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1. Introduction 
Proteinuria, characterised by elevated concentrations of protein in 

the urine, is often associated with an increased risk of renal failure 

[1,2], along with other health conditions like heart disease, diabetes, 

and infections [3]. Typically, healthy kidneys filter out less than 150 

mg of protein daily, with approximately 20 mg of that being 

albumin [4]. Protein concentrations in urine ranging from 30 to 

300 mg per day are classified as microalbuminuria, while those 

exceeding 300 mg per day are classified as proteinuria [3]. 

Additionally, if the daily concentration exceeds 3.5 g of protein, it is 

categorised as nephrotic range proteinuria. Proteinuria may arise 

from direct damage to the kidney's glomeruli or from the immune 

system's response to an infection occurring elsewhere in the body 

[5]. Frontline protein concentration evaluation in urine is often 

performed through a urine dipstick analysis. Although it does not 

require complex sample preparation before analysis as some other 

methods, it has low sensitivity for lower protein concentrations, for 

individuals with an albumin/creatinine ratio (ACR) ≥ 30 mg/g, 

being only recommended as a screening tool in older outpatients 

with ACR ≥ 300 mg/g [6]. As such, these dipsticks might prove 

inconclusive for some evaluations with a lower protein 

concentration. 

Other methods can be used for a more accurate protein 

concentration determination, such as mass spectrometry, 

immunoassays, fluorescence spectroscopy or Raman spectroscopy. 

However, these require more extensive sample preparation 

protocols, are more labour-intensive and time-consuming, and also 

require expensive equipment [3]. Other colorimetric methods, such 

as the Bradford assay or the Bicinchoninic Acid (BCA) Assay, can 

also be used to estimate total protein concentration. However, all 

these have specific limitations, such as incompatibility with 

surfactants, a wide range of requirements on needed reagents, or 

lack of specificity for proteins [7]. Apart from these more 

conventional methods for protein detection, nanomaterials can also 

be used to detect protein in urine. Several studies in the literature 

report protein-nanoparticle interactions, often accompanied by 

colorimetric alterations and the occurrence of precipitation [8]. 

Moreover, the formation of a protein corona is also described when 

protein and nanoparticles dynamically interact with each other, 

forming hard and soft coronas. These interactions depend on many 

factors, namely, the surface functionalisation of the nanoparticles, 

nanoparticle surface charge and size, protein composition, and 

incubation time [9–12]. The adsorption of different proteins to 

form a protein corona via colorimetric changes was quantitatively 
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characterised by UV-vis absorption spectroscopy [13]. In this assay, 

four models of proteins were successfully determined with a 

concentration range of up to 80 µg/mL in water and up to 200 µg/

mL in human urine. Moreover, this assay also stands out from 

conventional commercial protein assays since it allows 

instantaneous quantification. However, despite being a faster and 

easier technique, absorption spectroscopy is still necessary for 

quantification. In recent years, there has been increasing interest in 

integrating smartphones and image processing programs into 

chemical analysis, facilitating environmentally friendly, rapid, and 

cost-effective analytical procedures [14]. Extensive research has 

been conducted on digital image colourimetry (DIC) as a versatile 

qualitative and quantitative analysis technique across various 

sample types, including heavy metals [15], pesticides [16], 

antibiotics [17], and food products [18]. Despite its versatility, DIC 

has been underutilised for protein quantification, leaving a 

significant gap in the research and application of this technique for 

protein analysis and detection of proteinuria.  

Taking advantage of these points, our work sheds light on the 

development of a more accurate method. Gold nanoparticles 

(AuNPs) show distinct colours according to the protein-

nanoparticle ratios. This allows for a visual determination of 

albumin in water and protein in urine samples with a minimum 

concentration of 25 µg/mL. To make the method accessible to 

everyone, a mathematical model was developed based on the Red-

Green-Blue (RGB) characteristics of the colorimetric responses. 

This model enables the calculation of protein concentration from a 

simple smartphone image, providing a convenient, fast, and 

portable solution for protein quantification. As such, the use of 

nanotechnology combined with DIC methods for protein 

quantification could bring some advantages for preliminary 

screenings, not requiring extensive equipment and utilizing a 

simple sample preparation. 

