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A B S T R A C T

The morbidity and mortality associated with acute kidney injury (AKI) remain obstinately high. Early diagnosis
is urgently required and should be pursued in at-risk populations. Recently, a newly validated biomarker, matrix
metalloproteinase-7 (MMP-7), was reported as a novel indicator for early AKI prediction and a noninvasive
surrogate biomarker of kidney function. Monitoring urinary MMP-7 (uMMP-7) levels fills the gaps in early
diagnosis of AKI at early onset. However, the lack of available reagents for its rapid detection limits its use.
Herein, we established an ultrasensitive and rapid immunomagnetic microparticles-based time-resolved fluor-
oimmunoassay to measure urinary MMP-7 in AKI patients. The assay time is 30min. The calibration curve
showed high linear correlation (r=0.9998) with a linearity of detection of 0.063–150 ngmL−1 and lower limit
of detection of 0.039 ngmL−1. The coefficient variation of the intra- and inter-assay lower than 5.17%, and the
analytical recovery was 99.06%–105.60%. Testing of clinical samples using the proposed assay and a DUOSET@

ELISA kit showed good correlations in the comparison of uMMP-7 levels (r=0.9541) and uMMP-7/uCreatinine
(r=0.9595). The proposed assay has satisfactory analytical performance and may serve as a promising tool for
early diagnosis of AKI.

1. Introduction

Acute kidney injury (AKI) is a complex syndrome that significantly
affects long-term patient outcome. It occurs in many clinical states, and
its clinical manifestations range from a minimal rise in serum creatinine
to anuria, which often leads to the need for renal replacement therapy
[1,2]. AKI is currently a worldwide public health problem. In China in
particular, it poses a burden on the medical system [3], with many cases
of underdiagnosis and undertreatment. The non-recognition rate of AKI

estimated 74·2% in 2013 in China [3]. Delayed AKI recognition was an
independent risk factor for in-hospital mortality. AKI that requires
dialysis in critically ill patients is associated with a mortality of 40–70%
and the estimated disease prevalence varied from 1 to 25% defined by
different definitions of AKI [4,5]. Substantial evidence indicates that
AKI increases the risk of advanced composite events that are likely to
develop into chronic kidney disease (CKD) [6,7], especially in older
patients [8]. Unfortunately, there is currently no effective cure for CKD
and the progression to end-stage renal disease, which necessitates
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dialysis or kidney transplantation. Despite recent findings regarding the
pathogenesis of AKI and novel therapeutic strategies, the mortality rate
in patients remains unacceptably high.

To reduce advanced progression of AKI, early intervention is ne-
cessary during the onset of kidney injury. This requires early diagnosis
through monitoring of the levels of a battery of reliable biomarkers
which are still under research. Though other renal biomarkers are used
to help monitoring kidney function including kidney inhury molecule
−1 (KIM-1), interleukin 18 (IL-18), cystatin C (Cys C), and β2-micro-
globulin (β2-MG), however, the diagnosis of AKI remains based either
on the gold standard, elevated serum creatinine, decreased urine output
(> 50%), or the detection of oliguria [2,9]. However, in most cases,
increases in serum creatinine do not occur until 48–72 h after the initial
insult to the kidney. Therefore, the measurement of serum creatinine is
insufficient for predicting the occurrence of AKI or detecting early AKI,
as increases in this marker lag far behind renal injury. Moreover, sig-
nificant renal disease can exist with minimal or no changes in creatinine
levels. Although the traditional biomarkers of AKI and CKD such as
serum creatinine, blood urea nitrogen, and urinary albumin have been
established in clinical practice for decades, they have limitations with
respect to the timeliness of diagnosis, sensitivity, and specificity.

