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Objective: To explore the value of surface-enhanced Raman spectroscopy analysis of pretreated plasma samples in prediction of
bladder cancer (BCa) recurrence after neoadjuvant chemotherapy (NAC) and radical cystectomy (RC).

Patients and Methods: SERS was used to analyze plasma samples collected before biopsy and treatment in BCa patients
undergoing NAC and RC. The value of clinicopathological parameters and distinctive SERS peaks in the prediction of disease
recurrence were analyzed in Cox regression proportional hazard analysis and Log rank test. Principal component analysis and linear
discriminant analysis (PCA-LDA) were employed to process spectral data and construct diagnostic algorithms.

Results: A total of 88 patients with 440 plasma SERS spectra were collected. The SRES spectra from recurrent patients were
compared with patients who remained recurrence free. The SERS demonstrated higher levels of circulating free nucleic acid
components in recurrent population, which is represented by significantly higher intensities at SERS peaks of 725 cm ™', 1328 cm '
and 1455 cm . The SERS also detected significantly lower levels of tryptophan shown as lower significantly intensities at the
1558 cm ', which is proved to be an independent predictor of BCa recurrence. The addition of SERS peaks of 1558 cm™ ! to classic
clinicopathological predictors including pathological tumor stage, lymph node metastasis and pathological downstaging can signifi-
cantly enhance the power of the predictive model from 0.66 to 0.76 in the area under curve (AUC) of receiver operating characteristic
(ROC) curves. Meanwhile, the PCA-LDA diagnostic model based on SERS spectra reveals a high accuracy of 85.2% in prediction of
disease recurrence and the AUC of 0.92 in the ROC curve. When validated in the leave-one-out cross-validation method, the accuracy
of the model remained 84.1%.

Conclusion: We show that SERS analysis of plasma before NAC treatment can accurately classify patients with different risks of
disease recurrence after surgery and improve the power of clinicopathological predictive models, thus refining clinical decision-
making.

Keywords: Raman spectroscopy, bladder cancer, cancer recurrence, neoadjuvant chemotherapy, radical cystectomy

Introduction
Bladder cancer (BCa) is a common and heterogeneous disease with over 430,000 new cases and nearly 170,000 deaths

annually worldwide.! Muscle-invasive bladder cancer (MIBC) is an advanced stage of disease that represents around
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20% of newly diagnosed cases. Also, approximately 15% to 20% of non-muscle invasive bladder cancer progress to
MIBC with a higher progression rate in high risk patients.'

Treatment paradigm for MIBC consists of cisplatin-based neoadjuvant chemotherapy (NAC) followed by radical
cystectomy (RC) and pelvic lymph node dissection, which has been demonstrated to bring improved survival benefits
than RC alone.” Nevertheless, around 40% of patients experience disease recurrence despite NAC and RC, which may
require early disease monitoring and intensified treatment.® Studies have proposed various clinical features to improve
risk stratification and prediction of disease recurrence and outcomes in BCa.* Tumor stage and lymph node involvement
have been proved to be related to disease outcomes and survivals after surgery.” Also, pathological downstaging during
NAC has an important prognostic role for survival outcomes.® Apart from clinical parameters, circulating tumor
biomarkers have been found to predict oncologic outcomes of BCa and guide clinical management.”® With the advent
of liquid biopsy, circulating tumor DNA (ctDNA) also has growing significance in BCa diagnosis and monitoring.
A previous study with a large cohort has shown that high levels of ctDNA in blood samples are associated with disease
recurrence after radical cystectomy.’ Since BCa has altered metabolism including lipid, amino acids and glycolysis,
metabolic profiling of patients’ samples including tissue, urine and blood have been successfully used for cancer
diagnosis and recurrence monitoring.'® Previous studies have employed liquid chromatography coupled with mass
spectrometry (LC-MS) and proton nuclear magnetic resonance ('H-NMR) to detect metabolites and identify bladder
cancer patients.'' However, these methods often involve complicated and time-consuming process. Novel noninvasive
analytical methods are in urgent need to further expedite clinical translation.

Surface-enhanced Raman spectroscopy (SERS) is non-invasive optical analytical technology which can rapidly
characterize biological samples with fingerprint chemical vibration and enable classification.'> The convenient process
and simple specimen requirement enable SERS to be widely applicated in human malignancy diagnosis and monitoring
with high accuracy.> A growing number of studies have shown that SERS can reflect biochemical alterations in
biospecimens and achieve sensitive and non-invasive diagnosis of multiple malignancies including prostate cancer,
breast cancer and lung cancer.'* '® It has been reported that SERS analysis of blood serum can accurately detect prostate
cancer in patients with “gray zone” prostate-specific antigen levels of 4-10 ng/mL with over 90% accuracy.'®
Additionally, a study including 427 prostate cancer patients has shown that SERS combined with deep learning
algorithms can analyze metabolic differences in serum and therefore differentiate metastatic and non-metastatic prostate
cancer.'” In BCa, previous studies have demonstrated that Raman spectroscopy can be used to differentiate normal and
cancerous bladder tissue with different tumor grade.'®'? Furthermore, multiple studies have also shown that SERS
analysis of serum and urine metabolites can accurately detect bladder cancer and classify tumor grade, promoting SERS
based non-invasive diagnosis of BCa.?>*' A multicenter study enrolling 340 patients utilized Raman spectroscopy to
characterize epithelial cells in urine, which achieved rapid BCa diagnosis and tumor grading with high accuracies.”
These promising results of Raman spectroscopy applied in BCa and other types of cancer reveal great potentials of its
clinical translation. In the present study, we performed SERS analysis of plasma samples collected before biopsy and
treatment in BCa patients undergoing NAC and subsequent RC and explored the predictive capacity of Raman spectra in
disease recurrence.

