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Background: This study investigated the diagnosis of renal diseases using a biochip capable 
of detecting nano-sized biomarkers. Raman measurements from a kidney injury model were 
taken, and the feasibility of early diagnosis was assessed.
Materials and Methods: Rat models with mild and severe unilateral ureteral obstructions 
were created, with the injury to the kidney varying according to the tightness of the stricture. 
After generating the animal ureteral obstruction models, urine was collected from the kidney 
and bladder.
Results and Discussion: After confirming the presence of renal injury, urine drops were 
placed onto a Raman chip whose surface had been enhanced with Au-ZnO nanorods, 
allowing nano-sized biomarkers that diffused into the nanogaps to be selectively amplified. 
The Raman signals varied according to the severity of the renal damage, and these differ-
ences were statistically confirmed.
Conclusion: These results confirm that ureteral stricture causes kidney injury and that 
signals in the urine from the release of nano-biomarkers can be monitored using surface- 
enhanced Raman spectroscopy.
Keywords: ureteral obstruction, renal injury, nano-sized biomarker, ZnO nanorods, surface- 
enhanced Raman spectroscopy, principal component analysis

Introduction
Ureteral obstruction due to urinary stones,1,2 congenital anomalies,3,4 ureteral 
strictures,5,6 and spinal cord injury7,8 physically blocks the movement of urine 
from the kidney to the bladder, leading to renal injury. Obstructive uropathy can 
occur both unilaterally or bilaterally causing chronic or acute kidney disease. Ureteral 
obstruction requires rapid treatment to avoid irreversible renal injury, with untreated 
obstructions causing tubular atrophy, interstitial fibrosis, and inflammation.9,10 

Unilateral ureteral obstruction (UUO) models are commonly employed in research 
on renal injury due to ureteral stenosis, and various renal disease models have been 
based on a unilateral ligated model.11,12 The unilateral ligation of the ureter elevates 
the renal pressure and leads to imbalances in kidney injury13,14 while maintaining low 
mortality and offering internal control, although it is not suitable for assessing global 
kidney function.11 A general clinical indicator of kidney function is the glomerular 
filtration rate (GFR), with filtration function evaluated by detecting markers such as 
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creatinine, β2-microglobulin (β2-MG), and blood urea nitro-
gen (BUN).14,15 However, this does not accurately reflect 
kidney function, and it is a method that can be applied at 
a stage where the kidney has already been damaged or even 
after function has been completely lost; thus, a diagnostic 
technology that is capable of early diagnosis is required. 
When constructing an animal model to test diagnosis in the 
early stages of kidney damage, the extent of the ureteral 
obstruction can be modified to generate different degrees of 
kidney function loss. Although renal injury may occur 
because of this obstruction, if the damage is detected suffi-
ciently early using markers in the urine, prompt treatment 
may lead to successful treatment.

The detection of non-cultured and non-labeled biomar-
kers and the subsequent rapid diagnosis of diseases allows 
treatment to occur in real-time without the need for dyeing 
or culturing stages. Raman spectroscopy has been widely 
adopted as a method for evaluating non-labeled samples, 
and it is capable of detecting potential biomarkers of 
various sizes (on a nanometer to a sub-millimeter scale), 
including tissue,16,17 cells,18–20 bacteria,21 exosomes,22,23 

and proteins.24,25 Urine, which is commonly used in bio-
marker-based diagnosis, contains a number of components 
of various sizes, including micrometer-sized bacteria, red 
blood cells (~8 μm in diameter), and epithelial cells (sev-
eral tens of μm). However, because micrometer-sized tar-
gets are in general relatively rare and locally distributed, 
diagnosis using the detection of more widely distributed 
nanometer-sized biomarkers may be more sensitive and 
generate more distinguishable signals. For example, nan-
ometer or sub-micrometer-sized biological particles such 
as proteins, lipids, nucleic acids, exosomes, and metabolic 
material can act as important cellular indicators of 
a healthy or diseased state. The label-free detection of 
these potential biomarkers can help identify chemically 
different subpopulations during biogenesis and can also 
track post-translational modifications after their synthesis 
and/or release.