Fortunately, several recently identified biomarkers are good in-
dicators of the progression and prognosis of AKI. These include the
biomarkers mentioned above and a newly validated and promising
biomarker, matrix metalloproteinase-7 (MMP-7) [10]. MMP-7 is a
stable and neutral secreted hydrophilic protein with a molecular weight
of 28 kDa. It is the smallest matrix metalloproteinase and consists of

two domains: a prodomain that is cleaved upon activation and a cata-
lytic domain. It previously gained attention for its role in abnormal
tissue remodeling in the early years [11]. MMP-7 is commonly un-
detected in normal human renal tubular epithelium, but is significantly
expressed under certain pathological conditions including polycystic
kidney disease, unilateral ureteral obstruction, or during subclinical
tubulitis [12,13]. Urinary MMP-7 (uMMP-7) is a biomarker that reflects
the activity of intrarenal Wnt/b-catenin, and dependably mirrors its
expression in renal parenchyma, particularly in the tubular epithelium.
Urinary level of renal MMP-7 protein correlated with renal Wnt/b-ca-
tenin activity [14], and uMMP-7 was proposed to represent a non-
invasive biomarker of this profibrotic signaling activity in the kidney.
Although MMP-7 was a functional biomarker related to CKD [15], in-
creased renal expression of MMP-7 was also related to acute injury,
with further increases associating with progression to tubulointerstitial
fibrosis [13]. MMP-7 expression also correlated with renal function
assessed by glomerular filtration rate (GFR) [16]. We believe that
uMMP-7 may serve as an indicator that can help predict the onset of
severe AKI following cardiac surgery, and improve risk reclassification
compared with using only the clinical model [10]. In a previous study,
uMMP-7 predicted the development of severe AKI and was elevated in
both subgroups analyzed (those with and without pre-existing CKD).
These findings suggest that uMMP-7 can serve as a noninvasive surro-
gate biomarker of kidney function for predicting the risk of AKI.

Despite its value in predicting the risk of AKI, uMMP-7 has greater
utility for the early diagnosis of AKI following major surgery. Further
clinical validation of the diagnostic value of MMP-7 in AKI is therefore

Scheme 1. Schematic of the noninvasive strategy for determination of the levels of the novel AKI biomarker, uMMP-7.
In vitro diagnosis (IVD) of AKI by measuring the urinary level of MMP-7 using IMPs-TRF to monitor early-onset of AKI. Here is the illustrated synthesis of IMPs and
assay procedure of IMPs-TRF.
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required. However, we previously found that the lack of available as-
says limits its further study and application in both laboratory and
clinical practice. Most available quantitative kits are based on tradi-
tional enzyme-linked immunosorbent assay (ELISA), and are time-
consuming and require dozens of sample dilutions because of in-
adequate detection ranges. Errors between batches caused by high-ratio
dilutions increase as a result. The high ratio of dilutions may affect the
results such that measured values will be much higher or lower than
actual values. Therefore, these ELISA kits may not be suitable choices
for use in clinical practice. In contrast, the time-resolved fluor-
oimmunoassay (TRF) has low background signals, high sensitivity, and
is free of isotopic contamination. These traits are advantageous, and it
has been widely used as an analytical tool for clinical diagnosis. In our
study, we combined antitarget antibody-conjugated magnetic micro-
particles as mobile reaction carriers to further improve the sensitivity of
this assay. We chose one of the most commonly used lanthanide che-
lates, Eu3+ chelate, as the fluorescent tracer.

In pursuit of an applicable, rapid, and reliable assay for uMMP-7
quantification to resolve the limitation of present analytical technique,
we applied an immunomagnetic microparticles-based time-resolved
fluoroimmunoassay (IMPs-TRF) to measure uMMP-7 levels in AKI pa-
tients (Scheme 1). The analytical performance of the proposed assay
was investigated following a method validation protocol and was sub-
sequently validated using clinical samples.

2. Materials and methods

2.1. Reagents and equipment

Bovine serum albumin (BSA), 4-morpholineethanesulfonic acid
(MES), proclin-300, Tween-20, 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC), and N-hydroxysulfosuccinimide
(sulfo-NHS) were from Sigma-Aldrich (St. Louis, MO, USA). Sephadex
G-50 was from Amersham Pharmacia Biotech (Piscataway, NJ, USA).
Magnetic microparticles were from JSR Life Sciences (Tokyo, Japan).
The Eu3+-labeling kit and Victor3 1420 multilabel counter were from
PerkinElmer WALLAC (Turku, Finland). iMark™ Microplate Absorbance
Reader and ImmunoWash 1575 Microplate Washer were from Bio-Rad
Laboratories (Hercules, CA, USA). Two anti-MMP-7 monoclonal anti-
bodies (10–2300 and 10–2299) were from Fitzgerald™ (Fitzgerald
Industries International, MA, USA). rhMMP-7 protein (DY907), human
Total MMP-7 DUOSET ® ELISA kit, and other kidney functional bio-
markers including rhCys C (1196-PI), NGAL (1757-LC), and rhKIM-1
(1750-TM) were from R&D SYSTEMS ® (Cambridge, MA, USA). β2-
microglobulin (β2-MG) was from Guangzhou Darui Biotechnology Co.
LTD (Guangzhou, China).

