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ABSTRACT  

The development of assays that exploit aggregation of gold nanoparticles (NPs) has been widely 

studied for detection of biomolecules in diagnostics. These assays are often based on antibody-

antigen interactions to mediate aggregation of NPs. However, the protein parameters underlying 

the performance of these assays are not well understood. In this study, we systematically 

examine how the nature of protein corona on NPs formed from either antibody or antigen, and 

the number of binding sites or epitopes on the antigen affect aggregation. We selected two small 

antigen proteins: recombinant 13 kDa dengue viral envelope domain III protein with a 

polyhistidine tag (DIII-His), and 19 kDa vascular endothelial growth factor A (VEGFA), to form 

protein corona around NPs and study the aggregation induced by their monoclonal and 

polyclonal antibodies, respectively. We then reciprocated the systems to form protein corona 

with the antibodies and compared the aggregation induced by the antigens. We showed that the 

nature of protein corona matters, as the corona formed from antigens had lower limits of 

detection and elicited greater degrees of NP aggregation compared to corona formed from 

antibodies. Furthermore, the number of epitopes on the antigen matters, as polyclonal antibodies, 

which target multiple epitopes on the antigen, were able to induce aggregation for both antigen- 

and antibody-corona systems. In contrast, monoclonal antibodies that target a single epitope on 

the antigens induced aggregation for the antigen-corona system only. Our results showed that an 
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understanding of the antibody-antigen system is crucial to establish guidelines for rational 

selection of proteins in the design of aggregation-based assays with NPs. 

 

INTRODUCTION 

Conventional protein analytical techniques used to detect and quantify specific proteins, such 

as enzyme-linked immunosorbent assays (ELISA) and immunoblotting, have found applications 

in the detection of disease markers and drug development. Despite their high sensitivities and 

accuracies, these assays are slow and laborious, requiring numerous washing steps and costly 

reagents
1
. Thus, there have been interests to develop alternative methods for rapid detection and 

quantification of proteins.  

In recent years, advances in nanotechnology have resulted in the development of colorimetric 

assays based on the aggregation of gold nanoparticles (NPs). Mirkin et al. first demonstrated the 

use of NPs conjugated to thiol-modified single-stranded DNA as a highly specific polynucleotide 

probe. The NP probes aggregated rapidly in the presence of target DNA to produce a color 

change
2
. Other groups extended the technique further to detect a wide variety of biologically 

relevant molecules ranging from DNA
3-8

 and proteins
1, 9-12

, to other small biomolecules
13-15

 and 

aqueous metal ions
16, 17

. Aggregation-based colorimetric assays using NPs offer the advantages 

of convenience, specificity and speed, while employing relatively inexpensive reagents
1, 6, 10, 18

. 

NPs possess several characteristic optical properties arising from their surface plasmon 

resonance (SPR). These include a strong optical absorbance peak, typically at ~520 nm, that is 

highly sensitive to changes in inter-particle separation
7, 12, 19, 20

. Upon NP aggregation, this 

absorbance peak red-shifts and broadens
8, 20, 21

. Depending on NP concentration and extent of 
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aggregation, this change may be readily observed by the naked eye, as the color changes from 

red to dark blue or gray
8, 12, 21

.  

NP aggregation is in turn affected by their surface chemistry. NPs are relatively unstable and 

aggregate rapidly in the presence of salt. This occurs at salt concentrations even lower than that 

of blood plasma and other biological fluids
22

.  

Fortunately, NPs also possess a facile surface chemistry for biofunctionalization via covalent 

and non-covalent conjugation with a wide range of biomolecules. A common method of 

preparing biofunctionalized NPs is the one-step addition of proteins to NPs to spontaneously 

form a protein corona around NPs
23, 24

. Binding between proteins and NP surface occurs through 

a combination of passive adsorption due to electrostatic and hydrophobic interactions, or co-

ordinate bonding between NPs and thiol or amine groups in the proteins
9, 25-29

. Although the 

protein corona is frequently regarded as an impediment to other surface functions of NPs
30, 31

, it 

has been exploited to improve the colloidal stability of NPs
29, 32, 33

, facilitate the loading and 

triggered release of drugs from NPs
34, 35

, and modulate cellular responses
33

. 

Here, we exploit the protein corona on NPs to perform aggregation-based probing of target 

analytes. The protein corona can be formed from antibodies bound on the NP surface. In the 

presence of target antigens, antibody-antigen interactions cause the NPs to aggregate and elicit a 

measurable colorimetric response (Scheme 1a). Aggregation is also possible with an antigen 

corona formed around the NPs instead, to probe for the presence of its corresponding antibody 

(Scheme 1b). The versatility of such an aggregation-based probing scheme is useful in some 

diseases such as dengue infection, where it is possible to detect either the viral protein antigen, or 

the antibody that is produced in biological fluids as a result of the infection for diagnostic 

purposes.  
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Scheme 1. Two possible approaches in aggregation-based colorimetric probing of target analyte 

based on (a) antigen-induced, and (b) antibody-induced aggregation of gold nanoparticles (NPs) 

with protein corona formed from antibody and antigen, respectively. 

 

While this aggregation-based concept of detection is not new, the underlying mechanisms 

leading to an effective design of the assay are not thoroughly understood. Current detection 

limits of aggregation assays are poor (~ng mL
-1

)
27

 compared to existing commercial assays (e.g. 