Patients and Methods

Patients and Protocols
Patients diagnosed with BCa from March 2015 to August 2018 were included in the study. Inclusion criteria are as
follows: 1) Patients had pathologically confirmed bladder urothelial cancer and underwent neoadjuvant cisplatin-based
chemotherapy of gemcitabine and cisplatin regimen and subsequent radical cystectomy with pelvic lymph node dissec-
tion; 2) Patients had clinical stage of T2-4aNOMO; 3) Patients had no histories of antibiotics consumption or drug abuse
within the last 4 weeks of biopsy; 4) None of patients had received any cancer treatment including radiotherapy,
chemotherapy or immunotherapy before biopsy and blood sample collection; 5) Patients had no any other malignancy;
This study complies with the Declaration of Helsinki and was conducted following the approval from the Institutional
Ethics Committee (IEC) of Shanghai RenJi Hospital (Approval No. Renji[2013]126). All patients included in the study had
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written informed consent. For each patient, SmL blood specimen was prospectively collected through peripheral vein after 12
hours of overnight fasting and before biopsy and any cancer treatment including neoadjuvant therapy and radical cystectomy.
The blood samples were centrifuged at 3000 rpm for 10 min, and plasma was then collected and frozen at —80°C until SERS
analysis.

Silver Nano-Particles Synthesis and Preparation

The Ag nanoparticles (NPs) were synthesized based on the sodium citrate thermal reduction method.> Accordingly,
1 mL of 0.1 M AgNO3 solution and 100 mL of deionized water were mixed and heated to boil. 1.9 mL of a 1% sodium
citrate tribasic solution was then added to the mixed solution and kept boiling and stirred continuously until the color of
mixed solution turned celadon. As shown in Figure 1, the transmission electron microscope was used to observe the
Ag NPs.

SERS Analysis of Plasma Samples

To obtain higher concentration, Ag NP solution was then centrifuged at 7500 rpm for 10 minutes and the supernatant was
discarded. During SERS measurement, 20 pL plasma were mixed with 20 pL of silver colloidal nanoparticles and
incubated for 3 min at room temperature. Then 20 ul of the resulting mixture was dropped onto a silicon plate for SERS
measurement.

The SERS spectra of samples was recorded using HORIBA Raman microscope (HORIBA Scientific) with a spectral
resolution of approximately 1 cm™'. 532-nm yttrium aluminum-garnet laser with 50mW was focused on sample surface
and a Leica DM2500 microscope (Leica Microsystems, Wetzlar, Germany) with a L50x (N.A. 0.5) objective lens was
used to obtain SERS spectra with acquisition time of 3 seconds. Five random spots on each sample surface were
measured to acquire comprehensive SERE spectra.

Data Processing and Analysis

The raw SERS spectra were preprocessed by a Vancouver Raman algorithm based on the fifth order polynomial fitting
method to remove fluorescence background.”* And the processed SERS spectra underwent baseline correction and
normalization. OriginPro 8.0 software (OriginLab, USA) was then utilized to generate mean and subtracted spectra of

100 nm

Figure | The transmission electron microscope (TEM) of Ag nanoparticles.

International Journal of Nanomedicine 2022:17 hetps: 1637
Dove:


https://www.dovepress.com
https://www.dovepress.com

Qian et al Dove

different patient groups. Clinical parameters and SERS data were compared between two groups of patients using Mann—
Whitney U-test, independent-sample test, and chi-squared test appropriately. Association between all factors and disease
recurrence was analyzed using Cox regression proportional hazard analysis. Principal component analysis and linear
discriminant analysis (PCA-LDA) were used to process spectral data and develop discriminative algorithms. The PCA-
LDA model was then validated by the leave-one-out cross-validation. The ROC curves and corresponding area under the
curve (AUC) were generated for predictive models based on the PCA-LDA model and clinical parameters with or
without Raman shifts. The SPSS Statistics software 22.0 (IBM) was used to perform the data analysis with p<0.05 as
statistically significant.

Results

Overall, 88 BCa patients were included in the study. All patients underwent neoadjuvant cisplatin-based chemotherapy
and subsequent cystectomy and lymph node dissection. With a median follow up time of 40 months, a total of 44 patients
developed disease recurrence. As shown in Table 1, baseline characteristics including age, gender and clinical stages are
comparable between the recurrent group and non-recurrent group. Compared with the non-recurrent group, patients in the
recurrent group have significantly higher pathological tumor stages, lymph node metastasis rates and lower pathological
downstaging rates, which indicates that recurrence patients harbor more adverse features.

