reagents consumed, while providing a specific and sensitive assay comparable to 

laboratory standard analyzers. Recent advances in using nanoparticles and nanostructures 

as integral components, have enabled the development of highly miniaturized microfluidic 

techniques for analyte detection. The most common microfluidic techniques previously 

reported to quantify serum tPSA at the point-of-care include Surface Plasmon Resonance 

(SPR) (Ertürk et al., 2016; Uludag and Tothill, 2012), Surface Enhanced Raman Scattering 

(SERS) (Chang et al., 2016), fluorescence assay (Barbosa et al., 2014; Kong et al., 2015; 

Pei et al., 2015), electrochemical impedance spectroscopy (EIS) (Chornokur et al., 2011; 

Gutiérrez-Zúñiga and Hernández-López, 2014; Yan et al., 2012), cyclic voltammetry (CV) 
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(Dong et al., 2017; Kavosi et al., 2014; Rafique et al., 2015), electrochemiluminescence 

(ECL) (Wu et al., 2016), amperometric (Wu et al., 2016), capacitance (Ertürk et al., 

2015) and photo-electrochemical (PEC) (Wang et al., 2017; Zhang et al., 2017). These 

microfluidic techniques provide the required detection ranges, limit of detection, and time-

to-result. However, most of these devices require complex and expensive microfabrication 

methods that limit rapid product development from laboratory prototypes. Other draw-

backs are the requirement of additional equipment to power the device and measure 

the output signal, and active control of the fluid flow within the device. In recent 

years, to rapidly identify biologically active compounds, immunochromatographic assay 

techniques are widely used to overcome the limitations of other microfluidic devices. 

Immunochromatographic assays are now gaining wider use as a quantitative method 

over their mostly qualitative testing approach during the early years of development. 

Immunochromatographic methods are characterized by small sample volume (~20 μL), 

shorter time-to-result (10–20 min), and analysis that does not require expensive equipment 

or highly trained personnel. Immunochromatographic method enables screening at the 

point-of-care with high sensitivity, visual and quantitative interpretation of the results, and 

low cost. The most common immunochromatographic configuration is the lateral flow 

immunoassay (LFIA) (Posthuma-Trumpie et al., 2009), more commonly referred to as 

a test strip, in which gold nanoparticle labels are often applied to provide colorimetric 

signal quantification of results. Gold nanoparticle of various shape and volume including 

nanospheres, nanorods, nanowires, and nanocubes are commercially available and have 

been reported in numerous lateral flow assays. Selection of the label is critical for the 

performance of any lateral flow assay. The most common nanoparticle used in commercial 

lateral flow assay is 40 nm gold nanosphere due to its optimal combination of high 

contrast color (absorption ~ 523 nm) with distinct cherry red color for visual readouts and 

surface area suitable for targeting analytes of wide size ranges. In this study, we compared 

the performance of gold nanoshells with the widely used, industry standard 40 nm gold 

nanospheres. The structure of gold nanoshells consist of a 110 nm core silica sphere with 

thin (12–18 nm) gold shell deposited over it. The silica core reduces the overall particle 

density relative to a solid gold nanosphere of same size, allowing for improved flow rates 

through a lateral flow membrane compared to a 150 nm solid gold sphere (Nanocomposix, 

2021). Gold nanoshells produces a high contrast blue-grey line that is clearly visible.

In recent years, lateral flow immunoassays have been coupled with smartphones (Foysal et 

al., 2019; Lee et al., 2016) and battery powered portable readers (Srinivasan et al., 2018) 

for imaging the test strips at the point of care. Lateral flow test strips rely on capillary flow 

within nitrocellulose membrane without any need for external pump or moving components 

to control the flow. LFIA for PSA based on gold nanoparticle (Andreeva et al., 2016), 

quantum dot nanobeads (Li et al., 2014), and fluorescent Europium labels (Juntunen et 

al., 2012) have been reported. However, at present, FDA approved LFIA for PSA is not 

commercially available. We hypothesized that providing PCa screening using a near-patient 

tPSA test performed by a fingerstick blood draw in combination with a portable handheld 

reader, will be cost-effective (< $1 per test), provide results within 20 min, and increase 

screening rates within community settings. There is an urgent need for a near-patient or 

POCT to reduce the frequency of clinical visits by the patients, cost-effectiveness, streamline 
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clinical care for the urologist and patient, improve patient satisfaction and clinical outcome 

by enabling rapid decision making.

