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ABSTRACT 

 A luminescent paper device for visual detection of oxidative stress biomarker is reported. 

The assay platform consists of a polyvinylidene fluoride (PVDF) membrane impregnated with 

poly(3-alkoxy-4-methylthiophene) (PT) for colorimetric sensing. 8-hydroxy-2’-deoxyguanosine 

(8-OHdG), a biomarker associated with oxidative stress, is used as a model system for validating 

the proposed methodology. The sensing strategy is based on monitoring the changes in optical 

properties of PT associated with its conformational changes upon interaction with an aptamer in 

the presence and in the absence of 8-OHdG.  Spectral characterization revealed linear responses 

for 8-OHdG concentrations between 50 pM to 500 nM (~14 pg/ml to 140 ng/ml), with a limit of 

detection of ~ 300 pM for (n=3). Colorimetric responses in artificial urine ascertained rapid, 

sensitive, and selective detection of 8-OHdG at clinically relevant (pM to nM) concentration 

levels. Furthermore, the proposed methodology enables point of care diagnostics for oxidative 

stress without requiring sophisticated instrumentation. 

Keywords: Paper-based biosensor, naked eye detection, polythiophene, artificial urine, oxidative stress, 

8-OHdG. 
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INTRODUCTION 

 Reactive oxygen species (ROS) are chemically active oxygen containing molecules that 

are produced as byproducts of various physiological, metabolic and biochemical processes. 

While low levels of ROS aid cell signal transduction and immune response, an increase in their 

steady-state levels causes oxidative stress 
1-2

. Subsequent imbalance in oxidants and anti-

oxidants in the normal redox state of the cells produces peroxides and free radicals that damage 

proteins, lipids, carbohydrates and nucleic acids 
3-4

. The damage in these molecules causes cell 

death and progresses to various diseases like cancer, neurodegenerative disorders,  

cardiovascular disease, inflammatory disease and diabetes mellitus 
5-6

. The elevated oxidative 

stress levels is therefore a precursor state in these diseases 
5
. Thus, the detection of oxidative 

stress related biomarkers could assist in the early diagnosis as well as for monitoring of disease 

progression.  

 ROS induced oxidation results in formation of numerous DNA fragments. Among them, 

8-hydroxy-2’-deoxyguanosine (8-OHdG) is a repaired product of oxidative guanine lesions and 

an important biomarker for oxidative stress. Thus, the assay of 8-OHdG helps in early detection 

of  diseases such as diabetes, cancer and neurodegenerative disorders 
7-8

. 8-OHdG has been 

quantified in various biological samples such as urine, saliva, blood and tissue 
9-12

.  Reports 

indicate that the average levels of 8-OHdG are ~20 ng/ml and ~ 80 ng/ml in healthy and diseased 

subjects, respectively, thereby requiring sensitive methodologies for their assay 
11, 13

.  

 The most commonly used analytical techniques for the detection of 8-OHdG in urine are 

high performance liquid chromatography-electrochemical detection (HPLC-ECD) 
14

, HPLC 

tandem mass spectrometry (HPLC MS/MS) 
15

, capillary electrophoresis with electrochemical 

detection (CE-ECD) 
12, 16

, electrochemical methods including cyclic voltammetry (CV) 
17-19

, 

Page 2 of 18

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



differential pulse voltammetry 
20

 and linear sweep voltammetry (LSV) 
21

. Ultraviolet 

spectroscopy 
22-23

, fluorescence spectroscopy 
24-25

, resonance light scattering (RLS) 
26

 and 

enzyme-linked immunosorbent assay (ELISA) 
27

 have also been explored for the detection of 8-

OHdG. However, most of them are laboratory techniques requiring sophisticated instrumentation 

and trained personnel to perform the assay. Thus, it is highly desirable to develop a point of care 

(POC) assay for 8-OHdG. Over the recent years, the concept of paper based sensing has gained 

significant attention for fabrication of lab-on-a-chip devices enabling point of care analysis 
28-32

. 

Although paper based biosensors for 8-OHdG analysis have been reported, most of the 

approaches involve antibodies, which pose stability concerns 
33-34

. In this context, a paper based 

colorimetric assay for POC 8-OHdG assay utilizing aptamers is proposed. 

 The proposed device comprises of a PVDF membrane, a filter paper and lamination 

sheets. Cationic polythiophene (PT), with triethylamine pendant groups, is utilized for 

colorimetric reporting due to its superior optical and electronic properties 
35-37

. Herein, PT is 

impregnated in the PVDF membrane along with an aptamer as the 8-OHdG recognition element. 