Label-free Raman spectroscopy, which involves the 
acquisition of spectra from the inelastic scattering of 
light following the irradiation of a sample with a single- 
wavelength laser, is useful for distinguishing chemical 
species by identifying the unique molecular characteristics 
of the sample, in much the same way as a fingerprint. On 
the other hand, kidney injury models differ depending on 
the human case they are constructed to represent, such as 
sepsis-, drug-, toxin-induced kidney injury, or the ischemia 
reperfusion model.26 Because biochemical information 

includes the biomarkers that occur in animal models with 
different sources of renal injury, research on physical renal 
injury using ureter ligation should be prioritized. In this 
work, surgical ureteral obstruction rat models were gener-
ated to assess the use of Au-ZnO nanorod-based surface- 
enhanced Raman spectroscopy (SERS) for the detection of 
fibrosis and/or inflammation caused by renal injury, 
thereby facilitating early diagnosis. Furthermore, the diag-
nostic potential of nano-sized biomarkers of inflammatory 
disease was analyzed in comparison to previous 
studies.27,28

Experimental Section
Animal Preparation and Surgical 
Procedures for Unilateral Ureteral 
Obstruction Models
Fifteen 8-week-old female Sprague-Dawley rats (OrientBio, 
Korea) were used in the experiments. They were divided into 
three groups: a control group (n = 5), a MO experimental 
group (n = 5), and a SO experimental group (n = 5). Prior to 
the operation, the animals were given peritoneal injections of 
Zoletil (30 mg/kg). Each animal was assessed for muscle 
relaxation, the absence of voluntary movement, and the loss 
of response to stimuli reflexes, and then its abdomen was 
shaved and cleaned with 70% ethanol. A left subcostal trans-
verse incision was made, and the left ureter was identified 
and ligated in the middle of its length. To avoid necrosis due 
to complete ligation, a stainless-steel wire (T-304V, Small 
Parts Inc., USA) was placed next to the ureter during the 
ligation and then removed, ensuring that the ureter was not 
fully closed. A 0.3 mm thick wire was used for the MO group 
and a 0.1 mm thick wire for the SO group (Scheme 1A). The 
animals in the control group underwent the same anesthesia, 
incision, and closure procedures, but the ureter was not 
ligated. The animals were fed normally after surgery.

Animal experiments were performed according to pro-
tocols approved by the Institutional Animal Care and Use 
Committee (IACUC) of the ASAN Institute for Life 
Sciences, ASAN Medical Center (2019–02-093). The 
research also followed the guidelines set by the Institute 
of Laboratory Animal Resources (ILAR), following the 
Laboratory Animal Act of the Republic of Korea.

Postsurgical Procedures for the 
Collection of Urine Samples
The animals were sacrificed 1-week post-operation using 
the same anesthesia procedure used for their surgery. 
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A laparotomy was performed to investigate the subcostal 
abdominal anatomy, focusing on changes to the kidney 
and ureter. Urine for Raman spectroscopic analysis was 
collected from the bladder of each rat and from the 
obstructed kidneys using an insulin syringe (Scheme 1B). 
Both kidneys of each rat were dissected and compared.

The obstructed and exposed kidneys were subjected to 
histological evaluation. Each kidney was longitudinally 
sectioned in half, stored in 4% buffered paraformaldehyde 
overnight, embedded in paraffin, sectioned into 3 μm thick 
slices, and stained with hematoxylin/eosin (H&E) and 
Sirius red. The slides were analyzed using a light micro-
scope (Olympus CX81, Japan), and images were captured 
at magnifications of 20× and 40×.

Synthesis of ZnO Nanostructures and the 
Deposition of Au
To amplify the Raman signals from the SERS substrate, 
vertically aligned ZnO nanorods were grown using hydro-
thermal synthesis, as described in previous research and 

outlined in Scheme 1c.27,29 A ZnO growth solution was 
prepared by dissolving 10 mM zinc nitrate hexahydrate 
(Sigma Aldrich Co., St. Louis, USA) and 0.9 mL of 
ammonium hydroxide (Sigma Aldrich Co., St. Louis, 
USA) in 30 mL of deionized water. The as-prepared sub-
strates were then immersed in the aqueous solution in an 
oven at 90°C for 50 minutes. The synthesized ZnO nanor-
ods were then coated with Au using a thermal evaporator 
(Alpha Plus Co., Korea) until a film thickness of 200 nm 
had been obtained. The morphological and structural prop-
erties of the Au-coated SERS chips were analyzed using 
a field-emission scanning electron microscope (FE-SEM, 
S-4700, HITACHI, Japan) with a beam voltage of 10 kV.

