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Abstract

Background: Type 1 cardiorenal syndrome (CRS) is a severe complication for acute decompen-
sated heart failure patients. This study aimed at evaluating the feasibility of using the gold
nanoparticle-based localized surface plasmon-coupled fluorescence biosensor (LSPCFB) to de-
tect urine cofilin-1 as a biomarker for predicting CRS among patients in the coronary care unit
(CCU). Methods: A total of 44 patients were included with prospectively collected urine and
blood samples. Both LSPCFB and conventional enzyme-linked immunosorbent assays (ELISAS)
were used to measure urine cofilin-1 at admission to the CCU. The occurrence of CRS was judged
within 7 days after admission. The discrimination presented as the area under the receiver op-
erating characteristic curve (AUROC) and calibration of both detection methods were used to
assess the predictive ability of urine cofilin-1 measured by the LSPCFB and ELISA. Results: Thir-
teen patients were diagnosed with CRS, while the other 31 patients were classified into a non-
CRS group. For predicting CRS by measuring urine cofilin-1, the LSPCFB had higher accuracy
(AUROC: 0.707, p = 0.031; overall accuracy: 79.55%) than the ELISA (AUROC: 0.479, p = 0.827;
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overall accuracy: 53.27%). The positive and negative predictive values of the LSPCFB were also
higher than those of the ELISA (positive predictive value: 70.0 vs. 34.8%; negative predictive
value: 82.4 vs. 76.2%). Conclusions: The gold nanoparticle-based immunoassay LSPCFB could
exploit the potential of urine cofilin-1 as a single biomarker to predict CRS among CCU patients.

© 2018 S. Karger AG, Basel

Introduction

Type 1 cardiorenal syndrome (CRS), or acute CRS, is defined as the development of acute
kidney injury (AKI) following acute decompensated heart failure (ADHF) and exerts an
enormous impact on heart failure (HF) patients when it occurs [1, 2]. Type 1 CRS is fairly
common, and 25% of hospitalized ADHF patients may suffer from it [1]. The occurrence of
CRS indicates longer hospital stays, higher readmission rates, in-hospital mortality rates as
high as 22%, higher rates of cardiovascular mortality and morbidity, and a greater incidence
of cerebrovascular events [3]. In addition to the impact on the course of hospitalization, type
1 CRS may be substantially associated with poor long-term prognoses, such as a higher inci-
dence of end-stage renal disease and death [4]. Although the occurrence of CRS represents an
ominous outcome for HF patients, the treatment options for CRS are still limited [5]. Instead,
therapies for HF may further deteriorate renal function; angiotensin-converting enzyme
inhibitors or angiotensin receptor blockers aiming at modifying imbalances in the renin-
angiotensin-aldosterone system may aggravate renal dysfunction [6]. Loop diuretics can
effectively remove excess water, but dehydration and electrolyte imbalance due to overdi-
uresis pose a risk, especially among patients in intensive care units [7]. Beta-blockers may
also contribute to lowering renal function if cardiac output decreases abruptly, especially
combined with calcium channel blockers [5, 7]. Therefore, close monitoring of renal function,
cardiac output, and fluid status, with early detection and prediction of CRS, remains the main
treatment approach for critically ill patients with decompensated heart function [5, 7].

Several biomarkers, whether examined in blood or urine samples, have been used to
predict or detect CRS instead of serum creatinine, which is only detected in an advanced
kidney disease status [6, 8]. NGAL (neutrophil gelatinase-associated lipocalin), KIM-1 (kidney
injury molecule-1), IL-18, cystatin C, liver fatty acid-binding protein, IL-6, alpha/pi gluta-
thione S-transferase, and N-acetyl-3-D-glucosaminidase are all reported to have the ability to
identify AKI either used individually or in combination [6, 8-10]. Measurement of these
biomarkers mainly depends on colorimetric or chemiluminescent enzyme-linked immuno-
sorbent assays (ELISAs), which may have their limits regarding sensitivity and detection [11].
These limitations may hinder the exploration of biomarkers in the early stage of AKI, since
the concentration of atargetbiomarker could be low and differences in concentration between
AKI and non-AKI patients could become too subtle to be found. Especially if populations are
heterogeneous, specificity becomes critical to the examination as well.

