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a b s t r a c t 

We developed a reliable simple analysis of adenosine, creatinine and other nucleosides (cytidine and guanosine) 

with single measurement based on surface-enhanced Raman spectroscopy (SERS) using DSP-AuNPs with Cu 2 + 

ions probe and applied it to achieve noninvasive screening of lung cancer. The gold nanoparticles (AuNPs) were 

modified with 3,3 ′ -dithiodipropionic acid di (N-hydroxysuccinimide ester) (DSP), which could react with above 

mentioned molecules followed with the aggregation of AuNPs at the presence of Cu 2 + , thus form the plasmonic 

hot spots to dramatically increase their fingerprint Raman signal. The probe of DSP-AuNPs was applied for the 

detail analysis of urinary adenosine of healthy people and lung cancer patients. The SERS measurement indicated 

a higher concentration of urinary adenosine for lung cancer patients than that of healthy people, which was 

consistent with the results measured by high-performance liquid chromatography (HPLC). In combination of 

Raman spectroscopy with the orthogonal partial least squares discriminant analysis (OPLS-DA) model, we are 

able to discriminate the lung cancer patients from healthy people with the urinary test. The results indicated 

that besides of adenosine, other metabolites including uric acid, guanine and creatinine may also be the potential 

tumor markers in urine for the noninvasive lung cancer diagnosis. Such a method paves a way for the noninvasive 

cancer screening and it can be further modified for the detection of other molecules on medical diagnosis. 
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. Introduction 

Adenosine regulates many important metabolism and functions of

he human body as an endogenous purine nucleoside substance. It is

onsidered as a regulator in the brain to protect nerves [1] . In the car-

iovascular system, adenosine regulates the formation of new blood ves-

els, coronary artery vasodilation, and myocardial oxygen demand [ 2 ,

 ]. In the lungs, adenosine regulates pulmonary microvascular produc-

ion [4] . The level of extracellular adenosine is very low under phys-

ological conditions, which increased significantly under a variety of

tress conditions, such as inflammation, ischemia, and hypoxia [ 5 , 6 ].

owever, tumors usually suffer from hypoxia and ischemia due to their

apid growth and metabolism, resulting in an increase of adenosine

oncentration in solid tumor tissue typically lung cancer [7] . There-

ore, adenosine is also considered as a tumor marker for the monitor-

ng of cancer progression [8] . Under the influence of bad eating habits,

enetics, environment, and other factors, the number of people with
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ung cancers has gradually increased in recent years, and lung can-

er is the leading cause of death in the global cancer population [9] .

ompared with normal people, lung cancer patients have higher lev-

ls of adenosine in urine [10–14] . Therefore, providing information

n changes in adenosine concentration of urine is of great significance

nd convenient in the diagnosis, treatment, and prognosis of lung can-

er. Common methods for detecting urinary adenosine typically include

igh-performance liquid chromatography (HPLC) [ 15 , 16 ], gas/liquid

hromatography-mass spectrometry [ 17 , 18 ], and fluorescence analysis

 19 , 20 ]. HPLC and gas/liquid chromatography-mass spectrometry anal-

sis methods are limited by time-consuming and complicated pretreat-

ent procedures. Fluorescence analysis has problems such as autoflu-

rescence and photodegradation. As compared with other traditional

nalysis methods, surface-enhanced Raman scattering (SERS) has shown

reat advantages in the detection of adenosine [ 10 , 21 , 22 ]. 

SERS is considered a noninvasive technology that offers the selec-

ivity of Raman spectroscopy and the high sensitivity for the detection

f biomolecules at ultra-low concentrations [23] . It is widely used in
ang) . 
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arious fields such as biochemistry, clinical medicine, and materials sci-

nce [ 24 , 25 ]. Moreover, the SERS signal of the targeted molecules can

e remarkably enhanced at the plasmonic hot-spots of the nanostruc-

ures such as nanoparticles [ 26 , 27 ], nanorods [28] , and nanostars [29] ,

hich induces the achievement of single molecular detection [ 30 , 31 ].