2.2. Solutions

Buffer solutions used throughout the study were as follows: binding
buffer (50mM MES, pH 5.0), conjugating reagent A (10mgmL−1 EDC,
in 50mM MES, pH 5.0), conjugating reagent B (10mgmL−1 sulfo-NHS,
in 50mMMES, pH 5.0), stock solution (25mM Tris-base, 150mM NaCl,
0.05% Tween-20, 5% BSA, 0.05% ProClin300, and 1% trehalose,
pH 7.2), elution buffer (50mM Tris-HCl, 0.9% NaCl, and 0.05% proclin-
300, pH 7.8), washing buffer (50mM Tris-HCl, 0.01% Tween-20, and
150mM NaCl, pH 7.8), labeling buffer (50mM Na2CO3, pH 9.6), stan-
dard buffer (50mM Tris-base, 150mM NaCl, 0.1% NaN3, 0.01% Tween-
20, and 7.5% BSA, pH 7.8), assay buffer (50mM Tris-HCl buffer, 1.5%
polyethylene glycol 6000, 0.3 mM BSA, 0.01% Proclin-300, 150mM
NaCl, 0.02% (w/v) bovine globulin, and 0.01% Tween-20, pH 7.8), All
solutions were freshly prepared before use.

2.3. Synthesis of IMPs

IMPs were synthesized according to a protocol recommended by the

manufacturer. First, the carboxyl groups on the surface of magnetic
microparticles were activated by EDC and sulfo-NHS before conjugation
with anti-MMP-7 monoclonal antibody (10−2300). A total of 25 μL of
fresh conjugating reagent A and 40 μL of conjugating reagent B (both
10mgmL−1) were added to 10mg of carboxyl-modified MPs at a
concentration of 100mgmL−1 (10.0×109 MPs/mL in sterilized water)
in 1mL of coating buffer, and rotated end-over-end for 30min at room
temperature. Activated carboxyl-modified IMPs were then removed
from the magnetic field and washed thrice to remove excess activators.
Next, 250 μg of anti-MMP-7 monoclonal antibody (10–2299) in 1mL of
binding buffer was added to the activated MPs and mixed using a
vertical mixing apparatus, which gently rotated overnight at 25 °C.
After the reaction, the first supernatant was collected, the concentration
of residual antibody was measured using a Pierce® Micro BCA Protein
Assay Kit (Thermo Scientific, Waltham, MA, USA), and the coupling
ratio was calculated. After the samples were washed thrice with stock
solution to remove excess antibody, the anti-MMP-7 antibody-con-
jugated IMPs were blocked with 2mL of blocking buffer for 4 h after
they were successfully synthesized, then washed thrice with stock so-
lution and stored in the same solution at 4 °C until use.

2.4. Preparation of Eu3+ chelate-labeled antibody

According to an established approach for the synthesis of Eu3+

chelate-labeled antibodies [17], 200 μg of purified antibody (10–2300)
was exchanged into chelate-labeling buffer six times using a 10-kD ul-
trafiltration tube by centrifugation (9500 g, 6 min). Next, 40 μg of
DTTA-Eu3+chelate was added to the antibody in a total volume of
200 μL. After being fully mixed, the mixture was incubated gently at
25 °C for 24 h, while shielded from light. Free Eu3+-chelates were se-
parated from the tracer by size exclusion chromatography on a Se-
phadex G-50 column (1.5 cm×40 cm). After eluting with spent re-
generant, about 5mL of tracer solution was gathered at the sharp
protein peak. We then added BSA to the tracer solution to achieve a
final concentration of 1mgmL−1 for conservation, and stored the
preparation at 4 °C. It was stable for 12months following the addition
of 0.2% BSA as stabilizer.

