
This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 

Accepted Manuscript

Analyst

www.rsc.org/analyst

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/


 1

An Instantaneous Colorimetric Protein Assay Based 

on Spontaneous Formation of Protein Corona on 

Gold Nanoparticles 

Yan Teck Ho
1‡
, Barbara Poinard

2,3†‡
, Eugenia Li Ling Yeo

1
, James Chen Yong Kah

1*
 

1
Department of Biomedical Engineering, National University of Singapore, Singapore 

2
Department of Biomedical Engineering, Arts et Métiers ParisTech, Paris, France 

3
Department of Biomedical Engineering, University of Paris Descartes, Paris, France 

 

KEYWORDS 

Gold nanoparticles, protein assay, protein corona, Bradford assay, Micro BCA assay  

 

 

 

 

 

 

Page 1 of 34 Analyst

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
na

ly
st

A
cc

ep
te

d
M

an
us

cr
ip

t



 2

ABSTRACT 

Commercial protein assays used ubiquitously in laboratories typically require long incubation 

times due to the inherently slow protein-reagent reactions. In this study, we report a novel facile 

technique for instantaneous measurement of total protein concentration by exploiting the rapid 

aggregation dynamics of gold nanoparticles (NPs). By adsorbing different amounts of protein on 

their surface to form a protein corona, these NPs can be sterically stabilized to different degrees 

from aggregation, thus exhibiting a spectrum of color change which can be quantitatively 

characterized by UV-Vis absorption spectroscopy. We evaluated this technique on four model 

proteins with different structures: Bovine Serum Albumin (BSA), Normal mouse 

Immunoglobulin G (IgG), Fibrinogen (FBG) and Apolipoprotein A-I (Apo-A1) using two 

approaches, sequential and simultaneous. We obtained an approach-dependent linear 

concentration range up to 80 µg/mL and 400 µg/mL for sequential and simultaneous approach 

respectively. This linear working range was wider than that of commercial Bradford assay and 

comparable to Micro BCA assay. The simultaneous approach was also able produce a linear 

working range of 200 to 1000 µg/mL (R
2
 = 0.995) in human urine, while the sequential approach 

was non-functional in urine. Similar to Micro BCA, the NP-based protein assay was able to elicit 

a linear response (R
2
 > 0.87) in all four proteins with different structures. However, unlike Micro 

BCA which require up to 120 min of incubation, we were able to obtain the read-out almost 

instantaneously without the need for incubation. The NP-based technique using the simultaneous 

approach can thus be exploited as a novel assay for instantaneous protein quantification to 

increase the productivity of laboratory processes. 
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INTRODUCTION 

Protein assays are commonly used as bioanalytical tools to quantify total protein concentration 

in unknown biological samples. With advances in biotechnology that promise to increase the 

productivity of many laboratory experiments through high throughput assays that allow multiple 

read-outs simultaneously, there is a growing demand for assays to provide rapid read-outs while 

maintaining accuracy and sensitivity. However, many of the chemical or biological assays today 

are still limited by the chemical reaction rate inherent to the assay.  

This is true for a wide range of protein assays such as Biuret, Bradford, micro-Bicinchoninic 

acid (Micro BCA), and Modified Lowry protein assays that are commercially available to 

perform quantitative proteomic analysis. These protein assays have in common a colorimetric 

scheme that produces a change in optical absorbance as a result of distinctive chemical 

reaction(s) between the proteins and the reagents in the specific assay. This final optical 

absorbance depends on the concentration of protein added. Proteins are thus quantified based on 

optical absorbance characteristics and compared against a calibrated standard. As with most 

protein-based chemistries, these chemical reactions are inherently slow and would often require 

an elevated temperature or relatively long incubation times ranging from 20 min at room 

temperature for Bradford assay to 120 min at 37 ºC for the Micro BCA protein assay kit.  

Since the first reported use of gold nanoparticles (NPs) in colorimetric based detection
1
, NPs 

have proven to be an effective alternative colorimetric agent for the detection of ions
2-5

 and 

biological molecules
6-8

. There are two attributes of NPs that enabled these applications. First, 

NPs exhibit unique distance-dependent optical properties, where their surface plasmon resonance 

(SPR) changes according to their colloidal stability. This is translated to colorimetric changes as 

isolated NPs aggregate
9-11

. Second, the aggregation of NPs is easily induced by appropriate 
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surface ligands
12, 13

 or ionic manipulation, such as when placed in high electrolyte 

concentration
14

. The aggregation can be rapid
15-17

 due to their nanoscale dimension and 

associated high surface energy. Therefore, an appropriate aggregation-based strategy involving 

NPs would induce rapid colorimetric changes for detection of analytes. 

NPs also present facile surface chemistry that allows attachment of many biomolecules or 

functional groups through both covalent and non-covalent interactions. In particular, NPs interact 

with proteins through a combination of electrostatic interactions, hydrophobic attraction and high 

affinity co-ordinate bonds with thiol or amine groups
18

. This results in the spontaneous formation 

of a protein corona when placed in biological media
19, 20

. While often considered a nuisance that 

obscures other useful surface functionalities, the protein corona has been shown to improve 

colloidal stability in some cases through steric stabilization
21

. They can also introduce 

biocompatible functionalities into NPs
22

, be exploited for loading and triggered release of 

drugs
23, 24

, and allow modulation of cellular responses
25

. 