For this purpose, a nanotechnology-based method is suggested to improve the perfor-
mance in detection accuracy of conventional ELISAs [11, 12]. Previously, we successfully
reported the feasibility of using a sandwich immunoassay with a gold nanoparticle (GNP)-
based localized surface plasmon-coupled fluorescence biosensor (LSPCFB) for detecting
proteins in serum atlow concentrations and facilitating the identification of diseases [12-17].
Since itis an essential structural protein, the amount of cofilin-1 may alter when facing stress,
and hence the concentration of cofilin-1 in urine may become a potential candidate for
detecting AKI as a different structural protein in renal tubule cells [8, 9, 18]. However, the
detection of the occurrence of type 1 CRS among patients admitted to coronary care units
(CCUs) has not been defined.
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This study aims to use the GNP-based detection method - i.e., the LSPCFB - to predict
patients with type 1 CRS in the CCU setting by measuring cofilin-1 in urine. A detection method
with a higher accuracy of type 1 CRS prediction could be rather helpful in decision-making
and the precise management of CCU patients [5].

Subjects and Methods

Study Design, Patient Enrollment, and Data Collection

From November 2012 to September 2013, patients admitted to the CCU with any possible CRS comor-
bidities, risks, or stressors were included in this study. The reasons for CCU admission included: acute
coronary syndrome, ADHF, or impending HF with the need for intensive monitoring. Possible comorbidities
or risk factors for CRS included: an age of more than 65 years, functional class Il or IV HF, diabetes mellitus,
and advanced chronic kidney disease (CKD) at stage 3 or higher. In addition, potential stressors existing
before admission were the following: acute myocardial infarction, shock status (a mean arterial blood
pressure <65 mm Hg or being on treatment with inotropic agents for adequate cardiac output), severe
cardiac arrhythmia, sepsis, exposure to possible renal toxins (such as radiocontrast agents), and being on
mechanical ventilation support. Additionally, only patients having been admitted to the CCU from the emer-
gency department within 3 days were eligible for further analysis.

On the other hand, patients aged less than 18 years, having undergone organ transplantation before
admission, or having refused any further investigation were excluded from this study. Informed consent was
requested from all eligible subjects, after which all data were collected prospectively, including data on
patients’ gender, age, comorbidities, the primary reason for CCU admission, biochemistry, and outcomes.

Outcome Assessment

The occurrence of acute CRS was the main result of this study. AKI events were defined if any of the
following criteria were met within 7 days after admission: an increase in serum creatinine level of >0.3 mg/
dLin 48 h or an increase in serum creatinine level of >1.5 times from baseline in 7 days; both of these criteria
are suggested by the practical clinical Kidney Disease Improving Global Outcomes (KDIGO) guidelines for
AKI [19].

Setting of the LSPCFB

Setting of the LSPCFB was described in detail in previous reports [12, 13]. Briefly, to prepare the GNP
probes, 50 nM biotin-Cy3 (NANOCS, USA) was bound to GNP-streptavidin conjugate (Innova Biosciences,
USA) on a plate at a concentration of 8.5 x 10° particles/mL in an incubator for more than 30 min at 37°C in
the dark. Furthermore, the optical setup was used to generate and capture signals from the GNP probes. As
an excitation light source, a single-frequency laser with a 532-nm wavelength was used, while a chopper was
used to generate an intensity-modulated laser beam at 1 kHz.

