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Background: Prostate-specific antigen (PSA), a serine protease, is a biomarker for preoperative 

diagnosis and screening of prostate cancer and monitoring of its posttreatment.

Methods: In this work, we reported a colorimetric method for clinical detection of PSA using 

gold nanoparticles (AuNPs) as the reporters. The method is based on ascorbic acid (AA)-induced 

in situ formation of AuNPs and Cu2+-catalyzed oxidation of AA. Specifically, HAuCl
4
 can be 

reduced into AuNPs by AA; Cu2+ ion can catalyze the oxidation of AA by O
2
 to inhibit the for-

mation of AuNPs. In the presence of the PSA-specific peptide (DAHSSKLQLAPP)-modified 

gold-coated magnetic microbeads (MMBs; denoted as DAHSSKLQLAPP-MMBs), complexation 

of Cu2+ by the MMBs through the DAH–Cu2+ interaction depressed the catalyzed oxidation of 

AA and thus allowed for the formation of red AuNPs. However, once the peptide immobilized 

on the MMB surface was cleaved by PSA, the DAHSSKLQ segment would be released. The 

resultant LAPP fragment remaining on the MMB surface could not sequestrate Cu2+ to depress 

its catalytic activity toward AA oxidation. Consequently, no or less AuNPs were generated.

Results: The linear range for PSA detection was found to be 0~0.8 ng/mL with a detection 

limit of 0.02 ng/mL. Because of the separation of cleavage step and measurement step, the 

interference of matrix components in biological samples was avoided.

Conclusion: The high extinction coefficient of AuNPs facilitates the colorimetric analysis 

of PSA in serum samples. This work is helpful for designing of other protease biosensors by 

matching specific peptide substrates.

Keywords: colorimetric assay, gold nanoparticles, prostate-specific antigen, ascorbic acid, 

Cu2+ ion

Introduction
Prostate cancer is one of the most prevalent forms of silent killers among men 

worldwide. It accounts for up to 29% of all cancer cases and 13% of deaths.1 Prostate-

specific antigen (PSA) is a 33-kDa androgen-regulated serine protease of the kallikrein 

family that is secreted by the epithelial cells of the prostate gland. Normally, a healthy 

prostate releases ,4 ng/mL PSA into the circulatory system.1,2 However, the PSA 

concentrations are often elevated in the presence of prostate cancer or other prostate 

disorders. Thus, PSA has been believed to be the current gold standard biomarker 

for preoperative diagnosis and screening of prostate cancer and monitoring of its 

posttreatment.1 For example, in the USA, the US Food and Drug Administration has 

approved the PSA test for annual screening of prostate cancer in men aged $50 years. 

The patient needs to be informed of the risks and benefits of PSA testing prior to 

performing the test. However, the conventional methods for PSA detection are time-

consuming, laborious, and expensive and require fluorescent- or enzyme-labeling and 

complicated instruments, including enzyme-linked immunosorbent assays, fluorescence 

Correspondence: Ning Xia; Su-Juan Li
henan Province of Key laboratory 
of New Optoelectronic Functional 
Materials, College of Chemistry and 
Chemical Engineering, Anyang Normal 
University, Anyang, Henan 455000, 
People’s Republic of China
Tel +86 732 290 0040
email xianing82414@csu.edu.cn; 
lemontree88@163.com 

Journal name: International Journal of Nanomedicine
Article Designation: Original Research
Year: 2018
Volume: 13
Running head verso: Xia et al
Running head recto: AuNP-based colorimetric method for detecting PSA
DOI: 154046

In
te

rn
at

io
na

l J
ou

rn
al

 o
f N

an
om

ed
ic

in
e 

do
w

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.d
ov

ep
re

ss
.c

om
/

F
or

 p
er

so
na

l u
se

 o
nl

y.

http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
www.dovepress.com
www.dovepress.com
www.dovepress.com
http://dx.doi.org/10.2147/IJN.S154046
https://www.facebook.com/DoveMedicalPress/
https://www.linkedin.com/company/dove-medical-press
https://twitter.com/dovepress
https://www.youtube.com/user/dovepress
mailto:xianing82414@csu.edu.cn
mailto:lemontree88@163.com


International Journal of Nanomedicine 2018:13submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

2522

Xia et al

immunoassays, electrochemical immunoassays, colorimetric 

immunoassays, and chemiluminescence immunoassays.1,3–6 

Therefore, simple, rapid, cost-effective, and high-throughput 

methods for PSA detection are desired.

