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Abstract 

A colorimetric platform for the fast, simple and selective detection of proteins of medical 

interest is presented. Detection is based on the aggregation of two batches of peptide 

functionalized GNPs via the dual-trapping of the protein of interest.  As proof of concept, we 

applied our platform to the detection of the oncoprotein Mdm2. The peptide aptamers used for 

the functionalization are based on the reported binding sequences of proteins p53 and p14 for 

the oncoprotein. Rapid aggregation, and a color change from red to purple, was observed 

upon addition of Mdm2 with concentrations as low as 20 nM. The selectivity of the system 

was demonstrated by the lack of response upon addition of BSA (in large excess) or of a 

truncated version of Mdm2, which lacks one of the peptide binding sites. A linear response 

was observed between 30 and 50 nM of Mdm2. The platform reported here is flexible and can 

be adapted for the detection of other proteins when two binding peptide aptamers can be 

identified. Unlike current immunoassay methods, it is a one-step and rapid method with an 

easy readout signal and low production costs. 

KEYWORDS : gold nanoparticles, Mdm2, dual-trapping, peptide aptamer, nanosensor 

 

Protein biomarkers are the major target for most current medical diagnostics.1–4 The 

concentration of these proteins can potentially also provide information on the stage of the 

disease. Convenient, fast, cheap and sensitive protein-sensing methods, which can detect 

small variations in protein levels, are thus of great interest as they could lead to earlier 

diagnosis and to a better follow-up of pathological conditions.  

The current gold-standard for protein detection is the enzyme-linked immunosorbent assay 

(ELISA).5 Despite its high sensitivity this system possesses significant drawbacks, including 

high production costs, complex procedures and the need for trained operators, limiting its use 

in a point-of-care setting. Systems based on gold nanoparticles (GNPs) are, in this context 

gaining interest because GNPs have remarkable optical properties,6,7 can be easily 

functionalized and are furthermore considered to be biocompatibile.8 They exhibit a localized 
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surface plasmon resonance (LSPR) band in the visible region, which can be exploited for 

colorimetric sensing as it is strongly dependent on the dielectric properties of the local 

environment (including solvent and adsorbates).9,10 The most unambiguous signal is obtained 

with GNP aggregation, as this leads to coupling between the surface plasmon of neighboring 

nanoparticles and a significant change in the LSPR band.11,12 Various GNP aggregation 

strategies have thus been developed for the detection of a wide range of analytes for 

biomedical diagnostics13,14 and therapeutic applications.15,16 The GNPs are for these 

applications almost always functionalized with antibodies,17 which suffer from some severe 

and well-known drawbacks such as large molecular dimensions, stability issues, poor control 

of the orientation at the GNPs surface or large batch-to-batch variation.18–20 To address these 

problems, synthetic affinity probes such as nucleic acid aptamers and, more recently, peptide 

aptamers have been considered for the detection of biomolecules. The term "peptide aptamer" 

has been originally coined to describe a "combinatorial protein molecule consisting of a 

variable peptidic sequence inserted within a constant scaffold protein"21 although by 

extension the terminology is often applied to peptide affinity probes with good selectivity 

towards given targets. Peptides offer a promising alternative to antibodies, because they are 

far less expensive, easier to synthesize in a reproducible way, to manipulate and to graft onto 

GNPs following a well-controlled immobilization chemistry.  

We present here a protein detection platform, which is based on the use of peptide 

functionalized GNPs that could fit the requirements for a point-of-care system. This platform 

exploits a double recognition strategy using two sets of GNPs, each functionalized with a 

different peptide. The two peptides are able to recognize the target protein simultaneously, 

and the formation of the ternary complex induces the aggregation of the GNPs (Fig. 1). High 

selectivity is ensured by the dual-trapping mechanism and, in combination with the easy read-

out of GNP aggregation, the simplicity of use and its relatively low-cost, this system is a good 

candidate for a point-of-care device. As a proof of concept, the detection of the oncoprotein 

Mdm2 is demonstrated. 
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Fig. 1 Schematic representation of the detection of a target protein with GNPs functionalized with different 

peptide aptamers, each recognizing a specific site of the protein. 

 

Mdm2 (491 a.a.) is considered to be the main negative regulator of the tumor suppressor 

protein p53, which is commonly called the “cellular gatekeeper for growth and division" due 

to its critical role in the response following a cellular stress.22,23 It has been brought to light 

that in more than 7% of human tumor cells, Mdm2 is strongly overexpressed (e.g. 10-fold in 

leukemia)24, and that this percentage increases to 20 % in soft tissue tumors.25  The early 

detection of abnormal levels of Mdm2 is consequently seen as a promising diagnostic target 

for certain cancers.  