2. Materials and methods 

2.1. Chemicals and Starting Materials 

Hydrogen tetrachloroaurate (III) trihydrate (99.99%) was 

purchased from Thermo Scientific. Sodium citrate, tribasic 

dihydrate (≥ 99%), Bovine Serum Albumin (BSA ≥ 96%) and 

Bradford reagent were purchased from Sigma-Aldrich. Reagents 

were used as received. 

2.2. Instrumentation  

The Nanoparticle size and zeta potential were determined using a 

Dynamic Light Scattering (DLS) Malvern NanoZetasizer, with a 

633 nm laser diode (PROTEOMASS Scientific Society, Caparica, 

Portugal). UV-Vis absorption spectra were acquired in a Jasco V-

650 Spectrophotometer (Jasco Corporation, Tokyo, Japan). 96-well 

plate readings were performed using a CLARIOSTAR 

Spectrophotometer (BMG Labtech) (PROTEOMASS Scientific 

Society Facility). Transmission Electron Microscopy (TEM) images 

were obtained in a JEOL JEM-2100-HT operating at 200 kV; TEM 

images were collected using a "OneView" 4k×4k CCD camera. 

Photography of the 96-well plates for the RGB assessment assay 

was taken using smartphones, models OPPO Reno8 Lite, Samsung 

Galaxy S21 FE 5G and an iPhone 14 Pro. The Simplicity® UV 

ultrapure water purification system from Merck Millipore was used 

to produce ultrapure water for all the experiments. 

2.3. Gold Nanoparticle Synthesis and Characterization  

AuNPs were synthesised according to an already established 

Turkevich method [19]. Briefly, 4.9 mg of hydrogen 

tetrachloroaurate (III) was dissolved in 12.5 mL of ultrapure H2O, 

and the obtained solution was heated at 100 ºC under stirring at 

300 rpm. Then, 1.25 mL of a 10 mg/mL sodium citrate aqueous 

solution was added to the reactional mixture, and it was left under 

reflux for approximately 15 minutes until a deep red colour was 

observed. After the colorimetric alteration, the solution was left to 

cool down to room temperature. Until further use, the obtained 

nanoparticles were stored as obtained at 4 ºC to avoid degradation. 

The obtained nanoparticles were promptly characterized by 

acquiring the respective absorption spectrum, and their size and 

zeta potential were determined through DLS measurements. TEM 

images were collected to evaluate particle size and morphology. 

2.4. Albumin Colorimetric Detection with AuNPs in Aqueous 

Media  

To analyse possible protein interactions with AuNPs the following 

experiments were conducted and measured by DLS and UV-Vis 

spectrum: AuNPs (1.7 mL H2O + 300 µL AuNPs + 1.01 mL H2O); 

AuNPs-BSA (1.7 mL H2O + 300 µL AuNPs + 10 µL BSA 2 mg/mL 

+ 1 mL H2O); AuNPs-BSA-NaCl (1.7 mL H2O + 300 µL AuNPs + 

10 µL BSA 2 mg/mL + 1 mL NaCl 5 M); AuNPs-NaCl (1.7 mL H2O 

+ 300 µL AuNPs + 10 µL H2O + 1 mL NaCl 5 M). To further 

evaluate the system's colorimetric behaviour, a high-throughput 

miniature set of experiments following similar conditions was 

performed in a 96-well plate. In a 96-well plate, a gradient 

concentration of BSA in aqueous solution, ranging from 0 to 97 µg/

mL, was prepared with a total volume of 170 μL per well. Next, 30 

μL of the synthesised AuNPs were added to each well. Finally, 20 

μL of an aqueous 5 M NaCl solution was added to each well. 

Respective controls, without BSA and NaCl, were also performed 

under the same conditions.  

2.5. Total Protein Colorimetric Detection with AuNPs in Urine 

Samples 

2.5.1. Urine sample collection and treatment  

Six urine samples from healthy volunteers and one from a 

colorectal cancer patient (CRC patient) were collected in sterile 

collection flasks following informed consent. Before handling, the 

urine was filtered through a paper filter to remove precipitates. The 

filtered urine was then diluted 1:20 using ultrapure H2O and used 

throughout the study. 
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2.5.2. Total Protein Colorimetric Detection with AuNPs in Urine 

Samples  

Healthy urine samples were spiked with varying concentrations of 

BSA (from a stock solution of 2 mg/mL) ranging from 0 to 97 μg/

mL. In a 96-well plate, 170 µL of each spiked urine solution and 

CRC patient urine was added, followed by 30 µL of AuNPs and 20 

µL of NaCl. One row of wells without NaCl was used as a negative 

control to evaluate the response without NaCl. 