Here, we exploit the spontaneous formation of protein corona as a tool for instantaneous 

quantification of protein concentration. We hypothesize that the extent of protein corona formed 

on NPs depends on the concentration of available proteins. By adsorbing different amount of 

proteins to form the protein corona, these NPs can be sterically stabilized from salt-induced 

aggregation to different degrees. When coupled to the colloidal stability-dependent optical 

property of NPs, a spectrum of quantifiable color changes from red for isolated NPs to purple or 

grey is produced, depending on the extent of aggregation. The reaction scheme of this NP-based 

protein assay is shown in Scheme 1. 
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Scheme 1. Reaction schematic of the NP-based protein assay. (a) In the absence of protein, 

colloidally stable NPs aggregate in the presence of NaCl to result in a color change of colloidal 

NPs from red to purple. (b) In the presence of proteins, the adsorption of proteins on the NPs 

confers steric stabilization to the NPs and the colloidal NPs remain red in the presence of NaCl. 

 

In this study, we report a facile and cost-effective technique for instantaneous measurement of 

protein concentration using two approaches: sequential and simultaneous approach. In the 

sequential approach, we first synthesized NPs and introduced them to four model proteins with 

different conformation: Bovine Serum Albumin (BSA), Normal Mouse Immunoglobulin (IgG), 

Fibrinogen (FBG) and Apolipoprotein A-I (Apo-A1).  The NPs were then induced to aggregate 

by salt and the resulting color change was characterized by their UV-Vis absorption spectrum. 

The order of addition was changed in the simultaneous approach where the NPs were formed in 

the presence of proteins and salt. For both studies, the color change is calibrated against known 
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protein concentrations to determine the linear working range. We observed that the order in 

which the reactants were added was crucial towards the functionality and linear working range of 

the assay. We also compared the read-out of this NP-based assay with existing commercial 

protein assays.  

The results of this study show that we can exploit the spontaneous formation of protein corona 

on NPs to enable rapid quantification of proteins that is comparable to existing commercial 

protein assays. 

 

MATERIALS AND METHODS 

Synthesis and characterization of NPs 

All reactions were performed in 96-well microplates. We synthesized NPs rapidly by reducing 

hydrochloroauric acid (HAuCl4, Sigma-Aldrich) with a strong reducing agent sodium 

borohydride (NaBH4, Sigma-Aldrich). Briefly, 100 µl of 4 mM NaBH4 was added to 100 µl of 1 

mM HAuCl4 at room temperature to form NPs in water instantaneously. The synthesized GNPs 

were characterized for their optical absorption using UV-Vis absorption spectroscopy (UV-2450, 

Shimadzu, Japan). The size, shape and morphology of NPs were examined using Transmission 

Electron Microscopy (TEM) (JEM-1220, JEOL Ltd., Japan). The hydrodynamic diameter, DH 

from dynamic light scattering (DLS) and the zeta potential of the NPs were determined using the 

Zetasizer (Nano ZS, Malvern, UK). The synthesized NPs were prepared fresh for subsequent 

experiments. 

 

Sequential approach to protein assay 

Page 6 of 34Analyst

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
na

ly
st

A
cc

ep
te

d
M

an
us

cr
ip

t



 7

In the sequential approach, the NPs were formed first, followed by the protein corona, before 

being induced to aggregate by salt. We synthesized the NPs as described earlier, before adding 

50 µL of the proteins in buffer to 200 µL of the as-synthesized NPs. The mixture was shaken 

briefly for the protein corona to form spontaneously on the NPs
26, 27

. We chose purified Bovine 

Serum Albumin (BSA) (Thermo Fisher Scientific Inc.) in this study as our model protein to form 

the protein corona. Gel electrophoresis using a 0.5% agarose gel under 80V for 60 min was used 

to confirm the presence of corona layer on the NPs. Small aliquots of the BSA-coated NPs (NP-

BSA) were also used to characterize the change in UV-Vis absorption spectrum (UV-2450, 

Shimadzu)  and DH (Nano ZS, Malvern) of the NPs after corona formation. 

Following the brief incubation with proteins, the NPs were induced to aggregate by adding 50 

µL of 100 mM sodium chloride (NaCl, Sigma-Aldrich) to the 250 µL of NP-BSA prepared 

earlier. This was followed by mild shaking for 5 seconds, which resulted in an instantaneous 

color change that correlated with the extent of aggregation. The aggregation was quantified from 

the UV-Vis absorption spectrum using the Multiskan GO Microplate Spectrophotometer 

(Thermo Scientific). All reactions were performed in triplicates for each protein concentration. 

 

Simultaneous approach to protein assay 

In the simultaneous approach, we mixed 50 µL of BSA with 50 µL of 100 mM NaCl and 100 

µL of 100 mM HAuCl4 at room temperature. The order of adding these reagents was not crucial 

to the functionality and performance of this approach. The solution was well mixed before 100 

µL of 4 mM NaBH4 was added to form the NPs almost instantaneously in the presence of 

proteins and NaCl. As the NPs were formed, the proteins stabilized them against salt-induced 

aggregation to varying degrees depending on the amount of proteins present. The color change 
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 8

was characterized by UV-Vis absorption spectroscopy to quantify the extent of aggregation. All 

reactions were performed in triplicates for each protein concentration.  

