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Abstract 
Dipeptidyl peptidase IV (DPP-IV also referred to as CD-26) is a serine protease enzyme with 

remarkable diagnostic and prognostic value in a variety of health and disease conditions. 

Herein, we describe a simple and real-time colorimetric assay for DPP-IV/CD-26 activity 

based on the aggregation of gold nanoparticles (AuNPs) functionalized with the peptide 

substrates: Gly-Pro-Asp-Cys (GPDC) or Val-Pro-ethylene diamine-Asp-Cys (VP-ED-DC). 

Cleavage of the substrates by DPP-IV resulted in aggregation of the AuNPs with 

accompanying colour change in the solution from red to blue that was monitored using either 

a UV-visible spectrophotometer or by the naked eye. Factors, such as pH, ionic strength and 

the structure of the substrate that influence the cleavage reaction in solution were 

investigated. The effects of potential interference from serum proteins (lysozyme, thrombin 

and trypsin) on the analytical response were negligible. The detection limits when GPDC or 

VP-EN-DC functionalized AuNPs were used for DPP-IV assay were 1.2 U/L and 1.5 U/L, 

respectively. The VP-EN-DC method was preferred for the quantitative determination of 

DPP-IV activity in serum because of its wide linear range 0 - 30 U/L compared to 0-12 U/L 

for the GPDC assay. Recoveries from serum samples spiked with DPP-IV activity, between 

5-25U/L, and using the VP-EN-DC modified AuNPs method ranged between 83.6-114.9%. 

The two colorimetric biosensors described here are superior to other conventional methods 

because of their simplicity, stability, selectivity and reliability.  
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1. Introduction  
Dipeptidyl peptidase IV/CD26 (DPP4/ DPP-IV) is a type II transmembrane serine protease 

glycoprotein belonging to the S9 prolyl oligopeptidase family [1] and capable of splitting N-

terminal dipeptides from polypeptide substrates with proline in the penultimate position, 

thereby acting on a variety of compounds such as chemokines, neuropeptides, peptide 

hormones and incretins. The enzyme is implicated in immune regulation, oncological, 

neurodegenerative and inflammatory processes, and also in nutritional control and 

nociception [2,3]. The focus of ongoing research is in the development of drugs which target 

DPP-IV production for the therapeutic management of type II diabetes and its use as a 

biomarker for the management of heart failure [4]. It has been suggested that the 

measurement of DPP-IV activity can be used as a diagnostic and prognostic marker for 

various inflammatory disorders, tumours and haematological malignancies [5–9]. Therefore, 

there is demand for simple, selective and sensitive assays that can be used to measure the 

activity of DPP-IV in health and disease. 

 To date, the most commonly used methods for the determination of DPP-IV 

enzymatic activity are based on the deployment of chromogenic, fluorogenic,
,
 bioluminescent 

and electrochemical [10–13] sensors (Table 1). Although sensitive, most fluorogenic probes 

suffer from poor aqueous solubility and therefore, require the use of organic co-solvents 

which have been reported to reduce enzyme activity and thus limit their application to cell-

free assays [14]. A further drawback with the use of the current chromogenic substrates is 

that they contain over reactive leaving groups, which render them easily susceptible to non-

enzymatic cleavage by interfering proteins in biological samples [15]. 

 Nanoplasmonic colorimetric assays are highly sensitive because of the high extinction 

coefficients of gold nanoparticles (AuNPs), 10
2 

-10
3
 times higher than those of conventional 

colored dyes [16].Using thiol chemistry, recognition substrates, e.g. peptides with cysteine 

residues, alkane thiolate or tiopronin [17–19] can be coupled to the AuNPs surface to form a 
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colloidal solution whose stability is affected in the presence of the enzyme resulting in the 

aggregation of the AuNPs with accompanying colour change. Label-free colorimetric assays 

in which the substrate reporter molecule is not covalently attached to the AuNPs but through 

electrostatic and hydrophobic interactions have also been reported for the detection of 

thrombin [20] and alkaline phosphatase [21]. Detection of enzymatic activity by using metal 

(typically gold) nanoparticle based colorimetric assays is an attractive alternative to 

traditional enzymatic assays because color changes are visible to the naked eye. This color 

change caused by direct or indirect induced AuNP aggregation forms the basis for the 

colorimetric detection. A variety of enzymes (lipase, protease, kinase and DNAse) have been 

detected using this approach [22–25]. 