ELISA, ~pg mL
-1

)
36

. Rational design and selection of proteins forming the corona as effectors of 

aggregation may potentially lead to an optimized assay with improved sensitivity. 

Here, we study how the nature of protein corona and number of epitopes on the antigen affect 

NP aggregation. We used two small antigen molecules, 19 kDa vascular endothelial growth 

factor A (VEGFA) and 13 kDa recombinant dengue viral envelope domain III with a poly-

histidine tag (DIII-His) to form antigen corona around NPs i.e. NP-VEGFA and NP-DIII-His, 

respectively.  DIII protein of Dengue has been reported as a diagnostic molecule to capture 
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Dengue virus-specific antibodies generated from Dengue infection
37

, while VEGFA was 

reported to be a prognostic biomarker of potentially life-threatening Dengue hemorrhagic fever 

(DHF) and Dengue shock syndrome (DSS)
38-40

. In a dengue infection, both DIII and VEGFA, 

and their respective antibodies are elevated in the serum of patients, thereby allowing us to detect 

either the antigen or the antibody. It is with this motivation that we have chosen DIII-His and 

VEGFA as our proteins-of-interest in this study. Aggregation of NPs was induced by adding 

corresponding antibodies (anti-DIII and anti-VEGFA). The reciprocal systems were also studied 

by forming antibody corona around NPs (NP-anti-DIII and NP-anti-VEGFA) and aggregation 

induced with their respective antigens. The kinetics of the aggregation-based assays for each 

approach were characterized and compared.  

Our results showed that the nature of protein corona and number of epitopes on the antigen 

affected both the functionality and sensitivity of the assay. In diseases such as dengue infection, 

our study provides evidence that protein corona formed from antigens to detect antibodies 

provides lower limits of detection due to a higher degree of NP aggregation. This understanding 

of the antibody-antigen system is crucial to establish guidelines for rational selection of proteins 

to form the corona for NP aggregation, as well as the optimization of aggregation-based assays 

with NPs. This may eventually lead to a more effective assay design compared to the present “hit 

or miss” approach in the selection of appropriate NP surface biomolecules to induce aggregation. 

 

MATERIALS AND METHODS 

All reagents were purchased from Sigma Aldrich unless specified otherwise. Milli-Q water 

with a resistivity of 18.2 MΩ cm was used for all experiments. 
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Synthesis and characterization of NPs 

NPs were synthesized using a previously established method
41

. Briefly, 100 mL of 1 mM 

hydrochloroauric acid (HAuCl4) was heated to boiling. 15 mL of 38.8 mM trisodium citrate was 

added to the solution under vigorous stirring. Boiling was continued for 15 minutes and the 

solution was observed to turn from pale yellow to purple before finally forming a deep red NP 

colloid. The citrate-capped NP colloid was washed twice through centrifugation at 10,000 rpm 

for 15 min and diluted 10X for subsequent experiments. The optical properties of NPs were 

characterized by UV-Vis spectroscopy (UV-2450, Shimadzu, Japan). Their zeta potential and 

hydrodynamic diameter (DH) were measured at 25°C using a Zetasizer (Nano ZS, Malvern, UK), 

and their morphology characterized using transmission electron microscopy (TEM) (JEM-1220, 

JEOL Ltd., Japan). The concentration of NPs was determined by optical absorption. The 

synthesized NPs were kept at room temperature (25 °C) until further experiments. 

 

Protein and pH titrations for optimum protein binding 

Protein titration was performed on six proteins to determine the minimum protecting amount 

(MPA) of protein required to form a corona around NPs that was sufficient to stabilize them 

from salt induced aggregation. These proteins include DIII-His and VEGFA antigens (Thermo 

Scientific), anti-His mouse monoclonal (ClonTech) and anti-VEGFA rabbit monoclonal 

antibodies (mAb)  (Thermo Scientific), and anti-DIII mouse polyclonal and anti-VEGFA rabbit 

polyclonal antibodies (pAb) (Thermo Scientific). The N-terminal hexa-histidine-tagged, 

recombinant DIII-His protein from the envelope glycoprotein of Dengue virus serotype 2 was 

expressed and purified as described previously
42, 43

 (see Supporting Information, Figure S1). The 
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anti-DIII pAb was generated by mixing both anti-His mAb and 3H5 mAb (Millipore, binds to a 

different epitope on DIII) in a 1:1 ratio. 

The amount of protein added to 500 µL of diluted NP colloid varied from 0 to 6 µg for DIII-

His, 0 to 0.8 µg for VEGFA, 0 to 6 µg for anti-His mAb and 0 to 3 µg for the remaining 

antibodies. The mixtures were incubated at 37 °C for 15 min to allow protein corona to form 

around NPs spontaneously. NaCl flocculation test was then performed by adding 100 µL of 1 M 

NaCl to induce aggregation of NPs, and their colloidal stability probed by absorption 

spectroscopy. 

pH titration was performed to determine the optimum pH for binding of proteins to NPs. 0.1 M 

hydrochloric acid and potassium hydroxide were used to vary the pH of 500 µL of NP colloid 

from pH 2 to 12 before the MPA of protein (determined from protein titration) was added and 

the solution incubated at 37 °C for 15 min. 100 µL of 1 M NaCl was added to each sample to 

induce aggregation of NPs before their UV-Vis extinction spectrum was acquired to determine 

their level of aggregation. For the antibodies, pH titration was performed for anti-His mAb and 

anti-VEGFA pAb. The same optimal pH was used for anti-DIII pAb and anti-VEGFA mAb in 

subsequent experiments. 