SERS Spectra of the Plasma Samples

The mean SERS spectra of recurrent group and non-recurrent group were shown in Figure 2. There are several
distinguishable intensity differences in SERS shifts between two groups including 638 cm ', 725 cm ™', 1095 cm™ !,
1135 cm ', 1328 cm !, 1455 cm ! and 1558 cm '. Table 2 shows that SERS shifts could be attributed to different
biochemical assignment according to previous studies and Raman spectroscopy database.** 2’ When compared to non-
recurrent group, SERS spectra of recurrent group have significantly higher signal intensities of SERS shift at 725 cm™'

(p<0.001), 1095 cm™ ' (p<0.001), 1328 cm ™' (p<0.001), 1455 cm ™' (p<0.001) and significantly lower signal intensities at

Table | Demographics and Clinical Features of the Cohort

Clinical Variables Total Recurrent Patients Non-Recurrent Patients p value
Case No. (%) 88 44 (50.0) 44 (50.0)
Age (IQR), years 61.5 (58-66) 62 (57.5-66) 61 (58-66) 0.8I18
Gender 0.778
Female 15 (17.0) 8 (18.2) 7 (15.9)
Male 73 (83.0) 36 (81.8) 37 (84.1)
Clinical stage, No.(%) 0.263
T2NOMO 73 (83.0) 34 (77.3) 39 (88.6)
T3NOMO 10 (11.4) 6 (13.6) 4 (9.1)
T4aNOMO 5(5.7) 4 (9.1) I (2.3)
Pathological T stage, No.(%) <0.001
TO 18 (20.5) 2 (4.5) 16 (36.4)
Tis 4 (4.5) 2 (4.5) 2 (4.5)
Ta-1 26 (29.5) 7 (15.9) 19 (43.2)
T2 14 (14.9) 10 (22.7) 4 (7.8)
T3 17 (19.3) 17 (38.6) 0(0)
T4 9 (10.2) 6 (13.6) 3 (6.8)
Pathological N stage No.(%) 0.009
NO 79 (89.8) 36 (81.8) 43 (97.7)
NI 9 (10.2) 8 (18.2) I (2.3)
Pathological downstaging <0.001
Yes 50 (58.4) 13 (29.5) 37 (84.1)
No 38 (41.6) 31 (70.5) 7 (15.9)

Abbreviation: IQR, interquartile range.
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Figure 2 Mean SERS spectra of the recurrent group and non-recurrent group.

638 cm™ ' (p=0.029), 1135 cm™ ' (p=0.028) and 1558 cm ' (p<0.001). Accordingly, this indicates that patients with cancer
recurrence have higher concentrations of hypoxanthine, DNA, nucleic acids, deoxyribose and lower concentrations of
tyrosine, d-mannose and tryptophan.

SERS Spectra in Prediction of Disease Recurrence

To evaluate the value of clinical variables and Raman peaks in predicting disease recurrence, we used Cox regression
proportional hazard analysis. As shown in Table 3, pathological tumor stage, pathological lymph node metastasis, patholo-
gical downstaging and the intensities of Raman shifts of 725 cm™', 1095 cm ™', 1135 ecm™, 1328 cm™', 1455 cm ™' and
1558 cm !, were significantly associated with disease recurrence in univariate analysis. Notably, the pathological tumor

Table 2 Tentative Assignments of Significant SERS Shifts in Biological

SamplesZ‘F27
Raman Shift (cm™') Major Assignment
638 C-C twisting mode/tyrosine
725 Hypoxanthine
890 3(C—O—H)/Amino galactose
1095 Deoxyribonucleic acid, phosphodioxy group
1135 C-N stretch/D-mannose
1328 Nucleic acids and phosphates
1455 Deoxyribose
1558 Tryptophan
1583 C=C bending mode/phenylalanine
1655 Amide I/C=C lipid stretch

Abbreviation: SERS, Surface-enhanced Raman Spectroscopy.
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Table 3 Cox Regression Proportional Hazard Analysis of Clinical Variables and SERS Shifts

Unadjusted Adjusted
Variables HR (95% CI) P HR (95% CI) P
Pathological T stage <0.001 <0.001
TO Ref. / / Ref. / /
Tis 7.15 1.00-51.37 0.051 11.69 1.59-85.93 0.016
Ta-1 2.87 0.59-13.91 0.191 2.06 0.41-10.22 0.378
T2 12.60 2.71-58.64 0.001 114.66 13.68-961.21 <0.001
T3 23.19 5.29-101.63 <0.001 370.25 35.85-3823.68 <0.001
T4 12.05 2.41-60.17 0.002 228.56 20.98-2489.71 <0.001
Pathological N stage / / /
NO Ref. / /
NI 3.06 1.40-6.70 0.005
Pathological downstaging 0.182 0.09-0.35 <0.001 0.055 0.01-0.32 0.001
Peak 638 cm ™' 0.23 0.04-1.28 0.093 / / /
Peak 725 cm™' 8.55 3.20-22.90 <0.001 / / /
Peak 1095 cm™' 715.45 36.35-14,082.31 <0.001 / / /
Peak 1135 cm™' 0.06 0.01-0.41 0.005 / / /
Peak 1328 cm ™' 71.58 7.79—-657.93 <0.001 / / /
Peak 1455 cm ™' 102.91 9.20-1151.23 <0.001 / / /
Peak 1558 cm ™' 0.035 0.009-0.14 <0.001 0.018 0.003-0.11 <0.001

