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A highly sensitive Zr-MOF mediated multi-enzyme
cascade platform for the colorimetric and
fluorescent dual-signal determination of
sarcosine†

Nan Wang,a Lin Ma,b Zhengxuan Li,b Chenyu Zhoua and Xingguang Su *a

Herein, a highly sensitive detection platform for the dual-mode determination of sarcosine by fluor-

escence and colorimetry was constructed based on zirconium-based metal organic frameworks (Zr-

MOFs) with multi-enzyme immobilization. Zr-MOFs with peroxidase-mimicking activity were firstly pre-

pared by a solvothermal method, and sarcosine oxidase (SOX) and horseradish peroxidase (HRP) were

simultaneously encapsulated in the Zr-MOFs to form the Zr-MOFs@SOX@HRP composite. Oxidation of

sarcosine could be catalyzed by the SOX in the Zr-MOFs@SOX@HRP composite to generate hydrogen

peroxide (H2O2). The generated H2O2 was decomposed through the synergistic catalysis by Zr-MOFs and

HRP to generate free radicals that could oxidize the chromogenic substrate p-phenylenediamine (PPD) to

produce oxPPD. The oxPPD generated could quench the fluorescence of carbon dots at 510 nm via the

internal filtering effect (IFE). The amount of sarcosine could be sensitively detected by monitoring the

changes of the colorimetric and fluorescence signals, with detection limits of 0.44 μM and 0.21 μM,

respectively. Thus, the dual-mode detection of sarcosine by fluorescence and colorimetry through a Zr-

MOF-mediated cascade reaction system was realized. The method was applied to the determination of

sarcosine in the urine of healthy individuals as well as in the urine of prostate cancer patients with satisfac-

tory results, demonstrating its enormous potential for predicting prostate cancer disease.

1. Introduction

Prostate cancer, the second most common cancer in male
patients, is also the fourth most common cancer worldwide.1–3

Early detection of prostate cancer is usually based on methods
such as digital rectal examination, ultrasound in the anorec-
tum, puncture biopsy of the prostate and magnetic resonance
imaging. These standard screening methods are invasive and
expensive and do not meet the current needs for early
screening.4–6 It is well known that the incidence of cancer has
been increasing in recent years and cancer patients are
tending to be younger, and the risk of cancer can be signifi-
cantly reduced if diagnosed and treated at an early stage. For
prostate cancer, as one of the most common cancers with the
highest incidence rate in male patients, early diagnosis can
significantly reduce the mortality rate. Sarcosine (SO), one of

the biomarkers of prostate cancer, is a naturally occurring
amino acid. When prostate cancer metastasises, the level of
sarcosine in the urine of the patient increases significantly.
Moreover, sarcosine has been shown to significantly stimulate
the growth and metastasis of malignant prostate cells.
Therefore, it is extremely necessary to develop efficient, con-
venient, and sensitive quantitative assays for sarcosine so as to
achieve early screening of prostate cancer. Mass spectrometry7

and electrochemistry8 methods have been applied to the quan-
titative determination of sarcosine due to their high accuracy
and sensitivity. However, the high cost of these methods and
the need for specialized equipment and operators make them
difficult to be widely used for early screening.

Fluorescence and colorimetric methods can achieve this
goal as a low-cost method, thus contributing to the expansion
of cancer screening.9–12 Wu et al. proposed a tetrapheny-
lethene (TPE)-incorporated amorphous nanozyme-based ratio-
metric fluorescence–colorimetric dual-mode biosensor for
achieving the onsite visual detection of hypoxanthine.13,14

Shen et al.15 developed a novel bimetallic nano-enzyme
Fe@CeO2 with high peroxidase-like activity for the colorimetric
detection of hypoxanthine. Attempts have also been made to
develop convenient methods to detect sarcosine. Wang et al.16
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established a simple colorimetric method for the determi-
nation of sarcosine using gold nanorods. Li et al.17 proposed a
MnO2 nanosheet-mediated cascade reaction system for ratio-
metric fluorescence detection of sarcosine. Similarly, Wu
et al.18 synthesized excitation-dependent fluorescent carbon
dots, which were used as fluorescent probes, and 3,3′,5,5′-tetra-
methylbenzidine (TMB) as a chromogenic substrate for the
detection of sarcosine by colorimetric and ratiometric fluo-
rescence methods.