 

Quantification of colloidal stability 

To quantify the colloidal stability of NPs and corona-coated NPs (NP-corona), an aggregation 

index (AI) was calculated from the ratio of NP absorbance at 585 nm to 525 nm
44

 i.e. 

�� =
�585

�525
 

The SPR absorbance peak of isolated NPs varied slightly depending on whether it is corona-

coated, and the protein used to form the corona. Typically, the intensity at ~525 nm correlated to 
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the concentration of NPs. Salt-induced NP aggregation would cause a red-shift in peak 

absorbance accompanied by a broadening of the absorbance spectrum, thus making the NP’s 

absorbance at 585 nm sensitive to aggregation
45

. Normalization to the absorbance at 525 nm 

allowed us to quantify NP aggregation in a concentration-independent manner. A high AI value 

corresponds to a high degree of aggregation. AI was examined as a function of protein 

concentration and pH in our titration studies. 

 

Preparation of stable NPs with protein corona 

The MPA of protein (DIII-His, VEGFA, monoclonal anti-His, polyclonal anti-DIII and 

monoclonal and polyclonal anti-VEGFA antibodies) was added to NPs at the optimum pH 

determined, and incubated at 37 °C for 15 min to allow formation of their respective protein 

corona. Excess unbound proteins were removed by suspending 500 µL of NP-corona in water 

and centrifugation at 8,000 rpm for 30 min. 

  

Kinetics of aggregation-based assay  

Aggregation of NP-corona by target analytes was examined in separate wells of a 96-well 

microplate. Target analytes (either corresponding antigen or antibody target) were added at 

varying concentrations to 250 µL of NP-corona and incubated at 37 °C for 1 h to induce 

aggregation. Polyclonal mouse IgG antibody (0.4 mg/mL, Santa Cruz) was used as a negative 

control target for NPs with antigen corona, while bovine serum albumin (BSA) (2 mg/mL, 

Thermo Scientific) was used as negative control target for NPs with antibody corona. Both 

control targets were added at the same concentrations as target analytes. Longitudinal changes in 
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 10

UV-Vis absorption spectra were acquired at 10 min-interval for 2 h following incubation, and AI 

was examined as a function of target analyte concentration and incubation time. 

 

RESULTS AND DISCUSSION 

Synthesis and characterization of NPs 

The synthesized NPs formed a red colloid with an absorbance peak at 519 nm in the UV-Vis 

absorbance spectrum (Figure 1a). The stable isolated NPs had a much lower A585 than A525 

and this resulted in a low aggregation index (AI). The isolated NPs also had a mean DH of 16.3 ± 

0.5 nm as determined from dynamic light scattering (DLS) (Figure 1b). TEM images showed 

that isolated NPs were highly uniform and monodisperse (Figure 1c).  The NP concentration was 

typically 0.77 nM after 10X dilution. In the absence of protein corona, the citrate-capped NPs 

aggregated instantaneously in 100 mM NaCl, causing the red colloid to turn dark blue (Figure 

1d). The absorbance peak was no longer observable at 519 nm, and a much higher A585 than 

A525 resulted in an increased AI, which indicated NP aggregation. The mean DH of these 

aggregates increased to 922.2 ± 45.5 nm (Figure 1e) and individual NP was no longer visually 

discernible under TEM (Figure 1f). 
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Figure 1. Characterization of isolated NPs showing the (a) UV-Vis absorption spectrum, (b) 

hydrodynamic diameter (DH) distribution measured by dynamic light scattering (DLS), and (c) 

TEM micrograph. The NPs are generally mono-dispersed and spherical (mean DH = 16.3 ± 0.5 

nm), produce a sharp peak in the UV-Vis spectrum (λSPR = 519 nm) and form a red colloid. This 

is in contrast to the (d) UV-Vis absorption spectrum, (e) DH, and (f) TEM micrograph of 

aggregated NPs in presence of 100 mM NaCl. Individual NP can no longer be discerned visually 

from the TEM micrograph as particles overlay one another to form 3-dimensional aggregates. 

The solution turns dark blue, and the absorbance peak decreases sharply and is red-shifted. The 

aggregates have a mean DH = 922.2 ± 45.5 nm as obtained from DLS. The colloidal solutions of 

isolated and aggregated NPs are shown as inserts in their respective UV-Vis spectra. 

 

Theoretical estimates of DIII-His, VEGFA, and antibodies packing density on NPs 
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We first obtained theoretical estimates of the packing density (i.e. protein:NP molar ratio) of 

DIII-His, VEGFA, and the four antibodies (anti-His mAb, anti-DIII pAb, anti-VEGFA mAb and 

anti-VEGFA pAb) required to form a monolayer on the surface of individual NP. A high packing 

density means more antigens or antibodies are loaded onto each NP. This translates into more 

binding sites for the target analyte, and higher sensitivities in aggregation-based assays.  