 Of critical importance to this type of application is to ensure that the colloidal solution 

is stable and the resultant aggregation is triggered by the analyte and not due to any non-

specific changes in the solution. In order to improve the stability of the colloidal solution, 

Lévy and co-workers, (2004) designed a pentapeptide sequence (CALNN)  using a 

combinatorial approach in order to produce an extremely stable, water soluble peptide ligand, 

which has been used as an additional stabilizer in colorimetric platforms for the detection of a 

variety of analytes [26,27]. Takeshi et al.,
 
2010, in an attempt to produce a stable colloid, 

explored a different approach in which the reduction of the gold salt and functionalization 

with phosphorylated dipeptide pTyr-Arg substrate occurred simultaneously in the presence of 

0.1M HEPES buffer (pH 7.2) to detect alkaline phosphatase activity [28]. However, with this 

approach, the colloidal solution may not be stable enough to withstand changes caused by 

matrix constituents in complex biological samples. 

 Most of the AuNP-based assays for the measurement of enzyme activity are largely based on 

the AuNPs aggregation initiated by the enzyme reaction.
 
The length of the substrate is one of 

the essential parameters that are of crucial importance to the performance of the assay based 
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on functionalized AuNPs. A well-designed substrate confers steric stabilization on the AuNP 

colloidal solution, and  provides optimum distances between the P-AuNPs to allow the 

enzyme easy access to the substrate.  

Recently, Xia et al. used unmodified Au NPs as a colorimetric probe to measure DPP-IV 

activity [29]. Their method was based on the design of peptide sequence (Arg-Pro-Arg) with 

2 binding tags to crosslink unmodified Au NPs. In their method, the Au NPs were not 

functionalized with the peptide substrate making their method prone to possible interferences 

from the sample matrix. More importantly, their two-stage method is not amenable to real-

time monitoring of enzyme activity.  

Herein we investigate and compare the performances of Au NPs functionalized separately 

with two designed peptide probes [(Gly-Pro-Asp-Cys (GPDC) and Val-Pro-NH-(CH2)2-NH-

Asp-Cys (VP-EN-DC)] in the development of a rapid and simple colorimetric assay for the 

measurement of DPP-IV activity. This method is a novel non-crosslinking AuNP-based 

colorimetric method for detection of DPP-IV activity. 

2. Materials and methods 

2.1 Reagents and Materials 
 The peptide Gly-Pro-Asp-Cys (~ 90%) pure was purchased from Thermo Fisher 

Scientific Co. Ltd (Germany), Val-Pro-NH-(CH2)2-NH-Asp-Cys (> 95%) pure was purchased 

from Cambridge Research Biochemicals (UK). DPP-IV enzyme from porcine kidney was 

purchased from Merck Chemicals (Germany). Human lysozyme, trypsin from porcine 

pancreas, hydrogen tetrachloroaurate(III) (HAuCl4.3H2O), 99.99% pure, and sodium citrate 

dihydrate (Na3C6H5O7.2H2O), 99% pure, were purchased from Sigma-Aldrich Co. Ltd (UK) 

and used without further purification. Thrombin from bovine plasma was purchased from GE 

HealthCare (UK). Normal human serum control was purchased from Thermo Scientific. 
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The DPP-IV solutions were prepared in 50mM Tris buffer solution of pH 8.3. A 10 mМ 

citrate buffer solution at pH 6 was used to dissolve the GPDC peptide, VP-EN-DC was 

dissolved in 50 mМ Glycine buffer solution (pH 10).All solutions were prepared using 

deionized water with a resistivity of 18.2 MΩ cm
-1

 prepared with a Milli-Q Academic 

Purification equipment from Millipore (UK). 

2.2 Preparation of citrate-capped AuNPs  
 Citrate AuNPs (∼15 nm) diameter was prepared by citrate reduction of HAuCl4 [30]. 

Briefly, 10 ml of 38.8 mM sodium citrate dihydrate at 50-60ºC was added to 100 ml of 1 mM 

boiling HAuCl4 under vigorous stirring to form a ruby red colored solution instantaneously. 

After cooling, the solution was filtered through a 0.22 µm Millipore syringe filter to remove 

any precipitate, the pH was adjusted to 7.4 using 0.5 M NaOH solution, and the filtrate was 

stored at 4ºC.  