Although the fluorescence and colorimetric methods men-
tioned above achieve rapid and sensitive sarcosine detection,
most of them use bio-enzymes in their assays. Bio-enzymes are
preferred for most of the assays due to their low cost, accuracy
and specificity, but their instability in non-physiological
environments makes them under-utilized and highly con-
sumed in the assay process, limiting their application.19–21 It
has been found that the stability of bio-enzymes could be
improved by immobilization of bio-enzymes to prevent pro-
blems such as aggregation, autolysis and protein hydrolysis.22

In addition, immobilization of bio-enzymes has accelerated
the substrate consumption and made the reaction more rapid.
In the process of immobilization, carriers have a significant
impact on the catalytic efficiency of the immobilized bio-
enzymes by improving the stability and microenvironment of
the bio-enzyme.23,24 Therefore, the development of carriers is
crucial. So far, a variety of carriers with excellent performance
have been developed, including various inorganic, organic and
composite nanomaterials.25 Among them, metal–organic
frameworks have gradually come into the limelight as carriers
for bio-enzymes. Metal–organic frameworks (MOFs) are porous
materials self-assembled from a central metal and a ligand
with high specific surface area and adjustable pore size, and
have the potential to be excellent carriers.26,27 Hu et al.
immobilized SOX using a metal–organic framework of the ZIF
series to improve stability and established a fluorescence
method for the detection of sarcosine. However, although the
method immobilized SOX, the HRP used in the system was
still in a free state.28 Gao et al. proposed a new strategy for
precise construction of micro mesopores to immobilize highly
stable hierarchical porous metal–organic framework (HP-Zr-
MOF) channel structures for HRP and glucose oxidase, which
realized the rapid detection of glucose.29

Inspired by the aforementioned studies, as shown in
Scheme 1, we utilized Zr-MOFs with peroxidase-like activity to
co-encapsulate SOX as well as HRP within the metal–organic
framework. And we constructed a fluorescence and colori-
metric dual-mode detection strategy by combining the Zr-
MOFs@SOX@HRP composite with fluorescent carbon dots
(CDs) to monitor sarcosine. The sarcosine oxidase immobi-
lized in Zr-MOFs@SOX@HRP could recognize and oxidize sar-
cosine to generate H2O2 and glycine. The generated H2O2 was
decomposed by the Zr-MOFs and HRP to generate free rad-
icals, which further oxidized p-phenylenediamine (PPD) to
generate oxPPD with the absorbance peak at 450 nm. The Zr-
MOFs@SOX@HRP could rapidly catalyze the oxidation of PPD
due to the synergistic catalytic effects of Zr-MOFs and HRP.

The oxPPD generated could quench the fluorescence of the
fluorescent carbon dots at 510 nm via the internal filtering
effect (IFE). Therefore, by monitoring the change of the absor-
bance and fluorescence signals in the system, a colorimetric
and fluorescence dual-signal detection platform for the deter-
mination of sarcosine was established for the first time.

2. Experimental section
2.1 Reagents and instruments

Detailed descriptions of the reagents and instruments are pro-
vided in the ESI.†

2.2 The synthesis of the Zr-MOFs@SOX@HRP composite

Zr-MOFs were prepared according to a facile one-step approach
with minor modifications.30 Zirconium chloride (27 mg) was
dissolved in 10 mL of DMF, and 2,2′-bipyridine-5,5′-dicar-
boxylic acid (bpydc, 80 mg) was dispersed in 10 mL of DMF.
Then, after the two reactants were mixed well, 500 μL acetic
acid was added to the above mixed solution. The mixture was
sonicated for 30 min and heated at 90 °C for 18 h. The white
product was washed three times with DMF and THF, respect-
ively, centrifuged and dried under vacuum. The Zr-MOF
(40 mg) prepared above were added to a SOX (5 mL, 2 mg
mL−1) and HRP (5 mL, 1 mg mL−1) solution, and incubated
for 40 min at 40 °C. After that, the Zr-MOFs@SOX@HRP com-
posite was collected by centrifugation and washed with water 3
times, and placed in the refrigerator at 4 °C for further use.