old nanoparticles (AuNPs) as a promising functional nanomaterial that

as already attracted widespread attention in recent years, owing to

he excellent optical properties [32–34] . It has been functionalized with

ifferent molecules for the detection of specific analytes through colori-

etric responses [ 35 , 36 ], electrochemical [37] , fluorescence resonance

nergy transfer [38] , and SERS [ 39 , 40 ]. Especially in the SERS analy-

is, specific analytes which triggered the aggregation of functionalized

uNPs can be significantly enhanced on their SERS signal due to the for-

ation of plasmonic hot-spots [ 39 , 41 ]. Previous mentioned adenosine

ensor based on SERS technology and composite nanoparticles, typically

equired the pretreatment of urine samples before measurements by re-

oval of urea for minimal interference through azo reaction by HCl and

aNO 2 [10] , extraction of adenosine from urine by affinity chromatog-

aphy [21] , or preconcentration of analyte and pH adjustment of urine

o pH = 1 [22] . These pretreatment procedures increased the complex-

ty of urinary analysis. In addition, there is few works addressing the

ERS measurement of adenosine from patients’ urine for cancer diagno-

is. Therefore, it is necessary to have a simple and fast SERS platform

hat does not require complicated sample pre-treatment on the detection

f urinary adenosine from clinical samples for non-invasive screening of

ung cancer. 

In this work, we developed the SERS AuNPs probes for the detec-

ion of adenosine, creatinine and other nucleosides (cytidine and guano-

ine), and further applied it for the noninvasive screening of lung can-

er based on the urinary test. The AuNPs were modified with 3,3 ′ -

ithiodipropionic acid di (N-hydroxysuccinimide ester) (DSP), which

an specifically react with the primary amine group of adenosine and

ther two nucleosides (guanine and cytidine), thus inducing the aggre-

ation of AuNPs at the presence of Cu 2 + ( Scheme 1 ). Therefore, the SERS

ignal of the nucleosides can be significantly enhanced due to the for-

ation of plasmonic hot-spots where the nucleosides are located. The

uNPs were further applied on urinary analysis for the SERS discrimina-

ion of healthy people and lung cancer patients in the combination with

he orthogonal partial least squares discriminant analysis (OPLS-DA). 

. Experimental section 

.1. Materials and reagents 

Adenosine, Iron ( Ⅲ ) chloride hexahydrate, and 3,3 ′ -

ithiodipropionic acid di (N-hydroxysuccinimide ester) (DSP)

ere purchased from Sigma-Aldrich. Gold (III) chloride trihydrate

HAuCl 4 ·3H 2 O), trisodium citrate dihydrate, adenosine triphosphate

ATP), adenosine diphosphate (ADP), adenosine monophosphate

AMP), urea, thymidine (T), cupric sulfate anhydrous, magnesium sul-

ate anhydrous, manganese chloride, iron ( Ⅱ ) chloride, uric acid (UA),

henylalanine (Phe), calcium nitrate tetrahydrate, sodium bicarbonate

nd sodium acetate anhydrous were obtained from Macklin (Shanghai,

hina). Guanosine (G), cytidine (C), creatinine (Cr), uridine (U), and

odium carbonate anhydrous were obtained from Aladdin (Shanghai,

hina). Sodium dihydrogen phosphate dihydrate and disodium hydro-

en phosphate dodecahydrate were obtained from Guangzhou Jinhuada

hemical Reagent Co., Ltd (Guangdong, China). All the reagents were

sed as received without further purification. Ultrapure water ( ≥ 18

 Ω cm) was produced from ULUPURE system (Sichuan ULUPURE

ltrapure Technology Co., Ltd., Sichuan, China). Phosphate buffered

aline (PBS, pH 7.4, 10 mM) consisted of 24% sodium dihydrogen

hosphate dihydrate (10 mM) and 76% disodium hydrogen phosphate

odecahydrate (10 mM). Urine samples of lung cancer patients and

ealthy people were collected and used under the guidelines approved
388 
y the Ethics Committee of the Eye Hospital of Wenzhou Medical

niversity (IRB No.2021216). 

.2. Preparation of DSP-AuNPs for the detection of adenosine 

The AuNPs (22 nm) were functionalized with DSP through a ligand-

xchange reaction as we reported previously [41] . 2.5 μL of DSP solution

2 mM) was added into 4 mL AuNPs (3.2 nM) and stirred at room tem-

erature for 45 min. Then, the DSP-AuNPs were centrifuged at 8000 r

in − 1 for 10 min and resuspended in Phosphate buffered saline (PBS,

H 7.4, 10 mM). 

For the detection of adenosine in PBS, a volume of 3 𝜇L adeno-

ine at different concentrations (0 mM, 0.05 mM, 0.125 mM, 0.25 mM,

.375 mM, 0.5 mM, 1 mM, 2.5 mM, 5 mM and 7.5 mM) in PBS and 15

L CuSO 4 solution (1.45 mM) were added into 1.482 mL of DSP-AuNPs

nd incubated for 45 min at room temperature. The AuNPs were mea-

ured by UV–vis, DLS measurement and Raman spectroscopy to charac-

erize the sensor performance. The Raman spectra were implemented by

enishaw Raman system and performed under the condition of 17 mW

e-Ne laser (633 nm), L50 × objective lens and integration time of 10 s.