Then a beam splitter was used to separate the laser into signal and reference beams. The signal beam
was then projected onto a single well of a 96-well plate where the complex with an anti-cofilin-1 antibody,
cofilin-1, and GNP probes was formed as a sandwich immunoassay [12, 13]. The monoclonal antibody for
cofilin-1 (#5175; Cell Signaling, USA) was used as the capture antibody, while the polyclonal antibody for
cofilin-1 (#PAB5302; Abnova, Taiwan) was used as the detection antibody. After excitation by the modulated
laser beam, a photomultiplier was used to detect the emitted signals with a long-pass filter (the cutoff wave-
length was set at 550 nm). After that, the magnitude of intensity of the fluorescence signal and its reference
signal was measured independently by using lock-in amplifiers. Finally, the ratio of the magnitude of the
demodulated fluorescence signal to the reference signal was calculated during measurement to reduce any
excess noise from the laser. Experimentally, the limit of detection at 3 pg/mL could be reached in this setup.

Protein Detection of Cofilin-1 in Urine

After admission, urine samples were collected immediately in sterile tubes and then centrifuged at
5,000 g for 30 min at 4 °C to separate supernatants from cells and debris. The supernatants were then stored
in refrigerators at -80 °C before measuring cofilin-1. In addition to LSPCFBs, standard commercial ELISA kits
(MyBioSource, USA) were used to determine the concentration of urine cofilin-1.
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Statistical Analysis

Descriptive statistics were used for the demographic characteristics of the CRS and non-CRS patients.
The mean with standard deviation was used for continuous variables, and independent ¢ tests were used to
examine differences between CRS and non-CRS patients. On the other hand, categorical data from these two
groups were compared using x? tests.

Both the calibration and discrimination functions of the ELISA and the LSPCFB were assessed to demon-
strate their diagnostic ability. The calibration of each method was evaluated by the Hosmer-Lemeshow
goodness-of-fit test, and discrimination was examined by calculating and comparing the areas under the
receiver operating characteristic curve (AUROCs) by nonparametric analysis. Also, the optimal cutoff values
for cofilin-1 measured by ELISA and LSPCFB can be found by calculating the Youden index of each cutoff value
and the corresponding sensitivity and specificity. Once the optimal cutoff value was set, the best sensitivity,
specificity, and diagnostic accuracy of ELISA and LSPCFB to detect urine cofilin-1 can be defined. A p value
<0.05 was set as statistically significant in this study.

Results

Demographic Characteristics of the CRS and Non-CRS Patients

A total of 44 patients’ urine samples were examined by both ELISA and LSPCFB for
cofilin-1 at the end of this study. There were 13 patients diagnosed with CRS within 7 days
after admission to the CCU. The demographic characteristics of the patients are presented in
Table 1. There were no significant differences in the distribution of age and gender between
the CRS and the non-CRS patients. A higher proportion of CRS patients had preexisting HF and
CKD (HF: 76.9% of the CRS patients vs. 3.2% of the non-CRS patients; CKD: 53.8% of the CRS
patients vs. 9.7% of the non-CRS patients), while over 60% of the patients had a history of
hypertension and coronary artery disease before admission.

As for the clinical parameters at admission, the CRS patients were in a worse clinical
condition when admitted to the CCU; the SOFA and APACHE III scores were much higher
among the CRS patients (SOFA score: 3.9 + 2.6 vs. 0.6 + 1.3; APACHE III score: 52.2 + 14.8 vs.
24.1 + 12.0; CRS vs. non-CRS group; p < 0.001). Moreover, the CRS patients tended to have
more severe heart dysfunction, the average ejection fraction of the left heart ventricle was
only two-thirds that of the non-CRS patients (40.9 in the CRS group vs. 61.5 in the non-CRS
group; p = 0.012), and the B-type natriuretic peptide level was also much higher among the
CRS patients, although statistical significance was notachieved. Furthermore, Table 1 displays
the changes in renal function in both groups. Although baseline renal dysfunction tended to
be greater in the CRS group, the peak creatinine and blood urea nitrogen levels in the CRS
group were still significantly higher than in the non-CRS group.