Abbreviations: Cl, Confidence Interval; HR, Hazard Ratio; Ref., Reference; SERS, Surface-enhanced Raman Spectroscopy.

stage, pathological downstaging and the intensity of Raman shift at 1558 cm™' remained significantly in the multivariate

model. The Raman shift intensities of 638 em™, 725 cm ™', 1004 cm ', 1095 em™, 1135 cm ™', 1328 em ™', 1455 cm ™' and
1558 cm ™! in two groups were shown in Figure 3. With the dividing cut-off intensity of 0.552 by Raman peak of 1558 cm ™',
patients were divided into low intensity group and high intensity group and compared by Log rank test. Figure 4 shows that
the low intensity group has significantly higher risks of disease recurrence than the high intensity group (p<0.001), which
suggests that the intensities of peak 1558 cm ™' can accurately distinguish patients with different prognosis.

Furthermore, we used PCA-LDA method to analyze SERS spectra and distinguish recurrent group and non-recurrent

group. After extracting the first 9 principal components accounting for 84.3% of variances in the PCA process, we
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Figure 3 Distribution of significant SERS peaks’ intensities for recurrent group and non-recurrent group. Bar graph shows the mean spectral intensities at each peak. Scatter
diagram shows mean intensities of each sample in specific peaks, *p < 0.05, ***p < 0.001; Error bar indicates standard error of the mean (S.E.M.).
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Figure 4 The Kaplan-Meier curve for recurrent patients and non-recurrent patients divided by SERS peak 1558 cm ™'

performed LDA in the model and revealed a high accuracy of 85.2% in predicting disease recurrence, which is shown in
Figure 5. As shown in Table 4, we also employed leave-one-spectrum-out cross-validation method to further test the
discriminative model. We show that the validated diagnostic accuracy is 84.1%.

To compare the diagnostic values of clinical parameters and SERS spectra, we used ROC curve to assess the models
of pathological tumor (pT) stage, pathological lymph node metastasis (pLNM) and pathological downstaging (pDS), and
clinical variables combined with peak 1558 cm ', and the PCA-LDA model. As shown in Figure 6, the PCA-LDA model
have the highest AUC of 0.92 (95% CI, 0.87—0.98) while the AUC of clinical variables was 0.66 (95% CI, 0.54-0.77).
When combined with Raman peak 1558 cm ', the AUC of predictive model of clinical variables was improved to 0.76
(95% CI, 0.66-0.87).

Discussion

MIBC is an advanced and aggressive type of bladder cancer with a high rate of recurrence and unfavorable prognosis.
Mostly, MIBC patients undergo recurrence within 2 years at the rate of approximately 40% even after definitive
treatment.® Although it has been well-established that neoadjuvant chemotherapy (NAC) combined with RC can improve
overall survival by 5-6% in MIBC, disease outcomes remain poor especially in patients with aggressive and adverse
features.”® Therefore, it is of great clinical significance to identify patients with high risk of recurrence and need for
timely and intensified management while avoiding excessive treatment for patients with low risk of relapse. In this study,
we utilized SERS technique to analyze plasma samples of BCa patients undergoing NAC and RC and investigate the
value of Raman shifts in prediction of disease recurrence. We showed that SERS analysis can reflect differences of
distinctive biochemical components between recurrent patients and non-recurrent patients including SERS peaks of
725 em™ Y, 1095 em™ !, 1135 em !, 1328 ecm !, 1455 cm ! and 1558 ¢cm !, which are significantly associated with
recurrence. The intensity of Raman shift 1558 cm ' could further refine the predictive model based on clinicopatholo-

gical parameters and enhance its predictive capability of BCa recurrence.
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Figure 5 Scatter plot of linear discriminant (LDA) scores for recurrent group and non-recurrent group.

In recent years, SERS has been growingly studied and serves as a convenient and non-destructive analytic method in
human disease.'> Combined with metallic nano-substrate, signal intensity of SERS peaks can be enhanced 10° to 10®
times and provide fingerprint information of analyzed samples including blood, urine and saliva, thus enabling
biocomponent identification and disease assessment.”’ With its non-destructive nature and convenience, SERS analysis
of human specimen has been extensively used in cancer diagnosis and assessment such as prostate cancer, gastric cancer
and hepatocellular cancer, which yield high accuracies and promising potentials.>*

In the present study, SERS spectra exhibited prominent differences between the recurrent group and non-recurrent
group in plasma samples before treatment, implying that potential biocomponents could be related to disease recur-

1

rence. Specifically, significantly stronger intensities at Raman spectral peaks 725 cm ™', 1328 cm™ ', and 1455 cm™ ', and

Table 4 The PCA-LDA Model of Recurrent and Non-Recurrent Groups Based on the Raman
Spectra of Plasma with Leave-One-Spectrum-Out Cross-Validation

Group Predicted Group Total
Non-recurrent (%) Recurrent (%)

Non-recurrent (%) 37 (84.1) 7 (15.9) 44 (100)

Recurrent (%) 7 (15.9) 37 (84.1) 44 (100)

Abbreviations: PCA, principal component analysis; LDA, linear discriminant analysis.
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Figure 6 The receiver operating characteristic (ROC) curves of the PCA-LDA model, clinical variables of pathological tumor stage, lymph node metastasis and pathological

downstaging, and clinical variables combined with Raman peaks of 1558 cm ™.