 

Protein concentration calibration curve 

We used known standard concentrations of BSA (Pierce BSA standards, Thermo Fisher 

Scientific Inc.) commonly used in commercial protein assay kits to obtain the standard protein 

concentration calibration curve. The ratio of the NP’s absorbance at 520 nm normalized to 580 

nm (A520/A580) was used as a quantitative measure of their colloidal stability
28

. Isolated NPs 

typically possess a SPR absorbance peak at ~520 nm, with its intensity correlated to the 

concentration of NPs. As the NPs’ absorbance at 580 nm is sensitive to aggregation
29

, 

normalization to the absorbance at 580 nm allows us to quantify the NPs’ colloidal stability in a 

concentration independent manner. A high A520/A580 value corresponds to a high degree of 

colloidal stability.  

The A520/A580 was subsequently used to plot the concentration calibration curve of the NP-

based protein assay. Using 50 µl of the protein solution, the A520/A580 of NPs was determined 

as a function of protein concentrations from 0 to 1000 µg/mL, from which we identified the 

linear working range. The linear concentration calibration curve was plotted for both sequential 

and simultaneous approaches. Apart from BSA, we also obtained the protein concentration 

calibration curve of IgG (Santa Cruz Biotechnology), FBG (Sigma-Aldrich) and Apo-A1 

(Sigma-Aldrich) to examine the response characteristics of our NP-based assay to different 

proteins. The linear concentration calibration curves for all four proteins were compared between 

the two approaches of the NP-based assay and commercial protein assays. 
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 9

The BSA concentration calibration curve was repeated in urine to examine the functionality of 

the NP-based assay in physiological media. The same BSA model protein of concentrations 

between 0 to 1000 µg/mL were reconstituted in an unadulterated urine sample obtained from a 

healthy volunteer, and used to obtain the concentration calibration curve for both sequential and 

simultaneous approaches as described previously. All reactions were performed in triplicates for 

each protein concentration. 

 

Comparison with commercial protein assays 

The linear concentration calibration curve of NP-based protein assay was compared to two 

commercial protein assays: Bradford (Quick Start Bradford protein assay, Bio-Rad) and Micro 

BCA (Thermo Scientific Micro BCA Protein Assay Kit, Pierce biotechnology) protein assay. 

Standard protocols in the kits were used in this study and standard concentrations of BSA were 

used as the calibration standards across all three protein assays. The experiments were performed 

in 96-well microplates in triplicates. After incubating the assays for the time specified in the kits, 

the absorbance was measured at 562 nm and 595 nm for Micro BCA and Bradford protein assays 

respectively. The concentration calibration curves were plotted and compared to the NP-based 

protein assay. 

The reaction kinetics of NP-based protein assay was also compared to that of the Micro BCA 

and Bradford protein assay. The absorbance in each assay was read at fixed time points and the 

change in absorbance as a function of time was plotted for up to 120 minutes to determine the 

time taken for the assays to reach a constant absorbance that indicated the assays’ end-point. 

 

RESULTS AND DISCUSSION 
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 10

Synthesis and characterization of NPs 

Synthesis of NPs using NaBH4 as a strong reducing agent resulted in instantaneous formation 

of NPs with size considerably smaller than the commonly synthesized citrate-capped NPs. 

Compared to conventional synthesis of citrate-capped NPs developed by Turkevich et. al. which 

requires at least 15 min of heating at 90 ºC to generate larger NPs (~20 nm)
30

, the instantaneous 

synthesis of NPs is crucial for the NP-based protein assay to provide an instantaneous read-out. 

The NPs were monodisperse with a diameter of ~3 nm as determined from TEM, and a mean DH 

of 4.42 nm, giving a SPR absorbance peak at 495 nm (Figure 1a and c). The zeta potential 

showed a surface charge of -22.4 mV, suggesting good colloidal stability even in the absence of 

stabilizing surface capping agents. 

 

Figure 1. Sequential approach to spontaneous corona formation, showing the change in (a) UV-

Vis absorption spectrum, (b) color of the NP colloid and band mobility in gel electrophoresis, 
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 11

and (c) hydrodynamic diameter of  NPs with the absorption and corona formation of BSA 

proteins. The three rows of wells in each image in (b) are triplicates of each other. 

 

Sequential assay approach 

In the sequential assay approach of the NP-based protein assay, we first synthesized the NPs, 

followed by forming the protein corona on the NPs, and then inducing aggregation using 

common salt. The addition of 50 µL of 50 µg/mL of BSA to the synthesized NPs caused a red-

shift of 5 nm in the SPR peak from 495 nm to 500 nm (Figure 1a). This is typical of protein 

binding on the NP’s surface, which causes a change in the dielectric environment of the NPs
31

. 

Although this did not lead to appreciable color changes in the solution (Figure 1b), we confirmed 

the binding of BSA around the NPs by a retardation of the mobility of NP’s band towards the 

positive end under agarose gel electrophoresis. 

The retardation of NP’s band could be attributed to a change in either their DH, zeta potential, 

or both. Here, both NPs and BSA-coated NPs (NP-BSA) migrated towards the positive end of 

the gel, indicating that both species are negatively charged. The formation of protein corona on 

the NPs also resulted in a change in zeta potential from -22.4 mV to -32.6 mV. Since the zeta 

potential measurements became more negative in the presence of BSA, we concluded that the 

increase in DH from 4.42 nm to 9.75 nm (∆DH = 5.33 nm) due to binding of BSA to form the 

protein corona (Figure 1c) was responsible for the gel retardation. As BSA is a small globular 

protein of 67 kDa, the increase in DH correlated well to the size of BSA molecules
32

. 

