Microchimica Acta (2022) 189: 304
https://doi.org/10.1007/s00604-022-05380-9

ORIGINAL PAPER q

Check for
updates

Accurate identification of kidney injury progression via a fluorescent
biosensor array

Xie-an Yu'2. Lei Zhang' - Ran Zhang' - Xuefei Bai' - Ying Zhang' - Yiting Hu' - Yang Wu' - Ziyi Li' - Bing Wang? -
Jiangwei Tian'

Received: 26 October 2021/ Accepted: 26 June 2022 / Published online: 1 August 2022
© The Author(s), under exclusive licence to Springer-Verlag GmbH Austria, part of Springer Nature 2022

Abstract

Identifying the progress of kidney injury may aid the effective treatment and intervention. Herein, we developed a fluorescent
biosensor array for instantaneous and accurate identification of the kidney injury progression via “doubled” signals. The mul-
tichannel biosensor array consisted of polydopamine-polyethyleneimine (PDA-PEI) and multicolor-labelled different length
of DNAs including AAAAA-Cyanine7 (5A-Cy7), AAAAAAAAAA-Texas Red (10A-Texas Red), and AAAAAAAAAAAA
AAAAAAAA-VIC (20A-VIC). Facing to the variety of protein in urine with alterable charge accompanied with different
progress of kidney injury, the composition of urine replaces the DNA signal molecules, forming their special fluorescence
patterns. Taking the size of protein into consideration, the original three variables induced by the protein charge were extended
to six variables induced by the two factors of protein particle size and charge difference, which could provide a more accurate
strategy to identify the progress of kidney injury. Notably, this strategy not only opened up new perspective for identification
the progress of kidney injury via the size and charge of urine protein, but also improved the resolving power of sensor array
by increasing the number of sensor elements for extending their potential application to various diseases.

Keywords Proteinuria - Charge and size of urine protein - Multichannel biosensor array - Two-dimensional amplification

Introduction

Insight into the progress of kidney disease can summa-
rize that kidney failure is the end stage of kidney injury
and may require treatment by dialysis or transplantation
[1-4]. Accordingly, identification the different progress
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of kidney injury may aid the effective treatment and inter-
vention [5—8]. Facing to the current challenge for staging
the kidney disease, different criteria have been attempted
previously making it possible to reach accurate conclu-
sions on the epidemiology of syndromes. For acute kid-
ney injury (AKI), there were a consensus definition called
RIFLE (risk, injury, failure, loss, and end) criteria, which
could be used to standardize and classify renal dysfunc-
tion indicated [9]. As for chronic kidney disease (CKD),
glomerular filtration rate (GFR), albuminuria, and novel
urine biomarkers such as cystatin C (Cys C) were also used
to evaluate the development of CKD [10]. Indeed, these
criteria main used GFR, generally reflected by measuring
serum creatinine and urine output, to define and stage AKI
and CKD. Nevertheless, the delay ability and low specific-
ity of serum creatinine and the inconvenience for collect-
ing urine output for 12 h have brought challenges to accu-
rate and rapid determination the progress of AKI and CKD
[11-13]. Besides, single urine biomarker was encourag-
ing but relatively imprecise and far from definitive. Thus,
taking albuminuria into consideration, the staging and
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classifying of kidney disease would be more accurate and
reliable. Exploring the kidney’s excretory function further,
glomerular filtration membrane as a glomerular filtration
barrier was not only a “size cutoff” slit but also preferred
to negative charge of protein in a normal physiological
state [14, 15]. Accordingly, the different levels of kidney
damage would induce the diverse albuminuria with various
size and disparate charge.

Array-based sensing protocols with feature of rapidly
profiling complex chemical and biological systems rose in
response to the proper time and conditions for the intricate
albuminuria [16-20]. The selective interaction between
signal molecule and proteins could generate a complex
protein-specific and simple signature pattern, which was
instantaneously produced to discriminate biological sam-
ple [21-25]. However, few variables of fluorescent bio-
sensor array may raise concerns about their application in
accurate classification of kidney disease. Hence, extending
the number of signal molecules would improve the accu-
racy of fluorescent biosensor array.