2.5. Preparation of MMP-7 standards and clinical samples

Serial dilutions of the MMP-7 standard were prepared by diluting
recombinant MMP-7 protein in standard buffer to obtain the following
standards: 0, 0.1, 0.5, 1, 10, 75, and 150 ngmL−1. Standard solutions
were freshly prepared before use. In the present study, a total of 28
urine samples from patients with AKI and 15 urine samples from
healthy individuals were obtained from Guilin No.181 Hospital
(Guangxi, China), and stored at-20 °C until use. All samples were cali-
brated by serum creatinine for selection. Creatinine was measured with
a Cobas analyzer (Roche Diagnostics) and used to select clinical AKI
samples based on Kidney Disease Improving Global Outcomes (KDIGO)
guideline. uMMP-7 was also normalized based on the level of urine
creatinine (Cr) (uMMP-7/Cr, μg g−1). All urine samples were collected
after obtaining verbal informed consent from AKI patients and healthy
volunteers. The study was approved by the Ethical Committee of the
Science and Technology Department of the Southern Medical
University (Guangzhou, China).

2.6. Assay protocol

MMP-7 was measured using a one step double-antibody sandwich
method. Samples were analyzed in triplicate. Measurement using the
IMPs-TRF was carried out as previously described [18,19]. First, 25 μL
of standards or urine samples were added to wells of a 96-well plate.
Next, 25 μL of anti-MMP-7 antibody-conjugated IMPs (2.5 μgmL−1)
and 50 μL of Eu3+-labeled anti-MMP-7 antibody (2 μgmL−1) were
added stepwise, and the mixture was gently incubated for 30min at
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37 °C. After the incubation, the reaction plate was subjected to a
magnetic field for several minutes to separate IMPs from the super-
natant, with immunocomplex binding on the surface. The supernatant
buffer was then removed and the precipitate was washed four times
with washing buffer. Finally, 100 μL of enhancement solution was
added and incubated for 5min at 37 °C before measurement with a
1420 Multi-label Counter (Victor3™).

2.7. ELISA

uMMP-7 was quantified using a human Total MMP-7 DUOSET ®

ELISA kit (DY907, R&D Systems) according to the manufacturer's in-
structions. Ten-fold diluted urine samples (100 μL) were added to pre-
coated microplates, and incubated for 1 h. The plates were then wa-
shed, 100 μL of biotinylated antibody (1:2000 dilution) was added, and
samples were incubated for another 1 h. Then, 100 μL of horse radish
peroxidase-labeled streptavidin (1:50 dilution) was used as a tracer.
The plates were washed after incubation in all the above steps. Finally,
add 100 μL of substrate solution to each well and incubate for 20min at
room temperature and stop by adding 50 μL of stop solution. The ab-
sorbance values at 450 nm were then read on a microplate reader
(iMark, Bio-Rad Laboratories Inc.).

2.8. Statistical analysis

Standard curves were constructed with the logarithm of the back-
ground-subtracted fluorescence value as the dependent variable (Y)
against the logarithm of the MMP-7 concentration (ngmL−1) as the
independent variable (X), and plotting a line of best fit using Origin
Pro7.5 (GE, Piscataway, NJ, USA): log (Y)=A+B× log (X). Signal
linearity and correlations were calculated via Pearson's linear regres-
sion equation. Linear regression was performed and Pearson's correla-
tion coefficient was determined using SPSS 20.0 (Chicago, IL, USA) to
analyze and compare the measured values of urine samples using the
proposed method and a commercial ELISA kit. P < .05 was considered
statistically significant.

3. Results

3.1. Assay validation protocol

Validation of the proposed assay was carried out following Food and
Drug Administration guidelines for bioanalytical methods [20]. The
analytical performance of the IMPs-TRF was investigated under the
requirements of linearity and lower limit of detection (LLOD), accuracy,
precision and analytical recovery, selectivity, stability, and validation
using clinical samples and method comparisons.

3.2. Linearity and lower limit of detection

Standards diluted in standard buffer as described above (Section
2.5) were applied to construct a calibration curve with the following
equation: log(Y)= 3.883+0.9226× log(X). The linearity and LLOD
of our assay were then investigated. The calibration curve of the cali-
brators (Fig. 1) showed there was high linear correlation (r=0.9998)
and minimal coefficient variation (< 5%). The LLOQ of IMPs-TRF was
defined as the lowset concentration at which MMP-7 can be reliably
detected within a proper coefficient of variation (CV% < 20%). The
LLOD was defined as the lowest limit of detection and calculated using
the following formula [21]: LOB=mean blank+ 1.645× (SD blank);
LLOD=LOB +1.645× (SD low concentration sample). The LLOQ of the
IMPs-TRF in determination of uMMP-7 was 0.063 ngmL−1 and the
LLOD was 0.039 ngmL−1. For this assay, the linearity of detection was
0.063–150 ngmL−1 according to the calibration curve of MMP-7 for the
IMPs-TRF, which is a large range of coverage for quantification that is
appropriate for the biological levels of MMP-7 in AKI patients. The