Raman Measurements
Drops of urine obtained from the bladder and kidneys 
(5 μL) were placed on a SERS chip and left for 60 minutes 
to allow the nano-sized biomarkers time to infiltrate the 
nanoporous cavities. The chips were then loaded and ana-
lyzed using a Raman spectroscopy system (FEX-INV, 

Scheme 1 Schematic illustration of the overall experimental process. (A) The ligations were made using splint wires with diameters of 0.3 and 0.1 mm for mild and severe 
ureteral stenosis models, respectively, with the splint wires then removed to allow partial flow. (B) Urine samples are taken from the kidney (①) and bladder (②) after 
ureteral ligation. (C) Fabrication of a surface-enhanced Raman chip using ZnO nanorods and the process for the Raman signal acquisition and subsequent statistical analysis.
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NOST, Korea) with a 785-nm diode laser as the excitation 
source attached to a microscope (IX-73, Olympus, Japan). 
The Raman spectra ranged from 575 to 1450 cm−1, with 
a spectral resolution of 1 cm−1. After the Raman measure-
ments had been taken, the spectra were post-processed 
using 3rd-order polynomial fitting to remove background 
noise and smoothed using the Savitzky–Golay method.

Statistical Analysis
Principal component analysis (PCA) was employed to 
identify differences in the Raman spectra of the control, 
MO, and SO rat urine samples. The entire spectral range 
was used as a variable, and the analysis was conducted 
using XLSTAT 2019 software.

Results and Discussion
Morphological Appearance Assessment
To control the extent of the obstruction, the ligation was 
performed with the inclusion of a stainless-steel splint 
wire, which was then removed. A 0.3 mm thick wire was 
used for the MO group, while a 0.1 mm thick wire was 
used for the SO group (Scheme 1A). In the SO group, the 
ligated kidney was observed to be larger and heavier than 
the control kidney; it was characterized by hydrops and 
renal pelvic dilation due to urine accumulation, thickening 
of the renal capsule, and the presence of petechial hemor-
rhages. In the MO group, the ligated kidney exhibited 
renal pelvis dilation due to urine accumulation, but there 
were no other significant differences in terms of appear-
ance, size, or weight between the ligated and unligated 
kidneys, either within this group or in comparison with the 
kidneys of the control rats who underwent the sham 
operation.

Histopathological Assessments
Transversely sectioned kidney tissue was processed and 
stained with H&E and Sirius red to assess the kidney 
damage. The tubular injury score (TIS), which is described 
in a previous paper,30 was employed to evaluate the sever-
ity of the tubular injury. Figure 1 presents histological 
images of the kidney tissue of the control and UUO rat 
models 1-week post-operation, focusing on the renal cor-
tex and medulla. While the control kidneys (Figure 1A 
and B) exhibited normal histopathology, the experimental 
groups had a high TIS due to tubular dilatation, atrophy, 
fibrosis, and tubule interstitial inflammation. The MO kid-
ney tissue (Figure 1C and D) was characterized by mild 

dilation of the collection tubules, thinning of the epithelial 
cells, and accumulation of inflammatory cells in the tubu-
lointerstitial system. In comparison, the SO kidney tissue 
(Figure 1E and F) of the collection tubules and greater 
inflammatory cell infiltration. Expansion of the cortical 
interstitium following ureteral obstruction is known to be 
partly due to the deposition of an interstitial and membra-
nous extracellular matrix.11,31 The thickening of the tubu-
lar basement membrane due to this accumulation of the 
extracellular matrix was observed via Sirius red staining 
(Figure 1G and H).

Nanostructure and Selective Detection
Urine was extracted for analysis from both the rats with 
histologically confirmed obstruction-induced renal injury 
and the control rats. As residual urine could not be 
extracted from unligated kidneys, urine from only the 
bladder was analyzed for the control rats, while urine 
was collected from both the kidneys and the bladder for 
the MO and SO groups. The urine samples were dropped 
onto an Au-ZnO nanorod-based SERS chip and nano- 
filtration was confirmed using an electron microscope 
(Figure 2). As shown in Figure 2A, a band-shaped nano- 
filtration region (between the red arrows) was present 
around the area of the initial droplet (the dark region). 
The coated gold surface in the area outside the band 
displayed in Figure 2C had a wrinkle, but the inside area 
towards the droplet was fairly smooth.

Because biomarker material (the blue arrows in Figure 2B) 
was also observed filling the valleys in the region closest to the 
droplet, it is clear that nano-sized biomarkers within the urine 
were present in the band region, but they differed in quantity 
depending on the local position.