Comparative Diagnostic Accuracy of Using LSPCFB and ELISA to Detect Urine Cofilin-1

for CRS Prediction

Figure 1 shows the difference in optical density value among CRS and non-CRS patients
measured by ELISA and LSPCFB, and only the LSPCFB could differentiate the value of cofilin-1
between these two groups of patients. Table 2 summarizes the discrimination and calibration
ability of LSPCFB and ELISA use alone as well as the product of LSPCFB and ELISA. Single use
of LSPCFB to detect urine cofilin-1 had good discrimination power to detect CRS (AUROC:
0.707,95% CI: 0.497-0.917); however, ELISA for measuring urine cofilin-1 could not success-
fully distinguish CRS from non-CRS patients under the same condition (AUROC: 0.479, 95%
CI: 0.295-0.663) (Fig. 2; Table 2). The diagnostic accuracy for LSPCFB was 79.6%, and it was
higher than using ELISA as the detection method (54.6%). Likewise, the sensitivity of LSPCFB
was comparable to that of ELISA, but the specificity was much higher than that of ELISA
(90.32% for LSPCFB vs. 51.6% for ELISA). Most interestingly, if the product of LSPCFB and
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Table 1. Demographic characteristics and renal function assessment of type 1 CRS and non-CRS patients

All patients CRS Non-CRS p value
(n=44) (n=13) (n=31)
Profiles at admission
Age, years 65.09+11.88 68.23+11.00 63.77+12.16 0.261
Gender 0.496
Male 28 (63.6) 7 (53.8) 21 (67.7)
Female 16 (36.4) 6 (46.2) 10 (32.3)
Comorbidities
DM 15 (34.1) 7 (53.8) 8 (25.8) 0.092
Hypertension 30 (68.2) 11 (84.6) 19 (61.3) 0.170
CAD 29 (65.9) 8(61.5) 21 (67.7) 0.737
HF 11 (25.0) 10 (76.9) 1(3.2) <0.001*
CKD 10 (22.7) 7 (53.8) 3(9.7) 0.003*
Stage 1 8(18.2) 5(38.5) 3(9.7) 0.003*
Stage 2 1(2.3) 1(7.7) 0(0)
Stage 3a 1(2.3) 1(7.7) 0(0)
Clinical parameters
MAP, mm Hg 89.35£15.05 91.73%£19.01 88.35+13.3 0.504
GCS score 14.6%2.0 13.5+3.6 15.0+0 0.166
SOFA score 1.6+2.4 3.9+2.6 0.6+1.3 0.001*
APACHE III score 32.6+18.3 52.23+14.8 24.10+12.0 <0.001*
Albumin, g/L 3.71£0.52 3.45+0.42 3.82+0.53 0.050
Hemoglobin, g/dL 13.00+2.44 11.49+2.25 13.63+2.27 0.007*
Serum sodium, mEq/L 138.86+3.93 139.23+4.48 138.71+3.75 0.693
Serum potassium, mEq/L 3.85+0.54 3.97+0.76 3.80+0.42 0.339
Serum chloride, mEq/L 104.43+4.16 105.00+3.46 103.00+7.07 0.612
BNP, pg/mL 975.10+1,401.65 1,571.51+1,788.82 541.35+£897.14 0.166
CK-MB, pg/L 3.59+2.52 3.78+3.11 3.53+£2.45 0.874
Troponin I, ng/mL 2.25+¥4.91 1.25+1.72 2.72+5.80 0.380
hsCRP, mg/L 34.00+47.19 49.47+61.52 27.37£39.02 0.268
AST, U/L 32.1+14.6 26.5+14.4 33.7+x14.5 0.293
ALT,U/L 29.7422.9 32.9+29.4 27.6+£17.7 0.525
Ejection fraction, % 55.4+18.7 40.9+24.7 61.5+11.2 0.012*
Renal function assessment
Baseline, mg/dL
Serum Cr 1.31+1.30 2.06+2.08 1.01+0.59 0.096
Serum BUN 26.68+15.22 37.70+17.33 18.80+7.13 0.070
Peak, mg/dL
Serum Cr 1.62+1.60 2.47+2.08 1.03+0.79 0.032*
Serum BUN 26.76+20.23 41.38+24.42 19.10+12.52 0.014*