2.6. Protein Quantification 

2.6.1. Total Protein Quantification using Bradford Assay 

Total protein quantification of CRC patient urine was performed 

through a Bradford protein assay [20]. A calibration curve was 

generated using the following concentrations of BSA stock 

solutions  in ultrapure H2O: 0, 0.25, 0.5, 1.0 and 1.4 g/L. Five 

microliters of each stock solution were added to a 96-well plate, 

followed by 250 µL of the Bradford reagent. Five microliters of each 

urine sample were also added to the 96-well plate with 250 µL of the 

Bradford reagent. Each experiment was performed in duplicate. 

The UV-Vis measurements were conducted at 595 nm. 

2.6.1. Protein Quantification using the RGB Method 

A calibration curve was obtained by photographic collection of a 

BSA aqueous gradient in water from 0 to 97 µg/mL in the presence 

of AuNPs and NaCl in a transparent 96-well plate. Smartphone 

models used for photographic collection were Samsung Galaxy S21 

FE 5G, OPPO Reno 8 Lite and iPhone 14 Pro. After photograph 

collection, an RGB analysis of each well was conducted with the 

image software ImageJ. Mean and specific channel values (red 

channel, green channel, and blue channel) were collected through 

specific analysis of the respective well and used to calculate the 

Response value using the following formula [21]:  

 

Response (%) = 100 × ([RGB]sample – [RGB]mean)/([RGB]mean - [RGB]ref) (1) 

 

Where [RGB]sample: RGB value obtained for the well holding the 

sample; [RGB]mean: RGB value obtained for the wells without adding 

NaCl; [RGB]ref = 255. The obtained Response values were plotted in 

a linear regression model against log10[BSA] present in each well, 

yielding the following equation [21]: 

 

Response (%) = m log[BSA] + b   (2) 

 

Where m: slope of the linear regression curve; b: y-intercept of the 

obtained linear regression curve. Additionally, the limit of 

detection (LOD) was also calculated from the following formula 

[21]: 

 

LOD = 3.3 ×(σ/m) (3) 

 

Where: σ is the standard deviation of the response and m: slope of 

the linear regression curve obtained from the previous equation. 

3. Optical Properties of Metallic NPs  

3.1. AuNPs Synthesis and Characterization 

Citrate-capped gold nanoparticles (AuNPs) were synthesised 

following a well-reported Turkevich method [22]. The obtention of 

a deep-red characteristic colouration in the reactional mixture 

indicated a well-achieved AuNPs solution. The obtained 

nanoparticles were first characterised by UV-Vis spectroscopy and 

DLS analysis, summarising the results in Figure 1. AuNPs present a 

well-defined absorption profile consistent with those reported in 

the literature for spherical AuNPs, with a typical plasmonic band 

appearing at 523 nm. Their hydrodynamic diameter (HD) was 32.5 

± 0.3 nm, with a polydispersity index (PDI) of 0.556 ± 0.002. The 

obtained zeta-potential (ζ) was -30.2 ± 0.7 mV, confirming the 

successful citrate capping of the particles. TEM was also performed 

to verify the dispersity, size and morphology of the synthesized 

nanoparticles. The obtained nanoparticles present a well-defined 

spherical shape with an average diameter of 14 ± 2 nm. These 

values are in accordance with others reported in the literature for 

similar particles [22]. 

Figure 1. Characterisation of AuNPs: (A) absorption spectra; inset: colourimetric evaluation of the freshly synthesised AuNPs; (B) Size distribution for 
nanoparticles from TEM analysis; (C) TEM image; and (D) size and particle surface charge of the synthesised nanoparticles.  
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3.2. AuNPs-Protein Interaction in Aqueous Environments 