The size and structure of the proteins used in this study were scaled in comparison to the NPs 

(Figure 2). Dimensions of DIII-His and VEGFA were predicted using moleman2
46-48

, a 

program for manipulation and analysis of Protein Data Bank (PDB) files. Moleman2 gives 

details of the dimensions of the protein, distance distribution, average temperature factor 

statistics and other plots such as the ramachandran plot, distance plot, and temperature factor 

plot. At 13 kDa, DIII-His was the smallest protein molecule in our study (Figure 2a). We 

estimated the packing density of DIII-His on the NP surface during spontaneous corona 

formation by modeling DIII-His as a cylinder (diameter ~3.25 nm) and assuming that it self-

assembles on the NP radially to form a monolayer with maximum packing density (Figure 2e). 

These assumptions gave DIII-His a footprint of 8.3 nm
2
, and a maximum packing density of 

~101 DIII-His/NP. VEGFA is only slightly larger at 22 kDa, but it forms a homodimer resulting 

in a larger diameter of ~6.6 nm, and should therefore possess a larger footprint (34.2 nm
2
) and 

lower packing density (~24 VEGFA/NP) (Figure 2b).  
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Figure 2. Comparison of structure and size of (a) DIII-His, (b) VEGFA, and (c) IgG that 

represents anti-His mAb, anti-DIII pAb, and anti-VEGFA mAb and pAb, to that of (d) NP 

synthesized in this study. The size of all three proteins and NP are drawn in proportion to one 

another. (e) An estimate of the packing of DIII-His on NPs’ surface by modeling DIII-His as a 

cylinder and assuming that it self-assembles on the NP radially to form a monolayer to achieve 

maximum packing density. (b) and (c) adapted with permission from published references
49, 50

. 

 

The structure of a typical IgG antibody (Figure 2c) was used to represent all the antibodies 

used in this study. If we model the 150 kDa IgG as a cylinder (diameter ~ 8.4 nm), it would have 

a footprint (55.4 nm
2
) more than 6 times larger than DIII-His and consequently a lower packing 

density (~15 IgG/NP). These differences in size, structure and packing density have important 

implications in the performance of aggregation-based assays employing different proteins to 

form protein corona. 

While these calculations provided approximates to the number of protein molecules that could 

bind to NPs to form monolayers, binding of proteins onto the NP surface would be less ordered 

and more stochastic in reality. It would involve non-specific electrostatic attractions and other 
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non-covalent interactions, and could occur in different orientations to form the corona. It is 

therefore expected that the actual average footprints and monolayer packing densities would 

deviate from the calculated estimates above. 

 

Protein titration 

The amount of protein on the NPs is an important parameter for proper functionality of the 

aggregation assay. Aggregation of NPs occurs in the presence of electrolytes if too little protein 

is adsorbed onto the NP surface. We therefore performed protein titration to determine the 

minimum protecting amount (MPA) of protein, which is the amount of protein required to 

maintain colloidal stability of the NPs in the presence of electrolyte. This would minimize 

adding unnecessary amount of proteins, and reduce the amount of excess unbound proteins after 

washing, thus increasing assay sensitivity as free proteins that compete with NP-corona for 

binding to target analytes would be reduced to the minimum
51, 52

. The MPA determined 

empirically was subsequently used to form the NP-corona for the aggregation assay.  

The AI of NPs after salt-induced aggregation was plotted as a function of protein added to the 

NPs. Sigmoidal protein titration curves were obtained for all six proteins in this study (Figure 3). 

When a small amount of protein was added, the adsorbed protein was unable to provide the NPs 

with sufficient steric stabilization against salt-induced aggregation. This resulted in a high AI of 

≥ 1 for all six proteins. As the amount of protein added increased, more protein was adsorbed 

onto the NPs to stabilize them. The AI continued to decrease until it eventually reached a 

minimum of ~0.5. Here, the proteins reached the MPA needed to form the corona and provide 

steric stabilization to the NPs in the presence of electrolytes.  
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 15

 

Figure 3. Protein titration curves to determine the minimum protecting amounts (MPA) of (a) 

DIII-His, (b) anti-His mAb, (c) anti-DIII pAb, (d) VEGFA, (e) anti-VEGFA mAb, and (f) anti-

VEGFA pAb on 0.77 nM of NPs to stabilize them from salt-induced aggregation. The insert in 

(a) shows the color change in the NP colloid as the amount of DIII-His added increases from left 

to right. 

 

No further improvement in colloidal stability was observed when protein was added beyond 

the MPA. Excess protein remained unbound in solution and did not contribute to steric 

stabilization. However, the free excess protein could still bind to target analyte without 

contributing to NP aggregation. Therefore, we formed our NP-corona at the empirically 
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determined MPA for subsequent aggregation assay studies, in addition to thorough centrifugal 

washings, to minimize reduction in assay sensitivity. 