"'and 1558 cm™' were identified in the recurrent group compared with non-recurrent

lower intensities at 1135 cm™~
group. According to tentative biochemical assignments of Raman shifts, the increased intensities in Raman peaks of
725 cm ', 1328 cm ! and 1455 cm™ ! indicate that higher concentrations of nucleic acid bases including, hypoxanthine,
DNA/RNA bases and deoxyribose exist in plasma of recurrent patients. It has been shown that levels of circulating
tumor DNA are significantly associated with disease recurrence in patients receiving RC.” Also, detectable plasma
ctDNA in BCa patients before chemotherapy is highly prognostic and associated with disease recurrence.*® Such
evidence suggest that distinctive SERS shifts in present study correspond well to levels of circulating nucleic acids and
can possibly predict recurrence in BCa patients. It is understandable that bladder cancer cells with more aggressive
nature and abnormally accelerated cell proliferation and necrosis could cause increased release of nucleic components
into circulation. In fact, most patients with metastatic BCa have significantly higher ctDNA fractions than localized
BCa.>* In concordance, a previous study using SERS to predict prostate cancer recurrence has reported that patients
with early recurrence harbor elevated levels of nucleic acids in preoperative blood, which are represented in distinctive
Raman peaks including 725 cm™' and 1328 cm™'.** Therefore, SERS could provide a rapid and accurate method for
monitoring concentration of nucleic acids, which could be translated into prediction of disease recurrence in BCa
patients.

Notably, lower intensities at the Raman shift of 1558 cm™ ' suggest increased risk of BCa recurrence, which can serve
as an independent predictor and greatly improve the predicting capabilities of clinical parameters. Accordingly, the
Raman shift of 1558 cm ™! is assigned to tryptophan in circulation. Tryptophan is an essential amino acid that cannot be
synthesized in human body. Considerable evidence has shown that tryptophan metabolites may have a role in human
bladder carcinogenesis.>> Abnormal tryptophan metabolism in patients with bladder carcinoma has been reported to
strongly correlate with disease recurrence.’® A recent study has shown that levels of plasma tryptophan are significantly
decreased in BCa patients compared to healthy controls.®” In fact, increased expression and activity of tryptophan-
metabolizing enzymes in BCa patients can promote tryptophan metabolism, thus decreasing its circulating levels.*”**
Also, enhanced consumption of tryptophan by tumor cells in synthesizing cellular protein and formatting cytoskeleton
contribute to its decrease in circulation.®® Similarly, it has been reported that circulating tryptophan levels also decrease
in patients with lung, gastric, colorectal, breast, and prostate cancer, which suggests that abnormal tryptophan metabolism
could be a symbolic hallmark of malignancy.>® And SERS could rapidly reveal levels of tryptophan metabolites in
plasma and assist in prediction of BCa progression.

In order to explore the predictive value of Raman peaks and clinical factors, we used Cox regression proportional

! was an independent predictor of disease

hazard analysis to test these factors and found that the Raman shift of 1558 cm™
recurrence in both univariate and multivariate analysis. With optimal cut-off value of signal intensity, SERS peak
1558 em ' could accurately differentiate recurrent patients and non-recurrent patients in Kaplan-Meier curve. Since
pathological tumor stage and pathological downstaging are well-established predictors of disease outcomes and also

significant in multivariate analysis in present study, we add SERS peaks to the prognostic model and found that SERS
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peak 1558 cm™ ' could significantly enhance the discriminatory power of models in ROC curve. Notably, SERS peak
1558 cm ! is the only parameter before NAC treatment while pathological tumor stage, pathological lymph node
metastasis and pathological downstaging represent tumor response after NAC.

Since SERS can reflect comprehensive biochemical information of blood, individual spectral peaks could omit other useful
biochemical information. Integrated analysis of SERS spectra could further characterize differences between recurrent and
non-recurrent patients. To this end, we employed PCA-LDA model for spectral data analysis and constructed a diagnostic
algorithm for discrimination. The PCA-LDA model demonstrated a high accuracy of 85.2% for prediction and remained
84.1% when validated in leave-one-spectrum-out cross-validation method, which further supports the value of SERS spectra
in prediction of BCa recurrence. Moreover, the ROC curve showed that the PCA-LDA model has the highest AUC
outperforming clinical parameters combined with spectral peaks, which suggests that SERS revelation of biochemical
alteration in plasma could be a more robust predictor of disease outcome than classic clinical factors.

Our study has several limitations. The present study is conducted in a monocentric and retrospective manner. A large
cohort with prospective design is further needed for validation. Also, biochemical assignments of SERS peaks are based
on previous studies and databases. Supportive methods such as mass spectrometry that could help identifies substances
might be used to confirm the results. Despite these limitations, our study reported a successful application of SERS-based
analysis of plasma in prediction of bladder cancer recurrence in a clinical cohort, which shows profound clinical
significance in identifying patients suitable for personalized treatment strategies.