2.3 Preparation of peptide-capped AuNPs bioconjugate (P-AuNPs) 
 The Gly-Pro-Asp-Cys conjugated AuNPs were prepared by addition of an aqueous 

solution of 2 mM peptide in citrate buffer pH 6, to the solution of 8 nM citrate AuNPs (based 

on an extinction coefficient of ~1.61×10
8
 M

-1
 cm

-1
 at 520 nm for AuNPs) in a volume ratio of 

1 to 10. After overnight reaction at room temperature, excess peptides were removed by 

centrifugation (13000 rpm, 30 min at 4
o
C) using an Eppendorf centrifuge (Eppendorf, 

Germany), the pelleted AuNPs were resuspended in deionized water and stored at 4
o
C. Val-

Pro-NH-(CH2)2-NH-Asp-Cys modified AuNPs were prepared by the same procedure with 

slight modification to the rate and time of centrifugation used for separating the modified 

AuNPs (14500 rpm, 20 min at 4
 o
C). The pellets were resuspended in Tris buffer pH 8.3 and 

stored at 4ºC. 

2.4 Instrumentation for gold nanoparticle characterization 
 The ultraviolet-visible (UV-vis) absorption spectra were recorded on a microplate 

reader (Tecan 2000, San Francisco, USA) using transparent 96 well microplates (Nunclon, 
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Thermo Scientific, UK). ESI-Mass spectra of the peptides were obtained on an API-150EX 

MS single quadrupole LC/MS system (Applied Biosystems). Dynamic light scattering (DLS), 

(Malvern Zetasizer Nano-ZS) for sizing measurements were carried out using a 10mm 

disposable sizing cuvette and the particle size measurements were performed in triplicate. 

The XPS spectra were obtained on a VG Escalab 210 Photoelectron Spectrometer. The X-ray 

source was a non-monochromated Al Kα source (1486.6eV), operated with an X-ray 

emission current of 20 mA and an anode high tension (acceleration voltage) of 12 kV. The 

freeze-dried sample was placed on a standard sample stud employing double-sided adhesive 

tape and the take-off angle was fixed at 90º relative to the sample plane.  

 Transmission electron microscope (TEM) images were taken on a CM200 Tecnai 

TF20. Field emission gun TEM (FEGTEM) operated at an accelerating voltage of 200 kV 

and equipped with a Gatan Orius SC600A CCD camera to capture images of the AuNPs. 

Samples were prepared by placing a drop of the functionalized-AuNPs solution on a copper 

grid. The films on the TEM grids were allowed to dry for 5 minutes under a heat bulb.  

2.5 Colorimetric assay of DPP-IV activity 

 To perform the colorimetric DPP-IV assays, 100 µL aliquots of the modified AuNPs  

solutions were mixed in the wells of a transparent 96-well microtiter plate with the enzyme 

dissolved in 50mM Tris buffer pH 8.3. The contents were gently mixed using a plate shaker 

at 200 rpm for 60 seconds, and the 96 well plates were incubated at 37 °C for 15 minutes. 

The UV-vis absorption spectrum of each solution was recorded in absorbance scan mode 

from 400-900nm. To study the reaction dynamics, the P-AuNPs were exposed to a series of 

activities of DPP-IV ranging from 2 to 40 U/L and the aggregation of modified AuNPs was 

monitored by recording the changes in the absorption spectra. 
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  3. Results and Discussion 
The first of the two peptide substrates, GPDC was designed to mimic the structure of the 

chromogenic substrate Gly-Pro-p-nitroanilide, which is one of the most frequently used for 

DPP-IV detection. The rationale for the choice of this sequence include the presence of the 

following: (i)  the enzyme cleavage site in the peptide (NH2-GP) for DPP-IV, as the enzyme 

functions selectively on a dipeptide sequence that contain a protonated amino group (Lambier 

et al., 2003), (ii) cysteine (C) as anchor to facilitate immobilization of the peptide to the 

AuNP surface, (iii) aspartic acid (D) in order to impart a negative charge on the peptide thus 

enhance the stability of the colloidal solution. In the second peptide, VP-EN-DC ethylene 

diamine was incorporated into the structure in order to act as a spacer, so that possible steric 

hindrance caused by the curvature of the AuNPs is reduced. A schematic diagram of the 

enzymatic reaction followed by AuNP aggregation is shown in Fig.1.  

The UV-Vis spectra of the as-prepared AuNPs stabilized with citrate ions, and functionalized 

with either peptide substrates is shown in Fig. 2a. Confirmation of the peptide substrate 

binding was obtained from X-ray photoelectron spectroscopy (XPS) measurements. The S 2p 

peak at approximately 161.8 eV is consistent with the formation of a thiolate linkage, in 

comparison with the S in the free thiol which appears at 164.8 eV as shown in Fig. 2b.  