PSA is a serine protease to hydrolyze the peptide bond. 

Since the discovery of a PSA-specific peptide substrate with 

a core region of HSSKLQ,7 a few novel methods based 

on the proteolysis reaction have been developed for PSA 

detection, including fluorescence,8,9 electrochemistry,10–15 

surface-enhanced Raman spectroscopy,16 colorimetry,17 and 

electrogenerated chemiluminescence.18,19 Among these tech-

niques, gold nanoparticles (AuNPs)-based colorimetric assays 

are in particular prevalent in the past 20 years for biomarker 

detection because AuNPs show a high extinction coefficient, 

and the color change can be easily detected with naked eye 

or spectrometry for quantitative analysis.20–24 For protease 

detection, the peptide substrates are usually functionalized 

with one or more cysteine residues or positively charged 

amino acid residues including Lys and Arg.25–33 Cleavage of a 

single peptide into two shorter fragments by the specific pro-

tease prevents the peptide substrate-induced aggregation or 

facilitates the fragment-triggered aggregation of AuNPs based 

on the Au–S and/or electrostatic interactions. Nonetheless, 

to trigger the AuNP aggregation, the peptide substrate must 

be well designed. The thiol groups in substrate peptide may 

inhibit protease activity by breaking disulfide bonds in the 

enzyme molecule or be oxidized to form the disulfide bonds 

between the substrate.28 Moreover, some matrix components 

in biological fluids such as serums may affect the stability 

of unmodified AuNPs. For these reasons, the practical appli-

cations of AuNP-based colorimetric assays for the clinical 

detection of proteases including PSA are still limited.

Ascorbic acid (AA) is a commonly used reducing agent 

for the growth of metal (eg, Au and Ag) nanoparticles.34,35 

Free Cu2+ ion can initiate the catalyzed oxidation of AA in 

the presence of O
2
.36 In this process, AA is oxidized into 

dehydroascorbate by free Cu2+ ion; then, the resultant Cu+ ion 

is subsequently oxidized into Cu2+ by O
2
. Thus, the oxidation 

of AA is promoted by the Cu2+-initiated redox cycling, which 

can be described as follows: 

  

However, the complexation of Cu2+ ion by peptide may 

change its catalytic activity. For example, amino terminal 

copper and nickel (ATCUN)-binding peptide with a structural 

characterization comprising of a free NH
2
-terminus, a histidine 

(His) residue in the third position and two intervening peptide 

nitrogens (denoted as NH
2
–X–X–His sequence) exhibits high 

affinity to Cu2+ ion.37–40 The formation of ATCUN–Cu2+ com-

plex depresses Cu2+-initiated redox cycling for AA oxidation.40 

In this work, we demonstrated that the PSA substrate peptide 

(DAHSSKLQLAPP) that contains an ATCUN motif of DAH 

can sequestrate Cu2+ by the formation of ATCUN–Cu2+ complex 

(Figure 1A), thus depressing the Cu2+-catalyzed oxidation of 

AA. Based on this fact, we developed a colorimetric method for 

the detection of PSA in human serums by employing magnetic 

microbeads (MMBs, Figure 1B). Figure 1C shows the detection 

principle. HAuCl
4
 can be reduced into AuNPs by AA; Cu2+ ion 

promotes the oxidation of AA, thus preventing the production 

of AuNPs. The peptide immobilized on the MMB surface can 

sequestrate Cu2+ ion, thus inhibiting the Cu2+-catalytic oxidation 

of AA and facilitating the generation of AuNPs. However, once 

the peptide on the MMB surface is cleaved by PSA, the ATCUN-

containing fragment of DAHSSKLQ would be released. The 

resultant MMBs cannot inhibit the Cu2+-catalytic oxidation of 

AA, thus disfavoring the formation of AuNPs. The high extinc-

tion coefficient of the generated AuNPs enables the quantitative 

and sensitive colorimetric analysis of PSA in serums.