.3. HPLC analysis of adenosine in urine 

The HPLC technology was employed for the investigation of adeno-

ine in urine as reported previously [10] . The HPLC analyzer was

quipped with a C18 column and a 260 nm ultraviolet detector, while

he column temperature was maintained at 30 °C. The mobile phase con-

isted of 80% ammonium acetate (5 mM, pH = 5) and 20% methanol

t a flow rate of 0.8 mL min − 1 . The urine samples from healthy volun-

eers and lung cancer patients were centrifuged at 11,000 r min − 1 for

0 min, and then filtered through a 0.22 𝜇m filter membrane. The urine

amples were then added into the bottle and pumped into the HPLC

nalyzer with an injection volume of 5 𝜇L. 

.4. SERS analysis of urine 

Similarly, urine sample was first centrifuged and filtered through fil-

er membrane as the above HPLC analysis. Subsequently, 20 𝜇L of urine

ample and 4 𝜇L of CuSO 4 solution (1.45 mM) were added into 76 𝜇L

f DSP-AuNPs (12 nM), followed by incubation for 10 min at room tem-

erature. For the detection of adenosine spiked in urine samples, 20 𝜇L

f urine sample spiked with adenosine (at different concentrations of

 𝜇M, 10 𝜇M, 50 𝜇M, 100 𝜇M, 250 𝜇M and 500 𝜇M), and 4 𝜇L of CuSO 4 

olution (1.45 mM) were added into 76 𝜇L of DSP-AuNPs (12 nM), fol-

owed by incubation for 10 min at room temperature. Then, the solution

as dropped on the silicone substrate for SERS measurement. The Ra-

an spectra were obtained by Renishaw Raman system and performed

nder the condition of 17 mW He-Ne laser (633 nm), L50 × objective

ens and integration time of 10 s. 

. Results and discussion 

.1. Characterization of the DSP-AuNPs with Cu 2 + ions probes 

The absorbance peak of AuNPs appeared at 520.6 nm from the

V–vis spectrum ( Fig. 1 a, black curve, and Figure S1), indicating the

anoparticle size of about 22 nm as shown in the DLS measurement

Figure S2) [42] . The UV–vis spectra showed the absorbance peak of

uNPs red-shifted to 520.7 nm after the modification with DSP ( Fig. 1 a).

he red-shift of 0.1 nm on the absorbance peak is mainly due to the

mall molecules of DSP (Mw = 202 Da) which replace the citrate

Mw = 189 Da) on the AuNPs thus inducing small changes on the re-

ractive index around the AuNPs. Similar results can be found in the re-

orted AuAg alloy nanoparticles upon modification with different sizes

f molecules [36] . The DSP molecules on the AuNPs served as a stabi-

izer, as well as a specific reaction site for the primary amine group from
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Fig. 1. a) UV–vis spectra of the citrate-capped AuNPs and DSP-AuNPs. b) UV–vis spectra of the DSP-AuNPs with Cu 2 + ions probes before (black line) and after (red 

line) addition of adenosine (AD) (750 nM). c) Corresponding colors and TEM images of the AuNPs with Cu 2 + solutions before and after addition of AD in b). Scale 

bar: 200 nm. d) SERS spectra of the DSP-AuNPs with Cu 2 + ions probes before (black line) and after (red line) addition of AD (750 nM). e) The UV–vis absorption 

spectra and (f) Raman spectra of DSP-AuNPs after incubation with 750 nM AD at the presence of different metal ions including Cu 2 + , Fe 2 + , Fe 3 + , Mn 2 + and Mg 2 + , 

respectively. 
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ucleosides such as adenosine, guanine and cytidine, which can further