2. Materials and methods

2.1. Reagents and materials

Gold nanoshells (Bioready 150 nm Carboxyl Gold nanoshell) was purchased from 

nanoComposix (San Diego, CA). Gold nanoparticle conjugation kit (Gold Conjugation Kit 

40 nm, 20 OD cat# ab154873) was purchased from Abcam (Waltham, MA). Monoclonal 

antibodies mouse anti-human-PSA (cat# MP077, clone BP005S for capture and clone 

AP002S for detection) and colloidal gold conjugate stabilizer (cat# 90092-0100) were 

purchased from Scripps Laboratories (San Diego, CA). Secondary antibody (AffiniPure 

Goat Anti-Mouse IgG, cat# 115-005-146) was purchased from Jackson ImmunoResearch 

Laboratories Inc. (West Grove, PA). ACCESS Hybritech tPSA calibration kit (cat# 37205) 

was purchased from Beckman Coulter (Brea, CA). Amine free phosphate buffer saline 

(PBS) buffer pH 7.4, 50% (w/v) hydroxylamine, sulfo-N-hydroxysuccinimide (sulfo-NHS), 

1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC), 2-(N-morpholino) 

ethanesulfonic acid (MES) buffer, Polyethylene glycol-20 k (PEG 20 k), sodium azide, 

casein solution, potassium phosphate buffer, Tween-20, and bovine serum albumin (BSA) 

were acquired from Sigma-Aldrich (St. Louis, MO, USA). Samples of membrane sheets - 

conjugate pad (cat# 8980), sample pad (cat# 8981), absorption pad (cat# 440) were provided 

by Ahlstrom-Munksjö (Mt. Holly Springs, PA). Nitrocellulose membrane (Unisart® CN 

140, 30 mm wide) was purchased from Sartorius Stedim Biotech GmbH (Göttingen, 

Germany). Masking tape (cat# MT2) and blood separation membrane (cat# FR1(0.6)) 

were purchased from Advanced Microdevices Pvt. Ltd. (MDI) (Camp Hill, PA). Backing 

card (cat# MIBA-020–60 mm) and lateral flow cassettes (cat# MICA-200) for test strips 

were purchased from DCN Diagnostics (Carlsbad, CA). De-identified archived tPSA serum 

samples (n = 18) were obtained from the biorepository for the Biospecimen and Pathology 

Core of the Weill Cornell Medicine Specialized Programs of Research Excellence (SPORE) 

in Prostate Cancer. Commercially purchased human whole blood (Innovative Research, Inc., 

Novi, MI) samples (n = 6) from female donors was used for spiked whole blood analysis. 

This article does not contain any studies involving human participants and ethical approval 

was not required.

2.2. Equipment

Equipment used in this study included ultrasonic cleaner (DK Sonic, model DK-300 s), 

incubated tube rotator (Roto-Therm™ model H2024), centrifuge (Eppendorf 5415D), lateral 

flow reagent dispenser (Matrix 1600, Kinematic Automation, Inc.), test strip cutting module 

(Matrix 2360, Kinematic Automation, Inc.) Spectrophotometer (VWR V-1200), IMMULITE 

2000 analyzer (Siemens Healthcare Laboratory Diagnostics), and Cube Reader (Chembio 

Diagnostics GmbH, Berlin, Germany) with custom-made test strip adapter.

2.3. Preparation of gold nanoshells (AuNSh) conjugated with anti-PSA antibody

Fig. 1A shows a schematic of the various steps involved in conjugation of anti-PSA antibody 

to AuNSh. To prepare AuNSh conjugated with anti-PSA antibody, 1 mL of the AuNSh were 
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first transferred to a microcentrifuge tube and brought to room temperature. AuNSh particles 

were briefly vortexed and sonicated for 30 s in full-wave mode (40KHz) to fully disperse the 

particles. A freshly prepared mixture of 8ul of EDC at 10 mg/ml concentration and 16ul of 

sulfo-NHS at 10 mg/ml concentrations in DI water was added to the microcentrifuge with 

NS. The mixture in the microcentrifuge was briefly vortexed and sonicated for 30 s and then 

incubated for 30 min on the tube rotator in mix mode at 25 °C. After incubation the AuNSh 

mixture was centrifuged at 2000 RCF for 5 min to remove any excess EDS/sulfo-NHS 

and the supernatant pellet was resuspended in 1 mL of reaction buffer (5 mM potassium 

phosphate, 0.5% 20 K PEG at pH 7.4). The resuspended particles were briefly vortexed and 

sonicated for 30 s. The wash step was repeated by centrifuging the AuNSh mixture at 2000 

RCF and the supernatant pellet was resuspended in 1 mL of reaction buffer. The resuspended 

particles were briefly vortexed and sonicated for 30 s. After the second wash step, 30μg 

of anti-PSA detection antibody in MES buffer at pH 6.0 was added to the AuNSh mixture 

and allowed to incubate for 1 h on the tube rotator in mix mode at 25 °C. After incubation, 

10 μL of 50% hydroxylamine quencher was added to the AuNSh mixture to deactivate any 

remaining active NHS-esters. The AuNSh mixture was briefly vortexed and incubated at 

room temperature for 10 min on the tube rotator in mix mode at 25 °C. The AuNSh mixture 

was washed and resuspended twice by centrifuging at 2000 RCF for 5 min, and supernatant 

resuspended in 1 mL of reaction buffer, followed by brief vertexing and sonication for 30 

s. The twice-washed AuNSh mixture was centrifuged at 2000 RCF for 5 min and the pellet 

was resuspended in 1 mL of conjugate diluent (0.5X PBS, 0.5% BSA, 0.5% casein, 1% 

Tween-20, 0.05% sodium azide, pH 8). The prepared AuNSh-anti-PSA-antibody conjugate 

was stored at 4 °C until further use.