Materials and methods
Materials
Peptides were synthesized and purified by China Peptides 

Co. Ltd. (Shanghai, People’s Republic of China). Trypsin, 

hemoglobin, and AA were obtained from Sangon Biotech Co. 

Ltd. (Shanghai, People’s Republic of China). Bovine serum 

albumin, thrombin, K
2
HPO

4
, KH

2
PO

4
, and 6-mercapto-1-

hexanol were purchased from Sigma-Aldrich Co. (Shanghai, 

People’s Republic of China). Hexadecyltrimethylammonium 

chloride (CTAC) and other reagents were of analytical 

grade and obtained from the Aladdin Reagent Company 

(Shanghai, People’s Republic of China). All solutions were 

prepared freshly with deionized water. The serum samples 

were supplied by the Anyang Tumor Hospital, People’s 

Republic of China. 

Kinetic measurements
The kinetic measurements for probing of AA oxidation were 

conducted on a Cary 50 ultraviolet–visible (UV–Vis) spec-

trophotometer with a fixed wavelength of 265 nm. To make 

sure that the amount of free Cu2+ remaining in solution is 

negligible, the peptide/Cu2+ concentration ratio was kept at 

1.5:1. The stock AA concentration was determined with an 

extinction coefficient (ε) of 1.5×104 M−1cm−1 at 265 nm.41
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Figure 1 (A) Cleavage of peptide DAHssKlQlaPP by Psa and the structure of aTcUN–cu2+ complex formed between DaHssKlQlaPP and cu2+. (B) SEM image and 
EDS elemental mapping images of the Au-coated MMBs. (C) Schematic representation of the MMB-based method for PSA detection.
Abbreviations: ATCUN, amino terminal copper and nickel; AuNPs, gold nanoparticles; EDS, energy-dispersive spectroscopy; MMBs, magnetic microbeads; PSA, prostate-
specific antigen; SEM, scanning electron microscope.

α

α

AA-induced growth of AuNPs
To demonstrate the formation of AuNPs with AA as the 

reducing reagent, 250 µL of different concentrations of AA 

in a phosphate buffer (10 mM, pH =7.0) was first mixed with 

200 µL of 500 µM CTAC solution. This was followed by the 

addition of 50 µL of 2 mM HAuCl
4
 in batches (5 µL per drop). 

After incubation for 2 minutes, the photographic images were 

taken by a mobile phone, and the absorption spectra were 
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recorded with the UV–Vis spectrophotometer. To demon-

strate the effect of Cu2+ species on the AA-induced growth of 

AuNPs, the AA stock solution was preincubated with Cu2+ in 

the absence or presence of DAHSSKLQLAPP-functionalized 

MMBs at ambient temperature for 30 minutes.

Preparation of peptide-functionalized 
MMBs
The Au-coated MMBs were prepared with the procedure in 

the previous report,42 which were characterized by scanning 

electron microscope (JSM-7800F; JEOL, Tokyo, Japan) and 

energy-dispersive spectroscopy (NS7; Thermo Fisher Scien-

tific, Waltham, MA, USA; Figure 1A). Immobilization of the 

thiolated peptide (DAHSSKLQLAPPC) was performed by 

mixing 50 mg Au-coated MMBs with 0.5 mL of 1 mM peptide 

in phosphate buffer for 3 hours. The peptide was attached onto 

the Au-coated MMB surface through the Au–S interaction. 