2.3 Fluorometric and colorimetric detection of sarcosine

The method for the synthesis of fluorescent carbon dots is pro-
vided in the ESI.† For the detection of sarcosine, a series of
sarcosine solutions (100 μL) at different concentrations, Tris-
HCl buffer solution (100 μL, 0.1 M, pH 8.9), Zr-
MOFs@SOX@HRP (20 μL, 1 mg mL−1) and PPD (100 μL,
10 mM) were mixed, diluted to 1.0 mL with ultrapure water,
mixed well and reacted for 40 min at 45 °C. After adding the
above solution to fluorescent carbon dots (50 μL) and reacting
for 1 min the UV-Vis absorption spectra were obtained in the
range of 350–700 nm. The fluorescence spectra were collected
in the range of 380–700 nm (Ex = 360 nm).

2.4 Sarcosine assay in human urine samples

Urine samples from healthy individuals and prostate cancer
patients were provided by Changchun Sino-Japanese United
Hospital and were frozen and preserved for use. Urine samples
were filtered through an ultrafiltration membrane and centri-
fuged at 10 000 rpm for 10 min. Thereafter, a series of spiked
samples were prepared by mixing the urine with sarcosine at
various concentrations (10, 60 and 100 μM). The procedure for
sarcosine analysis was the same as the above procedure in
section 2.3.
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3. Results and discussion
3.1 Characterization of Zr-MOFs@SOX@HRP

The synthesis of the Zr-MOFs@SOX@HRP composite is shown
in Scheme 1(A). Zr-MOFs were synthesized from zirconium
chloride and bpydc as precursor materials. The TEM images
(Fig. 1(A) and (B)) show that the synthesized Zr-MOFs had a
bipyramidal structure with a particle diameter of about
150 nm. The Zr-MOFs@SOX@HRP composite was synthesized
based on the Zr-MOFs, and the synthesis process was opti-
mized to obtain the best performance. As can be seen from
Fig. S1–S4,† the Zr-MOFs@SOX@HRP composite was syn-
thesized optimally when the ratio of HRP to SOX was 1 : 2, the
reaction temperature was 40 °C, the reaction time was 40 min,
and the concentration of Zr-MOFs was 4 mg mL−1. The mor-
phology of the Zr-MOFs@SOX@HRP composite was also
explored by TEM. The TEM images (Fig. 1(C) and (D)) clearly
indicated that the morphology of the Zr-MOFs@SOX@HRP
was similar to that of Zr-MOFs. To better identify SOX and
HRP immobilized in the Zr-MOFs, validation was performed
by CLSM images. Co-immobilization of FITC-labeled SOX and
RhB-labeled HRP in the Zr-MOFs could be clearly seen in the
CLSM images (Fig. 1(E)–(H)). And in the XRD pattern (Fig. 1
(I)), the characteristic (111) and (200) peaks of the Zr-
MOFs@SOX@HRP composite were consistent with those of
pure Zr-MOFs. The peak intensities of the Zr-

MOFs@SOX@HRP composite were significantly lower com-
pared with those of the pure Zr-MOFs, which was attributed to
the fact that SOX and HRP occupied some of the sites of the
Zr-MOFs, resulting in lower crystallinity than that of the pure
Zr-MOFs. FT-IR spectra also further verified the encapsulation
of SOX and HRP. The band at 1644 cm−1 corresponding to
protein amide I was also observed for the Zr-
MOFs@SOX@HRP composite (Fig. 1(J)), suggesting that SOX
and HRP were successfully embedded in the Zr-MOFs.31 The
elemental composition of the Zr-MOFs@SOX@HRP composite
were further verified using X-ray photoelectron spectroscopy
(XPS) experiments. As shown in Fig. 1(K), the XPS full spec-
trum clearly displays the presence of six main peaks at 284.8,
333.0, 182.4, 399.6, 531.4 and 721.6 eV for C 1s, Zr 3p, Zr 3d, N
1s, O 1s and Fe 2p, respectively.