To evaluate any interactions that might occur between the 

nanoparticles and protein, AuNPs were diluted with a dilution 

factor of 0.18 to a total volume of 2 mL, yielding a homogeneous 

deep-red nanoparticle suspension. Subsequently, 10 μL of a 2 mg/

mL BSA aqueous solution was added to the solution. BSA was 

selected as a model protein, as albumin is the most prevalent 

protein in physiological contexts, and the bovine counterpart has 

similar characteristics to that of the human one. Upon addition of 

the protein, no colorimetric alterations were verified; however, after 

the addition of 1 mL of a 5 M NaCl aqueous solution, a substantial 

colorimetric alteration occurred from red to purple, as seen in 

Figure 2. Upon the addition of NaCl, in the absence of BSA, the 

nanoparticles lost their deep-red colouration, turning into a clear/

grey solution. At each stage, the absorption spectra were collected, 

and other properties were analysed through DLS, as summarised in 

Figure 2. BSA was added to the AuNPs suspension to a final 

concentration of 10 μg/mL in the cell. Despite this addition, no 

colorimetric alterations were observed, with the suspension 

maintaining its characteristic red colouration. However, from 

analysis of the UV-Vis spectra, a slight alteration of the absorption 

maximum was observed, with a shift occurring from 523 to 526 nm. 

This slight redshift is consistent with reports in the literature 

regarding protein-AuNPs interaction, possibly through the 

formation of a “protein corona” [23]. A slight alteration in the 

hydrodynamic diameter obtained for the AuNPs in the presence 

and absence of BSA was also verified. This alteration can be derived 

from forming a “soft corona”, meaning the formation of a dynamic 

layer of protein at the surface of the nanoparticles. 

Figure 2. (A) Absorption spectra of free AuNPs (red); AuNPs in the presence of BSA (blue); AuNPs in the presence of BSA and NaCl (green); AuNPs in the 
presence of NaCl (black). (B) Colourimetric alterations of the tested conditions; (C) Hydrodynamic diameter, polydispersity index and zeta potential of AuNPs 

in response to the different tested conditions.  

This interaction is, however, clearly noticeable from the zeta-

potential data obtained for both solutions. Without the addition of 

BSA, the AuNPs presented a surface charge of ca. -30 mV, a typical 

charge for citrate-capped AuNPs, due to the negative charge of the 

citrate moiety [24]. However, upon BSA addition, this charge was 

altered to ca. -21 mV. This alteration is indicative of BSA-AuNPs 

surface interactions, partially neutralising the inherent negative 

surface charge of the nanoparticles. Interestingly, when adding 1 

mL of an aqueous solution of NaCl 5 M, drastically increasing the 

ionic strength of the solution, a colorimetric alteration took place, 

changing from red to purple hue. Once again, this alteration was 

accompanied by a visible alteration in the absorption spectra, where 

the maximum peak suffered a redshift to 547 nm and a decrease in 

the absorbance intensity, followed by an increase in the 

hydrodynamic diameter from 33 nm to 276 nm.  Such high values 

indicate aggregation or clustering phenomena in solution, 

modulated by the increased ionic strength induced by adding NaCl.  

Moreover, the zeta-potential measurements indicate a very 

pronounced charge alteration from the negative values obtained 

without NaCl. This drastic shift from negative to positive occuring 

in response to the increased ionic strength of the solution. Several 

mechanisms might be responsible, however, considering the 

hydrodynamic diameter values obtained, aggregation phenomena 

are the most likely to occur. However, another explanation might 

involve the compression of the electric double layer [25]. This 

compression could reduce the negative charge available at the 

surface of the particles, leading to a charge reversal. This effect 

might also become more pronounced if the free ions in solution 

adsorb preferentially to the protein corona, particularly Na+ ions, 

resulting in a more positive zeta potential.  
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To best understand the role of NaCl and BSA in these systems, 

measurements were performed in the same conditions as before, 

replacing the BSA solution with water. The nanoparticles lost their 

red colour upon the addition of NaCl, acquiring a clear aspect, with 

no trace of the purple hue observed in the presence of BSA. Once 

again, this alteration was accompanied by alterations in the UV-Vis 

spectra, consistent with other spectra reported in the literature for 

AuNPs in the presence of increasing NaCl concentrations [24]. 

Once again, a drastic increase in hydrodynamic diameter was 

observed, surpassing the values observed for the AuNPs in the 

presence of BSA and NaCl. These results are once again indicative 

of the occurrence of aggregation phenomena. Comparing the 

hydrodynamic diameter measurements obtained for AuNPs-NaCl 

in the presence and absence of BSA underscores the role of BSA in 

the AuNPs stabilisation in solution. The presence of BSA appears to 

help the nanoparticle's stabilisation in the presence of higher ionic 

strength, although some aggregation persists. Additionally, 

considering the zeta-potential values obtained for the AuNP-NaCl 

condition of ca. -3.8 mV, being less negative than those presented 

by the AuNPs alone but not as positive as the system in the 

presence of BSA (ca. 55 mV). These differing values might arise due 

to the absence of a protein corona. As no protein corona exists, 

fewer Na+ ions can interact with the negatively charged citrate 

molecules present on the surface of the particle, thereby 

neutralizing part of the surface charges available. Under these 

conditions, the ratio between Na+ ions and citrate molecules was 

approximately even, as almost all charges were neutralized. The 

slight negative charge remaining most likely originates from the 

citrate molecules that did not interact with the sodium ions in 

solution. 