eact with the Cu 2 + ions through the cis diol interactions, thus resulting

n the aggregation of AuNPs ( Scheme 1 ). Upon the addition of 750 nM

denosine at the presence of Cu 2 + ions (14.5 𝜇M), the absorbance of

SP-AuNPs showed a decrease at peak wavelength and increase signif-

cantly at around 650 nm due to the adenosine induced aggregation

f AuNPs ( Fig. 1 b). We also observed the color of DSP-AuNPs solution

hanged from wine red to purple, indicating the significant aggregation

f AuNPs as shown in the TEM images ( Fig. 1 c). The DLS measurements

lso indicated the increase of average diameter of AuNPs up to 80 nm

pon 45 min incubation with adenosine at the presence of Cu 2 + (Figure

3). 
389 
Furthermore, the Raman spectra of the DSP-AuNPs probes showed

he enhanced Raman intensity at 740 cm 

− 1 , 1321 cm 

− 1 and 1470 cm 

− 1 

pon the addition of adenosine ( Fig. 1 d), which was corresponding to

he vibration of C 

–C, C 

–N and imidazole ring of adenosine, respec-

ively [43] . The control experiment was implemented with the same

SP-AuNPs probe at the absence of Cu 2 + ions, which showed negligible

hanges after the incubation of 750 nM adenosine in the UV–vis spec-

ra (Figure S4a) and SERS spectra (Figure S4b), respectively. The above

esults indicated the aggregation of DSP-AuNPs triggered by adenosine

as occurred with the presence of Cu 2 + ions, which coordinated with the

iol of adenosine. To evaluate the specificity of Cu 2 + ions to adenosine,

he DSP-AuNPs were incubated with 750 nM adenosine as well as other
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Fig. 2. a) The photograph of DSP-AuNPs solutions upon the addition of adenosine at different concentrations from 0 𝜇M, 0.1 𝜇M, 0.25 𝜇M, 0.5 𝜇M, 0.75 𝜇M, 

1 𝜇M, 2 𝜇M, 5 𝜇M, 10 𝜇M to 15 𝜇M, respectively. The corresponding b) UV–vis spectra and c) SERS spectra of the DSP-AuNPs upon the incubation with different 

concentrations of adenosine. d) The SERS intensity response at 740 cm 

− 1 versus the concentrations of adenosine, while the dashed line indicated the noise level, i.e. 

the signal of blank sample plus 3 times the standard deviation. 
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etal ions including Fe 2 + , Fe 3 + , Mn 2 + and Mg 2 + ions (at the presence

f FeCl 2 , FeCl 3 , MnCl 2 and MgSO 4 ) for 45 min, respectively. As shown

n Fig. 1 e, there are no obvious changes in the UV–vis spectra of the

SP-AuNPs for the other metal ions (Fe 2 + , Fe 3 + , Mn 2 + , Mg 2 + ) as com-

ared with that for Cu 2 + ions due to the lack of cis diol interactions with

denosine. In addition, the SERS spectra of DSP-AuNPs probes showed

 negligible signal of adenosine at the presence of other metal ions in-

tead of Cu 2 + ions ( Fig. 1 f). Furthermore, the probes also showed neg-

igible SERS response of adenosine at the presence of anions including

l − , SO 4 
2 − , H 2 PO 4 

− and HPO 4 
2 − (components of PBS buffer), CO 3 

2 − ,

CO 3 
− , CH 3 COO 

− and NO 3 
− (Figure S5). The results indicated the good

pecificity of Cu 2 + ions for the interaction with adenosine and the va-

idity of the DSP-AuNPs probes for the detection of adenosine. 

In addition, the responses of adenosine at the presence of different

oncentrations of Cu 2 + (0 𝜇M, 1 𝜇M, 5 𝜇M, 10 𝜇M, 14.5 𝜇M, 20 𝜇M and

0 𝜇M) were also investigated (Figure S6a). The SERS spectra showed

 negligible response to adenosine (0.75 𝜇M) at the presence of a low

oncentration of Cu 2 + (1 𝜇M). However, the Raman response increased

ith the concentration of Cu 2 + and reached a plateau when the con-

entration increased higher than 14.5 𝜇M (Figure S6b). Therefore, the

oncentration of Cu 2 + at 14.5 𝜇M was applied on the following assay.

urthermore, to have the high sensitivity, the reaction kinetics of DSP-

uNPs with adenosine at the presence of Cu 2 + were investigated by

V–vis absorption spectra, DLS and Raman spectra as shown in Figure
390 
7. The UV–vis absorption spectra showed the value of A650/521 in-

reased gradually during the 90 min incubation (Figure S7a and S7b).

he response at 45 min was about 90% of that at 90 min. In addition,

he DLS measurements showed the size of AuNPs increased significantly

uring the first 45 min incubation and reached a slow increase during

he last 45 min incubation (Figure S7c and S7d). The SERS intensity at

40 cm 

− 1 , 1321 cm 

− 1 and 1470 cm 

− 1 showed the maximal response

t 45 min incubation and decreased by about 10% of the maximal re-

ponse after another 45 min reaction (Figure S7e and S7f). The decrease

f the response might be ascribed to the precipitation of AuNPs during

ggregation which induces a reduced number of nanoparticles in the so-

ution thus the lower Raman intensity. Therefore, the incubation time

f 45 min was considered for the following assay. 