After magnetic separation, the content of free peptide in the 

residue liquid was determined by LCT Premier XE mass 

spectrometry (Waters, Milford, MA, USA). From the standard 

curve method, the absorption capability of Au-coated MMBs 

to peptide was found to be 7.8 nmol/mg. To block the unreacted 

gold surface, the peptide-covered Au-coated MMBs were incu-

bated with 1 mM 6-mercapto-1-hexanol for 15 minutes, fol-

lowed by magnetic separation and washing with 50% ethanol.

Psa detection
For PSA detection, 4 mg of peptide-functionalized MMBs 

was incubated with 200 µL of PSA solution or serum 

sample in the phosphate buffer for 40 minutes at 30°C. After 

magnetic separation and washing with acetic acid (pH=4.0) 

and water, the resultant MMBs were dispersed in 150 µL of 

3 µM Cu2+ in the phosphate buffer. This was followed by 

the addition of 150 µL of 400 µM AA and incubation for 

30 minutes. Then, 250 µL of the suspension was taken out 

and added to 200 µL of 500 µM CTAC solution, which was 

followed by the addition of 2 mM HAuCl
4
 in batches. The 

change of solution color was observed with naked eyes, and 

the absorption spectra were recorded by using the UV–Vis 

spectrophotometer. The photographic images were taken by 

using the camera in a mobile phone. The absorption spectra 

were collected on the UV–Vis spectrophotometer.

Results and discussion
cu2+-catalyzed oxidation of aa
To demonstrate the catalyzed activity of Cu2+ toward AA 

oxidation in the absence and presence of different pep-

tides, the kinetics of AA consumption by O
2
 was examined 

by monitoring the change of AA absorbance at 265 nm. 

As shown in Figure 2A, the absorbance intensity of AA 

itself decreased slightly, indicating that the autoxidation of 

AA is slow. However, in the presence of Cu2+, AA became 

rapidly consumed, demonstrating that the oxidation of 

AA was promoted by Cu2+. Interestingly, in the presence 

of ATCUN peptide (DAHSSKLQLAPP), no apparent 

decrease in the absorbance intensity was observed. This 

result indicated that the catalytic activity of Cu2+ toward AA 

oxidation was depressed by DAHSSKLQLAPP. The result 

λ

Figure 2 (A) Change of 100 µM aa absorbance as a function of reaction time in the absence and presence of different cu2+ species. The concentrations of peptide and cu2+ 
are 3 and 2 µM, respectively. The absorbance values plotted have excluded that contributed by the buffer and individual peptide. (B) UV–Vis absorption spectra of 50 µM 
aa before and after incubation with the mixture of cu2+ (0.5 µM) and peptide-functionalized MMBs. 
Abbreviations: Abs, absorption; AA, ascorbic acid; MMBs, magnetic microbeads; UV–Vis, ultraviolet–visible.
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is acceptable since the ATCUN–Cu2+ complex can depress 

the Cu2+-initiated redox cycling for AA oxidation.40 However, 

the presence of LAPP (one of the cleavage products) did not 

inhibit the Cu2+-catalytic oxidation of AA. In addition, we 

found that the absorption intensity of AA almost decreased to 

the background level after incubation with the mixture of Cu2+ 

and LAPP-functionalized MMBs for 30 minutes (Figure 2B). 

Nevertheless, no significant decrease in the absorption inten-

sity was observed when AA was incubated with the mixture 

of Cu2+ and DAHSSKLQLAPP-functionalized MMBs. These 

results demonstrated that the proposed strategy can be used to 

develop PSA biosensor based on the ATCUN–Cu2+ interac-

tion and the catalytic oxidation of AA.

Formation of auNPs
With CTAC as the stabilizer, HAuCl

4
 can be reduced into 

AuNPs with neurotransmitters as active reducing agents.43 

The formation of AuNPs does not need any nanoparticle 

seeds. Based on the optical property of the generated AuNPs, 

the quantitative analysis of the neurotransmitters has been 

performed. Herein, we found that HAuCl
4
 can also be 

reduced into AuNPs by AA with CTAC as the stabilizer. 