The MPA varied from 0.4 µg (VEGFA) to 2.0 µg (anti-His mAb) for 0.77 nM of NPs. We 

determined the MPA per NP, and the molar ratio (MPA/NP) for all six proteins. For the smaller 

DIII-His and VEGFA, an MPA/NP of 355 and 81 was required to form a stable antigen corona 

on the NPs, respectively (Figure 4). The larger anti-His mAb, anti-DIII pAb, anti-VEGFA mAb 

and anti-VEGFA pAb had lower MPA/NP of 41, 21, 21 and 31 respectively. The differences in 

MPA/NP between DIII-His, VEGFA and antibodies could be attributed to differences in size and 

structure of the proteins. This was expected as smaller proteins possessed smaller footprints on 

the NPs’ surface, leading to higher MPA/NP and vice versa. The differences in MPA/NP 

between the antibodies were small and most likely due to the slight differences in MPA as 

observed in Figure 3.  
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 17

 

Figure 4. Minimum protecting amount of proteins per NP (MPA/NP) molar ratio needed to 

confer colloidal stability to NPs as compared to theoretical estimate of protein packing density 

on NPs. The former is based on the MPA estimated empirically from protein titration in Figure 3. 

 

In general, the MPA/NP obtained empirically was higher than our theoretical estimates of 

packing densities to form a monolayer. This was true for all six proteins. The higher empirical 

values suggested that additional protein molecules were recruited for steric stabilization of the 

NPs although they were not directly involved in the formation of the monolayer of protein in the 

corona. Other factors such as protein-protein interactions, orientation of protein binding and 

protein unfolding on the NPs’ surface
53, 54

 might also affect the actual minimum number of 

proteins needed to stabilize the NPs.  
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pH titration 

As the formation of protein corona involves electrostatic attraction between charged species, 

pH also affects the colloidal stability of NP-corona. Adsorption of proteins onto NPs is optimal 

when the pH is slightly higher than the isoelectric point (pI) of the proteins
55

. We performed pH 

titration to determine the optimum pH for protein adsorption. The AI of NPs after salt-induced 

aggregation was plotted as a function of pH, from which we derived the pH range in which NPs 

were stable. 

Similar to protein titration, sigmoidal pH titration curves were obtained (Figure 5). At pH 

below their pI, proteins carried net positive charges due to protonation of their basic residues. 

Introduction of positively charged proteins would thus screen the negative charge between the 

citrate-capped NPs, weaken electrostatic repulsion, promote NP aggregation, and result in high 

AI. As pH increased, more residues in the protein became deprotonated. This decreased their 

positive charge, and reduced the charge screening and destabilizing effects of the proteins on the 

NPs, leading to a decrease in AI.  
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Figure 5. pH titration curves to determine the optimum pH for adsorption of (a) DIII-His, (b) 

VEGFA, (c) anti-His mAb and (d) anti-VEGFA pAb required to form corona around 0.77 nM of 

NPs, and stabilize them from salt-induced aggregation. The insert in (a) shows the color change 

of the NPs as the pH increased from left to right. 

 

As pH approached the pI of proteins (pI of DIII-His = 6.93, pI of VEGFA = 9.19, pI of 

antibody = 6.1, values for DIII-His and VEGFA calculated using the "Compute pI/MW" 

program in ExPASy)
56

, the proteins carried no net charge and were able to passively adsorb onto 

NPs through non-electrostatic interactions. This resulted in minimum aggregation. Here, the AI 

reached a minimum, and any further increase in pH did not change the colloidal stability of the 

NP-corona. We used this minimum pH at which the AI reached the lowest value to form the 
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protein corona in subsequent experiments to avoid protein denaturation and loss of biological 

activity at extreme alkalinity. 

 

Characterization of protein corona formation around NPs 

The formation of protein corona around NPs resulted in protein-dependent changes to their 

physical properties. In general, the protein corona caused a slight redshift in the peak absorbance 

wavelength (Figure 6a). The redshift was the least for DIII-His (from 519 nm to 524 nm, ∆λ = 5 

nm). Formation of VEGFA antigen corona resulted in a redshift to 527 nm (∆λ = 8 nm). 

Redshifts were also observed for antibody corona formed from anti-His mAb (∆λ = 8 nm), anti-

DIII pAb (∆λ = 4 nm), anti-VEGFA mAb (∆λ = 5 nm) and anti-VEGFA pAb (∆λ = 9 nm). In 

general, a redshift of ~ 6 to 7 nm in peak absorbance is typical of protein binding on NPs and has 

been previously reported
57, 58

. They arise from dipole interactions between the bound proteins 

and surface plasmon of the NPs, which in turn change the dielectric environment around the 

NPs. 
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Figure 6. Formation of antigen (DIII-His and VEGFA) and antibody (anti-His mAb, anti-DIII 

pAb, anti-VEGFA mAb and anti-VEGFA pAb) corona around NPs, showing changes in (a) UV-

Vis absorption spectra, (b) aggregation indices (AI), (c) zeta potential and (d) hydrodynamic 

diameter (DH) of NPs from DLS. 
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Apart from the redshift in peak absorbance, binding of proteins to form the corona did not 

induce significant colloidal instability to the NPs. The AI of as-synthesized citrate-capped NPs 

was 0.384 ± 0.002. Binding of the six proteins saw the AI of NP-antigen and NP-antibody 

increased only slightly (AINP-DIII-His = 0.453 ± 0.014, AINP-VEGFA = 0.469 ± 0.022, AINP-anti-His mAb 

= 0.467 ± 0.019, AINP-anti-DIII pAb = 0.476 ± 0.020, AINP-anti-VEGFA mAb = 0.454 ± 0.023 and AINP-anti-

VEGFA pAb = 0.469 ± 0.019) (Figure 6b). This was unlike gold nanorods (NRs) where formation of 

protein corona induces clustering of NRs, facilitated by the presence of excess free 

cetyltrimethylammonium bromide (CTAB) ligands from NR synthesis
34, 59

. These free ligands 

were not present in NPs to induce NP clustering. The colloidal stability of NPs is crucial for 

proper functionality of aggregation-based assays. 