.2. Sensitivity and selectivity for AD detection 

To further investigate the sensitivity for the detection of adenosine,

ifferent concentrations of adenosine (0 ∼ 15 𝜇M) were incubated with

he DSP-AuNPs probes at the presence of Cu 2 + ions (14.5 𝜇M). The

olor of DSP-AuNPs changed from red, purple to blue with the increased

oncentration of adenosine owing to the increased amount of parti-

les aggregation ( Fig. 2 a). Note that the color showed significant differ-

nces when the concentration of adenosine reached higher than 0.5 𝜇M

 Fig. 2 a). The DLS measurements of the DSP-AuNPs probes also showed
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Fig. 3. a) The UV–vis spectra, and b) the Raman spectra of DSP-AuNPs upon addition of 0.75 μM of different molecules (urea, Phe, ATP, ADP, AMP, UA, G, C, 

Cr, U, T and adenosine (AD)). c) The histogram of Raman intensities at 740 cm 

− 1 in the presence of adenosine and different interference biomolecules at 0.75 𝜇M, 

corresponding to the data in b. Error bars represent the standard deviations of three independent measurements. d) The Raman spectra of the SERS probes before 

and after incubation with 4 different nucleosides (U, G, C, adenosine) at 0.75 μM, as well as the mixture of 4 nucleosides. e) SERS spectra of the probes before and 

after incubation with urea (0.3 M), adenosine (0.75 μM) and the mixture of urea (0.3 M) and adenosine (0.75 μM). 
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 significant increase of average diameter up to about 450 nm (Figure

8a and S8b). The UV–vis spectra of the DSP-AuNPs probes showed the

bsorbance intensity decreased at the peak wavelength of 521 nm and

radually increased at around 650 ∼700 nm upon increasing the con-

entration of adenosine ( Fig. 2 b), which had great correlations as the

olor changes. The calibration curve was plotted according to the ratio

f absorbance intensity at 650 nm and 521 nm (A650/A521) versus the

oncentrations of adenosine, which shows the limit of detection (LOD)

f 0.1 μM for the detection of adenosine based on the UV–vis spectra

Figure S9a). Moreover, the SERS measurement showed the intensity

ncrease at 740 cm 

− 1 , 1321 cm 

− 1 and 1470 cm 

− 1 along with the in-

reased concentration of adenosine ( Fig. 2 c). The calibration curve was
391 
lso plotted according to the SERS intensity at 740 cm 

− 1 , which shows

he LOD of 0.1 𝜇M. The LOD was determined as the concentration of

nalyte where the response is about the signal of blank sample plus 3

imes of the standard deviation (dashed line in Fig. 2 d), which was com-

arable with the colorimetric result. The SERS intensity at 1321 cm 

− 1 

nd 1470 cm 

− 1 versus the concentration of adenosine also showed the

omparable LOD as 0.166 μM and 0.145 μM, respectively (Figure S9b,

9c). Note that the LOD might be further improved by optimizing the

ize, materials and shapes of nanoparticles. For instance, large nanopar-

icles up to 68 nm may provide higher Raman signal as compared with

mall AuNPs (Figure S10 and S11), however, the current LOD based on

2 nm AuNPs is sufficient for the detection of adenosine in urine sam-
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Fig. 4. a) HPLC analysis of adenosine aqueous solution (50 μM) and human urine spiked with different concentrations of adenosine from 0 μM, 1 μM, 5 μM, 10 μM, 

20 μM, 50 μM, to 100 μM respectively. b) The HPLC peak intensity at the retention time of 2.6 min versus the urine sample spiked with different concentrations of 

adenosine. Error bars represent the standard deviation of multiple independent measurements ( n ≥ 3). c) The average HPLC signal of urine samples from HC groups 

( n = 10) and LC groups ( n = 10), respectively. d) The average peak intensity at the retention time of 2.6 min for the HC groups ( n = 10) and LC groups ( n = 10), 

respectively. Error bars represent the standard deviation of multiple independent measurements ( n = 10). 
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les (typically with adenosine of 4 μM to 50 μM). In addition, to avoid

he easy sedimentation of large nanoparticles upon small aggregations,

e stuck at 22 nm AuNPs probes for further applications. 