As shown in Figure 3A, the mixed solution of AA and 

CTAC became red after the addition of HAuCl
4
 (tube a) 

and exhibited an absorption peak at ~530 nm (curve a). The 

absorption peak is ascribed to the surface plasmon reso-

nance of the generated AuNPs. The transmission electron 

microscope image indicated that the AuNPs are nearly 

monodispersed, spherical nanoparticles within very simi-

lar particle dimensions (Figure 3B). The size of AuNPs 

is in agreement with that obtained by using dopamine as 

the reducing reagent.43 We also found that the addition 

of HAuCl
4
 in batches into different concentrations of AA 

solution did not cause significant difference in the size of 

AuNPs. When AA was preincubated with the mixture of 

Cu2+ and DAHSSKLQLAPP-functionalized MMBs for 

30 minutes, a strong absorption peak and a red color were 

still observed after adding HAuCl
4
 into the above mixed 

solution (curve/tube b). No difference in the size of the 

generated AuNPs was observed when AA was incubated 

with and without DAHSSKLQLAPP-functionalized MMBs 

(Figure 3C). The result indicated that DAHSSKLQLAPP-

functionalized MMBs/Cu2+ did not depress the generation of 

AuNPs. However, when the HAuCl
4
 solution was added into 

the mixed solution of AA and LAPP-functionalized MMBs/

Cu2+ under the same condition, a colorless solution was 

obtained, and a lower absorption peak was observed. This 

implied that no or less AuNPs were generated. This is under-

standable since the oxidized AA (dehydroascorbate) cannot 

reduce HAuCl
4
 into AuNPs. The asymmetric absorbance in 

this case is attributed to the absorbance of yellowish HAuCl
4
 

and CTAC. Thus, the formation of AuNPs is dependent upon 

the interaction of Cu2+ and peptide-functionalized MMBs and 

the Cu2+-catalyzed oxidation of AA. 
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Figure 3 UV–Vis absorption spectra and photographic images (A) of haucl4 and cTac after incubation with different solutions. In curve a, aa (250 µM) was not incubated 
with cu2+ and peptide-functionalized MMBs. In curves/tubes b and c, AA (250 µM) was preincubated with the mixture of 1.5 µM cu2+ and peptide-functionalized MMBs for 
30 minutes. TEM images of the AuNPs generated via the reduction of HAuCl4 by aa that has been incubated without (B) and with (C) cu2+/DAHSSKLQLAPP-MMBs.
Abbreviations: Abs, absorption; AA, ascorbic acid; AuNPs, gold nanoparticles; CTAC, hexadecyltrimethylammonium chloride; MMBs, magnetic microbeads; TEM, 
transmission electron microscope.
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Optimization of experimental conditions
In this method, AA was used as the reducing reagent for the 

formation of AuNPs. Thus, its concentration plays a decisive 

role in the formation of AuNPs. As shown in Figure 4A, 

the absorption intensity of the generated AuNPs at 530 nm 

increased with the increase of AA concentration in the range 

of 10–250 µM and began to level off beyond 200 µM. AA at 

the used concentration of 10 µM can be readily determined. 

In addition, Cu2+ concentration has a profound influence on 

the catalyzed oxidation of AA. Thus, we also investigated the 

effect of Cu2+ concentration on the absorption intensity. When 

AA was preincubated with different concentrations of Cu2+ 

for 30 minutes, the absorbance value decreased with increas-

ing concentration of Cu2+ (Figure 4B). This demonstrated that 

high concentration of Cu2+ facilitated the oxidation of AA 

and thus disfavored the generation of AuNPs. As depicted 

in Figure 3, DAHSSKLQLAPP-functionalized MMBs 

can sequestrate Cu2+ and depress its catalytic capability of 

oxidizing AA, thus favoring the formation of AuNPs. We also 

found that the absorbance value increased with increasing 

concentration of DAHSSKLQLAPP-functionalized MMBs 

and reached to the maximum at 4 mg (Figure 4C). The good 

dependence of the absorption intensity upon the MMB 

concentration demonstrated that it is possible to determine 

PSA by removing the ATCUN-containing peptide fragment 

(DAHSSKLQ) from the MMB surface.