Surface-Enhanced Raman Spectra
Raman spectroscopic signals were measured to detect the 
nano-biomarkers in the band-shaped diffused region 
shown in the electron microscope images (Figure 4). 
Normalization at 1000 cm−1 (the dotted line in Figure 4), 
which was strong in the control urine, was conducted to 
reduce the local density and variation in the Raman 
enhancement. This peak represents the oriented Raman 
signal from the symmetric ring breathing mode of pheny-
lalanine found in various biomaterials.32,33 In Figure 4, the 
standard deviation is represented by the shading around 
the bold lines, which indicate the average for each group. 
The smaller the deviation between the samples and the 
higher the reproducibility, the more compressed the shaded 
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area. The vertical blue bands represent the main element 
peak for the entire group; peaks for the control and 
obstruction groups were observed at 641, 683, 723, 823, 

842, 940, 1031, 1211, and 1355 cm−1. The peaks at 642 
and 823–855 cm−1 can be assigned to the vibration of 
tyrosine, including its C-C twisting mode.32–35 In addition, 

Figure 1 Histopathological evaluation of rat kidney tissue. Hematoxylin/eosin (H&E) staining illustrates the tubulointerstitial histological differences in the kidneys of the 
(C and D) MO and (E and F) SO experimental groups compared with (A and B) the sham-operated (control) group. Tubular cell injury, including mild and severe dilation of 
collection tubules, is marked with red arrows, while the presence of inflammatory cell infiltrates is shown in the magnified black boxes. The red area in the Sirius red stained 
images for the (G) sham and (H) SO groups indicates extracellular matrix accumulation in the tubular basement membrane.
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the peaks at 683 and 723 cm−1 correspond to the vibration 
modes of nucleic acids,32,34,35 the peak at 940 cm−1 repre-
sents the C-C stretching mode of α-helix,32,33 the peak at 
1211 cm−1 corresponds to the C-C6H5 vibration mode of 
tryptophan and phenylalanine,32,33 and the peak at 
1355 cm−1 can be ascribed to the CH3CH2 wagging 
mode of collagen.32,33 The intensity of the peak at 
1031 cm−1, which represents the C-H in-plane bending 
mode of phenylalanine,32,33 strengthens with an increase 
in the dilation of the tubules and inflammatory cell infil-
trates, as observed in the histological images of the SO 
kidney (see the purple line).

Collagen is upregulated in a ureteral obstruction 
model,31 and an increase in collagen due to renal injury 
can be confirmed by Sirius red staining.11,36 As seen in 
(Figure 1G and H), the red staining area rapidly increased, 
as did the tubular expansion caused by ureteral obstruc-
tion. Collagen-assigned components were also present in 
the Raman signal in Figure 4, located at 662, 823–855, 
920, 938, 1003, 1033, 1163, and 1271 cm−1, as in other 
collagen measurements.37,38 A comparison of the Raman 
signal intensity of the control and SO groups revealed that 
the collagen-related peaks were higher in the SO group. 
Note that the peaks assigned to collagen are marked by 
black circles in Figure 4.

Principal Component Analysis
PCA is a statistical algorithm that reduces the number of 
variables required to explain differences between samples 
and has been widely employed in the diagnosis and classifi-
cation of Raman spectroscopic data in biotechnology.20,32–35 

In this study, PCA was performed on the Raman signals from 
the nano-filtered biomarkers detected in the rat urine sam-
ples, with renal injury samples taken from the bladders and 
kidneys of UUO rat models. The information for each sample 
was color-coded, and the distribution of the samples was 
plotted in three-dimensional (3D) space, representing PC1, 
PC2, and PC3 (Figure 3A), with PC1, PC2, and PC3 account-
ing for 75.28%, 3.47%, and 3.05% of the variability, respec-
tively. On the basis of this 3D space, a 2D image representing 
the projected view was derived, in which the differences 
between the control group and the inflammation samples 
were most apparent (Figure 3B). To determine the diagnostic 
potential of urine discharged through the urethra in assessing 
renal injury or inflammation, PCA was also conducted on 
data from urine samples obtained only from the bladders of 
the control, MO, and SO rats. As illustrated in Figure 3D, 
which displays a 2D projection of the 3D space consisting of 
PC1ʹ, PC2ʹ, and PC4ʹ for the bladder samples, diagnosis 
using the surface-enhanced Raman chip has great potential 
for monitoring the progression of renal obstruction. The 