When 100 mM NaCl was added to the synthesized NPs in the absence of proteins, they 

aggregated irreversibly (Figure 2a, top row). This is in contrast to NP-BSA which remained as 

stable isolated NPs due to steric stabilization afforded by BSA (Figure 2a, bottom row)
33

. In 
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 12

colloidal solutions, aggregation occurs when neighboring particles in close proximity overcome 

the energy barrier arising from electrical repulsion that exists as a result of like charges from the 

particles’ zeta potential. Beyond this energy barrier, the particles fall into an energy trap that 

result in aggregation
34

. The aggregation of NPs caused the SPR peak absorbance in the UV-Vis 

spectrum to decrease significantly (Figure 2b, top row), resulting in a corresponding visual 

change in the colloidal solution from red to gray (Figure 2c, top row). The addition of NaCl to 

NP-BSA did not change the UV-Vis spectrum significantly, except for a slight red-shift in the 

SPR peak absorbance from 500 to 515 nm (Figure 2b, bottom row). This small change in the 

UV-Vis spectrum did not result in any significant color change in the colloidal solution (Figure 

2c, bottom row). These results showed that the colorimetric difference could be used as a simple 

indicator for the presence of proteins. 

 

Figure 2. Colloidal stability of naked NPs and NPs with BSA protein corona (NP-BSA) formed 

from the sequential approach, after the addition of 100 mM NaCl. The aggregation of naked NPs 

by NaCl can be confirmed through the (a) TEM, (b) change in UV-Vis absorption spectrum, and 

(c) visual color change of the NP colloid (top row). In contrast, the NP-BSA remained stable in 

NaCl (bottom row). The three rows of wells in each image in (c) are triplicates of each other. 
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 13

Simultaneous assay approach 

The order of reagents added in the NP-based assay was changed in the simultaneous approach. 

Here, BSA and NaCl were added to HAuCl4 and mixed prior to NPs synthesis. The NaBH4 was 

then added to the mixture so that the NPs were formed in the presence of BSA and NaCl. We 

examined if this approach was also able to produce the same color change with NaCl-induced 

aggregation. In the absence of NaCl, very small NPs were formed in 50 µL of 200 µg/mL of 

BSA proteins. Such a protein-directed synthesis of NPs has also been reported and is known to 

produce BSA-conjugated NPs that possess both the fluorescence emission characteristics of gold 

nanoclusters and the SPR of gold nanoparticles
35

. 

The presence of BSA did not result in any observable shift in the SPR peak absorbance of NPs 

compared to that of NPs formed in the absence of BSA (Figure 3a). This did not lead to any 

observable color change in the NP colloidal solution, similar to the sequential assay approach 

(Figure 3b). However, the DH increased from 3.43 nm to 6.30 nm (∆DH = 2.87 nm) as the NPs 

were formed in the presence of proteins under the simultaneous approach (Figure 3c). This 

increase was likely attributed to the adsorption of the BSA to form the protein corona, and was 

slightly smaller than that observed in the sequential approach (∆DH = 5.33 nm). This was 

probably due to smaller NPs being formed in the presence of proteins as evidenced from their 

SPR absorbance peak which was less pronounced than that from the sequential approach. 

Furthermore, protein-directed synthesis of NPs is also known to produce very small NPs 
35

. 
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Figure 3. Simultaneous approach to spontaneous corona formation, showing the change in (a) 

UV-Vis absorption spectrum, (b) color of the NP colloid, and (c) hydrodynamic diameter of  NPs 

with the absorption and corona formation of BSA proteins. 

 

In the presence of 100 mM NaCl, the NPs formed without the BSA corona aggregated, while 

the NP-BSA remained stable as individual isolated nanoparticles, similar to the sequential 

approach (Figure 4a). In both approaches, the BSA corona was not visible under the TEM due to 

their weak electron absorption and response to the electron beam. In a similar manner as the 

sequential approach, the aggregation of NPs induced by NaCl caused the SPR peak absorbance 

in the UV-Vis spectrum of NPs to disappear (Figure 4b, top row), resulting in the colloidal NPs 

solution turning from red to grey (Figure 4c, top row). However, this decrease in the SPR peak 

absorbance was less pronounced for NP-BSA, and the peak absorbance merely red-shifted 
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slightly from 500 nm to 523 nm (Figure 4b, bottom row).  Therefore, the change in the UV-Vis 

absorption spectrum did not lead to a significant visual change in the color of the colloidal 

solution (Figure 4c, bottom row). The simultaneous assay approach was also effective in 

detecting the presence of proteins around a colloidal solution of NPs. 

 

Figure 4. Colloidal stability of naked NPs and NPs with BSA protein corona (NP-BSA) formed 

from the simultaneous approach, after the addition of 100 mM NaCl. The aggregation of naked 

NPs by NaCl can be confirmed through the (a) TEM, (b) change in UV-Vis absorption spectrum, 

and (c) visual color change of the NP colloid (top row). In contrast, the NP-BSA remained stable 

in NaCl (bottom row). The three rows of wells in each image in (c) are triplicates of each other. 