high-dose hook effect for the IMPs-TRF was also discussed using an-
choring points in the asymptotic high concentration of MMP-7 (Fig. 2).
When the concentration of MMP-7 was higher than 150 ngmL−1,
fluorescence intensity stopped increasing, indicating that levels higher
than this concentration could impede the immunoreaction, and that
urine samples with extremely high levels of MMP-7 should be diluted so
as to be within the appropriate concentration range. Fortunately, the
levels of MMP-7 are within the detection range in most cases.

3.3. Accuracy, precision and analytical recovery of the IMPs-TRF

The accuracy of the test was assessed after optimal reaction condi-
tions were established. Three blank urine samples with MMP-7 added at
low, medium, and high concentrations were analyzed in five duplicates
for assessment of intra-assay precision, and 20 duplicates were analyzed
for interassay precision. As shown in Table 1, the coefficient variation
of the intra- and interassay analyses were low (≤ 5.17%). Neither
imprecisions were high (≥10%). To investigate recovery, we analyzed
three urine samples spiked with MMP-7 (Low: 1 ngmL−1, Medium:

Fig. 1. Calibration curve of MMP-7 with the IMPs-TRF.

Fig. 2. The hook effect of uMMP-7 detected by the IMPs-TRF.

Table 1
Precision of the IMPs-TRF in determination of the level of uMMP-7.

Samples (ngmL−1) Mean SD CV (%)

Intra-assay precision (n=5) 5 4.97 0.13 2.58
10 10.84 0.33 3.04
20 19.76 0.79 4.01

Inter-assay precision (n=20) 5 5.00 0.15 3.01
10 10.84 0.57 5.17
20 19.92 1.00 5.00

SD: standard deviation; CV: coefficient variation.
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10 ngmL−1, High: 150 ngmL−1) in duplicate five times using the IMPs-
TRF. The analytical recovery was calculated according to the following
equation: Analytical recovery (%)= (Observed / Expected)× 100%.
The general analytical recovery of the assay was good, with a recovery
range from 99.06%–105.60% (Table 2).

3.4. Selectivity and stability analyses

To assess whether the presence of other kidney functional bio-
markers affected the assay, the crossreactivities of rhMMP-7, rhCys C,
NGAL, rhKIM-1, and β2-MG were evaluated using the IMPs-TRF. All of
these proteins were diluted in assay buffer at high biological con-
centrations (Cys C, 500 ngmL−1, NGAL, 1000 ngmL−1, KIM-1,
1000 ngmL−1, and β2-MG, 10 μg mL−1). Crossreactivities of other
MMPs, including MMP-2, MMP-3, MMP-9 and MMP-14, which in-
creased in urine when kidney diseases occur were also evaluated at high
concentration (1000 ngmL−1). The results of the selectivity test are
shown in Table 4, and indicate that the antibody applied in our pro-
posed assay is highly specific to the MMP-7 antigen, and has minimal
crossreactivity with other relevant kidney functional biomarkers and
other renal related MMPs. The relative signal intensities of NGAL,
rhKIM-1, and β2-MG were very low (< 0.5%), as shown in Fig. 3. The
high level of Cys C caused a slightly higher relative signal intensity
(< 2.2%), although it remained within an acceptable range. The
crossreactivities of MMPs was acceptable (< 5.35%). Such interactions
did not affect the calibration curve or the limit of detection of the assay.
The crossreactivities of these high-level urinary biomarkers were
minimal.

Regarding the stability analysis, the low and high concentrations of
the spiked samples diluted in standard buffer were 10 ngmL−1 and
100 ngmL−1, respectively. The samples were stored at −20 °C and
37 °C for 24 h, and thawed unassisted at room temperature. All the
detected signals were above 85% of the signals of original test before
the treatment. Additionally, three freeze/thaw cycles at −20 °C and a
long-term stability experiment (20 d) were performed. This analytical
reagent was stable for long-term storage at −20 °C, and its repeated
freezing and thawing should be avoided (Table 3).