2.4. Preparation of gold nanosphere (AuNSp) conjugated with anti-PSA antibody

Fig. 1B shows a schematic of the various steps involved in conjugation of anti-PSA antibody 

to AuNSp. To prepare gold nanosphere (AuNSp) conjugated with anti-PSA antibody, all 

the reagents of the conjugation kit were first brought to room temperature. Stock anti-PSA 

antibody was diluted to 0.1 mg/ml with the antibody diluent provided in the kit. Diluted 

antibody (12 μL) was then added to 42 μL of the reaction buffer provided in the kit and 

45 μL of this mixture was added to the lyophilized AuNSp vial in the kit. The mixture in 

the vial was gently pipetted to ensure mixing and resuspension of the gold nanospheres and 

antibody solution and allowed to incubate at room temperature for 15 min. After 15 min of 

incubation, 5 μL of quencher provided in the kit was added to the vial and the reaction was 

left at room temperature for 5 min to yield 50 μL of AuNSp-anti-PSA-antibody conjugate 

at 20 OD. To remove any unbound antibodies, ten times the volume of the 1:10 diluted 

quencher was added to the conjugate in the vial, followed by a centrifugation step at 9,000g 
for 10 min. The supernatant after centrifugation was carefully pipetted to be discarded and 

the AuNSp-anti-PSA-antibody conjugate pellet was resuspended in 1:10 diluted quencher in 

DI water for storage at 4 °C until further use.

2.5. Lateral flow test strip assembly

Fig. 2 shows a schematic of the various components of the assembled lateral flow assay test 

strip. The test and control line antibodies were dispensed on the nitrocellulose membrane 

using the lateral flow reagent dispenser (flow rate 10 μL/cm) to dispense monoclonal anti-
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PSA capture antibody (1 mg/mL in PBS buffer) on the test line and anti-mouse IgG (1.8 

mg/mL in PBS buffer) on the control line. The nitrocellulose membranes were subsequently 

dried for two hours at 37 °C and stored in an airtight box along with silica gel desiccants 

at room temperature. To prepare the conjugate pads, the stock AuNSh-anti-PSA-antibody 

conjugate solution was first diluted to 3 OD with gold conjugate stabilizer. The conjugate 

membrane was cut to 10 mm × 250 mm strip and was soaked in the diluted conjugate for 

one minute, followed by oven drying at 37 °C for 12 h. The sample pad membrane was 

soaked in blocking buffer for 1 h at room temperature with shaking followed by a wash 

step in wash buffer (1X PBS with 0.05% Tween-20) for 15 min. The blocked sample pad 

membrane was dried in the oven at 37 °C for 12 h. The dried sample pad membrane was 

then cut to 10 mm × 250 mm strips. The nitrocellulose membrane was attached to the 

backing card, followed by attaching the conjugate pad, sample pad, and the waste pad, all 

with 2 mm overlap. In test strips used for whole blood assay, sample pad was replaced by 

blood separation membrane and a masking tape was applied to partially cover the conjugate 

pad and nitrocellulose membrane to ensure the pads remain in place. The assembled card 

was cut into individual strips of 5 mm width using the test strip cutting module. A similar 

approach was followed for preparation of AuNSp-labeled lateral flow assay strips with 

conjugate pad containing 0.3 OD of the AuNSp-anti-PSA-antibody. The test strips were 

individually housed within a test strip cassette and stored at room temperature in a heat-

sealed foil pouches with silica gel.

2.6. Testing protocol

Fig. 3A shows a schematic of the various steps involved in conducting the point-of-care 

tPSA testing. Briefly, the user first adds the test sample comprising a mixture of the 

sample (archived serum or serum-based calibrator) and running buffer (1X PBS with 1% 

Tween20 and 0.1% sodium azide) to the test strip to initiate capillary flow within the test 

strip, which causes the AuNSh-labeled anti-PSA–antibody conjugates to be released from 

the conjugate pad. The tPSA antigen in the test sample reacts with the AuNSh-anti-PSA-

antibody conjugates and flows downstream to further react with the antibodies at the test and 

control lines. The remaining sample is finally collected in the absorbent pad. The test strip is 

then inserted into the test strip adapter of the Cube™ reader to record the test to control line 

intensity (TC) ratio values.