Figure 2 FE-SEM images of urine drops on the SERS substrate. (A) Magnified SEM image illustrating three points: (B) the dried droplet interface, (C) the diffused area 
(between the red arrows), and (D) the bare SERS area. The 100,000 × magnified images (B–D) correspond to the points in (A).
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Figure 3 Principal component analysis (PCA) of (A and B) all obstruction and sham urine samples (C and D) bladder samples only, and (E and F) kidney samples only.
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accuracy of the evaluation of the bladder urine from the MO 
and SO rats from the sham animal group was 63% and 100%, 
respectively, based on the color-band grouping in Figure 3D. 
This shows that the damage caused by an increase in intrar-
enal pressure before the complete obstruction of the ureter 
can be detected with a high probability. In the same manner, 
the PCA results for the urine samples from MO and SO 
kidneys are presented in Figure 3E and F, with Figure 3F 
showing a 2D projection of the 3D space consisting of PC1ʹ’, 
PC2ʹ’, and PC3ʹ’ for the urine samples from the kidney.

Conclusion
Urine, which can be used as an indicator of the health status 
of an individual, contains not only various chemical compo-
nents but also potential biomarkers such as proteins, lipids, 
nucleic acids, exosomes, and metabolic material of various 
sizes. To detect problems such as inflammation within the 
body, highly sensitive diagnostic techniques are required, and 
the selective detection of nano-sized biomarkers is an impor-
tant technique in many bio-applications.

In this study, Raman spectroscopy was adopted for 
non-labeled chemical detection. Au-ZnO nanorod-based 
surface-enhanced Raman chips were designed, fabricated, 
and used for nano-sized selective infiltration and Raman 
signal amplification. Nano-sized inflammation-related bio-
markers deriving from ureteral obstruction rat models 
were detected using the proposed SERS chip. To establish 
a reliable inflammatory disease animal model, unilateral 

ureteral MO and SO models were generated to represent 
the effects of clinical diseases such as urinary stones, 
congenital anomalies, and ureteral strictures. Ureteral liga-
tion of the kidneys of MO and SO rat models was con-
ducted using 0.3 and 0.1 mm stainless-steel splint wires, 
respectively. Histopathological assessment of rat kidneys 
was conducted 1 week after the operation.

Urine was obtained from the kidneys in the MO and 
SO models and from the bladder in all models. To selec-
tively detect nano-biomarkers in the urine, ZnO nanorods 
with nanometer-sized pores were grown on the SERS chip 
and then coated with gold.

To measure the surface-enhanced Raman signals from the 
biomarkers in the urine, a single drop of each urine sample was 
placed on a SERS chip. Electron microscope images confirmed 
that only nanometer-sized biomarkers were present in the band 
region over which the drop of urine had diffused. The average 
and standard deviation of the enhanced Raman signals were 
obtained for the regions over which the samples had diffused 
and were plotted with the Raman spectra normalized to 
1000 cm−1 to minimize the variation between samples, SERS 
chip specimens, and local displacements. On the basis of the 
PCA results, it was possible to separate the samples according 
to their level of inflammation, with the MO and SO samples 
being distinguishable using urine taken from the bladder.

Tubular damage and inflammation caused by the 
expansion of the tubules due to the increased pressure 
from the unreleased urine can be observed in Figure 1.

Figure 4 Averaged Raman spectra from urine samples from the severe obstruction model (purple and green lines), the mild obstruction model (blue and red lines), and the 
control procedure (red line). The standard deviation is represented by the shaded areas around the solid lines. The black dots indicate the collagen assignment peaks.
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In the ureteral obstruction models, it was not easy to 
detect inflammatory biomarkers in the urine from the 
bladder because urine was not readily discharged from 
the kidney. For patients with a complete ureteral stricture, 
a catheter needs to be inserted to allow urine to be dis-
charged. During this process, it would be possible to 
accurately diagnose the inflammation by collecting and 
analyzing the urine, allowing the patient to receive appro-
priate treatment. If diagnostic criteria are established from 
a database of clinical samples, this technique may be of 
practical diagnostic use. Because the filtration of nano- 
sized biomarkers for SERS diagnosis does not require 
specific binding compounds such as antibodies, the range 
of potential applications is not limited to obstruction mod-
els, and it thus has great potential for direct application in 
clinical diagnosis and treatment.
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