3.5. Validation using clinical sample and method comparison

Urine samples of three concentrations (41.2, 29.3 and
22.8 ngmL−1) were diluted in doubled dilutions and detected using
IMPs-TRF. The linearity of dilution curves for all three samples were
also good, showing little variation in the measured concentrations after
correcting for sample dilution factors (Fig. 4). 28 clinical urine samples
of AKI patients were simultaneously tested using IMPs-TRF and
DUOSET@ ELISA kit (Fig. 5). All testing was performed in triplicate. We
performed parallel comparison of test results obtained from two ana-
lytical methods, IMPs-TRF and ELISA, and the results presented good
correlation both in comparison of uMMP-7 level (ng mL−1) and uMMP-
7 / Cr (μg g−1) (Fig. 5A and C). The coefficient of correlation r was
0.9541 and 0.9595, respectively. Graphic comparison results were also
plotted in Fig. 5B and D. The level of MMP-7/Cr from most AKI samples
was much higher than that from non-AKI healthy controls (Fig. 6).

4. Discussions

We previously found that the measured values of uMMP-7 in high
level samples were inconsistent with actual values. More specifically,
they were higher than actual values when the samples were diluted at a
high ratio before measurement. Aiming to resolve this issue, we devised
a more rapid and precise quantitative assay. In the present study, the
IMPs-TRF improved upon the traditional TRF -by integrating IMPs,
which develops a semi-homogeneous reaction that the analyte can react
with the carrier IMPs under uniform distribution in liquid phase. Based
on IMPs, immunocomplexes form rapidly in the mobile reacting phase,
and are then easily autoseparated from excess analyte in a magnetic
field [22–24]. This is followed by amplification of the fluorescence
signal through an enhancement process which enables a shorter reac-
tion time and extremely high signal to remove background interference.
Comparison of the assay with two commercial ELISA kits from R&D
SYSTEMS and TRACE is shown in Table 4. Regarding reaction time, the

Table 2
Analytical recovery of urine samples spiked with MMP-7 (n=5).

Samples (ngmL−1) Expected Observed Recovery (%)

Low 1 1.05 ± 0.05 105.60 ± 5.95
Medium 10 10.32 ± 0.67 103.18 ± 6.74
High 150 148.60 ± 3.60 99.06 ± 2.40

Fig. 3. Selectivity for the measurement of uMMP-7 using the IMPs-TRF.

Table 3
Selectivity for the measurement of uMMP-7 levels using the IMPs-TRF.

Analytes Concentration (ng mL−1) Detected (ngmL−1) Cross-reactivity (%)

KIM-1 1000 0.031 0.003
NGAL 1000 0.051 0.005
Cys C 500 0.111 0.022
β2-MG 10,000 0.295 0.003
MMP-2 1000 4.526 0.453
MMP-3 1000 4.393 0.439
MMP-9 1000 4.644 0.464
MMP-14 1000 5.535 0.535
MMP-7 10 9.500 95.00

Fig. 4. Dilution curve for the IMPs-TRF based on three samples.
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IMPs-TRF is clearly superior to ELISA. Measurement of MMP-7 levels
using a TRACE technology-based BRAHMS KRYPTOR analyzer (Thermo
Fisher Scientific) reduces reaction time compared with ELISA, but the
sample materials for analysis are limited to serum or plasma and it
requires more effort for improvement in testing of urine samples.
Compared with ELISA and the TRACE method, the proposed IMPs-TRF
has a much wider linear range of detection and lower sensitivity. For

sample dilution, both ELISA kits required 10 to dozens of dilutions to
meet the quantitative limit, while the IMPs-TRF is free from high-ratio
dilution. That's because the fluorescent characteristic of the Eu3+

chelate which has a high signal-to-noise ratio, allows for both a rela-
tively wide linear range of detection and high anti-interference capa-
city. Easy automation is another major advantage of the IMPs-TRF,
which reduces error caused by manual operation. In general, the pro-
posed IMPs-TRF has satisfactory analytical performance and surpasses
that of the available assays described above.