The stability of nanomaterials is the basis for the con-
struction of highly stable detection platforms. Therefore, the
stability of the Zr-MOFs@SOX@HRP composite was investi-
gated. In the temperature stability study, there was almost
no effect on the activity of the Zr-MOFs@SOX@HRP compo-
site under the conditions of −20 °C to 60 °C (Fig. S5†).
Moreover, Zr-MOFs@SOX@HRP maintained high catalytic
activity in weakly acidic, neutral and alkaline environments
(Fig. S6†). In addition, Zr-MOFs@SOX@HRP also showed
excellent stability under high salt concentration storage
(Fig. S7†).

Scheme 1 Schematic diagram of the synthesis of Zr MOFs@SOX@HRP (A) and CDs (B). (C) The mechanism diagram of fluorescence and colori-
metric dual-signal detection of sarcosine.
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3.2 The catalysis mechanism and enzyme-like activity of Zr-
MOFs@SOX@HRP

The catalytic activity of the encapsulated HRP was monitored
by catalytic oxidation of the chromogenic substrate 3,3′,5,5′-
tetramethylbenzidine (TMB) in the presence of H2O2 (Fig. 2
(A)). As displayed in Fig. 2(B), when TMB was not oxidized,
there was no absorption peak at 652 nm. When H2O2 co-
existed with TMB, TMB could not be oxidized, thus there was
also no absorption peak at 652 nm. As shown in Fig. 2(B), the
free HRP and Zr-MOFs both produced an absorption peak at
652 nm in the presence of H2O2 and TMB, and the color
change is shown in the inset. When H2O2 and TMB were
present in the Zr-MOFs@SOX@HRP solution simultaneously,
a more obvious color change could be observed, and the
absorption intensity at 652 nm was significantly stronger than
that of free HRP and Zr-MOFs, so the enhanced catalytic
ability of Zr-MOFs@SOX@HRP was due to synergistic catalysis
effects of Zr-MOFs and HRP.32–34 Meanwhile, Fig. 2(C) further
shows that the absorbance intensity at 652 nm increased with
increasing reaction time for Zr-MOFs@SOX@HRP. Free radical
scavenging experiments were performed to determine the

types of free radicals generated during the catalytic process
with Zr-MOFs@SOX@HRP. As shown in Fig. 2(D), the absor-
bance intensity at 652 nm decreased significantly with the
addition of p-BQ, and the degree of the decrease in absorbance
was greater with the increase in the concentration of p-BQ.
This indicated that O2

•− was generated during the catalytic
process. Furthermore, the presence of •OH was verified by the
reaction of non-fluorescent terephthalic acid (TA) with •OH to
produce fluorescent products. As shown in Fig. 2(E), when Zr-
MOFs@SOX@HRP was added to the TA/H2O2 system, a clear
fluorescence peak appeared at 426 nm, and the larger TA con-
centration produced a fluorescence peak with higher intensity,
which indicated that •OH was also produced in the catalysis
process.

3.3 Characterization of fluorescent carbon dots

The morphology of the prepared fluorescent carbon dots was
analyzed by TEM. Fig. 3(A) shows that the synthesized CDs
had a spherical structure and the particle size was around
2.5 nm (Fig. 3(B)). FT-IR spectroscopy was carried out to deter-
mine the functional groups of the CDs. As shown in Fig. S8,†