Huangkui (HK) capsule that could treat chronic glo-
merulonephritis, diabetic nephropathy, nephrotic syn-
drome, and other chronic kidney diseases has been
approved by the China State Food and Drug Administra-
tion (Z219990040) for the treatment of nephritis [26, 27].
Therefore, the HK capsule can be used as a model drug
to test the feasibility of fluorescent biosensor array for the
identification of kidney injury progression.

Herein, given an insight into the size and charge of
urine protein, two key elements of glomerular filtration
barrier, a multichannel biosensor array was developed for
instantaneous and accurate identification the progress of
kidney injury via “doubled” the signals. As was illustrated
in Scheme 1, the multichannel biosensor was constructed
by polydopamine-polyethyleneimine (PDA-PEI) with posi-
tive charge and multiwavelength-labelled different length
of DNAs with negative charge via noncovalent conjugation
such as electrostatic and n—x stacking. With an increas-
ing number of DNA base, the binding capacity to PDA-
PEI was also improved. Moreover, DNAs synthesized and
labeled with multiwavelength-fluorophore contained prop-
erties of low cost, high purity, and robust stability. The
fluorophore-labelled DNAs were absorbed on the surface
of the PDA-PEI due to the non-covalent interaction such
as n—= stacking and hydrogen bonding between the DNAs
and PDA-PEI, forming a PDA-PEI/DNAs nanocomplex
and enabling fluorescence quenching via the Forster reso-
nance energy transfer (FRET) principle [28]. Exploitation
of these potencies would spawn the three signal molecules
of this biosensor, that was AAAAA-Cyanine7 (5A-Cy7),
AAAAAAAAAA-Texas Red (10A-Texas Red) and AAA
AAAAAAAAAAAAAAAAA-VIC (20A-VIC), respec-
tively. In the presence of urine containing various proteins
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with different charge, the binding equilibrium between
DNAs and PDA-PEI was broken and the binding between
urinary proteins and PDA-PEI took place, resulting in a
rapid displacement of DNAs from the surface of PDA-
PEI [29]. Initially, the urine of unilateral ureteral occlu-
sion (UUO) mice for 14 days was collected and generated
their corresponding “signature”-based on profiling of the
output of sensor array. The specific data of three signal
molecules was quantitatively interpreted using principal
component analysis (PCA), partial least-squares discrimi-
nation analysis (PLS-DA), and linear discriminant analysis
(LDA) [30-32]. Consequently, four distinct clusters arising
from urine of UUO mice collected 0—14 day was revealed
according to the different progress of kidney injury. This
strategy was also applied to cisplatin-induced AKI mice
and clinical diabetic nephropathy, successfully staging and
classifying the renal dysfunction. Furthermore, it was well
known that the number of sensing elements was closely
related to the resolving power and discrimination ability
of a sensor array. Hence, introducing the size of protein,
another key element of urine protein, ultrafiltration centri-
fuge can obtain the small and big size of the urine protein,
forming the double signals of this sensor array. The dou-
ble signals with the output channels of six was obtained,
which could provide a more accurate strategy to identify
the progress of kidney injury. Comparing to three channels
of sensor array, the increased information content of double
signals induced the urine of UUO mice to seven distinct
clusters, allowing facile and accurate discrimination of the
progress of kidney injury. Besides, PDA-PEI/DNA sensor
was also helpful for evaluation of the therapeutic effect
of HK capsule for kidney injury, which demonstrated that
HK capsule could relieve the progression of kidney injury
effectively. Notably, this strategy not only opens up new
perspective for identification the progress of kidney injury
via the size and charge of urine protein but also improves
the resolving power of sensor array by increasing the num-
ber of sensor elements for extending their potential applica-
tion in various diseases.

Experimental section
Materials and reagents

Dopamine hydrochloride (DA-HCl) was offered by Solar-
bio Biotechnology Co., Ltd. (Beijing, China). Polyethyl-
eneimine (PEI, M.W. 1800) was purchased from Macklin
Biochemical Co., Ltd. (Shanghai, China). Different DNA
signal molecule 5A-Cy7, 10A-Texas Red and 20A-VIC were
synthesized by Shanghai Sangon Biotechnology Co. (Shang-
hai, China). Cisplatin was provided by Liangwei Biotechnol-
ogy Co., Ltd. Ultrapure water (electric resistance > 18.25
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Scheme 1 Schematic illustration of A the construction of the PDA-PEI/DNAs sensor and B the application of the PDA-PEI/DNAs sensor in

monitoring and evaluating the process of kidney injury

MQ-cm) produced by a Millipore Milli-Q water purifica-
tion system (Billerica, MA, U.S.A.) was used throughout
the experiments.

