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Highlights  

 Green emitting water soluble quantum dots stable at room temperature was prepared 

 Meisenheimer complex (PAQd) formation through the functionalization of quantum 

dot with picric acid through Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) 

coupling. 

 PAQd was used for the simultaneous detection of copper and creatinine and the 

mechanism of sensing  is explored 

 Sensing extended to blood serum and cellular environment. 

 A paper based strip was developed for the detection and validated it with existing 

technique using human blood samples.  

 Formation of Meisenheimer complex facilitates quick detection at all pH values  

 A paper based strip was developed for the detection and validate it with existing 

technique using real samples.  

Abstract 

 The transition of conventional medicine to personalized medicine has paved the road 

and need for the sensing of newer biomolecules. Hence, this area has attracted wide interest 

recently, due to its capacity to provide information on point of care basis.   Multi-analyte 

detection sensors have emerged recently as they can offer the opportunity to perform quick 

and affordable analysis with minimum blood sample, as compared to traditional sensing of 

each analytes individually. The present study focuses on the development of a quantum dot 

(Qd) based nanosensor for the simultaneous detection of copper and creatinine; two 

biologically relevant molecules. The sensor was designed by forming a complex of Qd with 

Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) and picric acid through carboxylic 

bond formation of Qd-EDC with picric acid.  The dual independent emissions of the Qd-EDC 

complex was used for the simultaneous detection of creatinine and copper by a turn on/turn 

off method and was successfully demonstrated with a sensitivity of nanomolar to millimolar, 

and micromolar to millimolar range respectively. The multianalyte sensor thus developed has 
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quick response and works well under normal conditions of temperature and pH. It is also 

shown to work in cellular environment and blood serum. A mobile App based detection of 

creatinine using the developed sensor strips has also been attempted and validated with 

human blood samples. 

Keywords Multianalyte sensor; Analytes; Quantum dots; Fluorescence; Quenching 

1. Introduction 

Nanosensor is one of the strong candidates among the class of both sensors and biosensors 

with high sensitivity due to the unique properties like high surface to volume ratio of 

nanostructures. There is an increasing demand for the detection of clinically significant 

metabolites from body fluids with high selectivity and sensitivity, as an indicator of health 

status. Currently available methods lack the capability of determining more than one analyte 

using a single technique from a single draw of blood. Accordingly, the concept of 

multianalyte sensing has recently been identified as an important need in cases where the 

information about multiple analytes could be derived using minimum amount of blood in a 

very short time period. This concept finds importance in cases of diseases having more than 

one marker for confirmation or more than one diseased condition at the same time. In this 

context, multi analyte nanosensors (MANS) are the new promising candidates. With the 

possibility of designing nanostructures with multiple functions, nanosensors are considered to 

be the most appropriate candidates for simultaneous or multisensing use. However, not many 

attempts have been made to explore this concept [1–8]. One of the reports among 

multianalyte sensor deals with quantum dot-DNAzyme based system for multiplexed 

detection of heavy metals copper and lead ions by using fluorescence property1. In another 

study, the fluorescence property of silica nanoparticles was used for the detection of Hg2+, 

H2SO4- and S2-in living cells and for intracellular imaging [2]. Komatsu et al., developed a 

single fluorescent probe based on coumarin for the detection of multi analytes Ca2+ and Mg2+ 

ions and for fluorescence imaging [3]. Maria J. Ruedas-Rama and co-workers reported the 

change in fluorescence property of an enzyme linked nanosphere sensor for the detection of 

urea and creatinine [4]. In another study, Sugunan et al., worked on chitosan capped gold 

nanoparticles for the detection of zinc and copper ion by using the chelating property of 

chitosan along with the optical properties of gold nanoparticles [5]. Among the various 

nanomaterials, quantum dots have attracted wide acceptance in the designing of optical 
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nanosensors for biological and non-biological samples due to its inherent size dependent 

fluorescence property. Last decade has witnessed revolutionary development of nanoparticle 

for different biomedical applications [9–21], with Qd leading in the field of nanosensors 

showing high selectivity and sensitivity compared to conventional sensors. 