Fig. 1 (A and B) TEM images of Zr-MOFs. (C and D) TEM images of Zr-MOFs@SOX@HRP. (E) Optical image of Zr-MOFs@FITC-SOX@RhB-HRP.
CLSM dark field images of FITC-SOX (F), RhB-HRP (G), and a merged image (H). (I) The XRD patterns of Zr-MOFs and Zr-MOFs@SOX@HRP. (J) The
FTIR spectrum of Zr-MOFs@SOX@HRP. (K) The XPS spectrum of Zr-MOFs@SOX@HRP.
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the FT-IR spectrum revealed the presence of hydroxyl and
amino asymmetric stretching vibrations at 3325 cm−1 and
3203 cm1. The characteristic absorption bands at 1514 cm−1

and 1138 cm−1 belonged to the CvN and C–O stretching
vibrations.35 This indicated that abundant hydroxyl and amino
groups were present on the CDs. The elemental composition
and bonding of the CDs were characterized using XPS. The
XPS spectra revealed that C, N and O elements were the con-
stituent elements of the CDs (Fig. 3(C)). As shown in Fig. 3(D),
the spectrum of carbon 1s displayed three fitted peaks at
284.4, 285.1 and 285.9 eV attributed to the C–C/CvC, C–N and
C–O bonds. The spectrum of N 1s displayed two fitted peaks at
399.8 eV and 398.9 eV, which were attributed to pyridine nitro-
gen and pyrrolic nitrogen (Fig. 3(E)). As displayed in Fig. 3(F),
the O 1s spectrum was split into two well-resolved parts at

531.4 eV and 530.7 eV, corresponding to C–O and CvO,
respectively.36 The fluorescence properties of the CDs were
investigated by fluorescence spectroscopy. The maximum exci-
tation wavelength and emission wavelength of the CDs were
360 nm and 510 nm, respectively (Fig. 3(G)). As depicted in
Fig. 3(H), the emission wavelength of the CDs hardly changed
during the change of the excitation wavelength from 340 nm
to 400 nm, exhibiting no excitation-dependent properties.
Meanwhile, the fluorescence colors of the CDs were also
marked on a CIE plot (Fig. 3(I)), and they were in the green
region. Afterward, the stability of the CDs was also explored. As
shown in Fig. S9 and S10,† the fluorescence intensity of CDs
stored at −20 °C to 60 °C and in high salt concentration
environments had almost no obvious change. As depicted in
Fig. S11,† it could be noticed that the fluorescence intensity of

Fig. 2 (A) Schematic illustration of TMB oxidation catalyzed by Zr-MOFs@SOX@HRP. (B) UV-vis absorption spectra of TMB, TMB + H2O2, Zr-MOFs +
TMB + H2O2, HRP + TMB + H2O2, and Zr-MOFs@SOX@HRP + TMB + H2O2. (C) Absorbance curves of Zr-MOFs/TMB/H2O2, HRP/TMB/H2O2 and Zr-
MOFs@SOX@HRP/TMB/H2O2 with time. (D) UV-vis absorption spectra of the Zr-MOFs@SOX@HRP/H2O2/TMB system with different concentrations
of p-BQ. (E) Fluorescence emission spectra of 0.3 mM TA, 0.3 mM TA + H2O2 + Zr-MOFs@SOX@HRP and 0.5 mM TA + H2O2 + Zr-MOFs@SOX@HRP.
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the CDs was almost unchanged in acidic and neutral environ-
ments, and there was a slight decrease in fluorescence inten-
sity in strong alkaline environments. The good photostability
of the CDs was also verified by the unchanged fluorescence
intensity of the CDs after 1 h of xenon lamp irradiation
(Fig. S12†). The above results suggested that the synthesized
CDs were stable and had the potential to be used in detection
platforms.

3.4 Construction of a fluorescence and colorimetric dual-
signal detection platform for sarcosine

As shown in the schematic diagram in Fig. 4(A), a dual-signal
detection platform for sarcosine based on Zr-
MOFs@SOX@HRP and CDs was successfully constructed. The
promoted cascade enzyme activity was attributed to SOX and
HRP being immobilization in the Zr-MOFs, and the proximity
of sarcosine triggered a substrate channeling effect, which
resulted in shorter diffusion paths and rapid intermediate/sub-
strate depletion as compared to the free enzyme system. Due
to the higher catalytic efficiency of sarcosine oxidase in alka-