 

Protein concentration calibration curve 

The protein concentration calibration curve forms the reference from which all unknown 

protein concentrations are determined. It is a plot of the optical absorbance in the protein assay 

against a range of known standard protein concentrations. The linear working range in this plot is 

the useful range where the protein concentrations can be determined accurately. Therefore, a 

wide linear range is often desirable in an assay to extend its utility over a wide range of protein 

concentrations. Instead of measuring the absorbance at a single wavelength, we used the 
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A520/A580 from the UV-Vis spectrum as a quantitative measure of the colorimetric change 

arising from NP’s aggregation in our NP-based protein assay. The protein concentration 

calibration curve for the NP-based protein assay was determined with different standard 

concentrations of a working volume of 50 µL BSA. 

Despite similar physical and optical properties, as well as colloidal stability of NP-BSA in 

NaCl, both sequential and simultaneous approaches of the NP-based protein assay produced 

different concentration calibration curves. In the sequential assay approach, as the concentration 

of BSA added to NPs was increased over a broad range from 0 to 1000 µg/mL, the NPs became 

increasingly more stable against NaCl-induced aggregation. The A520/A580 increased sharply 

with increasing BSA concentrations until about 100 µg/mL where the increase became marginal 

before little or no further increase was observed beyond 200 µg/mL (Figure 5a). This was 

probably due to the saturation of BSA on the NPs. 
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Figure 5. Protein concentration calibration curve of BSA obtained from the sequential (top) and 

simultaneous (bottom) approach. The curves were first determined from (a, d) a wide BSA 

concentration range from 0 to 1000 µg/mL, from which the (b, e) respective linear working range 

was then obtained together with the R
2
 value. (c, f) The change in UV-Vis absorption spectrum 

with increasing BSA concentration for both approaches, from which the A520/A580 was 

derived. 

 

We narrowed the range of protein concentrations to identify the linear working range. The 

sequential approach was able to achieve a linear response with R
2
 = 0.990 from 20 to 80 µg/mL 

of BSA (Figure 5b). The UV-Vis absorption spectrum of NP-BSA after NaCl-induced 

aggregation showed a gradual increase in the SPR absorbance peak coupled with a slight blue-

shift in the peak as the BSA concentration was increased (Figure 5c). These changes in the 

absorption spectrum resulted in the linear response range as the A520 increased much faster than 

A580. The NP-based assay showed a gradual color change from gray to purple to red, correlating 

to the increasing steric stabilization as the BSA concentration was increased. 

In the simultaneous assay approach, the A520/A580 of NPs also increased with increasing 

BSA concentrations. However, unlike the sequential assay approach that is linear up to 80 

µg/mL of BSA, the A520/A580 of NPs appeared linear from 0 to 400 µg/mL before saturation 

occurred (Figure 5d). This showed that the simultaneous assay approach could afford a wider 

linear working range of up to 400 µg/mL compared to the sequential assay approach.  A plot of 

this linear working range from 0 to 400 µg/mL showed that the simultaneous assay approach was 

able to achieve a linear regression line with R
2
 = 0.991 spanning a broad BSA concentration 

range from 0 to 400 µg/mL (Figure 5e). 
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The UV-Vis spectrum of the NPs also showed a gradual increase in the SPR absorbance peak 

coupled with a slight blue-shift in the peak as the concentration of BSA was increased (Figure 

5f), although the SPR absorbance peak of NPs from the simultaneous assay approach was less 

pronounced than that of the sequential approach. This was due to smaller NPs produced from the 

simultaneous approach as discussed earlier. The difference in size was translated to a different 

color transition in the assay from gray to yellow to orange correlating to increasing extent of 

steric stabilization as the concentration of BSA was increased. 

These results suggested that both sequential and simultaneous assay approach were able to 

provide a linear calibration of BSA concentrations based on their colorimetric response. 

However, by varying the sequence of addition of the various reactants in the assay, we were able 

to obtain different linear working ranges between the two approaches. As shown earlier, the 

simultaneous approach resulted in NPs with a smaller size compared to the sequential approach. 

Here, the BSA was added before the reducing agent so the proteins would bind to the NPs as 

soon as the NPs were formed. The BSA adsorption did not merely confer steric stabilization of 

NPs in the presence of NaCl, but also exerted an inhibitory effect on the growth of the NPs. This 

technique has been exploited by others to prepare ultra-small gold nanoclusters
35-37

. The smaller 

NPs formed in the presence of proteins possessed a larger surface area-to-volume ratio, which 

resulted in a greater overall surface area available for protein adsorption. This extended the upper 

limit of the linear working range and allowed the simultaneous approach to achieve a wider 

linear working range for BSA up to 400 µg/mL compared to the sequential approach (up to 80 

µg/mL). 

 

Concentration calibration curve in urine 
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We have also obtained the BSA concentration calibration curve in human urine to demonstrate 

the utility of our NP-based protein assay in quantifying proteins in physiological fluids. Here, 

BSA was reconstituted in urine at a range of concentration from 0 to 1000 µg/mL, and the 

concentration calibration curve was obtained from both the sequential and simultaneous 

approach.  The simultaneous approach was able to achieve a linear working range from 200 to 

1000 µg/mL with R
2
 value of 0.995 (Figure 6a). This range was wider than that obtained from 

BSA in buffer. The increase in A520/A580 with BSA concentration was reflected as a gradual 

color change in the assay from purple to red as BSA concentration was increased (Figure 6b, 

top). However, the sequential approach did not yield a linear fit between 0 and 1000 µg/mL 

(Figure 6a). The A520/A580 remained relatively constant and the assay remained purple with no 

change in color as the BSA concentration was increased (Figure 6b, bottom). These results 

suggested that the simultaneous approach of the NP-based protein assay was more robust to 

complex physiological media while the sequential approach was no longer functional. 