 DLS measurements showed that the peptide modified AuNPs have an average 

hydrodynamic diameter of 36.5 nm when functionalized with GPDC peptide and 45.1 nm for 

VP-EN-DC in comparison to 21.9 nm for the citrate stabilized nanoparticles. This difference 

in diameter is indicative of the surface functionalization of the AuNPs with each peptide. The 

extent of the AuNPs surface modification was assessed by zeta potential measurements, 

which changed upon the addition of each of the substrate. The zeta potential shifted from -

19±1.5 mV for citrate stabilized AuNPs to -28±4mV for VP-EN-DC capped and -23.5 ± 2.5 

mV for GPDC-capped AuNPs, respectively. Solutions of the functionalized AuNPs were 

stable for several months when stored at 4°C (Supplementary information Fig. S1). 
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 The addition of DPP-IV/CD 26 to each substrate functionalized AuNPs solution 

resulted in a colour change from red to pale blue. The absorbance of the surface plasmon 

resonance band (SPR) at 525nm decreased with accompanying band broadening between 

600-800 nm as shown in Figures 3a and 3b for both VP-EN-DC and GPDC substrates, 

respectively indicative of the formation of aggregates. The color intensity increased with 

higher DPP-IV activity as more of the peptide substrates were cleaved by DPP-IV causing 

further aggregation. Furthermore, increasing DPP-IV activity was associated with the gradual 

shift of absorbance band to a higher wavelength with resultant colour change and band 

broadening for both peptide substrates. Results from transmission electron microscopy 

(TEM) measurements show that the dispersed substrate functionalized AuNPs aggregate in 

the presence of DPP-IV with an increase in the average hydrodynamic diameter (Figure 4a-

d).  Dynamic light scattering (DLS) data are consistent with the TEM results, which showed 

that with the addition of DPP-IV, their sizes after aggregation changed from 36.5 and 45.1nm 

for both the substrates GPDC and VP-EN-DC functionalized Au NPs to 342 nm and 413 nm, 

respectively. The broad band obtained for the VP-EN-DC functionalized Au NPs is indicative 

of the formation of  large Au NPS aggregates. 

 In order to establish the optimum time for enzymatic hydrolysis of the functionalized 

AuNPs, changes in UV-visible spectra were measured at different time points. The time-

dependent absorbance changes at Abs642/Abs522 for GPDC functionalized AuNPs with 

different enzyme activities are shown in Supporting Information Fig. S2a. DLS 

measurements were used to follow the changes in the size of AuNPs over time following 

enzyme addition. The DLS data show that the hydrodynamic size of the AuNPs gradually 

increased after the addition of the enzyme and plateaus after about 10 minutes (Supporting 

Information Fig. S2b). 
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 To further assess the selectivity of the method, experiments were performed with 

potential interfering proteins and enzymes such as trypsin, thrombin, lysozyme human serum 

albumin (HSA) and denatured DPP-IV, to examine whether this treatment with any of these 

compounds could trigger AuNPs aggregation. As shown in Fig. 5a, the proteases thrombin 

and trypsin and the non-protease HSA and lysozyme did produce signals that were 

commensurate with the background, revealing that our assay is selective and enzyme activity-

dependent. The same experiments were performed with the VP-EN-DC functionalized AuNP, 

and comparable results were observed (Figure 5`b). In order to test that the same response is 

not obtained without modification of the  AuNPs, different concentrations of DPP-IV (0, 2.5, 

5, 10, 15, 20, and 25 U/L) were added to the unmodified citrate Au-NP suspensions and no 

color change was observed thus confirming that DPP-IV alone does not induce aggregation 

of the AuNP (Supporting Information Fig. S3). 

 For quantitative DPP-IV/ CD26 activity measurement, the activities of DPP-IV (2.5, 

5, 10, 15, 20, 25, 30, 35 and 40) in Tris buffer of were used to calibrate the assay. Linear 

regression analysis showed very good linearity for both AuNPs assays (r
2 

= 0.9924 for GPDC 

AuNPs, r
2
 = 0.9761 for VP-EN-DC AuNPs) as shown in Figs 5c,d. The GPDC functionalized 

AuNPs displayed a narrow linear range 2–12 U/L with the signal levelling out at higher 

activities. The detection limit (LOD) of 1.2 U/L DPP-IV, based on 3σb/slope, where σb was 

the standard deviation of the blank samples. A wider calibration range was obtained with VP-

EN-DC modified AuNPs, and the calibration plots displayed a good linear relationship 

between the red shifts of the LSPR peak (Δλ max) and DPP-IV activities in the range of 0 - 

40 U/L, with a LOD of 1.5 U/L DPP-IV.  

 Normal human DPP-IV activity in serum range between 17 - 52.6 U /L [31]. The 

developed colorimetric VP-EN-DC AuNPs assay is suitable for the qualitative and 

quantitative determination of DPP-IV activity in human serum samples. For this purpose, we 
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spiked human serum samples with varying DPP-IV activities (5, 10, 15, 20 and 25 U/L) to 

investigate the analytical properties of the colorimetric assay (see Figure S4 in the Supporting 

Information).  Table 2 shows that the recoveries of the practical samples are in the range 

83.6% to 114.9%. The very good recoveries and precision values are an indication of the 

reliability of the proposed method for detection of DPP-IV in biological samples.  