The selectivity of the SERS probes for adenosine detection was

hen evaluated by incubating the nanoprobes with various biomolecules

0.75 𝜇M) including adenosine triphosphate (ATP), adenosine diphos-

hate (ADP), adenosine monophosphate (AMP), urea, phenylalanine

Phe), uric acid (UA), guanosine (G), cytidine (C), creatinine (Cr), uri-

ine (U), thymidine (T) and adenosine (AD) for 45 min, respectively

Figure S12a). The results showed that adenosine could induce the most

ignificant color changes in the colloidal solution (Figure S12b). How-

ver, C and G have functional groups of the amino group and diol group

imilar to adenosine (Figure S13), which also caused the weak color

hanges due to the molecules caused partial aggregations of DSP-AuNPs

robes (Figure S12b). The UV–vis spectra further showed that adenosine

aused the most significant increase of A650/A521 value as compared

ith other biomolecules, while the A650/A521 values for C and G were

ver half of that produced by adenosine ( Fig. 3 a and S12a). The results

ndicated that the colorimetric assay showed weak selectivity for the de-

ection of adenosine. However, the SERS analysis of these biomolecules

xhibited the significantly different Raman spectra that the adenosine

howed the Raman peaks at 740 cm 

− 1 , 1321 cm 

− 1 and 1470 cm 

− 1 , while

he other biomolecules including C, G, U and T didn’t show any Raman

eaks at 740 cm 

− 1 ( Fig. 3 b). A histogram based on the peak intensity

t 740 cm 

− 1 for all the biomolecules was concluded in Fig. 3 c, which

ndicated the high specificity of this probe for SERS detection of adeno-

ine. Furthermore, the four nucleosides (all at 0.75 𝜇M) including C,
392 
, U and adenosine exhibited their unique SERS spectra owing to their

ifferent molecular structures. As shown in Fig. 3 d, cytidine (C) shows

he unique SERS peaks at 799 cm 

− 1 , 1030 cm 

− 1 , 1297 cm 

− 1 and 1641

m 

− 1 , while guanosine (G) shows the unique peak at 1309 cm 

− 1 , 1414

m 

− 1 and 1576 cm 

− 1 . In addition, the mixing solution of the four nucle-

sides at the same concentration were incubated with the nanoprobes to

nvestigate their interference on the SERS probes. The results indicated

hat their characteristic peaks can be easily observed in one spectrum

ncluding the adenosine Raman peak at 740 cm 

− 1 ( Fig. 3 d), indicating

hat the SERS probes can specifically identify adenosine from the other

hree nucleosides. The result indicated the advantage of SERS method

or the distinguish of different molecules based on their fingerprint spec-

ra which is not feasible for the colorimetric method especially if there

re interferents. Note that these probes may pave a way for future ap-

lication on the detection of the four nucleosides at the same time with

he single assay. 

In addition, considering the further application on the detection of

denosine detection in human urine, in which the urea concentration is

sually high up to 0.3 M [ 10 , 44 ], which is about 2–3 orders of magni-

ude higher than the concentration of adenosine. Therefore, the inter-

erence of urea to the detection of adenosine was further investigated by

ncubation of the urea, and the mixture of adenosine and urea with the

SP-AuNPs probes, respectively. As shown in Fig. 3 e, the characteristic

eak of urea appeared at 1001 cm 

− 1 in the SERS spectrum, which did

ot overlap with any of the characteristic peaks of adenosine (740 cm 

− 1 ,

321 cm 

− 1 and 1470 cm 

− 1 ). In addition, the urea (0.3 M) spiked with

denosine (0.75 𝜇M) showed both the obvious SERS peaks of adenosine
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Fig. 5. a) Schematic illustration for the SERS probes applied for HC and LC measurement, followed with OPLS-DA analysis for the classification of the two groups. 

b) SERS spectra of the probes incubated with the urine samples before and after spiked with different concentrations of adenosine from 0 to 500 μM. c) The SERS 

spectra and their averages from the urine samples of HC groups ( n = 14) and LC groups ( n = 18), respectively. d) The OPLS-DA score plot of HC groups (square) 

and LC groups (circle). Ellipse: Hotelling ′ s T2 (95%). e) The S-line plot based on the OPLS-DA models for LC groups (positive) and HC groups (negative), where 737 

cm 

− 1 , 1321 cm 

− 1 and 1474 cm 

− 1 were assigned to adenosine. 
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s  
nd urea ( Fig. 3 e). The results indicated that the presence of a high con-

entration of urea has a negligible effect on the detection of adenosine.