2.7. Cube™ reader configuration and data processing

Fig. 3B shows the main data processing steps within the Cube™ reader. The Cube™ 

configuration software was programmed to define the relative location, search width and 

width of the test and control lines on the test strip. A white background image of the 

nitrocellulose membrane on an unused test strip was captured and saved as reference image 

for background subtraction. The intensities of the test and control line are calculated based 

on the area (blue shade) and the test to control line intensity (TC) ratio is calculated. 

Cube™ can be programmed to store an experimentally determined calibration function that 

correlates TC ratios and tPSA concentration. Cube™ displays the tPSA concentration based 

on the pre-stored calibration function. Cube™ offers an internal memory to safely store the 

measurement results that can be exported to other platforms as required. The small form 
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factor (1.6 × 1.6 × 1.6 in), lightweight (~1.4 oz), and battery-operated features of the Cube™ 

makes it a highly portable solution for point of care PCa screening.

2.8. Data analysis

Statistical analysis of data was done with Microsoft Excel for Microsoft 365 MSO 

(Microsoft, Redmond WA). In experiments for determining calibration curves with tPSA 

calibrator, power regression model was used to test if average TC ratios measured from 

point-of-care testing significantly predicted tPSA concentrations of the calibrator samples. 

To determine the degree of correlation between serum tPSA concentrations predicted by 

point-of-care approach and tPSA concentrations determined by gold standard IMMULITE 

method, simple linear regression analysis was done. In addition, intraclass correlation 

coefficient (ICC) (Koo and Li, 2016) was calculated to determine both degree of correlation 

and agreement between point-of-care and IMMULITE tPSA measurements with serum 

samples.

3. Results

3.1. Comparison of test line intensities between AuNSh and AuNSp-labeled test strips

The test line intensities of AuNSh and AuNSp-labeled conjugate versions of the test strips 

were compared by testing with various concentrations of the Access Hybritech total PSA 

calibrator. Testing involved adding 20 μL of the tPSA calibrator and 60 μL of running 

buffer to the test strips. The test was run in triplicates for both AuNSh and AuNSp-labeled 

version of the test strips for each calibrator concentration and their test line intensities were 

recorded with Cube™ after 20 min of reaction time. Fig. 4A shows representative images 

of the colorimetric changes in test and control lines on both AuNSh and AuNSp-labeled test 

strip pairs for each tPSA concentration tested. Fig. 4B shows a grouped bar chart, where 

the x-axis indicates average test line intensities measured with Cube™ reader in AUNSh and 

AUNSp-labeled test strip pairs grouped by each tPSA calibrator concentration tested (shown 

on y-axis). Error bars represent standard deviations of test line intensity measurements with 

Cube™ from samples assayed in triplicate. The test line intensity with gold AuNSp label 

was not visible to the naked eye at a concentration of 0.5 ng/mL and no measurable signal 

was detected with Cube™. The test line with gold AuNSp at 2.5 ng/mL was also not visible 

to the naked eye but signal was detected by the Cube™ reader. Unlike AuNSp-labeled 

version of the test strip, test line was visible to the naked eye with AuNSh-labeled test 

strip and a signal was also recorded with the Cube™ for the entire range of PSA calibrator 

concentrations tested. As can be observed from Fig. 4B, for all tPSA concentrations tested, 

test line intensity with the AuNSh-labeled test strip was higher than the AuNSp-labeled test 

strips. Based on these results, AuNSh-labeled test strip was selected over the AuNSp-labeled 

version for further testing.

3.2. Immunoreaction kinetics analysis with ACCESS Hybritech tPSA calibrator

The kinetic curve of detection antibody (AuNSh-anti-PSA-antibody) and antigen (tPSA 

captured on test line) interaction was determined to decide the optimal time at which 

measurements can be made with Cube™ reader for tPSA testing. A 20 μL sample of the 

calibrator was added to the test strip along with 60 μL of the running buffer. Test strips 
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were run in triplicates for each concentration available in the calibrator kit. The test strip 

was inserted into the test strip adapter of the Cube™ portable test strip reader. The signal 

intensities of the T line and C line were recorded on Cube™ every 30 sec for 30 min duration 

after addition of sample. As shown in Fig. 5, the kinetic curves were analyzed by plotting 

the signal intensity of T line measured by the Cube™ against time. It can be observed that 

there is measurable difference in average test line intensity for concentrations as early as 

within 5 to 10 min for tPSA concentrations 10 ng/mL and above. However, at concentrations 

of 2.5 ng/mL and lower, the difference in average test line intensities is only measurable 

between 15 and 20 min. Therefore, all measurements with Cube™ were made at 20 min to 

obtain a measurable difference in test line intensities for the concentration ranging from 0.5 

to 150 ng/mL.