line environments, and among the many chromogenic sub-
strates, p-phenylenediamine (PPD) was more stable in alkaline
environments compared to other substrates. Therefore, PPD
was chosen as a chromogenic substrate in the detection
system. As shown in Fig. 4(B), when sarcosine was present in
the Zr-MOFs@SOX@HRP/PPD system, the absorbance peak of
oxPPD at 450 nm increased significantly. In addition, it was
clearly observed that the PPD solution was colourless and
brown when oxPPD was formed by oxidation (Fig. S13†). When
CDs were added to the above system, a decrease in their fluo-
rescence intensity at 510 nm was clearly observed (Fig. 4(C)).
The mechanism of the above detection platform for sarcosine
determination was further validated. As cab be seen in Fig. 4
(D), the emission spectrum of CDs and the absorption spec-
trum of oxPPD had great overlap. Fig. S14† shows that the
absorption spectrum of the CDs/oxPPD system was similar to
that of the direct theoretical sum of the absorption spectra of
the CDs and oxPPD, implying there was no interaction or
ground-state complex formation between CDs and oxPPD.
Subsequently, we measured the fluorescence lifetimes of the

Fig. 3 (A) TEM images of CDs. (B) The size distribution of CDs. (C) XPS spectra of CDs. (D) XPS analysis of C 1s of CDs. (E) XPS analysis of N 1s of
CDs. (F) XPS analysis of O 1s of CDs. (G) The excitation (Ex) and emission (Em) spectra of CDs. (H) Fluorescence emission spectra under excitation
wavelengths from 340 to 400 nm. (I) The CIE chromaticity coordinates of CDs.
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CDs and the CDs/Zr-MOFs@SOX@HRP/PPD system, which
were 7.61 ns and 7.60 ns, respectively (Fig. 4(E)). The above
results indicated that it was the IFE effect that caused the fluo-
rescence quenching of the CDs.

The pivotal factors of incubation pH, incubation time and
incubation temperature for the catalytic reaction between Zr-
MOFs@SOX@HRP and sarcosine were explored to construct a
sensitive and stable dual-mode analysis system for sarcosine
detection. As shown in Fig. S15–S17,† the optimal incubation
time, pH and incubation temperature for this detection plat-
form were 40 min, pH 8.9 and 45 °C, respectively. In addition,
the reaction time of CDs with Zr-MOFs@SOX@HRP/PPD was
optimized. As displayed in Fig. S18,† the oxPPD generated in
the detection system could quickly quench the fluorescence of
carbon dots within 1 min, and the reaction time of 1 min was
finally chosen for the fluorescence assay. Under the optimized
conditions, as displayed in Fig. 4(F), the absorbance at 450 nm
increased significantly with the increase in the concentration

of sarcosine. The absorption intensity displayed a good linear
relationship with sarcosine concentration in the ranges of
0.5–40 μM and 40–150 μM. The regression equations were I =
0.0096 + 0.0108[sarcosine] (μM, R2 = 0.989) and I = 0.2884 +
0.0036[SO] (μM, R2 = 0.997), respectively (Fig. 4(G)). The
decrease in the slope could be attributed to kinetic limit-
ations.37 Calculated by the equation LOD = 3σ/k, the LOD of
sarcosine was 0.44 μM. And the LOQ of sarcosine was 1.45 μM.
As shown in Fig. 4(H), the fluorescence intensity of the CDs
decreased with the increase of sarcosine concentration, with a
good linear relationship in the range of 0.5–200 μM. The
regression equation was F = 3310 – 1238.5log[sarcosine] (μM,
R2 = 0.998) (Fig. 4(I)), with a LOD value of 0.21 μM.
Furthermore, the LOQ of sarcosine was 0.69 μM. The relative
standard deviation for 0.5 μM sarcosine detection in six repli-
cates is lower than 4.67%, which indicates the good repeatabil-
ity of the methodology. As depicted in Table S1,† the dual-
signal detection platform based on Zr-MOFs@SOX@HRP and