.3. Detection of adenosine in urine 

For the further detection of adenosine in human urine, the HPLC ex-

eriments were employed to evaluate the level of adenosine in urine.

he adenosine aqueous solution (1 mM) was used as a reference [10] ,

hich showed the significant signal at the retention time of 2.6 min as

easured by HPLC ( Fig. 4 a). The urine samples from healthy controls

HC) spiked with different concentrations of adenosine were measured

nder the same experimental condition by HPLC, which also demon-

trated the retention time of 2.6 min ( Fig. 4 a). The chromatographic

eak intensity at 2.6 min increased gradually upon increasing the con-

entration of spiked adenosine (from 1 𝜇M to 100 𝜇M) in urine sam-

les ( Fig. 4 a). The results showed a linear relationship between the

piked adenosine concentration and the chromatographic peak intensity

t 2.6 min, with a function as y = 0.94 ( x - c ) + 2.6 (with R 

2 = 0.9979)

 Fig. 4 b), where c is considered as the original concentration of adeno-

ine in the HC urine, and x - c is the concentration of spiked adenosine.

he concentration in this HC urine was estimated as c = 2.77 𝜇M, as-
393 
uming the intercept of the curve goes to 0 (i.e. the peak intensity is 0 in

he absence of adenosine). Furthermore, the urine samples from 10 lung

ancer patients (LC) and 10 healthy controls were analyzed by HPLC,

hich showed the difference of the average HPLC signals for LC and HC

roups ( Fig. 4 c). The chromatographic peak intensity of urine adeno-

ine at 2.6 min was higher for the LC patients than that for HC group.

ccording to the above function deduced from Fig. 4 b, the average con-

entrations of urinary adenosine were evaluated as about 7.75 𝜇M and

5.48 𝜇M for the HC and LC group, respectively ( Fig. 4 d). The results

ere comparable with the reported concentration of urinary adenosine

f 7 𝜇M for healthy people [ 45 , 46 ]. In addition, the concentration of uri-

ary adenosine in lung cancer patients was higher than that of healthy

eople, which was also consistent with the results previously reported

47] . 

.4. Noninvasive screening of lung cancer 

In addition, the SERS strategy was accordingly applied for adeno-

ine detection in urine from LC and HC groups and analyzed for the

lassification ( Fig. 5 a), given that the concentration of urinary adeno-

ine was approximate between 4 𝜇M and 50 𝜇M [ 45 , 47 ]. Note that the
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Scheme 1. Schematic illustration of adenosine SERS detection strategy based 

on DSP-AuNPs at the presence of Cu 2 + , and further applied for the noninvasive 

screening of lung cancer with the OPLS-DA analysis. 
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H  
rine samples after added into the CuSO 4 and DSP-AuNPs solution were

ssentially diluted by a factor of 5 in this assay, thus the detection range

overs the typical concentration of urinary adenosine. To evaluate the

easibility of SERS probes for urinary adenosine detection, urine samples

piked with different concentrations of adenosine (from 0 𝜇M, 10 𝜇M,

0 𝜇M, 100 𝜇M, 250 𝜇M and 500 𝜇M) were incubated with the probes

or 10 min before the measurement. The results showed the Raman peak

t 726 cm 

− 1 of the urine sample separated into two peaks at 726 cm 

− 1 

nd 737 cm 

− 1 along with the increased concentration of adenosine ( Fig.

 b). The peak at 726 cm 

− 1 was considered as the uric acid or hypoxan-

hine [ 48 , 49 ]. In addition, the Raman intensities at the other two char-

cteristic peaks of adenosine (1321 cm 

− 1 and 1474 cm 

− 1 ) were also

ncreased with the concentration of spiked adenosine in urine. The cal-

bration curve was also plotted according to the SERS intensity at 1321

m 

− 1 in urine, which shows the LOD of about 3 𝜇M (Figure S14). The

OD is lower than the usual urinary adenosine concentration (4 𝜇M ∼
0 𝜇M), indicating the feasibility of the SERS nanoprobe applied for the

etection of adenosine in urine. However, the Raman peaks position

737 cm 

− 1 , 1321 cm 

− 1 , and 1474 cm 

− 1 ) of the adenosine in urine sam-

les have 1–4 cm 

− 1 of shifts as that measured in PBS (740 cm 

− 1 , 1321

m 

− 1 and 1470 cm 

− 1 ). The slight shifts may be attributed to the com-

licated matrix of urine in which other biomolecules have overlapped

aman signal with the adenosine and/or interfered with the vibration of

denosine. In addition, the SERS measurement of the probes incubated

ith urine samples from LC group ( n = 18) and HC group ( n = 14)

howed obvious higher average peak intensity at 728 cm 

− 1 , 1321 cm 

− 1 ,

nd 1429 cm 

− 1 for LC group ( Fig. 5 c). The detailed information for the

8 LC patients and 14 healthy volunteers were listed in Table S1, S2

nd S3, including their gender, ages, tumor location and differentia-

ion, and their urinalysis and blood biomarkers tests results (CEA, CA,

eratin, squamous cell carcinoma antigen, and so on). In addition, the

ultiple Raman measurements of urine samples from 2 healthy volun-

eers and 3 LC patients showed good reproducible spectra (Figure S15a)

ith the average relative standard deviation of 13.8% for the Raman

ntensity at 728 cm 

− 1 , 1321 cm 

− 1 and 1429 cm 

− 1 (Figure S15b). The

esults indicated the good reproducibility of the assay. 