A guanine-rich aptamer sequence, reported to exhibit a high affinity for 8-OHdG, is utilized in 

this study 
38

. As illustrated in Figure 1, the sensing strategy is based on monitoring the changes 

in optical properties of PT associated with its conformational changes upon interaction with the 

aptamer in the presence and in the absence of 8-OHdG, respectively. Complexation of PT-

aptamer in the PVDF membrane produces a duplex due to the electrostatic interactions between 

PT and the aptamer. These interactions induce fluorescence quenching resulting in a color 

transition from orange (PT) to purple (PT-aptamer). The color transition of PT is not observed in 

the presence of 8-OHdG as complexation is perturbed yielding fluorescent PT-aptamer-8-OHdG 

complexes, owing to the affinity between aptamer and 8-OHDG. Therefore, the orange color 

Page 3 of 18

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



(PT-aptamer-8-OHdG) and the significantly different purple color (PT-aptamer) correspond to 

the presence and the absence of 8-OHdG, respectively, thereby enabling naked eye detection of 

8-OHdG. The assay of 8-OHdG yielded a linear colorimetric response for clinically relevant 

concentration ranges between 50 pM and 500 nM with a limit of detection of ~ 350 pM, enabling 

point of care detection without requiring sophisticated instrumentation.  

 

 

Figure 1: Schematic representation of the luminescent paper device illustrating distinguishable 

colorimetric responses of poly(3-alkoxy-4-methylthiophene) (PT) for the G-quadruplex-secondary 

structure of aptamer in the presence of 8-OHdG and for the PT-aptamer duplex  in the absence of 

8-OHdG.  

EXPERIMENTAL SECTION 
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Materials and Chemicals 

                  8-OHdG, artificial (synthetic) urine and all the reagents and solvents were obtained 

from Sigma-Aldrich and used without further purification. The 8-OHdG aptamer (sequence, 5′–

GCG GGC GAT CGG CGG GGG GTG CGT GCG CTC TGT GCC AGG GGG TGG GAC 

AGA TCA TAT GGG GGT GCT–3′) 
38

, was synthesized by IDT, Singapore followed by PAGE 

purification. PVDF centrifugation tubes of 0.1 µm pore size were purchased from Merck. Fusion 

5 membranes made of glass fibers were purchased from Whatman and used for the pretreatment 

of samples.  

 Synthesis, Sample Preparation and Analysis 

               A water soluble PT was synthesized by oxidative polymerization of its monomer (m1) 

using the protocol reported previously 
39

. The protocol adopted for synthesis of m1 and PT and 

their corresponding NMR spectra are provided in supporting information Figure S1. NMR 

spectra were recorded using a Bruker Advance 400 MHz spectrometer. In brief, 200 µL of 5 µM 

PT was added to a centrifugation tube. Tubes were centrifuged at 8000 rpm for 3 min. The above 

step was repeated for 3 more times. After impregnation of PT, the PVDF membranes were 

washed twice using DI water at 8000 rpm for 3 min and dried overnight. PVDF membranes 

deposited with PT was then peeled off from the centrifugation tube for device fabrication.  

 A vertical flow-through configuration was adopted for its advantages over the lateral-

flow format in terms of low sample volume and decreased assay time. Capillary or passive forces 

allow this system to operate without the requirement of an external pump 
40

. The device 

consisted of 2 laminated sheets containing a FUSION 5 filter paper and a PVDF membrane 

impregnated with PT for colorimetric sensing (Figure 1). The lamination sheets containing 

FUSION 5 and PVDF paper were then attached using a double-sided adhesive tape.  
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          PVDF membrane impregnated with PT was then incubated with 1 µM aptamer followed 

by addition of varying concentrations of 8-OHdG (~5 µL).  To ascertain the obtained color 

changes, the devices were placed on a UV illumination zone (portable UV lamp, at 365 nm, 8 W) 

and digital images were captured using a Sony Xperia Z5 premium mobile phone camera 

positioned at a fixed distance from the device. Subsequently, the digital images were transferred 

to a computer as jpeg files for image processing. The raw images were imported into “ImageJ” 

software and the centroids of paper membranes (75 × 75 pixels) were utilized to create a digital 

array. The RGB values were evaluated using ImageJ software in order to ascertain colorimetric 

responses. The process of creating color-coded digital array is shown in Figure S2. Fluorescence 

measurements were performed using Avantes spectrofluorometer and the emission spectra were 

recorded for analysis. 