Instruments

The absorption spectra of DA, PEI and PDA-PEI were
recorded on a Cary Series UV-vis spectrophotometer (Agi-
lent Technologies, USA). The excitation and emission spec-
tra of 5A-Cy7, 10A-Texas Red, and 20A-VIC were collected
by Cary Eclipse Fluorescence Spectrophotometer (Agilent
Technologies Inc., USA). The morphology of PDA-PEI

was featured at a JEOL JEM-200CX transmission electron
microscope (TEM) worked at 200 kV. The size of PDA-PEI
was measured by dynamic light scattering (DLS) via a Mas-
tersizer 2000 particle size analyzer. The zeta potential was
assayed on a Malvern Zeta sizer-Nano Z instrument (Nano-
Z, Malvern, UK). Bruker Tensor 27 FTIR spectrometer was
used to measure the Fourier transform infrared (FT-IR) spec-
tra of DA, PEI, and PDA-PEI. The detailed fluorescence
intensity was gained by Varioskan Flash (Thermo Scientific,
USA). Hematein eosin (HE) and Masson staining images
were amplified on a digital pathology slice scanner using
NanoZoomer 2.0 RS (Hamama-tsu, China).
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Synthesis and characterization of PDA-PEI/DNAs
sensor

PDA-PEI carrier was prepared by coploymerization of DA
and PEI [33-36]. Briefly, 10 mg DA-HCI and 10 mg PEI
were dissolved in 10 mL Tris—HCI buffer (10 mM, pH 7.4).
Then, the solution was stirred on a magnetic stirrer to react
fully for 2 h. Following, the obtained solution was further
processed with dialysis tube. Finally, the PDA-PEI copoly-
mer was collected and stored at 4 °C for further use. Adding
different concentration of DNAs to PDA-PEI, PDA-PEI/
DNAs sensor was obtained via the noncovalent conjugation
such as electrostatic and n—n stacking.

Fluorescence titrations of DNA signal molecule
by PDA-PEI

Each type of DNA signal molecule with concentration of
100 nM was separately titrated by different concentration
of PDA-PEI ranged from 0 to 250 ng mL~!. Then, the fluo-
rescence intensity of SA-Cy7, 10A-Texas Red and 20A-VIC
with different concentrations of PDA-PEI were recorded
at the excitation/emission wavelengths of 735/755 nm,
590/615 nm, and 535/555 nm, respectively. Subsequently,
the quenching efficiency was calculated as follows: quench-
ing efficiency (%) =100 X (F-F,)/F,,, where F, represented
the fluorescence intensity of DNA signal molecule, and F,
was the fluorescence intensity of them after adding various
concentrations of PDA-PEI. Finally, nonlinear least-squares
curve fitting analysis was adopted to evaluate the binding
constant (K,) of PDA-PEI/DNAs complex.

Establishment of kidney injury model in mice

The male ICR mice weighted 20-24 g were purchased from
the Laboratory Animal Center and Institute of Comparative
Medicine at Yangzhou University. The mice were bred in an
axenic environment, maintained at the temperature of 25 °C,
housed with a 12-h light/dark cycle, and allowed free access
to food and water. All animal operations were according
with institutional animal use and care regulations approved
by the Model Animal Research Center of China Pharma-
ceutical University.

The AKI model was induced by intraperitoneal injection
of Cisplatin at the dosage of 5 mg kg™! for 7 days [37-39].
Then, the urine of mice was collected every day and storied
at—20 °C for the further experiment.

The UUO mouth was a well-known model for CKD.
According to the literature, the mice were anesthetized by
intraperitoneal injection of 1% sodium pentobarbital and put
on the operating table. Then, the left abdomen was opened
to expose the left kidney. Following that, the ureter was
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exposed and double ligated with suture. Finally, the inci-
sion was sutured layer by layer with disinfection of iodophor.
The urine of UUO mice were collected daily for 14 days and
stored in a fridge at — 20 °C for the further experiment.

The urine samples of clinical diabetic nephropathy were
offered by Jiangsu Province Hospital of Chinese Medicine.
All procedures were approved by the medical ethics com-
mittee of the Jiangsu Province Hospital of Chinese Medicine
and followed the tenets of the Declaration of Helsinki.