          The stability of the colloidal system is mainly governed by steric hindrance and 

electrostatic repulsion forces between the charged peptide capping ligands. The DPP-IV 

protease recognizes the sequence of Xaa-Pro-, and cleaves at the C-terminus of the 

underlined proline residue, shortens the length of the peptide arm and thus the distance 

between particles decreases which in turn affects the plasmon resonance of the functionalized 

nanoparticles due to the removal of steric barriers between the particles, thus resulting in 

irreversible AuNPs aggregation. Overall, both substrates proved to be useful candidates for 

the detection and measurement of DPP-IV activity with high sensitivity and selectivity. 

However, the additional advantage in using VP-EN-DC for quantitative determination is that 

it offers a wider linear range that covers the levels of DPP IV activity in serum. It is probable 

that the incorporation of the spacer arm in its design provides extra space for the hydrolytic 

enzyme cleavage resulting in the formation of larger AuNPs aggregates as can be seen from 

the results of the DLS measurement of the hydrodynamic radius.  

4. Conclusions 
 

 We have designed and developed a novel, simple real-time and one-step colorimetric 

detection method for the measurement of DPP-IV enzymatic activity based on the 

aggregation of functionalized AuNPs in the presence of the enzyme. The relevance of this 

nanoparticle-based assay resides in the fact that visual detection or simple instrumentation 

can be used for this analysis. In principle, aggregation of GPDC or VP-EN-DC functionalized 
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AuNPs can be used to measure the activity of DPP-IV after hydrolysis by the enzyme. The 

aggregation of AuNPs induced a gradual colour change that can be observed by the naked 

eye. The detection limits for GPDC and VP-EN-DC were 1.2 and 1.5 U/L, respectively 

making them suitable for the detection of DPP-IV activity, but the VP-EN-DC based assay is 

preferred because of the wider linear calibration range. More importantly, the developed VP-

EN-DC method has been successfully applied to the detection of DPP-IV activity in spiked 

serum samples. The developed method offers a new approach for developing simple, cheap, 

reliable and sensitive sensors for DPP-IV detection. 

Acknowledgements 

 H. Aldewachi would like to thank Iraqi Ministry of Higher Education and Scientific 

Research for funding the project. We would like to acknowledge Dr Zabaeda Islam, Leeds 

EPSRC Nanoscience and Nanotechnology Facility (LENNF) for TEM imaging and Dr 

Abdullatif Alfutimie, School of Chemical Engineering and Analytical Science at Manchester 

University, for help with DLS measurements. 

Compliance with ethical standards 

Conflict of interest 

The authors declare that they have no conflict of interest.  

Ethical approval:  

This article does not contain any studies with human participants or animals performed by 

any of the authors. 

References 

[1] A.J. Rawlings, N.D.; Barrett, Evolutionary families of peptidases, Biochem. J. 290 

(1993) 205–218. 



11 

 

[2] B.F.K. M. Hildebrandt, M. Rose, J. Rüter, A. Salama, H. Mönnikes, Dipeptidyl 

peptidase IV (DP IV, CD26) in patients with inflammatory bowel disease, Scand. J. 

Gastroenterol. 36 (2001) 1067–1072. 

[3] D.F. Cunningham, B. O’Connor, Proline specific peptidases, Biochim. Biophys. Acta - 

Protein Struct. Mol. Enzymol. 1343 (1997) 160–186.  

[4] S. Post, A.J. van den Broek, B.J. Rensing, G. Pasterkamp, M.-J. Goumans, P. a 

Doevendans, Reduced CD26 expression is associated with improved cardiac function 

after acute myocardial infarction: insights from the REPERATOR study., J. Mol. Cell. 

Cardiol. 53 (2012) 899–905.  

[5] S.F. Firnesz G1, Lakatos PL, Serum dipeptidyl peptidase IV (DPP IV, CD26) activity 

in chronic hepatitis C., Scand J Gasroenterol. 36 (2001) 877–880. 