Results are presented as a mean #* standard deviation for continuous variables and numbers and
percentages for categorical data. CRS, cardiorenal syndrome; ALT, alanine aminotransferase; APACHE III,
Acute Physiology and Chronic Health Evaluation III; AST, aspartate aminotransferase; BNP, B-type natriuretic
peptide; CAD, coronary artery disease; CKD, chronic kidney disease; CK-MB, creatine kinase-MB; DM, diabetes
mellitus; HF, heart failure; GCS, Glasgow Coma Scale; hsCRP, high-sensitivity C-reactive protein; MAP, mean
arterial pressure; SOFA, Sequential Organ Failure Assessment; BUN, blood urea nitrogen; Cr, creatinine.

*p <0.05.

ELISA was taken into consideration, the accuracy would be higher than either ELISA or
LSPCFB in single use, in which the AUROC changed from 0.707 to 0.759, and overall diagnostic
accuracy changed from 79.55 to 88.64%, and the sensitivity and specificity were 61.54 and
100%, respectively (Table 3).
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Table 2. Comparisons of calibration and discrimination of receiver operating curve (AUROC) of cofilin-1 measured by ELISA,
LSPCFB, and the combination of both detection methods

Calibration Discrimination

Goodness-of-fit (x?) df p value AUROC 95% CI p value
LSPCFB 8.092 8 0.425 0.707 (0.497-0.917) 0.031*
ELISA 8.521 8 0.384 0.479 (0.295-0.663) 0.827
LSPCFB x ELISA 18.273 8 0.019* 0.759 (0.567-0.952) 0.007*

AUROC, area under the receiver operating curve; CI, confidence interval; ELISA, enzyme-linked immunosorbent assay;
LSPCFB, localized surface plasmon-coupled fluorescence biosensor. * p < 0.05.
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Fig. 1. Measurements of urine cofilin-1 using the LSPCFB (a) and conventional ELISA (b). OD, optical density.

Fig. 2. ROC curve for the LSPCFB
and ELISA to predict AKI after ad-
mission to the intensive care unit.
AUROC for LSPCFB: 0.707, ELISA:
0.479.
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Discussion

This study showed that urine cofilin-1 measured by LSPCFB, the GNP-based assay, could
be highly practicable to predict the occurrence of CRS and differentiate CRS patients from
non-CRS patients, which was indistinguishable by using ELISA. This finding exploited the
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Table 3. Prediction accuracy of acute CRS after CCU admission by LSPCFB and ELISA

Measurements Cutoff Youden Sensitivity, Specificity, Accuracy, PPV, NPV,
value index % % % % %

LSPCFB 5.77x107* 0.473 53.9 (29.1-76.8) 90.3 (75.1-96.7) 79.6 70.0 82.4

ELISA 0.93 0.131 61.5 (35.5-82.3) 51.6 (34.8-68.0) 54.6 348 76.2

LSPCFB x ELISA 5.77x107* 0.615 61.5 (35.5-82.3) 100.0 (89.0-1.0) 88.6 100.0 86.1

Data are presented as percentage (95% confidence interval). CRS, cardiorenal syndrome; CCU, coronary care unit; ELISA,
enzyme-linked immunosorbent assay; LSPCFB, localized surface plasmon-coupled fluorescence biosensor; NPV, negative pre-
dictive value; PPV, positive predictive value.