Statistical analysis

All experiment parameters were tested at least three times.
GraphPad Prism and Origin software were employed for sta-
tistical analysis. SPSS and SIMCAP software were used to
carry out the PCA, PLS-DA and LDA analysis.

Results and discussion
Characterization of PDA-PEI/DNAs

The PDA-PEI was synthesized via Michael addition with
DA and PEI under the mild conditions. The TEM image
(Fig. 1A) showed the successful synthesis of PDA-PEI
with the characteristic of spherical, uniform in size and
homogeneous-dispersed. DLS results indicated that the
average size of PDA-PEI was nearly 290 nm (Fig. S1).
Also, the DLS results of PDA-PEI/DNAs demonstrated
that the hydrodynamic diameter increased to 302 nm
(Fig. S2), indirectly illustrating DNAs binding on the
surface of PDA-PEI. The zeta potential of PDA-PEI
was +22.4 mV (Fig. 1B), indicating the positive polarity
of PDA-PEI. Whereas the PDA-PEI/DNAs hold the posi-
tive charge of + 8.5 mV (Fig. S3), which could be served
as extra information for the negative charge DNAs conju-
gated to PDA-PEI via electrostatic interaction. Focused
on the UV-visible spectroscopy, the absorption spectros-
copy of the PDA-PEI presented two characteristic peaks
at about 280 nm and 380 nm (Fig. 1C). Comparing to
the absorption spectrum of DA with only a characteristic
broaden absorbance peak at 280 nm, the peak of PDA-
PEI at 380 nm was the characteristic peak of the Michael
adduct. Moreover, the appearance of broad bands around
3300 cm™! was attributed to -OH and -NH groups of
PDA-PEI, which confirmed the composite formation with
PEI (Fig. 1D). Also, the peak at 1650 cm™! was deter-
mined to the vo_y vibration, further proving the successful
cross-linking of PEI and PDA. As for the stability of the
PDA-PEI, the results showed that the fluctuation of size
and zeta potential was almost neglected (Figs. S4 and S5),
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indicating the good stability of PDA-PEI. Taking together,
the above results demonstrated the successful synthesis of
PDA-PEIL

Fluorescence titrations

Fluorescence spectra of DNAs manifested that the optimal
excitation/emission wavelengths of 20A-VIC, 10A-Texas,
and 5A-Cy7 were 535/555, 590/615, and 735/755 nm,
respectively, providing an independent fluorescence
response from every channel without cross-interference
(Fig. 2A). Since the binding thermodynamics of the PDA-
PEI/DNAs biosensor was critical in the sensing mecha-
nism, the association constants of PDA-PEI toward three
DNAs were explored for profiling the various output of
sensor array. Fluorescence titration spectra revealed that
the fluorescence of DNAs was gradually quenched with an
increasing concentration of PDA-PEI (Fig. 2B). The non-
linear least square fitting curve was utilized to analyze cor-
responding binding constants between each DNA and PDA-
PEIL As a result, the affinity varied significantly with the
order of 20A-VIC > 10A-Texas Red > 5A-Cy7 (Table S1),
revealing that the differential fluorescence signals could
be generated owing to the selective combination between
the biosensor and multiple analytes. Moreover, the titration
experiment revealed that the fluorescence quenching was
saturated when the ratio of [PDA-PEI]/[ssDNA] reached
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2.5. To eliminate interactions between different signaling
molecules, 250 ng mL~! PDA-PEI and 100 nM DNAs were
chosen to correspond to the inflection point observed in the
fitting curve. Moreover, fluorescence lifetime was measured
to explore the fluorescence quenching mechanism between
PDA-PEI and DNAs. As was shown in Fig. S6, the lifetime
of the DNAs decreased from 7.13 ns to 2.42 ns after inter-
acting with PDA-PEI, indicating that the quenching mecha-
nism of the DNAs and PDA-PEI was dynamic quenching.
Subsequently, we use some proteins including bovine serum
albumin (BSA), human serum albumin (HAS), and cystatin
C (Cys C) to explore the fluorescence recovery of PDA-
PEI/DNAs biosensor. As shown in Figs. S7-S9, after the
addition of different proteins, the fluorescence intensity of
PDA-PEI/DNAs biosensor displayed different degrees of
recovery, which verified the feasibility of the sensor for urine
protein recognition. What is more, the fluorescence intensity
of 5A-Cy7, 10A-Texas Red and 20A-VIC showed a linear
relationship with the concentration of BSA in the range of 10
to 500 ng mL~! (Figs. S10-S12), and the limit of detection
(LOD) was 40.51 g mL~!, 41.70 g mL~!, and 47.09 g mL~!,
respectively, which was calculated according to the equa-
tion LOD =3S,/m, where S, was the standard deviation of
the blank measurements and m was the slope of the cali-
bration curve. These results confirmed the adaptability of
the fluorescent biosensor for selective and sensitive detec-
tion of urinary proteins. In addition, the stability studies of
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PDA-PEI/DNAs biosensor were also evaluated. As shown
in Figs. S13-S18, the fluorescence intensity of SA-Cy7,
10A-Texas Red, and 20A-VIC remained stable after add-
ing PDA-PEI at I min, 5 min, 1 h, 2 h, 24 h, 48 h, and 72 h,
illustrating the good stability of PDA-PEI/DNA biosensor
in PBS and serum. It was worth noting that the fluorescence
intensity of PDA-PEI/DNAs increased in serum due to the
presence of serum protein. But the fluorescence intensity of
PDA-PEI/DNAS still remained stable after incubation for
different days, which further demonstrated the good stability
of PDA-PEI/DNASs biosensor.