The colloidal stabilities of NPs both with antigen and antibody corona were also confirmed by 

their zeta potential (Figure 6c). The synthesized citrate-capped NPs had a zeta potential of ζNP = -

38.4 ± 1.9 mV. While formation of protein corona resulted in a less negative zeta potential of 

NPs (ζNP-DIII-His = -23.7 ± 0.5, ζNP-VEGFA = -18.7 ± 1.7, ζNP-anti-His mAb = -20.8 ± 0.3, ζNP-anti-DIII pAb = 

-25.4 ± 0.3, ζNP-anti-VEGFA mAb = -23.1 ± 1.4 and ζNP-anti-VEGFA pAb = -7.4 ± 0.5 mV), the surface 

charge remained sufficiently negative to maintain colloidal stability. This decrease in negative 

charge was expected as proteins within the corona possessed a small net charge at pH near their 

pI. This made the citrate-capped NPs less negative when the proteins form the corona around 

them. 

Formation of both antigen and antibody corona also increased the hydrodynamic diameter (DH) 

of citrate-capped NPs, and the increase correlated to the size of the protein forming the corona. 

Binding of the smaller DIII-His and VEGFA antigens caused the DH of NPs to increase from 

16.3 ± 0.5 nm to 19.2 ± 0.4 nm and 20.8 ± 0.1 nm, respectively (Figure 6d). The increase in DH 
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was of the same size range as the proteins (Figure 2a and b), suggesting the formation of a 

protein monolayer. On the other hand, formation of anti-His mAb, anti-DIII pAb and anti-

VEGFA mAb and pAb corona on NPs resulted in larger DH of 29.1 ± 0.5, 33.3 ± 1.8, 30.9 ± 0.5 

and 31.1 ± 1.1 nm respectively, as antibodies are larger (~150 kDa). The increase in DH for the 

four antibodies was also of similar size as the antibodies (Figure 2c), which again suggested the 

formation of a protein monolayer.  

 

Functionality of aggregation assay – Number of epitopes on target analyte 

We first demonstrated the functionality of the aggregation assay using NP-antibody as the 

detecting agent for the antigen target analyte. Addition of DIII-His target analyte to NP-anti-His 

mAb in the DIII-His:anti-His mAb molar ratio of 5:1 did not result in any aggregation within 1 h. 

There was no change to the absorbance spectrum (Figure 7a) and the AI remained constant 

(~0.57) over time (Figure 7b, solid line). Even when the DIII-His:anti-His mAb molar ratio was 

increased further to 20:1, the AI remained relatively unchanged (Figure 7c, solid line). Hence, 

DIII-His was unable to induce any aggregation of NP-anti-His mAb. 
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Figure 7. Influence of number of epitopes on the antigen target analyte on the functionality of 

the aggregation assay. Addition of DIII-His with a single epitope to NP-anti-His mAb in the ratio 

of DIII-His:anti-His mAb = 5:1 results in no change to the (a) UV-Vis absorption spectrum and 

(b) AI of NPs with time. (c) The AI is also not dependent on the DIII-His:anti-His mAb molar 

ratio. On the other hand, addition of DIII-His with more than one epitope to NP-anti-DIII pAb in 

the same ratio results in (d) changes to the UV-Vis absorption spectrum and (e) an increase in AI 

of NPs with time.  (f) AI is dependent on the DIII-His:anti-DIII pAb molar ratio. The same 

observations were made for the addition of VEGFA with a single epitope to NP-anti-VEGFA 
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mAb (g, h, i) and with multiple epitopes to NP-anti-VEGFA pAb (j, k, l). In all cases, the 

negative control BSA target did not elicit any aggregation, regardless of incubation time or ratio, 

thus showing the specificity of the aggregation assay. 

 

In contrast, addition of DIII-His target analyte to NP-anti-DIII pAb in a molar ratio of 5:1 

resulted in gradual aggregation over 1 h. We observed a broadening of UV-Vis absorbance 

spectrum coupled with a corresponding decrease in peak absorbance within 1 h (Figure 7d). This 

change was translated to an increment in AI over time from 0.604 to 0.685 (Figure 7e, solid 

line). This change in AI exhibited a non-linear dependence on the DIII-His:anti-DIII pAb molar 

ratio (Figure 7f, solid line). Therefore, unlike NP-anti-His mAb, DIII-His was able to induce 

aggregation of NP-anti-DIII pAb. We noted that minimal change in AI was observed both as a 

function of time and antigen target analyte:antibody ratio when BSA was added as the negative 

control analyte to both NP-anti-His mAb and NP-anti-DIII pAb (Figure 7, dashed lines). This 

proved that the aggregation-based assay was able to specifically detect the antigen-of-interest, 

with no non-specifically induced aggregation. 