3.3. High-Throughput Colorimetric Protein Detection in H2O 

Following the above-described assays, the method was scaled down 

and further optimized for a high-throughput analysis in ultrapure 

water. Using a 96-well plate as a high-throughput platform, four 

conditions were prepared, as seen in Figure 3. The four conditions 

tested yielded a clear differential colorimetric profile. Condition 1 

combined the AuNPs in a constant concentration with increasing 

[BSA] ranging from 0 to 97 μg/mL (0, 1, 2, 5, 10, 25, 50, 97 µg/mL). 

Additionally, a constant NaCl concentration was added to each of 

the wells. Condition 2 consists of the AuNPs in the presence of BSA 

without the addition of NaCl. Condition 3 consists of the AuNPs in 

the presence of NaCl without adding BSA. Finally, Condition 4 

consists of AuNPs in water without BSA or NaCl. Similarly to what 

was verified and discussed in the previous section, the presence of 

BSA in solution, in contact with AuNPs, allows for the formation of 

a protein corona, which cannot be readily identifiable through a 

naked-eye assessment from the simple addition of protein to the 

AuNPs, requiring a revealing agent, which for the purposes of this 

work was NaCl. By increasing the ionic strength of the solutions, 

the nanoparticles tended to aggregate, losing their optical 

properties. This aggregation, associated with a loss of colour, is also 

verified in Condition 3, in which, in the absence of BSA, the 

solution went from a red/pink colouration, as seen in Conditions 2 

and 4, to a transparent/grey colour verified in Condition 3. As seen 

in Condition 1, upon adding NaCl to the BSA-AuNPs complex, the 

wells acquired a gradient of colouration, ranging from a grey/

purple hue to the expected red/pink, traditional of the AuNPs. 

With a lower [BSA], the amount of protein interacting with the 

AuNPs will be smaller, forming a less defined protein corona.  

Figure 3. (A) Colourimetric response of AuNPs-BSA solution (with increasing [BSA]), upon NaCl addition in water. (B) Schematic overview of the proposed 
mechanism of action for AuNP-protein interaction. 
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With the increase of [BSA], the interactions between protein and 

nanoparticles will also increase and strengthen the protein corona. 

Upon the addition of NaCl, the nanoparticles that have the 

strongest protein corona will not aggregate readily. This 

precipitation ratio will be inversely proportional to the 

concentration of BSA in the solution, meaning that the more 

protein in the solution, the less aggregation and precipitation 

phenomena will occur. This is also consistent with the observed 

colorimetric profile. The purple hue appears to be an intermediate 

state between total aggregation/precipitation and a complete 

protein corona that protects the nanoparticles and prevents the 

occurrence of these phenomena. 

3.4. AuNPs-Protein Interaction in Human Urine Samples 

Following the promising data obtained for scaling down the assay 

in water, the same methodology was applied to urine samples to 

assess the method’s applicability for protein detection in biological 

samples. Six different urine samples were collected from healthy 

volunteers (n = 6; 50% male and 50% female). To ensure sample 

and biological diversity, the urines were collected from healthy 

individuals with different hydration levels on the same day. The 

urine samples were first subjected to a simple paper filtration to 

remove any solid deposits and then diluted in H2O to a 1:20 ratio. 