Discrimination the progress of cisplatin-induced AKI
model

Three DNAs presenting differentiated binding affinity with
PDA-PEI were used to build the multichannel sensor to
obtain an information-rich output from a single measure-
ment and reproducible sensor responses. Subsequently,
the AKI mice model was constructed by intraperitoneal
injection of cisplatin and two clinical biomarkers includ-
ing neutrophil gelatinase-associated lipocalin (NGAL) and
cystatin C (Cys C) are provided in Figs. S19 and S20.
With an increase in the time of AKI induced by cisplatin,
the concentration of NGAL and Cys C increased obvi-
ously, which confirmed the successful establishment of
AKI mice model. After optimizing the composition of
the sensor and constructing the AKI mice model success-
fully, the obtained corresponding “signature” of the mice
urine given the Cisplatin for different days are shown in
Fig. 3A and Table S2. It was noticed that different days of
cisplatin injection resulted in different charges of urinary
protein, leading to the various binding forces between uri-
nary protein and the sensor and changes in fluorescence
intensity. In order to preliminarily distinguish the degree
of cisplatin-induced kidney injury, PCA was employed
to identify the fluorescence response pattern (Fig. S21).
Under the unsupervised mode, the urine of mice given
cisplatin for different days was divided into six groups,
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which respectively represented the response pattern for
an individual injury stage induced by cisplatin. In addi-
tion, the fitting parameters of PCA model were R>=0.968,
0?=0.854, respectively. The closer R? was to 1, the more
stable the model was. Q> 0.5 indicated the higher predic-
tion accuracy of the model. On the basis of PCA grouping
results, PLS-DA and LDA were validated again to quantify
the fluorescence response. It was worth noting that days
0,1, 2, 3,4, and 5 to 6 of the six groups were significantly
separated (Fig. 3B), which indicated that the proposed
method can be used to rapidly identify the developmen-
tal course of cisplatin-induced kidney injury. LDA model
performance was measured in terms of precision, sensi-
tivity, specificity, and accuracy of calibration model [40,
41]. Values of precision, sensitivity, and selectivity are
equal to 1.00 and accuracy of 100% show good discrimi-
native power (Table S3). The grouping results of PLS-DA
(Fig. S22) were consistent with those of PCA. Meanwhile,
we further quantified the grouping condition according to
the results of LDA analysis, the linear discriminant func-
tion constructed with three variables as indicators were
as follows:

Y, = 4.398X, + 11.464X, + 0.338X, — 634.263
Y, = 3.488X, + 12.083X, + 0.365X, — 655.456
Y, = 4.884X, + 13.214X, + 0.494X, — 851.468
Y, = 5.345X, + 13.917X, + 0.453X, — 942.266
Y, = 6.310X, + 13.227X, + 0.579X, — 950.204
Y, = 3.843X, + 13.042X, + 0.532X, — 791.283

where Y,-Y, respectively denote the damage process of
cisplatin-induced kidney injury mice in 0, 1, 2, 3, 4, and
5-6 days, and X,—X; represent the fluorescence intensity
of three signal molecules. The value of fluorescence sig-
nal induced by urine samples with unknown kidney damage
degree was directly brought into the constructed discrimi-
nant function and classified into its grouping. Consequently,
the developmental course of kidney injury can be quickly
identified. Additionally, the hematoxylin—eosin staining
(H&E) method was used to further verify the rationality of
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the constructed group (Fig. 3C). With the increase of the
days of cisplatin administration, the glomerulus gradually
atrophied, the renal tubules showed significant degeneration
and a large amount of proteinuria was seen in the necrotic
renal tubules. The above results illustrated that the degree of
kidney damage gradually increased with the days of cisplatin
administration, which further supported that there was cor-
relation between the development process of kidney injury
in disparate stages and the fluorescence response obtained
through the sensor. Generally, all of the above results dem-
onstrated the rationality of the constructed multichannel bio-
sensor array in the identification of the development process
of cisplatin-induced acute kidney injury.

Discrimination and evaluation the progress of UUO
model

The UUO mice model was established to further evaluate
the application potential of sensor in different scopes. The
urine of UUO mice ligated for different days was mixed
with the sensor and then placed on a fluorescent microplate
to read the fluorescence intensity. As shown in Fig. S23 and
Table S4, the fluorescence intensity of the three signal mole-
cules were discrepant after the addition of the urine of UUO
mice with different ligation days. PCA analysis showed that
the urine of UUO model mice gathered significantly in
one group 1-3 days after ligation, in one group 4-7 days
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after ligation and in another group 8—14 days after ligation
(Fig. S24). In addition, the fitting parameters of PCA model
were R*=0.848, 0*=0.792, respectively. The primitively
separate results of three classes of ligation days displayed
the discrimination ability of PDA-PEI/DNAs sensor. Simi-
larly, according to LDA analysis, the sensors were able to
divide the urine of UUO model mice into 4 groups based on
ligation days, which were 0 days, 1-3 days, 4—7 days, and
8-14 days, respectively, representing the four stages of the
development process of kidney injury (Fig. S25). Values
of precision, sensitivity, and selectivity were equal to 1.00
and accuracy of 100% showed good discriminative power
(Table S5). The results of PLS-DA divided the samples into
four groups in the same way, which were in keeping with the
LDA analysis results (Fig. S26). In order to further realize
the rapid identification of the developmental degree of kid-
ney injury in unknown samples, a linear discriminant func-
tion constructed with three signal molecules as variables
were as follows:

Y, = 5.517X, + 0.498X, + 2.952X, — 342.782
Y, = 5.078X, + 0.409X, + 3.035X, — 323.389
Y, = 5.589X, + 0.442X, + 3.404X, — 399.586
Y, = 6.146X, + 0.553X, + 3.718X, — 485.485

where Y,-Y, respectively denote the kidney injury process
of UUO mice in 0, 1-3, 4-7, and 8-14 days, and X,—X; rep-
resent the fluorescence intensity of three signal molecules.

@ Springer
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The fluorescence intensity of three signal molecules induced
by the unknown samples was substituted into the constructed
linear discriminant function to accurately identify kidney
damage degree.

Although based on the change of fluorescence intensity
induced by the charge of urine protein, the sensor had been
successfully applied in the rapid identification of different
processes of kidney injury development in cisplatin-induced
acute kidney injury model and UUO model. However, the
only three signals were insufficient for accurately discrimi-
nating the progress of kidney injury especially for UUO
model. Hence, another key element of urine protein, that
was size, was introduced to expand variables. The urine
protein was classified into the small and big size through
ultrafiltration centrifuge, obtaining the urine sample as
super layer and under layer. Consequently, the original three
variables induced by the protein charge were extended to
six variables induced by the double factors of protein par-
ticle size and charge difference, aiming to achieve accurate
identification of kidney injury progress. As the results, the
specific fluorescence intensity of “double” signals is shown

Fig.4 A Fluorescence response
patterns generated by PDA-PEI/
DNAs sensor for identifying