Conclusion

In this preliminary study, we show that SERS analysis of plasma before NAC treatment can accurately detect
biochemical alterations in patients with or without disease recurrence. SERS spectra of pretreated plasma could help
identifying patients with high risk of disease recurrence after surgery and improve the power of clinicopathological
predictive models, thus refining clinical decision-making.

Acknowledgments
The study was supported by Shanghai Shenkang Hospital Development Center (SHDC2020CR3014A), Natural Science
Foundation of Shanghai (21Y11904100) and National Natural Science Foundation of China (82003148).

Disclosure
The authors have declared that no competing interest exists in this work.

References

1. Patel VG, Oh WK, Galsky MD. Treatment of muscle-invasive and advanced bladder cancer in 2020. CA Cancer J Clin. 2020;70(5):404—423.
doi:10.3322/caac.21631

2. Lenis AT, Lec PM, Chamie K, Mshs MD. Bladder cancer: a review. JAMA. 2020;324(19):1980-1991. doi:10.1001/jama.2020.17598

3. Ravi P, Pond GR, Diamantopoulos LN, et al. Optimal pathological response after neoadjuvant chemotherapy for muscle-invasive bladder cancer:
results from a global, multicentre collaboration. BJU Int. 2021;128(5):607-614. doi:10.1111/bju.15434

4. De Nunzio C, Franco A, Simone G, et al. Validation of the COBRA nomogram for the prediction of cancer specific survival in patients treated with
radical cystectomy for bladder cancer: an international wide cohort study. Eur J Surg Oncol. 2021;47(10):2646-2650. doi:10.1016/j.
€js0.2021.04.035

5. Antoni S, Ferlay J, Soerjomataram I, Znaor A, Jemal A, Bray F. Bladder cancer incidence and mortality: a global overview and recent trends. Eur
Urol. 2017;71(1):96-108. doi:10.1016/j.eururo.2016.06.010

6. Rosenblatt R, Sherif A, Rintala E, et al. Pathologic downstaging is a surrogate marker for efficacy and increased survival following neoadjuvant
chemotherapy and radical cystectomy for muscle-invasive urothelial bladder cancer. Eur Urol. 2012;61:1229-1238. doi:10.1016/].
eururo.2011.12.010

7. Schuettfort VM, Pradere B, D’Andrea D, et al. Prognostic impact of preoperative plasma levels of urokinase plasminogen activator proteins on

disease outcomes after radical cystectomy. J Urol. 2021;206(5):1122—1131. doi:10.1097/JU.0000000000001936

. Laukhtina E, Schuettfort VM, D’Andrea D, et al. Preoperative plasma level of endoglin as a predictor for disease outcomes after radical cystectomy

for nonmetastatic urothelial carcinoma of the bladder. Mol Carcinog. 2022;61(1):5-18. doi:10.1002/mc.23355

9. Christensen E, Birkenkamp-Demtroder K, Nordentoft I, et al. Liquid Biopsy analysis of FGFR3 and PIK3CA hotspot mutations for disease
surveillance in bladder cancer. Eur Urol. 2017;71(6):961-969. doi:10.1016/j.eururo.2016.12.016

10. Amara CS, Vantaku V, Lotan Y, Putluri N. Recent advances in the metabolomic study of bladder cancer. Expert Rev Proteomics. 2019;16
(4):315-324. doi:10.1080/14789450.2019.1583105

o0

1644 "= International Journal of Nanomedicine 2022:17
Dove!


https://doi.org/10.3322/caac.21631
https://doi.org/10.1001/jama.2020.17598
https://doi.org/10.1111/bju.15434
https://doi.org/10.1016/j.ejso.2021.04.035
https://doi.org/10.1016/j.ejso.2021.04.035
https://doi.org/10.1016/j.eururo.2016.06.010
https://doi.org/10.1016/j.eururo.2011.12.010
https://doi.org/10.1016/j.eururo.2011.12.010
https://doi.org/10.1097/JU.0000000000001936
https://doi.org/10.1002/mc.23355
https://doi.org/10.1016/j.eururo.2016.12.016
https://doi.org/10.1080/14789450.2019.1583105
https://www.dovepress.com
https://www.dovepress.com

Dove Qian et al

12.

13.

14.

15.

16.

17.

18.

19.

20.

2

—_

22.

23.

24.

25.

26.

217.

28.

29.

30.

.Liu X, Cheng X, Liu X, et al. Investigation of the urinary metabolic variations and the application in bladder cancer biomarker discovery.