RESULTS AND DISCUSSION 

Interaction of PT with aptamer and 8-OHdG              

           The assay for naked eye detection of 8-OHdG is based on monitoring the changes in 

optical properties of PT upon complexation with the aptamer in the presence and in the absence 

of 8-OHdG. The aptamer utilized for affinity binding to 8-OHdG with Kd value of 0.1 µmol L
-1

 

38
 was modified by removing the primer 1 and primer 2 sequences at the 3′ and 5′ in order to 

serve as an effective recognition element for proposed assay. 5 µM PT and 1 µM aptamer (in DI 

water) were determined to be the optimum concentrations for monitoring 8-OHdG at clinically 

relevant levels (pM to nM).  Figure 2a illustrates that addition of 1 µM aptamer onto the PT-

impregnated PVDF membrane yields a color change from orange (PT on PVDF membrane) to 

purple (PT-aptamer complex on PVDF membrane), column 1 to column 2. The duplex formation 

is associated with backbone planarization and aggregation of the PT due to the electrostatic 
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interactions between the positively charged PT (associated with the triethylamine groups) and the 

negatively charged aptamer. These electrostatic interactions cause a change from a random-

coiled morphology of PT to a planar π-stacking morphology, leading to a substantial quenching 

of the fluorescence signal and a concomitant color transition. Saturated colorimetric response for 

8-OHdG is expected to overlap with the color of PT, provided complete 8-OHDG-aptamer 

complex formation and consequent weakening of electrostatic interaction between PT and 

aptamer, whereas assay concentrations would yield intermediate colorimetric responses between 

columns one and two depending on the strength of interaction between the PT and the aptamer. 

Therefore for the assay, different concentrations of 8-OHdG from 50 pM to 500 nM were added 

to the PT impregnated PVDF membranes containing the aptamer. 8-OHdG induces a 

conformational change of the aptamer containing a Guanine-rich nucleic acid sequence to form 

G-quadruplex structures as shown in Figure 1. The formation of the rigid structure of G-

quadruplex reduces the electrostatic interactions between PT and aptamer, thereby leading to 

fluorescence and color recovery of PT. Figure 2 a,b illustrates that both color change and 

fluorescence recovery occur with increasing concentration of 8-OHdG, attributed to the 

formation of a G-quadruplex structures. Decreasing 8-OHdG concentration changes the color 

from orange to purple as shown in Figure 2a. The two significantly different optical signals (PT-

aptamer and PT-aptamer-8-OHdG) are subsequently analyzed and correlated to the concentration 

of 8-OHDG. Figure 2a shows a 75x75 pixel color-coded digital array of various concentration of 

8-OHdG (500 nM to 50 pM, left to right) for subsequent analysis.  

            In order to validate the assay, fluorescence spectra were recorded for the PT-aptamer 

incorporated PVDF membranes for various concentrations of 8-OHdG. Upon excitation at 420 

nm, an emission maxima centered at 566 nm with a shoulder at around 625 nm appeared as 
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shown in Figure 2b. The spectrum of the PT impregnated paper is red shifted (about 25 nm) with 

respect to the solution spectrum likely because of partial self-aggregation/confinement of PT 
35, 

41-42
. Even though aggregation causes loss in fluorescence intensity, the PT impregnated paper 

shows clearly visible orange color emission upon UV exposure (365 nm), as illustrated in Figure 

2a. Moreover, steady state fluorescence spectroscopy reveals a substantial quenching in emission 

and red shift (about 15 nm) upon addition of aptamer (black to red) indicating a duplex formation 

between PT and aptamer. As observed from Figure 2b, the fluorescence intensity gradually 

increases with the increasing concentration of 8-OHdG due to the formation 8-OHdG-aptamer 

G-quadruplex complexes. Further evidence of complex formation is obtained from the RGB 

analysis of the color-coded digital array (Figure 2c) via ImageJ software. As shown in Figure 2c, 

there is a substantial change in the G (from 150.3 to 68.4) and B (from 76.9 to 129.1) values 

upon addition of aptamer to PT, whereas upon addition of 500 nM 8-OHdG with the aptamer, the 

G (118.2) and B (74.5) values reverts back to that of PT indicating almost complete recovery of 

color. It could be observed that the G (from 118.2 to 63) and B (from 74.5 to 119.7) values 

decreases and increases, respectively, with the decreasing concentrations of 8-OHdG. In order to 

ensure reproducibility, spectral and RGB analysis of the impregnated paper were conducted for 

three independent assays. Figure 2c shows that RGB analysis is in agreement with the naked eye 

observation (Figure 2a). The correlation between 8-OHdG concentration and normalized 

fluorescence intensity is evaluated using the ratio I/IPT, where I and IPT represents the integrated 

fluorescence intensity from 450 nm to 750 nm for the assay and PT, respectively. The linearity of 

the response was analyzed using a semi logarithmic plot of normalized fluorescence intensity  
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Figure 2: (a) Color-coded digital array of PT with aptamer and various 8-OHdG concentrations. 