B Super layer 5A-Cy7

B Super layer 20A-VIC
250

mm Super layer 10A-Texas Red

in Table S6 and Fig. 4A. Similarly, PCA analysis was per-
formed on the six fluorescence signals induced in the urine
of UUO model mice. After increasing the fluorescence
signal variables, the urine of UUO model mice was fur-
ther subdivided into 7 groups (0 days, 1-2 days, 3—4 days,
5-7 days, 8-9 days, 10-11 days, and 12—-14 days, respec-
tively), which divided the 8—14 days group into another
three groups compared with the grouping results based on
only three fluorescence signal variables and refined the
overall progression of kidney injury (Fig. S27). In addi-
tion, the fitting parameters of PCA model were R*=0.810,
0%=0.740, respectively. Meanwhile, both PLS-DA
(Fig. S28) and LDA (Fig. 4B) successfully divided 14-day
UUO model urine into 7 groups, which verified the ration-
ality of the constructed strategy for discriminating the pro-
gress the kidney injury via two-dimensional amplification.
Values of precision, sensitivity and selectivity were equal
to 1.00 and accuracy of 100% showed good discriminative
power (Table S7). In order to further quantify the unknown
samples, the linear discriminant function was constructed
with the six amplified signal molecules as follows:

w

W Under layer 5A-Cy7
Under layer 10A-Texas Red
Em Under layer 20A-VIC

the different kidney injury
degrees induced by UUO with
six DNA signals. B LDA score
for discrimination of UUO-
induced kidney injury with six
DNA signals: 1, control group;
2, UUO model mice ligation
for 1-2 days; 3, UUO model
mice ligation for 3—4 days;

4, UUO model mice ligation
for 5-7 days; 5, UUO model
mice ligation for 8-9 days; 6,
UUO model mice ligation for
10-11 days; 7, UUO model
mice ligation for 12—14 days.
C Masson staining imaging of
renal tissue from UUO mice for
different ligation days. Scale
bar: 100 pm

2004

150

100+

50

Fluorescence Intensity (a.u.)
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Y, = 0.912X, + 0.805X, — 1.118X; + 6.271X, + 12.471X; + 5.435X; — 1860.994
Y, = 1.130X, + 0.945X, — 1.313X, + 4.949X,, + 13.317X; + 5.480X, — 1822.502
Y, = 0.809X, + 1.050X, — 1.270X; + 6.410X,, + 12.615X; + 6.410X — 2031.469
Y, = 1.000X, + 0.800X, — 1.166X; + 6.867X, + 12.512X5 + 7.121X, — 2200.629
Y5 = 1.057X, + 0.860X, — 1.207X; + 6.320X, + 13.131X; + 7.170X — 2231.456
Y4 = 1.165X, + 0.790X, — 1.169X; + 5.315X,, + 13.485X; + 6.667X — 2064.167
Y, = 1.506X, + 0.636X, — 1.191X,; + 5.323X,, + 14.047X; + 6.933X, — 2226.907

where Y,-Y, respectively represent the kidney injury pro-
cess of UUO mice in 0, 1-2, 3-4, 5-7, 8-9, 10-11, and
12-14 days; X,—X; represent the fluorescence intensity of
three signal molecules induced by super urine; and X,—Xg
represent the fluorescence intensity of three signal molecules
induced by under urine. Mice kidney tissue samples were
collected and imaging was performed in a digital section
scanner after Masson staining. With the increase of ligation
days, the blue area (the formation of collagen fibers) gradu-
ally increased (Fig. 4C). In order to visually display the area
of kidney tissue fibrosis, Image Pro Plus pathological image
analysis software was used to calculate the fibrotic region of
Masson staining. The relative area of kidney tubular intersti-
tial fibrosis increased from 1 to 14 ligation days, suggesting
a gradual deepening of kidney damage (Fig. S29). Indeed,
the relative area of renal tubular interstitial fibrosis in dif-
ferent days of UUO mice was basically consistent with the
progress of kidney damage recognized by the sensor.

Finally, in order to investigate the protective effect of
HK capsule on kidney injury in UUO model mice, HK
capsule was administered continuously for 14 days in
UUO mice. The specific values of 6 signals induced by
urine in the HK capsule administration group were shown
in Table S8. At the same time, the signal values induced
by urine were brought into the previously constructed
discriminant function and 7 values could be obtained for
each group of urine, among which the largest signal value
represented its belonging group. As shown in Table S9,
fluorescence values of mice administered with HK cap-
sule were all classified as Y5 group, indicating that the
injury degree was consistent with that of ligated mice
for 8-9 days. What was noteworthy was that the relative
area was reduced to about 40% after administration of
HK capsule, which effectively proved that HK capsule
improved the process of renal fibrosis (Fig. S12). Both
Masson staining and relative area of renal tubular inter-
stitial fibrosis results showed that the degree of renal
fibrosis was reduced after HK capsule administration,
which proved that HK capsule could effectively improve
kidney injury of UUO model mice. In general, pathologi-
cal section was highly consistent with those discriminant
analysis results, validating the accuracy of the PDA-PEI/
DNAs sensor in monitoring and evaluating the process
of kidney injury.