Fig. 4 (A) The schematic diagram of the dual-signal detection platform for sarcosine. (B and C) Feasibility of sarcosine analysis. (D) UV-vis absorp-
tion spectrum of Zr-MOFs@SOX@HRP + SO + PPD and fluorescence emission spectrum of CDs. (E) Fluorescence lifetime of the CDs and CDs/Zr-
MOFs@SOX@HRP/PPD. (F) UV-vis absorption spectra of Zr-MOFs@SOX@HRP/PPD system with various concentrations of sarcosine. (G) The stan-
dard curve of absorbance at 450 nm versus concentration of sarcosine. (H) Fluorescence emission spectra of the CDs/Zr-MOFs@SOX@HRP/PPD
system with various concentrations of sarcosine. (I) The standard curve of fluorescence intensity at 510 nm versus logarithmic concentration of
sarcosine.
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CDs was constructed for the first time for the detection of sar-
cosine, and the sensitivity of this detection platform was satis-
factory compared with other methods. In addition, Table S1†
shows that our method had a comparable range of quantifi-
cation, and these results suggest the potential of this dual-
signal detection platform for the diagnosis of prostate cancer.

3.5 Analytical performance of the sarcosine assay

In order to examine the anti-interference ability and selectivity
of the detection platform, some ions, amino acids, and sugars
as well as urea commonly contained in urine were added to
the detection platform. As shown in Fig. 5(A) and (B), only
when sarcosine was added to the system was there a change in
the absorption intensity at 450 nm as well as the fluorescence

intensity at 510 nm. Meanwhile, as shown in Fig. 5(C) and (D),
when sarcosine coexisted with the above interfering sub-
stances in the system, they did not affect its specific response
to sarcosine. The above results demonstrated that the dual-
signal detection platform based on Zr-MOFs@SOX@HRP and
CDs had good selectivity for sarcosine detection.

3.6 Sarcosine analysis in urine samples

The developed dual-signal detection platform was applied to
the determination of urine from healthy individuals and pros-
tate cancer patients. The spiked urine samples with different
concentrations of sarcosine (10, 60 and 100 μM) were also
determined and the spiked recoveries were calculated (see
Table 1). The results demonstrated that the spiked recoveries

Fig. 5 Selectivity of the colorimetric (A) and fluorescence (B) dual-signal detection platform for sarcosine. Anti-interference ability for the colori-
metric (C) and fluorescence (D) dual-signal detection platform for sarcosine.

Table 1 The results for sarcosine detection in urine samples

Sample Spiked (μM)

Colorimetric Fluorometric

Found (μM) Recovery (%) RSD (n = 3,%) Found (μM) Recovery (%) RSD (n = 3,%)

Healthy individuals 0 — — — — — —
10 10.13 101.30 0.92 9.73 97.30 1.50
60 59.30 98.80 0.78 60.10 100.17 1.82
100 103.07 103.07 1.20 99.00 99.00 3.75

Prostate cancer patients 0 3.14 — — 3.19 — —
10 13.28 101.40 2.83 13.61 104.20 3.54
60 64.15 101.68 1.41 63.20 100.20 1.84
100 102.93 99.79 2.12 103.09 99.90 0.78
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of sarcosine were in the range of 97.30%–104.20%, with rela-
tive standard deviations (RSDs) of 0.78–3.75%. These results
indicated that the fluorescence and colorimetric dual-signal
detection platform had great potential in the quantitative
determination of sarcosine in complex samples.

4. Conclusion

In summary, a facile method for the synthesis of compartmen-
tally immobilized sarcosine oxidase and HRP in Zr-MOFs with
peroxidase-mimicking activity under mild conditions was
reported. And a dual-signal colorimetric and fluorescence
method based on Zr-MOFs@SOX@HRP and CDs was estab-
lished for sensitively monitoring sarcosine. With the synergis-
tic catalytic effect of Zr-MOFs and HRP and the Zr-MOFs-
mediated cascade reaction system, the sensitivity of both fluo-
rescence detection and colorimetric detection is greatly
improved. The designed sensor not only overcomes the dis-
advantage of the instability of free bio-enzymes in the system,
but also the dual-signal readout mode has complementary
advantages, which improves the analytical accuracy of the bio-
sensor and its practical application.
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