3.3. Calibration curve with ACCESS Hybritech tPSA calibrator

The contents of the calibrator vials were mixed gently by inverting before use. AuNSh-

labeled test strips were run in triplicates for each concentration available in the calibrator 

kit. A 20 μL sample of the calibrator was added to the AuNSh-labeled test strip along with 

60 μL of the running buffer. After 20 min of reaction time, the test strip was inserted into 

the test strip adapter of the Cube™ reader to record the signal as TC ratio. Hybritech tPSA 

Calibrators provides two options for calibration - Hybritech calibration or WHO calibration. 

For Hybritech calibration, the analyte in the Access Hybritech PSA Calibrators is traceable 

to the manufacturer’s working calibrator with the Traceability process based on EN ISO 

17511. For WHO calibration, the analyte in the calibrators is traceable by comparison with 

a set of primary reference calibrators standardized to the WHO First International Standard 

(1st IS) for PSA (WHO 96/670). Testing with calibrator is useful to determine whether 

the selected antibodies and test strip configuration are suitable to achieve the detection 

range. Fig. 6 shows a scatterplot and power model fitted trendline for a set of 5 calibrator 

concentrations tested with AuNSh-labeled test strips, with tPSA calibrator concentrations 

shown on x-axis and average TC ratios measured with Cube™ shown on the y-axis. Error 

bars represent standard deviations of measured TC ratio results from samples assayed 

in triplicate. The fitted power model was [TC ratio] = 0.0229*[tPSA, calibrator]0.7991, 

where [tPSA, calibrator] and [TC ratio] represent tPSA calibrator concentration (ng/mL) and 

measured average TC ratio with Cube™, respectively. The overall regression was statistically 

significant with R2 = 0.9938, 95% CI [0.9210, 0.6771], F (1, 3) = 434.97, p < .0001. Test 

results with tPSA calibrators confirmed that the selected antibody pair in a sandwich assay 

format and the test strip configuration provided the detection range covering tPSA calibrator 

concentrations in the range 0.5–150 ng/mL

3.4. Calibration curve with archived serum samples

The performance of the AuNSh-labeled tPSA test strips was further evaluated with archived 

human serum samples (n = 18). Gold standard reference quantification for tPSA was 

done by testing with Siemens IMMULITE 2000 automated immunoassay system. For each 

sample assayed in triplicate, testing with the point of care approach involved adding 20 

μL of the serum sample and 60 μL of running buffer to the test strips. Representative 

images of the colorimetric changes of the test and control lines on the test strip after 

test completion at various known concentrations of serum samples shown below each test 
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strip image, in increasing order from left to right, are presented in Fig. 7A. As expected 

for a sandwich assay format, it can be observed from the test strip images in Fig. 7A 

that the intensity of test line also increases as the concentration of tPSA increases, with 

no measurable test line for negative control sample. The test results from test strips were 

included in the analysis if at least one of the test strips developed completely with both 

control line and test line detected by the Cube™ reader. We selected TC ratios data for 

a subset of the serum samples against the corresponding reference method (IMMULITE) 

results to obtain an initial calibration curve. This calibration curve was then applied to 

predict the tPSA concentrations of the remaining samples tested with our point-of-care 

screening test approach. Fig. 7B shows a scatterplot and the regression line for a set of 

13 samples, with predicted tPSA concentrations from point-of-care approach on y-axis and 

tPSA concentrations quantified by IMMULITE method on the x-axis. Error bars represent 

standard deviations of predicted tPSA concentration results from tests run in triplicate. 

Simple linear regression was used to test if the point-of-care approach significantly predicted 

tPSA concentrations quantified by gold standard IMMULITE method. The fitted regression 

model was [tPSA, POC] = 1.2354*[tPSA, IMMULITE] + 1.4737, where [tPSA, POC] and 

[tPSA, IMMULITE] represent predicted tPSA concentration (ng/mL) from point-of-care 

approach and measured tPSA concentration (ng/mL) by IMMULITE, respectively. The 

overall regression was statistically significant with R2 = 0.902, 95% CI [0.9488,1.521], 

F (1, 10) = 92.311, p < .0001. Intraclass correlation (Koo and Li, 2016) (ICC) test with 

one-way random, average score model was calculated to assess agreement between averaged 

measurement of three readings for each concentration tested with point-of-care approach and 

IMMULITE testing. Based on the 95% confident interval of the ICC estimate, values less 

than 0.5, between 0.5 and 0.75, between 0.75 and 0.9, and greater than 0.90 are indicative of 

poor, moderate, good, and excellent reliability, respectively (Koo and Li, 2016). Calculated 

ICC was found to be excellent with calculated ICC (1, 3) value of 0.916 (95% CI, 0.707–

0.977).