 

Figure 6. (a) Protein concentration calibration curves of BSA reconstituted in urine for both 

the simultaneous and sequential approach. The simultaneous approach had a linear working 

range of 200 to 1000 µg/mL ( R
2 

value of 0.995). The sequential approach did not show a linear 
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fit, with the A520/A580 constant over the range of BSA concentrations. (b) Photo of the 

simultaneous (top) and sequential (bottom) approach of the NP-based protein assay showing 

their color change at different concentrations of BSA in urine, with each row being the triplicates 

of each other. BSA concentrations was increased from left to right for each microplate.  

 

Human urine contains many potentially interfering biochemical substances such as urea, uric 

acid and creatinine, and a high ionic content that can lead to indiscriminate aggregation of NPs
38

. 

It is therefore, not surprising that the NPs aggregated in urine even at high protein concentrations 

when the sequential approach was used. Here, the urine caused rapid aggregation of the NPs 

even before the proteins could form a stable corona around the NPs. However, when the NPs 

were formed in the presence of BSA and other nitrogen rich components in urine such as urea
39

 

in the simultaneous approach, these species simultaneously formed a stabilizing corona rapidly 

on the NPs as they were synthesized to prevent the NPs from aggregation.   

 The robustness of the NP-based protein assay in urine using the simultaneous approach 

demonstrated an advantage of this assay over commercial Micro BCA protein assay, where the 

presence of urea, along with other interfering components, are known to interfere with the 

bicinchonic acid reaction in Micro BCA unless the urine is pre-filtered to remove these 

interfering low molecular weight compounds
40

. 

It is possible that there may be other chemical species that could interfere with the NP-based 

protein assay. In reality, interference is a common problem faced by many commercial protein 

assays and many protein assays list their known interfering species for users to note. There are 

different approaches to minimize the effect of interfering species including removal by dialysis 

or gel filtration, sample dilution, and precipitating the proteins with cold acetone or 
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trichloroacetic acid (TCA). Therefore, these approaches could also be taken to minimize the 

effect of potential interfering species in the NP-based protein assay. 

 

Comparison with linear working range of commercial assays 

The protein concentration linear working range and color change of the NP-based protein 

assay were compared to two commonly used commercial protein assays: Bradford and Micro 

BCA protein assays, both of which also quantify protein concentrations based on colorimetric 

change. Standard protocols that came along with the kits were used to quantify protein in the 

micro assay format in 96-well plates with volumes less than 300 µL. The optical densities for 

Bradford and Micro BCA assays were measured at 595 nm and 580 nm respectively for protein 

quantification. 

We first compared the protein concentration calibration curve of BSA for concentrations 

between 0 to 400 µg/mL. This was the linear working range of the NP-based protein assay 

determined earlier based on the simultaneous approach. Within this concentration range, only the 

Micro BCA protein assay showed a linear response (R² = 0.979) apart from the simultaneous 

approach of the NP-based assay (R² = 0.991) (Figure 7a). Both the Bradford protein assay and 

sequential approach of the NP-based assay suffered non-linearity beyond 50 µg/mL of BSA. In 

general, the Bradford assay is known to be linear over a short range, from 8 to 80 µg/mL for the 

microplate assay format
41, 42

, often making dilutions of a sample necessary before analysis. 

Sample dilutions may introduce inaccuracies to measurements. While the sequential approach 

showed a compromised linear working range, the simultaneous approach of the NP-based assay 

showed a linear working range wider than that of commercial Bradford assay and comparable to 
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Micro BCA assay.  Such a wide linear range is desirable for extending the utility of the assay 

over a wide range of protein concentrations without the need for repeated dilutions. 

 

Figure 7. (a) Comparison of BSA concentration calibration curves between Bradford, Micro 

BCA, and NP-based protein assay for a concentration range of 0 – 400 µg/mL. Both the Micro 

BCA and NP-based assay using the simultaneous approach were able to exhibit a linear response 

within this range with R
2
 = 0.979 and 0.991 respectively. The linear working range for Bradford 

and NP-based assay using the sequential approach was more limited and showed saturation at 

BSA concentration > 50 µg/mL.  (b) Photo of the various protein assays showing their color 

change at different concentrations after their respective incubation time with each row being the 

triplicates of each other. BSA concentrations increase from left to right for each micro plate. 

 

The BSA concentration calibration curves for both Bradford and Micro BCA protein assay 

(Figure 7a) was represented by a gradual absorbance change in a single dye color in the 

microplate. Here, the increase in BSA concentrations was coded by an increase in the blue and 

violet intensity for Bradford and Micro BCA protein assay respectively (Figure 7b, top two 

rows). Hence, their absorption was measured at only a single wavelength corresponding to the 

Page 22 of 34Analyst

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
na

ly
st

A
cc

ep
te

d
M

an
us

cr
ip

t



 23

peak absorption of the dye. In contrast, the NP-based protein assay (simultaneous approach) 

exhibited a gradual color change from gray to blue, purple, and red as the BSA concentration 

was increased (Figure 7b, bottom row). This was characterized by a peak shift in the UV-Vis 

absorption spectrum (Figure 5f). The measurement of absorption at a single wavelength was 

therefore insufficient to fully characterize the color change, so the ratio of absorption at 520 nm 

to 580 nm (A520/A580) was used as a quantitative measure of color change that correlated to 

protein concentration. 