Discrimination of the clinical samples of diabetic
nephropathy

The clinical samples of diabetic nephropathy were used
to further verify the reliability and accuracy of the con-
structed sensor. Three signal molecules were induced to
dissociate after the addition of the sensor to the clinical
samples of diabetic nephropathy, which led to the occur-
rence of special fluorescent response pattern (Table S10).
The mean values of the three signal molecules induced
by different degrees of injury in urine showed significant
differences (Fig. 5A), illustrating the difference in the
charge of proteins in urine with the progress of injury.
In addition, the fitting parameters of PCA model were
R*=0.924, 0?=0.873, respectively. According to the
PLS-DA and LDA analysis results, all the samples were
obviously divided into four groups: normal group, micro-
proteinuria, macroproteinuria and non-diabetic nephropa-
thy (Fig. 5B and C), which were fully consistent with clini-
cal classification, indicating the accuracy and reliability
of the constructed sensor. Values of precision, sensitivity
and selectivity were equal to 1.00 and accuracy of 100%
showed good discriminative power (Table S11). The four
discriminant functions were as follows:

Y, = 58.938X, + 114.767X, — 0.635X,; — 8622.86
Y, = 52.601X, + 107.440X, — 0.609X, — 7418.806
Y, = 55.350X, + 107.895X, — 0.579X,; — 7620.6
Y, = 56.140X, + 111.745X, — 0.626X, — 8102.492

where Y,-Y, respectively denote the normal group, micro-
proteinuria, macroproteinuria and non-diabetic nephropathy,
and X,—X; represent the fluorescence intensity of three sig-
nal molecules. Thus, the PDA-PEI/DNASs sensor could also
realize the grouping of complex urine and be in accordance
with the development stage of clinical diabetic nephropathy,
which further verifies the potential application of sensor in
clinical diagnosis of the progress of kidney injury.

In order to illustrate the advantages of PDA-PEI/DNAs
sensor in identification of kidney injury, a comparison of
our work with some existing works [39, 42] are tabulated in
Table S12. Compared with traditional kidney injury detec-
tion methods, PDA-PEI/DNAs complex can identify the
progress of kidney injury via two-dimensional amplifica-
tion instantaneously and accurately. Significantly, the dif-
ference of size and charge of urinary protein could provide
a new method to identify the progression of various types
of kidney injury. Besides, PDA-PEI/DNAs sensor formed
by non-covalent bonding can provide a new method for
rapid identification of particle size and charge differences
of whole proteins in complex urine samples. However, the
feasibility of the method has been demonstrated in cisplatin-
induced AKI model, UUO model and the clinical samples

@ Springer
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of diabetic nephropathy, a large number of clinical samples
are still needed to confirm that urinary protein particle size
and size can be used as novel markers for the development
and progression of kidney injury.

Conclusion

In this study, PDA-PEI/DNAs multichannel biosensor
was successfully developed based on the response of the
size and charge of urine protein, which was constructed
of noncovalent interaction of PDA-PEI and three DNAs,
providing an information-rich and unique fluorescence
fingerprint response that can identify the progress of kid-
ney injury via two-dimensional amplification instantane-
ously and accurately. Notably, this strategy has presented
a significant application of the PDA-PEI/DNAs biosensor
in monitoring and evaluating the various kidney injury
model including cisplatin-induced AKI model, UUO
model, and the clinical samples of diabetic nephropathy
via multivariate statistical method. What is more, the
protective effects of HK capsule on kidney injury had
also been evaluated by the biosensor in urine samples,
which was further verified by pathological analysis.

@ Springer

First Discriminant, (90%)

Accordingly, the constructed fluorescent fingerprint plat-
form displays a promising approach to discriminate the
process of kidney injury, as well as screening the poten-
tial kidney-protective drugs.
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