Each diluted urine sample was then spiked with specific volumes of 

BSA to ensure a protein gradient of 0 to 97 μg/mL. Following this, 

170 μL of each spiked urine solution was added to a 96-well plate, 

followed by the subsequent addition of 30 μL of AuNPs and 20 μL 

of a 5M NaCl aqueous solution. The same colorimetric gradient was 

observed, consistent with the results obtained in the water-based 

assay as seen in Figure 4. The solution’s colouration shifted from a 

grey/purple hue to a red/pink hue as the BSA concentration in the 

solution grew. The BSA concentration range in urine was like the 

one tested in water, displaying a similar colorimetric behaviour 

across different samples. To verify the consistency of the assay, 

various urine samples were evaluated through this method, 

resulting in colour changes like those observed in water. The first 

five wells, corresponding to a BSA concentration of 0-10 μg/mL, 

exhibited a purple/grey hue, while wells from the sixth onward 

remained with the red/pink hue upon NaCl addition. This 

consistency obtained between the various samples aligns with the 

proposed mechanism in which, with the increase of BSA in 

solution, a more stable protein corona forms around the particles, 

decreasing the precipitation/aggregation phenomena that could 

occur upon the increase of ionic strength modulated via NaCl 

addition. A similar procedure was performed with the human urine 

of a patient with colorectal cancer without the addition of BSA. The 

total protein quantity in the sample was also quantified using 

Bradford assay. 

Figure 4. (A) Schematic overview of the urine analysis process, from urine collection and treatment to plate application. (B) Colorimetric response of AuNPs-
BSA solution (with increasing [BSA]), upon NaCl addition in urine. 

3.5. RGB Smartphone-Assisted Analysis for Protein 

Quantification  

As the method described above allowed for a qualitative 

determination of protein in solution through a colorimetric 

alteration, we aimed to develop a quantitative approach for protein 

quantification in solution, using AuNPs as colorimetric indicators. 

This approach was based on others already published in the 

literature, where, through RGB analysis of a photograph, it is 

possible to quantify a specific analyte that triggers a colorimetric 

response on the indicator [21,26,27]. To verify if such an approach 

was feasible, the first step was to confirm if a linear correlation 

between the RGB response and the respective BSA concentration in 

the solution could be obtained. To this end, a BSA gradient in water 

was performed with the following concentrations: 0, 1, 2, 5, 10, 25, 

50, 97 μg/mL, in the presence and absence of NaCl, like the above-

mentioned assays in water. Images of the plates were captured with 

a Samsung Galaxy S21 FE 5G smartphone positioned ca. 20 cm 

above the plate. The plates were photographed under natural light, 

without direct sunlight irradiation, to prevent reflectance 
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interference in the 96-well plate. The captured images were then 

analysed using the free, open-source ImageJ Software [28] to 

conduct an RGB analysis. A comprehensive colorimetric analysis 

was performed, obtaining the respective RGB means, as well as the 

individual Red, Blue and Green Channels for each well. A selection 

of 5000 pixels, circular area measurement in ImageJ, was performed 

in the center part of the wells and all subsequent measurements and 

colorimetric information was derived from this selection. From 

here, following a similar approach already reported in the literature, 

the Response % (R%) was calculated using Equation 1, as 

illustrated in Figure 5. 

 

Figure 5. (A) Colorimetric analysis of the water-based calibration curve. (B) Mathematical deduction for Response % calculation and linear correlation 
between Response % and log [BSA]. 

This percentage was calculated for all the obtained variations of the 

RGB analysis: RGB mean, Red Channel mean, Blue Channel mean, 

and Green Channel mean. The analysis demonstrated that the Red 

Channel values exhibited the most reliable results, demonstrating a 

strong linear correlation with protein concentration in solution. In 

contrast, the blue and green channels had a lower variation in 

response to the protein gradient and were discarded from further 

analysis. From here, all further studies were conducted exclusively 

using the Red Channel mean values. Figure 5 shows the images 

obtained, their colorimetric analysis, and their respective 

mathematical approaches. Using the Red Channel mean values it is 

possible to calculate the Response (%) and correlate it with the log

[BSA] values. A strong linear correlation between these two 

variables was obtained, demonstrating the feasibility of protein 

quantification through this method. Moreover, the Limit of 

Detection (LOD) was also calculated [21] from this dataset, being 

1.19 μg/mL, with respect to BSA concentration, a value comparable 

to other protein quantification methods, as seen in Table SN1. 

From here, we moved on to the evaluation of biological samples 

under the same conditions as described in the above sections, with 

respect to the assays involving urine samples. Once again, a 

constant BSA concentration gradient was maintained in the 

samples. Plate images were captured with three different 

smartphone models (Samsung Galaxy S21 FE 5G, OPPO Reno 8 

Lite and iPhone 14 Pro) to introduce variation in the analysis and 

assess the consistency of the method across different camera and 

smartphone models. Once again, the images were obtained under 

natural light without direct sun irradiation to avoid the occurrence 

of reflections in the photograph, at ca. 20 cm from the plate.  