It was thus apparent that while NP-anti-DIII pAb could be used to detect the presence of DIII-

His in an unknown sample, this was not the case for NP-anti-His mAb. This could be attributed 

to the fact that each DIII-His molecule had only one hexa-histidine tag
42

. It therefore had only 

one epitope for anti-His mAb. In order to induce aggregation of NP-antibody conjugates, the 

target antigen must have a minimum of two epitopes. This way, the antibody on one NP could 

then bind to one epitope, while the antibody on another NP bind to another epitope (Scheme 1a) 

to allow “cross-linking” and aggregation of the NPs. 
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On the other hand, DIII-His possessed two epitopes for binding by anti-DIII pAb where the 

components of the polyclonal mix include anti-His mAb that binds to the hexa-histidine tag and 

3H5 mAb that binds to residues 383-386 on DIII-His
60

. This allowed anti-His mAb and 3H5 

mAb from different NPs to bind to the same DIII-His molecule to induce aggregation.  

The same was also observed for VEGFA. When VEGFA target analyte was added, 

aggregation was absent in NP-anti-VEGFA mAb (Figure 7g–i), but was present in NP-anti-

VEGFA pAb (Figure 7j–l). This is, again, attributed to the fact that VEGFA has only one epitope 

for anti-VEGFA mAb, but multiple epitopes for anti-VEGFA pAb.  

The aggregation obtained from the UV-Vis spectrum correlated well with changes in DH 

obtained from dynamic light scattering. For anti-His and anti-VEGFA mAb, a slight increase in 

∆DH (11.2 and 16.7 nm, respectively) was detected after addition of antigen to the respective 

NP-antibodies corona at an antigen:antibody molar ratio of 5:1 for 1 h (See Supporting 

Information, Figure S2). This was probably attributed to antigens binding to NP-antibodies 

without inducing aggregation. Hence, the AI showed no increase. In contrast, a much larger ∆DH 

was detected for anti-DIII and anti-VEGFA pAb (37.4 nm and 31.7 nm, respectively), and could 

be attributed to “crosslinking”-induced NP aggregation effected by the polyclonal antibodies. 

The agreement in results between the two different antigen-antibody systems (DIII-His and 

VEGFA) used in this study provides convincing evidence that multiple epitopes on the antigens 

are required for NP aggregation. Aggregation does not necessarily occur for every antigen-

antibody pair (e.g. no aggregation was observed for DIII-anti-His mAb and VEGFA-anti-

VEGFA mAb pairs). The above results therefore hold important implications in the rational 

selection of proteins and design of aggregation-based assays that rely on antibody corona for 

detection, as we showed that an aggregation-based assay can only be established if the target 

Page 26 of 35RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 27

analyte has more than one epitope or if the antibodies used to form the NP-corona can recognize 

multiple epitopes on the target antigen. Such a limitation on the target antigen analyte has made 

explicit the need for pre-screening of the antigen-antibody pair, which may not be immediately 

apparent to many. 

  

Functionality of aggregation assay – Nature of protein corona 

Although the addition of DIII-His target analyte to NP-anti-His mAb did not result in 

aggregation, this was not observed in the reciprocal system in which a DIII-His antigen corona 

was used. Here, addition of anti-His mAb target analyte to NP-DIII-His in an anti-His mAb:DIII-

His molar ratio of 1:1 resulted in gradual aggregation over 2 h. In fact, a broadening of UV-Vis 

absorbance spectrum and decrease in peak absorbance could already be observed within 1 h 

(Figure 8a). In contrast, addition of IgG isotype control antibody to NP-DIII-His did not result in 

any detectable aggregation and the spectrum remained unchanged over time (Figure 8b). It was 

thus apparent that while NP-anti-His mAb could not be used to detect the presence of DIII-His in 

an unknown sample, the reverse was possible with NP-DIII-His in detecting anti-His mAb. This 

showed that, apart from the number of epitopes on the antigen, the functionality of the 

aggregation assay was also dependent on the nature of the protein corona, and that the NP-

antigen corona was able to detect specifically the antibody-of-interest, with no non-specific 

aggregation. 
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Figure 8. Aggregation of NPs with DIII-His corona (NP-DIII-His) in the presence of the anti-

His mAb target analyte. (a) Changes in UV-Vis absorbance spectrum due to aggregation of NP-

DIII-His in the presence of anti-His mAb, in contrast to (b) no change in UV-Vis absorbance in 

the presence of IgG isotype control. 

 

The change in UV-Vis spectrum was translated to a rise in AI over 1 h (Figure 9a, solid line). 

The AI was also dependent on the anti-His mAb target analyte:DIII-His molar ratio. As the anti-

His mAb:DIII-His molar ratio increased from 0 to 0.5, the AI increased sharply and plateaued at 

a molar ratio of 0.5 (Figure 9b, solid line). This implied that two NP-DIII-His were needed to 

react with each anti-His mAb and cause aggregation. This could be explained by the presence of 

two Fab fragments on each antibody that are available to bind to one DIII-His molecule each. 

Further increment in the amount of anti-His mAb only resulted in a gradual rise in AI. 