3.5. Testing with spiked whole blood and extracted serum

Commercially purchased human whole blood from female donors (n = 6) was used for 

the whole blood analysis. Studies show that PSA is present at very low concentrations in 

female serum and with conventional PSA assays with a detection limit of 0.1–0.01 ng/mL, 

PSA is detectable in less than 10% of female sera (Melegos et al., 1997). The focus of 

this analysis is to determine if the AuNSh-labeled test strip is compatible with whole blood 

matrix. Refrigerated whole blood samples were first brought to room temperature. It was 

observed that no measurable TC ratio signals were recorded with Cube™ reader when whole 

blood samples were used as is without any spiking with tPSA. Whole blood samples were 

spiked with tPSA from the commercial tPSA calibration kit with concentration ranging 

2.5–75 ng/mL. Testing involved adding 20 μL spiked whole blood sample with 80 μL of 

the running buffer. Test samples were assayed in triplicates for each spiked whole blood 

concentration tested. Serum samples from the spiked whole blood samples were extracted 

by centrifugation at 1500g for 20 min. Extracted serum samples were tested by adding 20 

μL of serum with 80 μL of the running buffer and test strips were run in triplicates for 

each extracted serum sample. Representative images of the colorimetric changes of the test 

and control lines on the test strip after test completion at various known concentrations 
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of spiked whole blood samples (top row) and extracted serum samples (bottom row) are 

presented in Fig. 8A. Fig. 8B shows a grouped bar chart, where the x-axis indicates spiked 

tPSA concentrations and the y-axis indicates average test line intensities measured with 

Cube™ reader in for spiked whole blood and extracted serum pairs for each spiked tPSA 

concentration tested. Red dashed and blue dotted lines represent third order polynomial 

model trendline fitted for spiked whole blood and extracted serum data, respectively. The 

fitted regression model for spiked whole blood data (R2 = 0.9813) was [TC ratio, spiked 

whole blood] = −0.0003*[tPSA, spiked]3 + 0.0116* [tPSA, spiked]2 – 0.027*[tPSA, spiked] 

+ 0.0598, where [tPSA, spiked] and [TC ratio, spiked whole blood] represent spiked tPSA 

calibrator concentration (ng/mL) and measured average TC ratio with Cube™ for spiked 

whole blood samples, respectively. The fitted regression model for extracted serum data 

(R2 = 0.9821) was [TC ratio, extracted serum] = −0.0004*[tPSA, spiked]3 + 0.0151*[tPSA, 

spiked]2 – 0.0502*[tPSA, spiked] + 0.0853, where [tPSA, spiked] and [TC ratio, extracted 

serum] represent spiked tPSA calibrator concentration (ng/mL) and measured average TC 

ratio with Cube™ for extracted serum samples, respectively. It can be observed that the 

measured TC ratio values increased with increasing tPSA concentration for both spiked 

whole blood and extracted serum sample pairs, as expected for a sandwich assay format 

implemented in the test strip design. It can also be observed from Fig. 8B, that the average 

TC ratio values with spiked whole blood was lower than the corresponding extracted 

serum for the spiked whole blood and extracted serum pairs tested, especially at tPSA 

concentrations ranging 12.5–75 ng/mL. Differences in whole blood and serum sample 

viscosities leads to different wicking speeds and thus different flow rates through the test 

strip membrane. And viscosity dependent flow rates due to various samples viscosities 

causes varying incubation times for the molecules at the binding sites. The consequence 

is viscosity bias in the signal intensities and thus over- or underestimations of the analyte 

concentrations (Kainz et al., 2021). The use of running buffer helps in reducing the viscosity 

effects of various sample types. Besides viscosity effects, test line intensity with samples 

such as whole blood is reduced in a sandwich assay format when compared to serum due to 

possible interference from matrix components of whole blood, referred to as matrix effect 

(Wood, 1991). For whole blood and serum samples, differences in background color of 

the nitrocellulose membrane can be observed when hemolysis occurs, and this background 

color can interfere with measurement of colorimetric changes on the test line by the test 

strip reader. Hemolysis can be reduced by proper choice of blood separation membrane and 

running buffer. In our previous work, we have reported (Lu et al., 2018) development of 

technology referred to “high yield passive erythrocyte removal” (HYPER), which utilizes 

capillary forces in a unique cross-flow filtration for the separation of whole blood with 

performance comparable to centrifuge. Also, use of freshly collected blood that is used 

immediately on the test strip is less prone to hemolysis with more uniform flow when 

compared to stored whole blood.

4. Discussion

In this study, we demonstrated a proof of concept for a sandwich-type lateral flow 

immunoassay based on a AuNSh label with a highly portable reader for the quantification of 

tPSA concentrations in human serum and spiked whole blood samples.
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4.1. Study strengths and limitations

The number of test samples used in our current study was limited as the focus of this study 

was to develop a proof of concept and test the prototype with a range of tPSA concentrations 

with archived serum and spiked whole blood samples, while keeping the initial development 

costs to a minimum. In future studies, we plan to optimize the performance of the tPSA 

point-of-care technology using freshly collected whole blood by fingerprick in human 

validation studies among greater number of participants, to improve the calibration curve 

and perform a comprehensive evaluation of diagnostic performance. De-identified serum 

samples with a wide range of known tPSA concentrations quantified by gold standard 

IMMULITE method were used for validation of the point-of-care method in the lab. The use 

of known range of serum tPSA concentrations introduces sampling bias and can be tested 

in future work by blinding the results from gold standard method and point-of-care method. 