Results and Discussion 

Citrate protected GNPs with a narrow size distribution were synthesized following a modified 

Turkevich method.26 The colloids were dialyzed against 0.1 mM citrate solutions just after 

synthesis. TEM measurements revealed an average diameter of 15.6 nm for the nanoparticles, 

and the colloidal suspension exhibited a sharp LSPR band with a λmax at 521 nm (Fig. S1). A 

hydrodynamic radius of 30 nm was determined by dynamic light scattering (DLS).  

The peptides used to functionalize the two sets of GNPs were derived from the binding 

sequences of proteins p53 and p14, which can naturally form a ternary complex with Mdm2.27 

While p53 is negatively regulated by Mdm2, p14 is an inhibitor of this regulation and restores 

the function of p53.28 The minimal sequences of these two proteins involved in the 

recognition, as reported in the literature,29–31 were used to design the peptide aptamers (Fig. 

2). In both cases, additional residues from the natural sequence were kept to add some 

flexibility in the construct, and two cysteine residues were added at the N-term and C-term 
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extremities of the p53 and p14 peptides, respectively, to enable the grafting on the GNPs (Fig. 

2).  

 

 

 

 

The p53-peptide, which is negatively charged, was grafted on the GNPs using a simple one-

step protocol with an excess of peptide (GNP-p53). A red shift of the LSPR band by 2.5 nm 

(Fig. S2) and an increase of the hydrodynamic radius of the particles of 30 % were observed. 

After centrifugation, the fluorescence emission of the tryptophan residue of the free peptide in 

the supernatant was measured in order to quantify the level of grafting. The grafting density 

was furthermore verified by detaching the peptides from the purified GNPs using 

dithiothreitol (DTT) and measuring the fluorescence in the supernatant after centrifugation. A 

good agreement was obtained between these two quantification methods (Table S1) and the 

grafting level was estimated to be around 450 ± 100 peptides per GNP, corresponding to a 

grafting density of 0.50 peptide/nm².  

The second aptamer, peptide-p14, is positively charged and it was not possible to reach the 

same grafting level as the immobilization of a positively charged peptide on citrate protected 

GNPs (which present a global negative zeta potential) cancels the surface potential and 

destabilizes the colloidal suspension. A stable colloidal suspension of GNP-p14 was obtained 

with around 50 peptides per GNP. The grafting was confirmed by the small red shift of the 

LSPR band (Δλmax= 1.0 nm, Fig. S3) and an increase of the hydrodynamic radius of 

approximately 23 %. 

Mixing the two batches of functionalized nanoparticles, GNP-p53 and GNP-p14, at equal 

GNP concentrations (1 nM total concentration) gave rise to a stable solution. The addition of 

Mdm2 (50 nM) led to a clear color change with a rapid increase of the absorbance at 680 nm 

and decrease of the absorbance at 523 nm (Fig. 3), which is a clear signature of GNP 

aggregation. This was confirmed by the comparison of TEM pictures of GNP-p53/GNP-p14 

mixture deposits before and 20 minutes after the addition of Mdm2 (Fig. S6). The particles 

show a clear tendency to form large aggregates in the presence of Mdm2, which is not the 

case in the absence of the protein. The compact aggregates are a signature of a reaction 

limited colloidal aggregation mode (RLCA).32,33 It is worth mentioning that the kinetics of the 

aggregation is in agreement with previously observed protein induced aggregation of GNPs of 

similar size.34 

To verify that the aggregation was indeed due to the selective binding of Mdm2 to the two 

sets of peptide-functionalized GNPs and the formation of the ternary complex, various control 

experiments were run. No aggregation was observed when Mdm2 was added either to a 

Fig. 2 Amino acid sequences of peptide-p53 and peptide-p14 aptamers which were grafted on the GNPs; the 

recognition sequence is underlined and the flexibility part is in italic.  
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suspension of GNP-p53, or a suspension of GNP-p14. The addition of Bovine Serum 

Albumin (BSA) to the GNP-p53/GNP-p14 suspension also did not induce any aggregation, 

even at its physiological concentration (600 µM). BSA has a size and charge similar to that of 

Mdm2 and is known to easily adsorb onto surfaces. To highlight the need for the double 

recognition, a truncated version of Mdm2 (deletion of residues 1-200) that does not possess 

the N-terminal hydrophobic pocket required to bind p53, was also tested. Once again, no shift 

of the LSPR band is observed, only a rapid and small increase of the overall absorption 

resulting from the increased turbidity of the sample. In all cases the A680/A523 ratio does not 

evolve with time, which is a clear indication that aggregation does not occur (Fig 3c and Fig. 