The influence of the protein corona nature on the functionality of aggregation assay was also 

observed in the VEGFA and anti-VEGFA system. VEGFA was able to elicit aggregation to NP-

anti-VEGFA pAb with ∆AI = 0.048 within 1 h at a VEGFA target analyte:anti-VEGFA pAb 

ratio of 5:1 (Figure 7k, solid line). However, addition of anti-VEGFA pAb target analyte to the 

NP-VEGFA reciprocal system resulted in a larger increase in AI at a lower anti-VEGFA pAb 
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target analyte:VEGFA ratio of 1:1 (∆AI = 0.093) (Figure 9c, solid line). This increase was 

almost twice that of the VEGFA and NP-anti-VEGFA pAb system. Here, anti-VEGFA pAb 

recognized multiple epitopes on the VEGFA adsorbed on NPs, thus allowing aggregation to 

occur. This showed that even with proteins having multiple epitopes whereby both antigen and 

antibody corona could elicit aggregation in the presence of their respective target analytes, the 

antigen corona was still able to elicit a stronger response with higher sensitivity than an antibody 

corona.  

 

Figure 9. Influence of nature of protein corona on the functionality of aggregation assays. With 

an antigen corona, addition of (a) anti-His mAb to NP-DIII-His in the ratio of anti-His 

mAb:DIII-His = 1:1 results in an increase in AI with time. This is not observed in the reciprocal 

system. (b) The AI is dependent on anti-His mAb target analyte:DIII-His molar ratio. (c) 

Addition of anti-VEGFA pAb to NP-VEGFA in the ratio of anti-VEGFA pAb:VEGFA = 1:1 
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again resulted in an increase in AI over time. This increase, however, is more significant than its 

reciprocal system. (d) The AI is again dependent on the anti-VEGFA pAb target analyte:NP-

VEGFA molar ratio. In both NP-DIII-His and NP-VEGFA systems, the isotype control mouse 

IgG target does not elicit any aggregation under the same incubation ratio of 1:1, showing the 

specificity of the aggregation assay. 

 

The higher sensitivity of aggregation assay obtained with NP-antigen corona was again 

confirmed by the amount of target analyte needed to achieve maximum aggregation per molar 

ratio of NP. For NP-anti-VEGFA pAb, 5 molecules of VEGFA were needed to elicit maximum 

aggregation per NP-anti-VEGFA pAb (Figure 7l, solid line), whereas only 1 molecule of anti-

VEGFA pAb was needed to elicit maximum aggregation per NP-VEGFA (Figure 9d, solid line). 

This higher sensitivity could be due to a larger number of VEGFA present on the NP (MPA/NP 

= 81) compared to anti-VEGFA pAb (MPA/NP = 31), which allowed more target analyte to bind 

to the NPs.  

The AI also increased with increasing anti-VEGFA pAb target analyte:VEGFA molar ratio, 

but plateaued at a molar ratio of 1 (Figure 9d, solid line). Here, at least two anti-VEGFA pAb 

must bind to two VEGFA on the NPs to elicit maximum aggregation between them. Compared 

to NP-DIII-His which required just one anti-His mAb to bind to two DIII-His on the NPs, this 

showed that the NP-VEGFA had a poorer detection limit that NP-DIII-His. This might again be 

attributed to the larger number of DIII-His present on the NP (MPA/NP = 355) compared to 

VEGFA (MPA/NP = 81). These results thus revealed that the nature of the protein corona (i.e. 

antibody or antigen) around the NPs also plays an important role in the design of aggregation-

based assays using NPs. In general, protein corona formed from small antigen molecules that can 
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be packed at higher densities on NPs result in higher sensitivities than corona formed from larger 

antibody molecules. 

Although the antigen corona was able to elicit a stronger response with higher sensitivity than 

an antibody corona, forming an antigen corona around NPs by coating the NPs directly in 

antigen-containing biological fluids may not be direct and practical. There are usually other 

biomolecules present in biological fluids competing with the antigen to form the NP corona. 

Furthermore, the amount of antigen in biological samples is usually very low
61

. This results in 

only small amount of antigen being assimilated into the antigen corona and the NP-antigen 

system having poor detection capabilities. Instead, the NPs should be pre-coated with purified 

antigen in vitro to form the antigen corona.
9, 61, 62

 With the antigen of the disease-of-interest 

known, the recombinant antigen can be expressed, purified, and immobilized at a high 

concentration (or packing density) on the NP surface. The pre-coated NP-antigen corona probes 

could then be introduced into biological fluids or samples for detection of the target antibody.  

 

CONCLUSION 

Our study established two guidelines relevant to the design of aggregation-based assays. 

Firstly, we found that the number of epitopes on the antigen matters for antibody corona formed 

on NPs. DIII-His and VEGFA antigens had multiple epitopes for anti-DIII and anti-VEGFA pAb 

and were able to induce aggregation of NP-anti-DIII and NP-anti-VEGFA pAb, respectively. 

However, the same antigens had only a single epitope for anti-His and anti-VEGFA mAb, and 

were not able to induce aggregation of NP-anti-His and NP-anti-VEGFA mAb. Thus, any 

attempt to design an aggregation-based assay to detect an antigen would require the antigen to 

have multiple epitopes for its corresponding antibody. This further implied that only polyclonal, 
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but not monoclonal, antibodies could be used in aggregation-based assays with NPs having an 

antibody corona. Furthermore, the nature of protein corona also matters as the corona formed 

from small antigens had lower limits of detection and elicited larger changes in AI, when 

compared to corona formed from larger antigens and antibodies. Our study therefore established 

two important guidelines for rational selection of proteins in the design of aggregation-based 

assays with NPs. 
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