Source of Interference from sample matrix components such as the various anticoagulants 

used during whole blood collection, loss of analytes during serum isolation process can 

introduce measurement bias and further studies with different types of anticoagulants can 

be useful in determining the sample compatibility with the developed assay. Test strips 

were manually assembled and measurement bias due to differences in various batches of 

test strips can be reduced in future work by contract manufacturing test strips at a test 

strip manufacturing facility after optimizing test strip design through more rigorous testing. 

Patient information such as age and ethnicity were not considered in this study as the focus 

was to perform preliminary validation and analytical performance characterization of the 

lateral flow immunoassay in terms of detection range, selection of antibodies, selection of 

various buffers, test strip membrane components and comparison with results from gold 

standard laboratory method.

4.2. Comparison of AuNSh and AuNSp-labeled test strips

We compared the results of tPSA quantification with AuNSh-labeled test strips against the 

widely used 40 nm gold AuNSp label. We demonstrated that the AuNSh -labeled test strips 

provided a higher intensity of colorimetric signal for the test line over the entire range 

of tPSA concentrations tested. It was also observed that at a lower concentration of 0.5 

ng/ml, AuNSh test strips produced a readable signal with Cube™ whereas no measurable 

signal could be recorded with AuNSp-labeled test strips. The percentage increase in test 

line colorimetric signal intensity with AuNSh-labeled test strips when compared to AuNSp 

ranged from 64.3% (at tPSA concentration 2.5 ng/ml) to 188.3% (at tPSA concentration 10 

ng/ml). AuNSh as a label provides the advantage of detecting lower concentrations of tPSA, 

with 5 times lower detection limit than AuNSp, without the need for any additional signal 

amplification steps such as silver enhancement or use of fluorescent labels that require 

specialized test strip readers with additional optics that are expensive.

4.3. Immunoreaction kinetics analysis

The time instant at which the test strip signal is measured with the Cube™ reader is critical 

since the test line colorimetric signal intensity and the difference in test line intensities at 

various concentrations of tPSA tested is time dependent. At lower concentrations in the 

range 0.5–2.5 ng/mL, the difference in test line intensities between 0.5 and 2.5 ng/mL was 
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measurable with the Cube™ as early as 10 min, with the measured signal intensity at 2.5 

ng/mL twice that of 0.5 ng/mL. At 20 min, the test line intensity for 2.5 ng/mL is 3.7 times 

higher than 0.5 ng/mL. At lower concentration ranges, close to the tPSA cutoff value of 

4 ng/mL, the test line intensity tends to have less fluctuations as time progresses. The test 

strip readout time was chosen as 20 min to achieve repeatable results, to account for and 

minimize the signal variations expected between test strips of different batches produced. 

In future, the optimal readout time required can be reduced to as low as 10 min, by further 

optimizing the test strip preparation steps and preferably with test strips assembled by 

automated test strip manufacturing process.

4.4. Testing with various sample types

We determined calibration curves for the point-of-care tPSA assay with commercially 

available ACCESS Hybritech PSA calibrators and archived serum samples with tPSA 

quantified on IMULLITE analyzer. The detection range demonstrated with the calibrator 

kit was 0.5 to 150 ng/mL. The point-of-care tPSA assay was successfully applied to quantify 

tPSA concentrations in archived serum samples with concentrations ranging from 2.2 to 65 

ng/mL. The performance of tPSA quantification with our point-of-care screening technology 

was comparable to performance of the laboratory standard IMMULITE for serum samples. 

On preliminary testing with archived serum samples and comparison with IMMULITE, a 

correlation of 0.95 (p < .0001) was observed.

We also tested whole blood samples spiked with tPSA calibrator to confirm the 

compatibility of the test strips with possible interference due to whole blood matrix 

components. Extracted serum from spiked whole blood samples was tested to compare the 

measured signal intensities. It observed that the measured TC ratio values increased with 

increasing tPSA concentration for both spiked whole blood and extracted serum sample 

pairs, as expected for a sandwich assay format implemented in the test strip design. And 

overall, the signal intensity for extracted serum was greater than whole blood samples and is 

expected due to viscosity effects and possible interference from matrix components of whole 

blood.