Int J Cancer. 2018;143(2):408-418. doi:10.1002/ijc.31323

Lane LA, Qian X, Nie S. SERS nanoparticles in Medicine: from label free detection to spectroscopic tagging. Chem Rev. 2015;115
(19):10489-10529. doi:10.1021/acs.chemrev.5b00265

Tahir MA, Dina NE, Cheng H, Valev VK, Zhang L. Surface-enhanced Raman spectroscopy for bioanalysis and diagnosis. Nanoscale. 2021;13
(27):11593-11634. doi:10.1039/DINR00708D

Chen N, Rong M, Shao X, et al. Surface-enhanced Raman spectroscopy of serum accurately detects prostate cancer in patients with prostate-
specific antigen levels of 4-10 ng/mL. Int J Nano Med. 2017;12:5399-5407. doi:10.2147/1JN.S137756

Nargis HF, Nawaz H, Bhatti HN, Jilani K, Saleem M. Comparison of surface enhanced Raman spectroscopy and Raman spectroscopy for the
detection of breast cancer based on serum samples. Spectrochim Acta A Mol Biomol Spectrosc. 2021;246:119034. doi:10.1016/j.s2a.2020.119034
Lei J, Yang D, Li R, et al. Label-free surface-enhanced Raman spectroscopy for diagnosis and analysis of serum samples with different types lung
cancer. Spectrochim Acta A Mol Biomol Spectrosc. 2021;261:120021. doi:10.1016/j.saa.2021.120021

Shao X, Zhang H, Wang Y, et al. Deep convolutional neural networks combine Raman spectral signature of serum for prostate cancer bone
metastases screening. Nanomedicine. 2020;29:102245. doi:10.1016/j.nan0.2020.102245

Morselli S, Baria E, Cicchi R, et al. The feasibility of multimodal fiber optic spectroscopy analysis in bladder cancer detection, grading, and
staging. Urologia. 2021;88(4):306-314. doi:10.1177/03915603211007018

Baria E, Morselli S, Anand S, et al. Label-free grading and staging of urothelial carcinoma through multimodal fibre-probe spectroscopy.
J Biophotonics. 2019;12(11):e201900087. doi:10.1002/jbio.201900087

Hu D, Xu X, Zhao Z, et al. Detecting urine metabolites of bladder cancer by surface-enhanced Raman spectroscopy. Spectrochim Acta A Mol
Biomol Spectrosc. 2021;247:119108. doi:10.1016/j.saa.2020.119108

. Chen S, Zhu S, Cui X, et al. Identifying non-muscle-invasive and muscle-invasive bladder cancer based on blood serum surface-enhanced Raman

spectroscopy. Biomed Opt Express. 2019;10(7):3533-3544. doi:10.1364/BOE.10.003533

Shapiro A, Gofrit ON, Pizov G, Cohen JK, Maier J. Raman molecular imaging: a novel spectroscopic technique for diagnosis of bladder cancer in
urine specimens. Eur Urol. 2011;59(1):106-112. doi:10.1016/j.eururo.2010.10.027

Lee PC, Meisel DJJ. Adsorption and surface-enhanced Raman of dyes on silver and gold sols. J Phys Chem. 1982;86(17):3391-3395. doi:10.1021/
71002142025

Pan J, Shao X, Zhu Y, et al. Surface-enhanced Raman spectroscopy before radical prostatectomy predicts biochemical recurrence better than
CAPRA-S. Int J Nanomedicine. 2019;14:431-440. doi:10.2147/IJN.S186226

Malini R, Venkatakrishna K, Kurien J, et al. Discrimination of normal, inflammatory, premalignant, and malignant oral tissue: a Raman spectro-
scopy study. Biopolymers. 2006;81(3):179—-193. doi:10.1002/bip.20398

Cheng WT, Liu MT, Liu HN, Lin SY. Micro-Raman spectroscopy used to identify and grade human skin pilomatrixoma. Microsc Res Tech. 2005;68
(2):75-79. doi:10.1002/jemt.20229

Ruiz-Chica AJ, Medina MA, Sanchez-Jiménez F, Ramirez FJ. Characterization by Raman spectroscopy of conformational changes on guanine—
cytosine and adenine-thymine oligonucleotides induced by aminooxy analogues of spermidine. J Raman Spectrosc. 2004;35:93—100. doi:10.1002/
jrs.1107

Patel KM, van der Vos KE, Smith CG, et al. Association of plasma and urinary mutant DNA with clinical outcomes in muscle invasive bladder
cancer. Sci Rep. 2017;7(1):5554. doi:10.1038/s41598-017-05623-3

Schliicker S. Surface-enhanced Raman spectroscopy: concepts and chemical applications. Angew Chem Int Ed Engl. 2014;53(19):4756-4795.
doi:10.1002/anie.201205748

Qian H, Shao X, Zhu Y, et al. Surface-enhanced Raman spectroscopy of preoperative serum samples predicts Gleason grade group upgrade in
biopsy Gleason grade group 1 prostate cancer. Urol Oncol. 2020;38(6):601.e1-601.€9. doi:10.1016/j.urolonc.2020.02.009

31. Feng S, Chen R, Lin J, et al. Gastric cancer detection based on blood plasma surface-enhanced Raman spectroscopy excited by polarized laser light.
Biosens Bioelectron. 2011;26(7):3167-3174. doi:10.1016/j.bi0s.2010.12.020

32. Xiao R, Zhang X, Rong Z, et al. Non-invasive detection of hepatocellular carcinoma serum metabolic profile through surface-enhanced Raman
spectroscopy. Nanomedicine. 2016;12(8):2475-2484. doi:10.1016/j.nan0.2016.07.014