Psa detection
Under the optimal conditionals, the feasibility of the proposed 

method for PSA detection was demonstrated. Figure 5A rep-

resents the photographic images, and the UV–Vis absorption 

spectra when DAHSSKLQLAPP-functionalized MMBs were 

preincubated with different concentrations of PSA, followed 

by incubating the resultant MMBs with Cu2+ and AA before 

the addition of HAuCl
4
. With the increase in PSA concen-

tration, the red color solution became colorless gradually. 
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Figure 4 Dependence of the absorption intensity of auNPs suspension at 530 nm upon the used concentration of aa (10, 50, 100, 150, 200, and 250 µM) (A), cu2+ (0.01, 
0.1, 0.5, 1, 1.5, and 2 µM) (B), and DaHSSKLQLAPP-functionalized MMBs (0.5, 1, 2, 3, 4, and 5 mg) (C). In panels B and C, the concentration of aa used is 200 µM. 
The cu2+ concentration in panel c is 1.5 µM.
Abbreviations: Abs, absorption; AA, ascorbic acid; AuNPs, gold nanoparticles; MMBs, magnetic microbeads.
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The result was also confirmed by the UV–Vis spectroscopy: 

the more higher the PSA concentration, the more lower the 

plasmon absorbance peak of AuNPs. The value decreased 

linearly with an increase in PSA concentration in the range 

of 0–0.8 ng/mL with an equation of Abs=0.697−0.673 

(PSA) ng/mL (Figure 5B). The detection limit was esti-

mated to be 0.02 ng/mL by detecting the smallest PSA 

concentration at which the response is clearly distinguish-

able from the background. This value is comparable to 

those achieved by other methods based on the PSA-induced 

cleavage of peptide (Table 1). The value is lower than that 

(4 ng/mL) of PSA released by a healthy prostate; thus, the 

colorimetric method is promising to determine PSA in a 

biological sample for preoperative diagnosis and screening 

of prostate cancer.

selectivity and real sample assays
To demonstrate the applicability of the sensor, we first examined 

its selectivity toward PSA by testing the influence of proteins 

(bovine serum albumin and hemoglobin), AA, and other 

λ
Figure 5 (A) UV–Vis absorption spectra and photographic images of the generated AuNPs in the cases that the DAHSSKLQLAPP-functionalized MMBs have been 
preincubated with different concentrations of PSA (0, 0.05, 0.1, 0.2, 0.4, 0.6, 0.8, 1, and 2 ng/mL). (B) Dependence of the absorption intensity of the generated AuNPs on 
Psa concentration.
Abbreviations: Abs, absorption; AuNPs, gold nanoparticles; PSA, prostate-specific antigen; MMBs, magnetic microbeads.

Table 1 analytical performances of the peptide-based methods for Psa detection

Method Substrate Label Detection 
limit

Linear range References

colorimetry gsgsgsgsehssKlQlaKgsgsgsgsc MBs 10 ng/mL Not reported 17
ec sh–(ch2)6–hssKlK-biotin Au@Ag NPs 0.027 ng/mL 0.1–100 ng/mL 10
ec Biotin–EHSSKLQKC Strep-MBs 0.03 ng/mL 0.08–7 ng/mL 12
ec cehssKlQlaK–Nh2 chitosan-Pb2[Fe(cN)6]-