(b) Normalized fluorescence spectra upon addition of aptamer and various concentrations of 8-

OHdG (c) mean RGB values and standard deviation for n=3 (d) Semilogarithimic plot of 8-

OHdG concentration versus normalized fluorescence intensity and the corresponding linear fit  

(e) Semilogarithimic plot of 8-OHdG concentration versus ratio of G/B values and the 

corresponding linear fit (f) mean delta E values and standard deviation for (n=3) of various 8-

OHdG concentrations with respect to PT-aptamer. 
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versus concentration of 8-OHdG. Figure 2d shows the linear regression equation (Y= 

0.0767logX+1.3998, R
2
= 0.989, n=3), yielding a limit of detection of ~300 pM (S/N=3). 

Similarly, the correlation between concentration of 8-OHdG and colorimetric response is 

evaluated using the G and B values from the Figure 2c. The linearity of the response was 

ascertained by a semi logarithmic plot of G/B ratio versus 8-OHdG concentration (n=3), as 

shown in Figure 2e with a linear regression equation of (Y=0.2557logX+3.0955, R
2
=0.96, n=3) 

yielding a limit of detection of ~350 pM (S/N=3). Furthermore, Delta-E values, ranging between 

0-100, is a metric for human eye perception of color differences, is calculated using International 

Commission of Illumination (CIE) 1976 algorithm 
43

. Figure 2f illustrates a broad range of delta 

E (~from 8 to 53) for PT-aptamer-8-OHdG and PT-aptamer in the assay concentration range of 

8-OHDG (50 pM to 500 nM), indicating that the color difference between PT-aptamer-8-OHdG 

and PT-aptamer could be visually distinguished.  

Selectivity studies 

            The selectivity of the platform was evaluated using metal ions, potentially interfering 

compounds and other 8-OHdG analogues that may coexist in urine. As observed from Figure 3a, 

the metal ions, analogues and the interfering compounds yield almost similar visual responses 

(varying shades of purple) as that of the aptamer, whereas, 50 nM 8-OHdG with and without 

interfering molecules show a recovery of color to orange from purple. Figure 3b shows the 

fluorescence recovery of 8-OHdG, metal ions and other interfering compounds. The fluorescence 

recovery was calculated as (I-Iaptamer)/(IPT-Iaptamer), where Iaptamer represents the integrated 

fluorescence intensity of PT-aptamer complex from 450 nm to 750 nm. Small to negligible 

fluorescence recovery is observed upon addition of 8-OHdG analogues and metal ions, even at 

100 times higher concentration than that of 8-OHdG, Figure 3b. The higher concentrations of 
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ions such as potassium and 8-OHdG analogues interfere with the detection of 8-OHdG 

(maximum of ~20 % for potassium) as observed from Figure 3b suggesting that these molecules 

could also induce a conformational change of the aptamer 
22

. However, such ions could be 

eliminated from the sample matrices by dialysis using a dialysis bag with a molecular weight cut 

off (MWCO) of 200 Da. In the mixture of 50 nM 8-OHdG with 8-OHdG analogues and 

interfering compounds such as guanosine, guanine, uric acid, ascorbic acid and cytosine, a 

recovery around 64% was observed as against 67% for 50 nM 8-OHdG without interfering 

compounds, illustrating excellent selectivity of the proposed methodology.  