S3-S5).  

To show the robustness of the system, the detection of Mdm2 (50 nM) was tested in the 

presence of a large excess of BSA (50 µM). An unambiguous aggregation signal was rapidly 

observed (Fig. 3c and Fig. S7). The detection capacity of the platform was also tested using 

different Mdm2 concentrations, ranging between 20 and 80 nM (Fig. 4 and S8), a 

concentration range that encompasses the normal biological concentration in Mdm2.35 The 

ratio of the absorbance of the LSPR band at 680 nm to that at 523 nm after 20 minutes was 

measured. A linear relation was obtained between 30 and 50 nM (R² = 0.993, Fig. 4 and Fig. 

S8), showing the potential of this system to function as quantitative colorimetric sensor. The 

presence of Mdm2 could however be evidenced at all tested concentrations but below 30 nM, 

the aggregation process is slow and above 50 nM the system starts to saturate. For very high 

concentrations of Mdm2 (80 nM), the protein-to-GNP ratio is so large that the GNP surface is 

saturated with protein, hindering the formation of the ternary complexes. This saturation 

effect was confirmed by a simple experiment, wherein the concentration of GNPs was 

decreased. As expected for a saturation phenomenon, the same trend in the A680/A523 ratio was 

observed but at lower concentrations in Mdm2. The linear relationship observed for the 

A680/A523 ratio as a function of protein concentration definitely paves the way to the 

development of a quantitative detection assay. Efforts are ongoing to determine the optimal 

GNP concentration and peptide grafting levels to extend the accessible Mdm2 concentration 

range. 
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Fig. 3 (a) Time resolved UV-vis spectra of the GNP-p53 / GNP-p14 suspension in the presence of Mdm2 (50 
nM); (b) GNP-p53 / GNP-p14 suspension 20 minutes after addition of Tris-HCl buffer (left) of 50 nM BSA 
(middle) or 50 nM Mdm2 (right); (c) Evolution of the ratio A680/A523 from 0 to 60 minutes (left) and from 2 to 20 
hours (right) in the presence of 50 nM Mdm2 (□), 50 nm truncated Mdm2 (o), 50 nm Mdm2 with 50 µM BSA 
(X), 50 nM BSA (Δ) or 600 µM BSA (◊). 
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Fig. 4 A680nm/A523nm after 20 minutes as a function of the Mdm2 concentration added to a GNP-p53/GNP-p14 
suspension. The dotted line shows the linear relationship. The horizontal line represents the A680nm/A523nm ratio 
in the absence of protein and the green area represents the non-specific background (3 sigma calculated on 13 
repetitions of the initial measurement in the absence of protein).  

 

Conclusion 

We combined the capacity of peptide aptamers to selectively bind to a target protein with the 

optical properties of GNPs to build a rapid and robust colorimetric assay for the detection of 

the oncoprotein Mdm2. Our experiments show that GNP aggregation in the presence of 

Mdm2 results in a rapid and selective detection method for this protein, with an easily 

discernable signal already appearing after less than five minutes at concentrations as low as 

20 nM. The developed strategy combines the concept of GNP aggregation induced by double 

recognition of the target protein by two distinct sets of functionalized nanoparticles with the 

use of an emerging class of recognition elements, peptide aptamers. Our results demonstrate 

that peptides can be efficiently used for a recognition process, replacing the more commonly 

used antibodies. Mdm2 was used as proof of concept for this strategy due to its strong 

biomedical interest, but similar peptide-based dual-trapping recognition assays could be 

developed for numerous other proteins of interest, for which peptide affinity probes can be 

identified among their natural partners/inhibitors. The properties of this platform - high 

selectivity, easy readout, efficiency of set-up, low cost - correspond perfectly with point-of-

care expectations and this evolution is envisaged.  
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containing the materials and methods section, additional figures containing UV-vis spectra of 

the various GNP suspensions (functionalized or not), the UV-vis spectra as function of time of 

the detection tests (with Mdm2 at concentration ranging from 20 to 80 nM, BSA, truncated 

version of Mdm2, mixture of Mdm2 and BSA), table showing the grafting levels of the p53-

peptide on the GNPs, and TEM images. 
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