4.5. Role of tPSA

Studies have estimated that elevated tPSA concentrations may precede clinical 

manifestations of prostate cancer by 5 to 10 or more years (Gann et al., 1995) (Draisma 

et al., 2003). However, elevated tPSA may also be observed without PCa in men with 

ongoing benign conditions such as benign prostatic hyperplasia or transient conditions 

such as prostatitis. The most accepted serum tPSA cut-off for predicting PCa is 4.0 

ng/mL. However, in certain conditions such as where the patient is taking a 5-alpha 

reductase inhibitor (ARI), a correction factor is to be applied to tPSA result for accurate 

interpretation, since ARIs are known to lower total PSA results. Some experts prefer age 

cohort-specific reference ranges for tPSA, instead of relying on a single cutoff value for all 

age groups. Serum tPSA levels generally are known to increase with age, partly because 

of the likelihood of benign enlarged prostate in older men leading to producing larger 

amounts of PSA. However, currently sufficient data is not available to support precise age 

cohort-specific reference values. Besides age, men from different ethnic and racial groups 
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without PCa have different average tPSA concentrations. Studies have shown that black 

men without prostate cancer tend to have higher PSA values than white men without 

prostate cancer. It has been proposed that the definition of a “normal” PSA should vary 

by race using race-specific reference ranges (Morgan et al., 1996). However, in clinical 

practice race-specific reference ranges for tPSA are not typically applied currently for PCa. 

Another application of tPSA screening test is for patients who are undergoing treatment 

for PCa These patients require frequent serum tPSA quantification and the availability of 

a point-of-care screening test that can be performed at home will play a significant role in 

improving patient compliance.

5. Conclusions

Most tPSA testing currently depends on dedicated centralized laboratories using large, 

automated analyzers, with increasing turnaround times causing delays in patient care, and 

increased administration and medical costs. The 150 nm diameter gold nanoshell label 

reported in this study can be applied as an alternative to the widely used 40 nm gold 

nanospheres for various lateral flow assays to increase the colorimetric signal intensities 

without additional signal amplification steps and achieve lower detection limits. The 

application of point-of-care approach for tPSA quantification has the capability to quantify 

tPSA from a drop of serum or whole blood within a few minutes. Oncologists and urologists 

in clinical practice worldwide often depend on a serum PSA quantification test to direct 

patient care for both initial PCa screening and for post-treatment monitoring of patients. 

More often an additional visit by the patient is needed after obtaining the test results from 

the diagnostic lab with a long turnaround time. Our point- of-care test has the potential 

to significantly simplify and accelerate patient care by enabling serum tPSA test while the 

patient is still in the doctors’ office for the consultation. This near-patient screening with 

results available within 20 min would enable physicians to quickly decide if additional 

diagnostic testing with a multiparametric MRI or prostate biopsy is required for the patient.
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Fig. 1. 
(A) Conjugation protocol for gold nanoshells (AuNSh) to anti-PSA antibody (B) 

Conjugation protocol for gold nanospheres (AuNSp) to anti-PSA antibody. Created with 

BioRender.com.
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Fig. 2. 
Lateral flow test strip components with sandwich assay format for quantification of tPSA. 

Created with BioRender.com.
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Fig. 3. 
(A) Schematic showing the testing protocol (B) main data processing steps within the 

Cube™ reader.
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Fig. 4. 
(A) Representative images of colorimetric changes of the test and control lines on the 

AuNSh and AuNSp-labeled versions of test strips for various tPSA calibrator concentrations 

(B) Gouped bar chart where the x-axis indicates average test line intensities measured 

with Cube™ reader in AUNSh and AUNSp-labeled test strip pairs grouped by each tPSA 

calibrator concentration tested (shown on y-axis).
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Fig. 5. 
Immunoreaction kinetics with test line intensities measured by Cube™ plotted on y-axis 

against time on x-axis, for each tPSA concentration from the calibration kit. Shaded region 

around the data line represents error bars based on standard deviation.
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Fig. 6. 
Calibration curve fitted with a power model for TC ratio measured with Cube™ for AuNSh-

labeled test strips tested with various concentrations of Access Hybritech PSA calibrator.
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Fig. 7. 
(A) Representative images of the colorimetric changes of the test and control lines on 

the test strip after test completion at various known concentrations of serum samples 

shown below each test strip image, in increasing order from left to right (B) Comparison 

of predicted tPSA concentrations from point-of-care approach on y-axis and tPSA 

concentraitions quantified by IMMULITE method on the x-axis. Error bars represent 

standard deviations of predicted tPSA concentration results from serum samples assayed 

in triplicate. Simple linear regression was used to test if the point-of-care approach 

significantly predicted tPSA concentrations quantified by gold standard IMMULITE 

method.
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Fig. 8. 
(A) Representative images of the colorimetric changes of the test and control lines on the 

test strip after test completion at various tPSA concentrations of spiked whole blood samples 

(top row of images) and extracted serum samples (bottom row) (B) Grouped bar chart, 

where the x-axis indicates spiked tPSA concentrations and the y-axis indicates average test 

line intensities measured with Cube™ reader for spiked whole blood and extracted serum 

pairs for each spiked tPSA concentration tested. Red dashed and blue dotted line represent 

third order polynomial trendline fitted for spiked whole blood and extracted serum data, 

respectively.
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