 

 

Figure 3: (a) Color coded digital array of proposed platform with 8-OHdG and interfering 

molecules (b) Fluorescence recovery upon addition of 8-OHdG, metal ions, 8-OHdG analogues 

and other potentially interfering compounds (Mixture: 8-OHdG with interfering compounds such 

as uric acid, cytosine, guanine, guanosine and ascorbic acid) 

Analysis in Artificial Urine 

            In order to validate the proposed methodology for clinical applications, different 

concentrations of 8-OHdG were spiked in the synthethic urine and tested. As shown in Figure 4a, 

varying colorimetric responses are obatained upon addition of different concentrations of 8-
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OHdG in spiked urine. The orange PT color appears realtively darker upon addition of artificial 

urine samples without aptamer and there is a reduction of the fluoresence intensity, as compared 

to that of DI water. A possible explanation is that other anions in artificial urine might contibute 

to the formation of planar π-stacking morphology upon electrostatic interactions with PT and 

thereby lowering the PT fluorescence. However, as shown in column 2 in Figure 4a, the color 

changes to purple upon addition of aptamer, which is in agreement with the responses in DI. 

 

 

Figure 4: (a) Color coded digital array of PT with aptamer and various 8-OHdG concentrations 

in artificial urine (b) Normalized fluorescence spectra upon addition of aptamer and various 8-

OHdG concentrations (c) mean RGB values and standard deviation for n=3. 

A color change from orange to pink was observed upon decreasing the concentration of 8-OHdG 

from 500 nM to 500 pM (left to right in Figure 4a). As shown in Figure 4b there is also a 

substantial quenching of fluorescence upon addition of the aptamer (black to red) and the 

fluorescence intensity recovers gradually with increasing 8-OHdG concentration (from 500 pM 

to 500 nM). Further evidence of 8-OHdG aptamer complex formation is obtained from the RGB 
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analysis, Figure. 4c. Upon addition of aptamer there is a significant change of RGB values from 

PT to PT-aptamer (orange to purple) whereas upon addition of 500 nM 8-OHdG, the RGB values 

almost reverts back to PT, indicating the change in color from purple to orange. Changes in RGB 

values were also observed with varying concentrations of 8-OHdG. Figure 4c shows that RGB 

analysis is in agreement with naked eye observation and the proposed methodology can be used 

for the detection of 8-OHdG at clinically relevant concentration ranges in urine samples. It 

should be noted that the responses were recorded using synthetic urine at a pH of 6.7 and at 

temperatures ranging between 10 ºC and 40 ºC. The influence of temperature, pH and light 

shown in Figures S3 and S4, respectively, suggests that acidic pH (<6) might cause interference 

in sensor response and that the samples should be stored in dark. Operation of paper-based assay 

is not recommended above 40 ºC. 

Comparison with other sensing strategies 

  Electrochemical methodologies such as cyclic voltammetry (CV) and differential pulse 

voltammetry (DPV) for quantitative analysis of 8-OHdG have claimed subnanomolar detection 

sensitivities 
17, 20

. Similarly, spectroscopic methods such as ultraviolet-visible spectroscopy (UV-

Vis) and fluorescence spectroscopy have also been explored for the detection of 8-OHdG 
22-24

 

with subnanomolar and picomolar sensitivities. However, most of the reported methodologies 

involve tedious and sophisticated assay protocols. Table 1 illustrates that the LOD of the 

proposed methodology is either better or comparable to previous reports, while exhibiting a 

wider linear dynamic range for 8-OHdG detection. Our findings indicate a linear response for 

both color and the fluorescence intensity for clinically relevant concentration ranges of 8-OHdG 

(50 pM to 500 nM) 
13

 with a limit of detection of ~ 350 pM and 300 pM, respectively. 
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Table 1: Comparison of various sensing platforms for the detection of 8-OHdG 

 

In addition, the overall detection processes is conducted at ambient conditions and the 

experimental procedure is facile. Furthermore, the proposed methodology possesses significant 

advantages over conventional sensing platforms such as ease of use, ease of fabrication and low 

cost with an assay time of 30 min.  

Conclusions 

             A disposable paper based analytical device for the naked eye detection of oxidative 

stress is reported. The proposed methodology has been validated for 8-OHdG assay using 

luminescent reporter (PT) impregnated PVDF membranes. The obtained colorimetric responses 

in artificial urine indicate the potential for use in clinical applications for early diagnosis of 

various diseases associated with reactive oxygen species. The fabricated platform could be ideal 

for point-of-care applications and for detection of oxidative stress at locations where 

sophisticated instrumentation is sparse or even nonexistent. Future studies will emphasize on 
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detection of 8-OHdG in patient samples, optimization of device storage conditions, development 

of assay for other potential ROS markers and bench marking with established methodologies. 

Supporting Information 

              Synthesis protocol and the NMR spectra for the precursors/monomer and PT, color 

coded array creation process for RGB analysis, influence of temperature and pH on 8-OHdG 

assay, influence of light, degree of polymerization and GMP on PT.   
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