To better discriminate the LC group from HC group, orthogonal par-

ial least squares discriminant analysis (OPLS-DA) was employed to an-

lyze the SERS spectra. OPLS-DA is a multivariate statistical modeling

ool, which could reduce the dimensionality of the data to establish a

egression model based on methods of partial least squares regression,

nd perform discriminant analysis for regression results [50] . Moreover,

PLS-DA can conduct orthogonal transformation correction of the data,

hus eliminating the noise of unrelated classification information to bet-
394 
er obtain critical information of differences among different groups

50] . Based on the OPLS-DA assessment, the LC group can be discrim-

nated from the HC group with one predictive component (t1) and one

rthogonal component (t2) ( Fig. 5 d). The dataset of the two groups was

lustered respectively in 95% confidence ellipses, which indicated a sta-

istically significant difference between the two groups. In this model,

he variation [R 

2 Y(cum)] was 0.88 between the two groups, while the

ariation [R 

2 X(cum)] was 0.464, and the predictability of the model Q 

2 

cum) was 0.601, which meant the good robustness and predictability of

uch model. Additionally, the confusion matrix (misclassification table)

nd receiver operating characteristic (ROC) curves were conducted to

ssess the performance of OPLS-DA model. The misclassification table

esults reflected the overall accuracy of 100% for all tests (Figure S16a).

he ROC curves showed that an area under the curve (AUC) value was

 for the two group samples (Figure S16b). These results indicated the

easibility to discriminate the two group samples by this model. 

In addition, the S-line of OPLS-DA for t1 was plotted to further

valuate specific metabolite differences between the two group sam-

les. The covariance (p(ctr)) and correlation coefficient (abs(p(corr))

etween the variables and classification score in the model were visu-

lized through the S-line of the OPLS-DA [51] . As shown in Fig. 5 e,

he S-line of OPLS-DA visualized differences between LC group (posi-

ive) and HC group (negative). The absolute value of the variables was

igh at 661 cm 

− 1 , 737 cm 

− 1 , 1349 cm 

− 1 and 1424 cm 

− 1 , and they were

ssigned to uric acid, adenosine, guanine and creatinine, respectively

 49 , 52 ]. The results indicated that these molecules especially adeno-

ine had primary contributions to the differentiation of the LC and HC

roups. Besides adenosine, the other metabolites such as uric acid and

reatinine were also reported with a higher level in urine from LC group

53] . As expected, the model of OPLS-DA confirmed urinary adenosine

s a biomarker for lung cancer detection. Overall, the results showed

easibility for the screening of lung cancer based on the SERS probes,

nd it paves a way for the future noninvasive screening of lung cancer

n clinical application after extensive samples analysis. 

. Conclusions 

We have successfully developed a SERS sensing platform for the

ighly sensitive and specific detection of adenosine in both PBS and

rine. The DSP-AuNPs with Cu 2 + ions as SERS probe were confirmed in

oth colorimetric and SERS assays for the detection of adenosine, with

he detection limit down to 0.1 μM. The specific study of the probe in-

icated the feasibility for the detection of four nucleosides (adenosine,

uanine, cytidine and uridine) at the same time with the single assay.

n addition, the analysis of SERS spectra was carried out with OPLS-

A model for the investigation of urine samples from LC patients and

ealthy volunteers. It demonstrated that the adenosine concentration

n urine of LC patients was higher than that of healthy people, which

as consistent with the results measured by HPLC. In combination with

PLS-DA, the SERS measurement showed effectiveness for the noninva-

ive screening of LC from healthy volunteers based on the urinary anal-

sis. In addition, besides adenosine, the other urinary metabolites such

s uric acid and creatinine may also contribute to the main differences

f LC patients and healthy volunteers. This method paves a way for the

uture clinical application on the noninvasive screening of LC based on

rinary SERS analysis once extensive clinical urine samples were ana-

yzed. We expect that future work would include the SERS investigation

f urine samples from different tumor locations, tumor stages and dif-

erentiations of LC to assist the diagnosis and therapy of LC. In addition,

pon the modification of SERS probes, it is expected to be employed for

he detection and imaging of other biomolecules. 
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