When patients with cardiovascular disease increase remarkably, the
incidence of AKI is unfavourable. In general, AKI is associated with high
rates of mortality and poor treatment options that are primarily because
of the narrow therapeutic window of AKI. This makes it difficult to
evaluate and monitor the phase and development of AKI. With a narrow
therapeutic widow and limited treatment time, medical interventions
for AKI patients are only effective at the early onset. Although AKI is
preventable, the implementation of current preventive strategies is
suboptimal. The fundamental principle of prevention of AKI is to treat
the cause or triger. When prerenal factors contribute, they should be
identified, haemodynamic resuscitation quickly begun, and in-
travascular volume maintained or rapidly restored [25]. According to
KDIGO guideline, acute and chronic kidney diseases are defined and
staged based primarily on GFR as a measure of kidney function, and
albuminuria as a marker of kidney damage [26]. GFR is assessed from
clearance measurements or estimated from serum levels of endogenous
filtration markers such as creatinine or cystatin C [9,27]. These

Fig. 5. Regression analysis of the values of uMMP-7 between the IMPs-TRF and ELISA.

Fig. 6. MMP-7/Cr level between AKI and non-AKI samples.

Table 4
Comparison of other analytical methods available for the measurement of MMP-7.

Reagents Linearity (ngmL−1) Reaction time Sample volume LLOD Inaccuracy Dilution

DuoSet ELISA Kit 0.0078–2 5 h 100 μl N/A <7.22% >1/20
Quantikine ELISA Kit 0.2–10 4.5 h 50 μl 0.094 ngmL−1 < 5.1% >1/5
TRACE [33] 0.5–40 19–59min 50 μl N/A N/A N/A
IMPs-TRF 0.063–150 30min 25 μl 0.039 ngmL−1 < 5.17% None

TRACE: time-resolved amplified cryptate emission.
LLOD: lower limit of detection; N/A: not available.
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indicators are reliable but lag far behind the loss of kidney function. In
recent years, numerous studies aimed to identify and validate potential
new biomarkers related to AKI aside from the level of serum creatinine,
which remains the gold standard criterion for diagnosis but has lim-
itations. It is unable to aid in the diagnosis of acute renal injury during
the onset period or differentiate among its various causes. Among these
biomarkers, Cystatin C (which is considered to reflect disorders of
tubular reabsorption), NGAL, IL-18 and KIM-1 are the most promising
tubular biomarkers of tubular injury in AKI with high performance that
reflect either renal tubular epithelial cell damage, reactivity of tissue
damage, or correlate with inflammation [28–30]. The diagnostic value
of these markers alone may be insufficient. In many cases, different
combinations of these biomarkers assist in the diagnosis and prognosis
of different renal diseases. Regarding the different stages of AKI, dif-
ferent combinations of diagnostic biomarkers are relevant for prognosis
and treatment. Regarding the early diagnosis of AKI, most studies fo-
cused on NGAL, KIM-1, and IL-18, alone or in combination [31–33].
uMMP-7 is newly validated as being highly useful in predicting the risk
of AKI after major surgery and may represent a promising noninvasive
surrogate biomarker in the early diagnosis of AKI and for the mon-
itoring of renal function. uMMP-7 is also associated with other renal
diseases such as the progression of CKD, renal cell carcinoma, and tu-
bulointerstitial fibrosis. The assay proposed herein may serve as a
powerful tool for clinical practitioners making further research on
uMMP-7 more convenient.

In the future, noninvasive methods such as urine testing may be-
come mainstream, and the combination of uMMP-7 and other renal
biomarkers may have greater diagnostic value for acute renal diseases.
Therefore, our further studies will focus on improving analytical
methods for rapid diagnosis of kidney diseases using multiple renal
biomarkers in urine samples. Based on our previous research on multi-
labels detection [34,35], to achieve multiple analyses in a single test,
we envision the development of dual-labeling in quantification of renal
biomarkers by taking advantage of IMPs-TRF that no intersection of
emission spectrum between different lanthanide fluorescent tracers
such as europium and samarium.

5. Conclusions

In the present study, we introduced a sensitive analytical method to
quantify the levels of uMMP-7 in clinical samples. The IMPs-TRF
method has superior analytical performance over traditional ELISA in
many respects, most notably with its wide quantitative range
(0.063–150 ngmL−1) and short reaction time (30min). We believe the
proposed automated assay can be used as an efficient tool, in con-
junction with other diagnostic indicators of AKI, to achieve effective
early diagnosis and early intervention in clinical practice.
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