[6] A. -l. Sun, J. -t. Deng, G. -j. Guan, S. -h. Chen, Y. -t. Liu, J. Cheng, Z. -w. Li, X. -h. 

Zhuang, F. -d. Sun, H. -p. Deng, Dipeptidyl peptidase-IV is a potential molecular 

biomarker in diabetic kidney disease, Diabetes Vasc. Dis. Res. 9 (2012) 301–308.  

[7] R.M. Pranoti Pradhan, Anil Ghom, Serum and Salivary Estimation of Dipeptidyl 

Peptidase IV , as a Prognostic Indicator in Oral Squamous Cell Carcinoma before and 

during Radiotherapy, J. Indian Acad. Oral Med. Radiol. 22 (2010) 181–184. 

[8] J. Zhu, X. Guo, B. Qiu, Z. Li, N. Xia, Y. Yang, P. Liu, Prognostic significance of the 

combined expression of neutral endopeptidase and dipeptidyl peptidase IV in 

intrahepatic cholangiocarcinoma patients after surgery resection, 7 (2014) 297–304. 

[9] H.S. Park, H.Y. Yeo, H.J. Chang, K.-H. Kim, J.W. Park, B.C. Kim, J.Y. Baek, S.Y. 

Kim, D.Y. Kim, Dipeptidyl peptidase 10, a novel prognostic marker in colorectal 

cancer, Yonsei Med. J. 54 (2013) 1362–1369.  

[10] S.S. Nagatsu T, Hino M, Fuyamada H, Hayakawa T, New chromogenic substrates for 

X-prolyl dipeptidyl-aminopeptidase., Anal. Biochem. 74 (1976) 466–476. 



12 

 

[11] S.S. Kato T, Nagatsu T, Kimura T, Fluorescence assay of x-prolyl dipeptidyl-

aminopeptidase activity with a new fluorogenic substrate., Biochem. Med. 19 (1978) 

351–359. 

[12] M.O. Brien, D. Ph, P. Corporation, DPPIV - GLO 
TM

 PROTEASE ASSAY : A MORE 

SENSITIVE METHOD FOR MEASURING GLY - PRO CLEAVING ACTIVITY IN 

SERUM Measuring Gly-Pro Cleaving Activity in Serum, 2006. 

[13] J. Zhang, Y. Liu, J. Lv, Y. Cao, G. Li, Dipeptidyl peptidase-IV activity assay and 

inhibitor screening using a gold nanoparticle-modified gold electrode with an 

immobilized enzyme substrate, Microchim. Acta. 182 (2015) 281–288.  

[14] C.H. Lai, K. S.; Ho, N.H.; Cheng J. D.; Tung, Selective fluorescence probes for 

dipeptidyl peptidase activity-fibroblast activation protein and dipeptidyl peptidase IV, 

Bioconjugative Chem. 18 (2007) 1246–1250. 

[15] J.-P. Goddard, J.-L. Reymond, Recent advances in enzyme assays., Trends Biotechnol. 

22 (2004) 363–70. doi:10.1016/j.tibtech.2004.04.005. 

[16] W. Lian, S. a Litherland, H. Badrane, W. Tan, D. Wu, H. V Baker, P. a Gulig, D. V 

Lim, S. Jin, Ultrasensitive detection of biomolecules with fluorescent dye-doped 

nanoparticles., Anal. Biochem. 334 (2004) 135–44.  

[17] M.M. Stevens, N.T. Flynn, C. Wang, D. a. Tirrell, R. Langer, Coiled-Coil Peptide-

Based Assembly of Gold Nanoparticles, Adv. Mater. 16 (2004) 915–918.  

[18] M. Brust, M. Walker, D. Bethell, D.J. Schiffrin, R. Whyman, Synthesis of Thiol-

derivatised Gold Nanoparticles in Two phase Liquid-Liquid System, Chem. Commun. 

(1994) 801–802. 

[19] A.C. Templeton, D.E. Cliffel, R.W. Murray, C. Hill, N. Carolina, Redox and 

Fluorophore Functionalization of Water-Soluble , Tiopronin-Protected Gold Clusters, 

J. Am. Chem. Soc. 121 (1999) 7081–7089. 



13 

 

[20] C.-K. Chen, C.-C. Huang, H.-T. Chang, Label-free colorimetric detection of picomolar 

thrombin in blood plasma using a gold nanoparticle-based assay., Biosens. 

Bioelectron. 25 (2010) 1922–1927.  

[21] H.C.Z.. Li C. M. , Zhen S.J., Wang J., Li Y F., A gold nanoparticles-based 

colorimetric assay for alkaline phosphatase detection with tunable dynamic range, 

Biosens Bioelectron,. 43 (2013) 366–371. 