 

Response characteristics for different proteins 

Commercial protein assays are known to have different calibration curves for different 

proteins. Here, we compare the protein concentration calibration curves for three other proteins 

with different structures: mouse IgG, FBG and Apo-A1 to examine the response characteristics 

of our NP-based assay to different proteins. The calibration curves were obtained from both 

sequential and simultaneous approach over a concentration range of 10 to 60 µg/mL, which had 

been shown earlier to give a linear response with BSA for both approaches (Figure 5b and 5e). 

In the sequential approach, we were able to obtain a linear concentration calibration curve for 

all three proteins (R
2

IgG = 0.902, R
2

FBG = 0.981, R
2

Apo-A1 = 0.981), although the linear response 

for each protein was slightly different (Figure 8a). We attributed the variations in the calibration 

curve to differences in the size and structure of the proteins. While FBG is a large fibrous-like 

protein of 340 kDa consisting of a linear array of 3 nodules held together by a very thin thread
43

, 

IgG is a smaller 150 kDa protein complex composed of two identical heavy chains and two 

identical light chains arranged in a Y-shape typical of antibody monomers. Apo-A1 is the 

smallest protein with molecular weight of 28 kDa that forms a hollow structure
44

. These 
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differences in molecular weight and conformation of different proteins would therefore affect the 

amount required by them to form a complete corona around the NPs. Nonetheless, the results 

indicated that the NP-based assay is applicable to different types of proteins if the purified 

sample of the target protein was used as the calibrating standard for the assay. 

 

Figure 8. Protein concentration calibration curve of IgG, FBG and Apo-A1 obtained from the (a) 

Sequential, and (b) Simultaneous approach of the NP-based assay. This was compared to that 

obtained from commercial (c) Micro BCA and (d) Bradford protein assay. The linear fits (dashed 

lines) with R
2
 values were shown for calibration curves with R

2
 > 0.87. 

 

Similar outcomes were also observed in the simultaneous assay approach, where all three 

proteins showed a linear response in their calibration curves with R
2
 > 0.87 (R

2
IgG = 0.873, R

2
FBG 

= 0.876, R
2

Apo-A1 = 0.954) (Figure 8b). However, instead of a linear increase with FBG 
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concentration, we observed an unexpected linear decrease in A520/A580 with increasing FBG 

concentration (Figure 8d, red circle). This was not observed for mouse IgG and Apo-A1. FBG is 

a protein involved in red blood cell (RBCs) aggregation and the coagulation cascade
9, 45

, with 

higher levels of FBG associated with increased RBC aggregation due to its long fibrous-like 

structure
46

. This propensity of FBG to induce aggregation as it formed a corona during synthesis 

of NPs could have resulted in reduced colloidal stability of NPs at higher concentrations of FBG 

even in the absence of NaCl. This in turn led to the observed linear decrease in A520/A580 in the 

simultaneous approach. 

In general, commercial protein assays also exhibit some degree of varying response toward 

different proteins. The documentation for Bradford assay stated a linear range of 1.2 to 10 µg/mL 

for BSA and 1.2 to 25 µg/mL for IgG in the microplate assay procedure (Bio-Rad Protein Assay, 

Bio-Rad Laboratories, Inc). We obtained the protein concentration calibration curves of the three 

models proteins (mouse IgG, FBG, and Apo-A1) for Micro BCA and Bradford protein assays as 

a comparison. Similar to the NP-based assay, Micro BCA was able to provide a linear response 

for all three proteins with R
2
 > 0.87 (R

2
IgG = 0.993, R

2
FBG = 0.879, R

2
Apo-A1 = 0.999), although 

the linear response for each protein was also different (Figure 8c). However, we were unable to 

obtain a linear response from Bradford assay for any of the proteins within the concentration 

range studied (Figure 8d). All three proteins showed saturation in the calibration curve beyond 

30 µg/mL, thus further confirming the limited linear working range of Bradford protein assay as 

shown earlier. 

The differences in the calibration curves amongst the three protein assays in this study can be 

explained from its functional mechanism. Most commercial protein assays typically quantify 

proteins based on biochemical reactions with functional groups in the proteins. Therefore, 
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differences between proteins are mainly due to biochemical factors, including differences in 

amino acid sequence, pI, composition in the primary structure of different proteins, number of 

peptide bonds in the proteins, pH of the reacting mixture in the assay, the protein tertiary and 

quaternary structures, or the presence of certain side chains or prosthetic groups. All these can 

dramatically alter the protein’s color response. Here, Micro BCA is dependent on the number of 

peptide bonds present in the reaction mixture; Cu
2+

 ions found in Cupric sulphate pentahydrate in 

the working reagent of the assay is reduced to Cu
+
 by peptide bonds in the proteins, which is 

then chelated by bicinchoninic acid to form a purple solution that has strong absorbance at 562 

nm. The final absorbance therefore, is dependent on the concentration of proteins present, which 

in turn affects the amount of Cu
2+

 ions being reduced. The working mechanism of Micro BCA is 

therefore less dependent on protein size and structure, but more dependent on its biochemistry. 