PDDagO
0.01 fg/mL 10-6–100 ng/mL 11

ec cehssKlQlaK–Nh2 PDa-au-hrP 0.11 fg/mL 10-6–100 ng/mL 14
ec KalQlKsshec AuNPs/CTAB 60 fg/mL 0.0002–45 ng/mL 13
ec chssKlQK Not reported 0.5 ng/mL 1–60 ng/mL 15
ecl chssKlQK–Fc Fc 0.8 pg/mL 0.0005–5 ng/mL 18
ecl chssKlQK ru1 80 fg/mL 0.0005–0.03 ng/mL 19
Fl FITc–hssKlQK FITC/GO 0.3 nM 0.5–3 nM 8
Fl ccccccglaibaagghsslKQgK–FITc FITC/AuNPs 0.01 nM 0.01–100 nM 9
sers r19–hssKlQlaaac NPr 6 pM 0.006–6 nM 16
colorimetry DaHssKlQlaPP aTcUN–cu2+ 0.02 ng/mL 0.05–0.8 ng/mL This work

Abbreviations: ATCUN, amino terminal copper and nickel; AuNPs, gold nanoparticles; MBs, magnetic beads; chitosan-Pb2[Fe(cN)6]-PDDagO, chitosan-lead ferrocyanide-
(poly[diallyldimethylammonium chloride]-graphene oxide); CTAB, cetyltrimethylammonium bromide; EC, electrochemistry; ECL, electrogenerated chemiluminescence; 
Fc, ferrocenecarboxylic acid; FITC, fluorescein isothiocyanate; FL, fluorescence; GO, graphene oxide; NP, nanoparticle; NPR, nanoplasmonic resonators; PDA-Au-HRP, 
polydopamine-Au-horseradish peroxidase nanocomposites; PSA, prostate-specific antigen; R19, Rhodamine 19; Ru1, bis(2,2′-bipyridine)-4′-methyl-4-carboxybipyridine-
ruthenium; SERS, surface-enhanced Raman spectroscopy; strep-MBs, streptavidin-coated magnetic beads.
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proteases (thrombin and trypsin). As shown in Figure 6A, 

a lower absorption value was obtained for 0.8 ng/mL PSA, 

while negligible changes in the absorption intensity were 

observed in the presence of at least 10-fold higher concentra-

tions of the tested proteins. The result is indicative of high 

selectivity of the method, which can be attributed to the 

high specificity of the peptide substrate (HSSKLQ) toward 

PSA.7,18,19 In addition, AA itself also did not induce any 

significant change. The result is understandable since the 

analytical detection was carried out by the magnetic separa-

tion of cleavage step and measurement step, thus reducing the 

interference of matrix components in biological samples.

To demonstrate the viability of the method for clinical 

assays, quantifications of PSA in serum samples from two 

healthy donors and two prostate patients were carried out. 

It can be clearly observed that the solution color is red for 

healthy controls, but it is colorless for patients (Figure 6B). 

By diluting the two healthy sample solutions for 10 times, 

the PSA concentrations were found to be 0.94 ng/mL and 

1.14 ng/mL (n=3) according to the above established stan-

dard curve. However, for 10 times dilution, we found that 

the levels of PSA in the patient serums were beyond the 

linear range. Thus, the quantification of PSA for patients 

was performed by further diluting the samples with 20-fold. 

It was found that PSA concentrations in the two patients were 

8.86 ng/mL and 9.30 ng/mL (n=3), which were much higher 

than those in the healthy controls. The result indicated that 

the colorimetric method is feasible for distinguishing prostate 

patients from healthy controls.

Conclusion
In this work, we developed a colorimetric method for 

PSA detection by inhibition of the formation of AuNPs. 

The separation of cleavage step and measurement step 

by peptide-functionalized MMBs facilitates the selective 

detection of PSA in serum samples. The method is funda-

mentally distinct from the existing peptide-based sensing 

strategies for PSA detection. It is very promising to be used 

in laboratory investigation and clinical diagnosis because it 

requires a simple sample handling procedure and a minimum 

instrumental investment. Moreover, this work is valuable for 

designing of high-throughput protease biosensors and likely 

finds many applications in other fields, including screening 

of protease inhibitor and probing of disease progression.
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