[22] W. Zhang, Y. Tang, J. Liu, L. Jiang, W. Huang, F.W. Huo, D. Tian, Colorimetric assay 

for heterogeneous-catalyzed lipase activity: Enzyme-regulated gold nanoparticle 

aggregation, J. Agric. Food Chem. 63 (2015) 39–42.  

[23] C. Guarise, L. Pasquato, V. De Filippis, P. Scrimin, Gold nanoparticles-based protease 

assay., Proc. Natl. Acad. Sci. U. S. A. 103 (2006) 3978–82.  

[24] G. Wang, X. He, G. Xu, L. Chen, Y. Zhu, X. Zhang, L. Wang, Detection of T4 

polynucleotide kinase activity with immobilization of TiO2 nanotubes and 

amplification of Au nanoparticles, Biosens. Bioelectron. 43 (2013) 125–130.  

[25] X. Xu, M.S. Han, C.A. Mirkin, A Gold-Nanoparticle-Based Real-Time Colorimetric 

Screening Method for Endonuclease Activity and Inhibition, Angew. Chemie. 119 

(2007) 3538–3540.  

[26] Z. Wang, R. Lévy, D.G. Fernig, M. Brust, Kinase-catalyzed modification of gold 

nanoparticles: a new approach to colorimetric kinase activity screening., J. Am. Chem. 

Soc. 128 (2006) 2214–2215.  

[27] G. Zhou, Y. Liu, M. Luo, Q. Xu, X. Ji, Z. He, Peptide-capped gold nanoparticle for 

colorimetric immunoassay of conjugated abscisic acid., ACS Appl. Mater. Interfaces. 

4 (2012) 5010–5015.  

[28] T. Serizawa, Y. Hirai, M. Aizawa, Detection of enzyme activities based on the 

synthesis of gold nanoparticles in HEPES buffer., Mol. Biosyst. 6 (2010) 1565–8.  



14 

 

[29] N. Xia, X. Wang, X. Wang, B. Zhou, Gold Nanoparticle-Based Colorimetric and 

Electrochemical Methods for Dipeptidyl Peptidase-IV Activity Assay and Inhibitor 

Screening, Materials (Basel). 9 (2016) 857.  

[30] K.C. Grabar, R.G. Freeman, M.B. Hommer, M.J. Natan, Preparation and 

Characterization of Au Colloid Monolayers, Anal Chem. 67 (1995) 735–743. 

[31] A.-M. Lambeir, C. Durinx, S. Scharpé, I. De Meester, Dipeptidyl-peptidase IV from 

bench to bedside: an update on structural properties, functions, and clinical aspects of 

the enzyme DPP IV., Crit. Rev. Clin. Lab. Sci. 40 (2003) 209–94.  

[32] V. Matheeussen, A.-M. Lambeir, W. Jungraithmayr, N. Gomez, K. Mc Entee, P. Van 

der Veken, S. Scharpé, I. De Meester, Method comparison of dipeptidyl peptidase IV 

activity assays and their application in biological samples containing reversible 

inhibitors., Clin. Chim. Acta. 413 (2012) 456–4562. doi:10.1016/j.cca.2011.10.031. 

[33] J. Zhang, Y. Liu, J. Lv, Y. Cao, G. Li, Dipeptidyl peptidase-IV activity assay and 

inhibitor screening using a gold nanoparticle-modified gold electrode with an 

immobilized enzyme substrate, Microchim. Acta. 182 (2015) 281–288.  

 

 Figures and Captions:  
 

Fig.1 Schematic representation of the working principle for measurement of DPP-IV/ CD26 

activity. DPP-IV hydrolyzes the amide bond between Xaa-Pro and aspartic acid or ethylene 

diamine. (In color)  

Fig.2 (a) UV-Vis absorption spectra of citrate stabilized AuNPs (blue), P- modified AuNPs 

(red), (b) Detection of covalent thiolate - gold bond (S-Au) by high resolution XPS spectra. A 

Weak signal of a free thiol (R-SH) appeared at (164.8 eV) while the sulphur atom that bound 

to Au revealed prominent signal at a binding energy of (161.8 eV). Error bar represents the 

standard deviation (n = 3), c) Average Hydrodynamic radius of AuNPs before and after 

modification with GPDC and VP-EN-DC peptides separately d) zeta potential measurements 

of bare AuNPs (black), GPDC-capped AuNPs (blue) and VP-EN-DC capped AuNPs verified 
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the surface functionalization of the particles. Error bar represents the standard deviation (n = 