potential of the LSPCFB to explore new biomarkers which were not found by conventional
ELISA and to enhance the prediction accuracy of existing biomarkers. This prediction accuracy
of the LSPCFB could provide the essential clinical reference when managing CRS. When clini-
cians face CRS, closely monitoring patients’ fluid status, renal function, and heart function are
all demanded when making decisions on treatments, such as diuretics, angiotensin-converting
enzyme inhibitors, angiotensin receptor blockers, vasopressors, or even hemodialysis. Hemo-
dialysis and diuretics are 2 common therapies for fluid overload, especially hemodialysis, but
the wrong timing or wrong candidates may outweigh the benefit for the CRS patient, espe-
cially for hemodialysis [7, 20]. For this reason, biomarkers with high prediction or diagnostic
accuracy in early AKI become essential indicators of diuresis or hemodialysis.

Additionally, the LSPCFB has markedly higher specificity than ELISA with similar sensi-
tivity as a single biomarker for predicting CRS. High accuracy with high specificity is espe-
cially required in detecting AKI correctly among critically ill patients due to their complex
conditions rather than high sensitivity [8]. The various and numerous predispositions of AKI
may cause several overlapped presentations among CRS and non-CRS patients and therefore
to well differentiate these patients may be difficult [8]. In our study, CRS patients had a signif-
icantly higher prevalence of CKD and chronic heart failure before admission, and the higher
SOFA score also indicated that the CRS patients had more complex conditions than non-CRS
patients. Compared with our previous reports about using other known biomarkers among
CCU patients, in which the accuracies were around 70% with specificity around 40-80% by
using serum cystatin C, urine NGAL, or urine KIM-1, urine cofilin-1 measured by the LSPCFB
had slightly higher specificity and comparable accuracy [10]. The advantage in specificity
could be quite crucial for clinicians to specifically exclude patients at lowest risks of CRS and
monitor potential CRS patients more intensively.

Cofilin-1 is an essential structural protein of renal tubular cells and plays a crucial role in
mediating cell actin-associated motility and shape [18]. For this reason, cofilin-1 is thought
to be one of the most important mediators for epithelial-mesenchymal transition or de-differ-
entiated renal tubular cells, which are critical for AKI and long-term renal function loss [21].
The higher intracellular cofilin-1 level indicates renal cells changed in both phenotype and
function in nephropathy due to the inflammatory process [22]. Additionally, adding angio-
tensin in cell culture induces cofilin-1-related cell cycle arrest, which has been the most
important biomarker to AKI in recent years [23]. Therefore, the close relationships between
cofilin-1 and epithelial-mesenchymal transition and cell cycle arrest assume the central role
of urine cofilin-1 level in detecting CRS under the proper measurement method. Moreover,
cofilin-1 also correlates with the severity of HF as atrial natriuretic peptide [24], and the dual
role of cofilin-1 in heart and renal failure may also be the reason why cofilin-1 could be used
as a biomarker among CRS patients.
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Combined with preceding reports about applying LSPCFB in disease detection, LSPCFB
is worthy of being applied in different settings, and it could also improve the accuracy of
commonly used CRS biomarkers [13-16]. Nevertheless, this study has some limitations. First,
this study belongs to a small observational cohort, and thus statistical analysis may be
constrained. More extensive tests for validation are still required to address the importance
of cofilin-1 in acute CRS. Second, since the patients admitted to the CCU have quite various
clinical manifestations, a subgroup analysis is needed to clarify the applicability of cofilin-1
and the LSPCFB in different clinical conditions, such as in patients with underlying CKD.
Third, in addition to the short-term outcomes, such as the in-hospital occurrence of CRS, the
prediction of long-term outcomes, such as 6-month mortality or renal failure rate, is critical
to clinicians as well. A larger population with a longer follow-up time after discharge and even
the selection of serious CRS populations are required.

Conclusions

The use of the LSPCFB demonstrated that urine cofilin-1 is a highly potential biomarker
for predicting CRS among CCU patients. This result warrants further investigation on the
application of the LSPCFB for biomarker detection with the clinical specimen.
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