The images obtained were evaluated using the ImageJ software, 

with mean Red Channel values obtained for each condition. After 

this colorimetric analysis, the recovery percentage was calculated to 

assess the accuracy of each smartphone model. Additionally, an 

ANOVA statistical analysis (n = 6; α = 0.05) was performed to 

evaluate the potential statistical variance within each smartphone 

model. The results, as shown in Table SN2, indicate that for all 

models, the p-values were greater than 0.05, suggesting no 

significant variation in recovery percentages among the individual 

measurements for each smartphone model. Table 1 summarises the 

results obtained for each smartphone model tested. All p-values 

were p > 0.05. The complete recovery data for all BSA 

concentrations and respective Recovery % values are included in 

the Supplementary Material. From the previous table's analysis, it 

becomes clear that the Recovery (%) values were close to 100%, 

demonstrating the assay's reliability in estimating a quantitative 

determination of protein in urine in the proposed conditions. 

Moreover, the statistical ANOVA analysis also demonstrates no 

significant differences between the smartphone models used, 

proposing that this method might be used regardless of the 

smartphone model and camera characteristics used. In addition to 

these analysis and validation tests, a similar approach was 

conducted using a urine sample from a patient with colorectal 

cancer as a preliminary proof of concept for the implementation of 

this methodology in clinically relevant samples. This sample 

underwent a parallel assessment through the Bradford assay to 

allow for a comparative analysis between one of the most employed 

and established protein quantification methods and the proposed 

colorimetric method. 
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Figure 6 summarises the protein quantification results obtained 

from the two methods. The image was analysed using the ImageJ 

software, analysing the section highlighted in Figure 6.  

From these data, we obtained a Response % of 44.59, which 

translates to a protein concentration of ca. 1.8 ± 0.2 μg/mL. 

Considering the dilution factors, the protein concentration in the 

urine sample calculated through our method was 37 ± 3 μg/mL. In 

comparison, Bradford quantification yielded a total protein 

concentration of ca. 41 ± 1 μg/mL.  These two values are similar to 

each other, allowing for the validation of this assay as a powerful 

tool for protein quantification in urine through a simple, fast and 

high-throughput method, which relies on a simple photograph 

analysis obtained via a smartphone camera. 

Table 1. Summary of the Response % obtained for each smartphone model. 

Smartphone model Individual 
%Recovery ± 

Standard Deviation 

Samsung Galaxy S21 FE 5G 

1 111 ± 12 
2 105 ± 14 
3 108 ± 6 
4 125 ± 12 
5 105 ± 17 
6 111 ± 11 

iPhone 14 Pro 

1 95 ± 10 
2 113 ± 14 
3 112 ± 11 
4 113 ± 15 
5 115 ± 15 
6 109 ± 10 

OPPO Reno 8 Lite 

1 104 ± 9 
2 104 ± 14 
3 114 ± 7 
4 109 ± 10 
5 110 ± 13 
6 99 ± 9 

Figure 6. Summary of the colorimetric analysis of the patient’s urine and respective protein quantification results obtained from the Red Channel Analysis and 
Bradford Method Analysis. 

5. Concluding Remarks 

In this study, we have demonstrated the feasibility of using gold 

nanoparticles (AuNPs) for sensitive and specific protein detection, 

mainly albumin, in urine samples. The interaction between AuNPs 

and proteins, facilitated by NaCl, induced distinct colorimetric 

changes that were quantitatively analysed using RGB values 

obtained from smartphone images. This method showed promising 

results in visually detecting protein concentrations as low as 25 µg/

mL in both aqueous solutions and urine samples. Integrating 

smartphone-based RGB analysis further enhances the method's 

accessibility and usability, enabling the determination of protein 

with a detection limit of 1.19 μg/mL. Moreover, the assay results 

were also effective for monitoring protein in CRC, where a protein 

concentration value of 37.17 µg/mL was determined and further 

validated by the Bradford method. This approach shows great 

potential for the early detection and monitoring of urinary protein 

through non-invasive analysis. By offering a rapid, cost-effective, 

and portable method for protein quantification, our findings may 

offer a useful tool for monitoring proteinuria in patients. 
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Supplementary Material 

The following supplementary material is available: Table SN1: 

Limits of Detection (LOD) for various techniques for protein 

detection and quantification; Table SN2: Response% data obtained 

for each smartphone model and each specific condition. 
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