3). (In color) 

Fig.3 (a) UV−vis Absorption spectra of  VP-EN-DC capped AuNPs & b) GPDC capped 

AuNPs after incubation with different activities of DPP-IV. The DPP-IV/CD-26 activity 

ranged from 0 to 40 U/L. (Inset: Solution color changes after the addition of DPP-IV (right to 

left) 2.5, 5, 7.5, 10, 15, 20, 25, 30 and 40  U/L to the VP-EN-DC AuNPs assay. (In color) 

 

 Figure 4 TEM images of (a,b) GPDC-AuNPs  and (c, d) VP-EN-DC-AuNPs without DPP-

IV (panels (a) and (c)) and (b, d)with DPP-IV (20 U/L)  . All samples were suspended in 

Tris (pH 8.3, 50 mM) at 37 °C. Scale bar = 100 nm. (In color) 

 

Figure 5 Response of the modified AuNP solution incubated with 20 U/L of DPP-IV 

compared to effect produced by  other enzymes, proteins such as lysozyme (1µg/mL), 

thrombin (20 U/mL), trypsin (20 µg/L) and Denatured DPP-IV (heating at 80 °C 15 minutes) 

under the same conditions. Error bar represents the standard deviation (n = 3) when mixed 

with a) GPDC functionalized AuNPs, b) VP-EN-DC functionalized AuNPs 

c) Calibration curve of Abs642/Abs522 versus the different activities of DPP-IV incubated with 

(GPDC functionalized AuNPs). (Inset: Expanded linear region for DPPIV activity in the 

range of 2-12 U/L). Error bar represents the standard deviation (n = 3). d) Calibration curve 

of Abs700/Abs525 versus the different activities DPP-IV incubated with (VP-EN-DC 

functionalized AuNPs). 

Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Table 1 Comparison of the assay sensitivity as defined by the limit of detection (LOD) and 

limit of quantification (LOQ) of colorimetric, fluorometric and luminescent DPP-IV assays. 

 (GP: glycyl proline; Me: methoxy; NA: naphthylamide; AMC: amino methyl coumarin; Fc: 

Ferrocene) 

Substrate LOD (U/L) LOQ (U/L) Type of Assay 

Gly-Pro-p-nitroanilide 1.56 2.92  Colorimetric [32] 

Gly-Pro-4-Me-β-NA) 0.10 0.26  Fluorometric [32] 

Gly-Pro-AMC 0.18 0.27  Fluorometric [32] 

DPPIV-Glo™ 

Protease*  

Fc-Tyr-Pro-Phe-Phe-

NH2 

 

Arg-Pro-Arg Au NP
 

0.035 

 

3.9 * 10
-5

 

 

 

0.07 

 

 

 

0.040 

 

0.5 * 10
-3

  

 

 

0.1 

 

 

 

Luminescent [12] 

 

Electrochemical [33] 

 

 

Colorimetric [29] 

 

 

 

 

    

 

Table 2 Analytical results for DPP-IV  in spiked serum samples 

 

Add (U/L) Found (U/L)* Recovery (%) RSD (%) 

5 5.04± 0.19 100.8 3.23 

10 8.36± 0.23 83.6 2.37 

15 15.89± 0.33 105.9 2.1 

20 22.99± 0.91 114.9 4 

25 26.77± 0.34 107 1.31 

* Average of three determinations ± standard deviation. 
 

Highlights  
 Two colorimetric assays based on enzyme peptide substrates functionalized gold 

nanoparticles for the measurement of dipeptidyl peptidase IV/CD26 (DPP-IV) 

activity have been developed. 

 Aggregation of the gold nanoparticles in the presence of DPP IV with resultant 

color change followed by UV/Vis spectrometry was used to measure the activity of 

the enzyme. 

 The analytical performance of the two designed enzyme peptide substrates, Gly-

Pro-Asp-Cys (GPDC) and Val-Pro-ethylene diamine-Asp-Cys (VP-ED-DC), 

respectively were investigated. 
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 A spacer moiety (ethylene diamine) was introduced in one of the sequences to 

enhance the distance of hydrolysable moiety from gold nanoparticle surface and to 

investigate its effect on aggregation of the gold nanoparticles. 

 Quantitative determination of activity can be achieved by plotting absorbance 

ratio at two fixed wavelengths with DPP-IV activity. 

 Excellent recoveries were obtained in spiked serum samples. 

 The developed biosensors were simple, fast and reliable and thus suitable for point 

of care and real-time DPP-IV activity measurements.  

 

Graphical abstract 

 