33. Christensen E, Birkenkamp-Demtroder K, Sethi H, et al. Early detection of metastatic relapse and monitoring of therapeutic efficacy by ultra-deep
sequencing of plasma cell-free DNA in patients with urothelial bladder carcinoma. J Clin Oncol. 2019;37(18):1547-1557. doi:10.1200/
JCO.18.02052

34. Vandekerkhove G, Todenhéfer T, Annala M, et al. Circulating tumor DNA reveals clinically actionable somatic genome of metastatic bladder
cancer. Clin Cancer Res. 2017;23(21):6487-6497. doi:10.1158/1078-0432.CCR-17-1140

35. Romas NA, Ionascu L, Sholem S, Ionescu G, Veenema RJ. A new method for determination of urinary tryptophan metabolites in bladder
carcinoma. J Urol. 1975;114(2):223-225. doi:10.1016/S0022-5347(17)66991-X

36. Yoshida O, Brown RR, Bryan GT. Relationship between tryptophan metabolism and heterotopic recurrences of human urinary bladder tumors.
Cancer. 1970;25(4):773-780. doi:10.1002/1097-0142(197004)25:4<773:: AID-CNCR2820250405>3.0.CO;2-X

37.Lee SH, Mahendran R, Tham SM, et al. Tryptophan-kynurenine ratio as a biomarker of bladder cancer. BJU Int. 2021;127(4):445-453.
doi:10.1111/bju.15205

38. Li C, Zhao H. Tryptophan and its metabolites in lung cancer: basic functions and clinical significance. Front Oncol. 2021;11:707277. doi:10.3389/
fonc.2021.707277

39. Miyagi Y, Higashiyama M, Gochi A, et al. Plasma free amino acid profiling of five types of cancer patients and its application for early detection.
PLoS One. 2011;6:¢24143. doi:10.1371/journal.pone.0024143

International Journal of Nanomedicine 2022:17 https: 1645

Dove:


https://doi.org/10.1002/ijc.31323
https://doi.org/10.1021/acs.chemrev.5b00265
https://doi.org/10.1039/D1NR00708D
https://doi.org/10.2147/IJN.S137756
https://doi.org/10.1016/j.saa.2020.119034
https://doi.org/10.1016/j.saa.2021.120021
https://doi.org/10.1016/j.nano.2020.102245
https://doi.org/10.1177/03915603211007018
https://doi.org/10.1002/jbio.201900087
https://doi.org/10.1016/j.saa.2020.119108
https://doi.org/10.1364/BOE.10.003533
https://doi.org/10.1016/j.eururo.2010.10.027
https://doi.org/10.1021/j100214a025
https://doi.org/10.1021/j100214a025
https://doi.org/10.2147/IJN.S186226
https://doi.org/10.1002/bip.20398
https://doi.org/10.1002/jemt.20229
https://doi.org/10.1002/jrs.1107
https://doi.org/10.1002/jrs.1107
https://doi.org/10.1038/s41598-017-05623-3
https://doi.org/10.1002/anie.201205748
https://doi.org/10.1016/j.urolonc.2020.02.009
https://doi.org/10.1016/j.bios.2010.12.020
https://doi.org/10.1016/j.nano.2016.07.014
https://doi.org/10.1200/JCO.18.02052
https://doi.org/10.1200/JCO.18.02052
https://doi.org/10.1158/1078-0432.CCR-17-1140
https://doi.org/10.1016/S0022-5347(17)66991-X
https://doi.org/10.1002/1097-0142(197004)25:4%3C773::AID-CNCR2820250405%3E3.0.CO;2-X
https://doi.org/10.1111/bju.15205
https://doi.org/10.3389/fonc.2021.707277
https://doi.org/10.3389/fonc.2021.707277
https://doi.org/10.1371/journal.pone.0024143
https://www.dovepress.com
https://www.dovepress.com

Qian et al Dove

International Journal of Nanomedicine Dove

Publish your work in this journal

The International Journal of Nanomedicine is an international, peer-reviewed journal focusing on the application of nanotechnology in diagnostics,
therapeutics, and drug delivery systems throughout the biomedical field. This journal is indexed on PubMed Central, MedLine, CAS, SciSearch®,
Current Contents®/Clinical Medicine, Journal Citation Reports/Science Edition, EMBase, Scopus and the Elsevier Bibliographic databases. The
manuscript management system is completely online and includes a very quick and fair peer-review system, which is all easy to use. Visit http:/
www.dovepress.com/testimonials.php to read real quotes from published authors.

Submit your manuscript here: https://www.dovepress.com/international-journal-of-nanomedicine-journal

1646 Oy in g Do International Journal of Nanomedicine 2022:17


https://www.dovepress.com
http://www.dovepress.com/testimonials.php
http://www.dovepress.com/testimonials.php
https://www.dovepress.com
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress
https://www.dovepress.com

	Introduction
	Patients and Methods
	Patients and Protocols
	Silver Nano-Particles Synthesis and Preparation
	SERS Analysis of Plasma Samples
	Data Processing and Analysis

	Results
	SERS Spectra of the Plasma Samples
	SERS Spectra in Prediction of Disease Recurrence

	Discussion
	Conclusion
	Acknowledgments
	Disclosure
	References