On the other hand, the NP-based protein assay relied more on a physical mechanism of 

protein-induced steric stabilization on the NP surface. Differences in the calibration curve were 

more likely due to differences in protein size and structure, which affect their adsorption on NPs. 

The same is true for Bradford assay which is dependent on the protein’s tertiary structure and 

consequently, its conformation
47

.  

In practice, most protein assays use BSA as the protein standard against which the 

concentration of protein in the sample is determined. However, the possibility of nuances in 

calibration curves with different proteins meant that the calibration curves obtained from BSA 

might not be directly applicable to other protein of interest whose concentrations we would like 

to measure. Therefore, better accuracy in quantifying an unknown concentration of a specific 

protein can be achieved if the purified sample of the target protein was used as the calibrating 

standard for the assay as discussed earlier. 
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Comparison of assay read-out time 

We also compared the incubation time require for all three protein assays to achieve a stable 

and accurate quantitative read-out at three BSA concentrations. Most commercial protein assays 

require a long incubation time for the reaction to be completed based on standard protocols as 

specified in the kit. The time required for a protein assay to achieve a stable reading is also 

dependant on the protein concentration, with a higher concentration requiring shorter incubation 

time. At the lowest BSA concentration of 20 µg/mL, the absorbance from Micro BCA continued 

to increase even after 120 min of incubation time as specified by the protocol in the commercial 

kit (Figure 9, top, blue squares). There was no reduction in the incubation time needed to reach a 

stable absorbance even as the concentration of BSA was increased to 100 µg/mL (Figure 9, 

middle, blue squares). However, as the BSA concentration increased to 400 µg/mL, the required 

incubation time shortened to ~75 min to achieve a stable absorbance value (Figure 9, bottom, 

blue squares). While Micro BCA had a wide linear range of up to 400 µg/mL and was robust to 

different types of proteins, it was limited by a long incubation time required for an accurate 

quantification of protein concentration. 
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Figure 9. Comparison of reaction kinetics of Bradford, Micro BCA and simultaneous approach 

of the NP-based assay at (a) 20 µg/mL, (b) 100 µg/mL and (c) 400 µg/mL of BSA. The initial 

absorbance or A520/A580 of the assays at t = 0 min was normalized to 1, and the normalized 

absorbance or A520/A580 was plotted as a function of incubation time. Reaction stops when the 

absorbance or A520/A580 of the protein assays remains unchanged with time. 
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Compared to Micro BCA, Bradford protein assay was able to provide a rapid read-out with 

almost no incubation time needed to achieve a stable absorbance value at BSA concentration > 

100 µg/mL (Figure 9, middle and bottom, purple circle). Such a rapid response was expected 

given that the protocol in the commercial kit specified at least 5 min of incubation. However, an 

unexpected decrease in the absorbance with time was observed for 20 µg/mL of BSA throughout 

the 120 min of incubation (Figure 9, top, purple circle). While Bradford assay exhibited rapid 

kinetics in read-out, this was only true for high concentrations of protein beyond its limited linear 

working range. 

In contrast, the simultaneous approach of NP-based protein assay required almost no 

incubation time as the normalized A520/A580 achieved a relatively stable value almost 

instantaneously for all three BSA concentrations (Figure 9, orange diamonds). This suggested 

that the NP-based protein assay was instantaneous, which allowed the optical absorption to be 

measured almost immediately after the addition of the protein samples and the NaBH4 reducing 

agent without requiring any incubation time. The NP-based assay was thus the only protein assay 

in our study that was instantaneous and yet exhibited a wide linear working range of up to 400 

µg/mL, and was able to obtain a linear concentration calibration curve for all the proteins in this 

study. 

 

CONCLUSION 

In this study, we developed an instantaneous colorimetric assay for proteins based on 

spontaneous formation of protein corona on NPs. This NP-based assay can be implemented using 

either a sequential or simultaneous approach that differs in the order of addition of reactants. The 

simultaneous approach achieved a wider linear working range of up to 400 µg/mL compared to 

Page 29 of 34 Analyst

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
na

ly
st

A
cc

ep
te

d
M

an
us

cr
ip

t



 30

the sequential approach with a linear range up to 80 µg/mL. The linear working range for 

simultaneous approach was wider than that of commercial Bradford assay and comparable to 

Micro BCA assay. The NP-based protein assay was also able to elicit a linear response (R
2
 > 

0.87) in all four proteins with different structures.  

In comparison to commercial Bradford and Micro BCA protein assays, the NP-based assay 

offered both a wide linear working range and an instantaneous read-out that was not achieved by 

either Bradford or Micro BCA protein assay. Furthermore, the simultaneous approach in the NP-

based assay demonstrated stability when calibrated with BSA (from 200 to 1000 µg/mL) in 

urine. Therefore, the NP-based protein assay represents a novel alternative to current state-of-

the-art colorimetric assay that is instantaneous and yet cost effective. With further optimization, 

such a NP-based protein assay can be easy implemented in laboratories using commonly 

available chemicals to perform rapid initial screening of protein concentrations and increase the 

productivity of laboratory processes. 
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