Herein, we report the development of a two-in-one nanosensor for the simultaneous detection 

of creatinine and copper using fluorescence emission property of quantum dots, and the 

mechanism involved. 

Biomolecules, creatinine (Creat) and copper (Cu) play a vital role in the metabolism of any 

living organism. Creat, anhydride form of creatine, is a waste product from the normal 

breakdown of muscle tissues and is excreted through the kidney without tubular re-

absorption. The normal level of creatinine in human blood is 53.041 to 106.082 µM. Elevated 

level of creatinine is an indication of impaired renal function, chronic nephritis or urinary 

tract obstruction and skeletal muscle diseases. Imbalance in creatinine level is an indication 

of diseases like chronic kidney disease or serious kidney damage, heart failure, dehydration, 

liver cirrhosis, hyperthyroidism etc [22–24]. Similarly, Cu is an essential trace element in 

specific enzymes for proper growth, development and functioning of organs with a normal 

value of 0.0016 -0.0024 µM in blood serum. Cu plays an important role in maintaining and 

repairing the connective tissues [25]. Decreased levels of copper have been reported in the 

hearts and arteries of cardiovascular disease patients who are on low copper diet [25]. 

Deficiency of copper is identified as one of the factors which lead to coronary heart diseases 

[22]. Other diseases associated with Cu include nutritional deficiency, inability to absorb 

copper, Wilson's disease and rheumatoid arthritis [26]. Time bound and early stage detection 

of these two analytes will give better understanding in maintaining the homeostasis of the 

body. Though several reports are available for separate detection of copper and creatinine 

[24,28–36], no studies are available for their simultaneous detection. The simultaneous 

detection of these molecules is expected to provide immediate and in-depth information on 

kidney diseases and their related conditions. 

2.  Experimental section  

2.1. Materials  

Cadmium chloride, Selenium powder , sodium sulfite, sodium hydroxide, L-Cysteine, 1-

Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC), copper, creatinine were purchased 
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from merck and sigma and used without further purification. MTT powder was purchased 

from HiMedia. In this paper aqueous medium is DI water. 

2.2. Methods 

2.2.1. Synthesis of PAQd 

25 mg of cadmium chloride was treated with 131.505 mg of cysteine and adjust the pH to 

11.5. Then add selenium stock of 125 µL (dissolving selenium metal powder to sodium 

sulfite in 0.2:0.4M ratio at 75°C for 3 h in aqueous media) to the solution at 80°C. The 

solution was stirred at 590 rpm for 12 h. Qds were purified by centrifugation using 

isopropanol-water mixture at 10000 rpm for 15 minutes.  

Qd was treated with 12 mg of EDC followed by 14 mg of picric acid at normal pH and 520 

rpm stirring for 2h. The product was separated using centrifugation at 8000 rpm for 10 

minutes. 

2.2.2. Characterization of PAQd 

PAQd was characterized using Fourier Transform infrared spectrometer Cary 600 (Agilent 

Technologies) to confirm the functionalization and chemical changes after the formation of 

complex with EDC and Qd. IR Spectra were recorded in the range 400 to 3600 cm-1 in 

transmission mode using KBr pellet method spanning over 32 scans. NMR analysis was also 

used to confirm the chemical changes happened in the formation of PAQd. Zeta potential at 

every step of synthesis was investigated using Malvern Zetasizer NanoZS 90 to investigate 

the change in charge after functionalization. Surface morphology was confirmed using TEM 

(100 kv JEM-2010 HiTachi-JEOL, Tokyo, Japan) analysis. UV-Visible spectroscopy was 

done using Shimadzu UV spectrometer- UV 2600 to confirm the optical property and 

functionalisation of PAQd. The emission properties of the materials were studied using 

Varian Carl Eclipse fluorescence spectrophotometer at different excitation wavelengths. All 

the cell imaging experiments were performed using Olympus IX83 Inverted Fluorescence 

microscope (Tokyo, Japan) equipped with a cooled CCD camera (XM10, monochrome, 

Olympus), a metal halide lamp (X-Cite, series 120PC Q), an objective lens (LUCPLFLN 40X 

PH/0.6, include 10X, Olympus), excitation filters (360-370, 470-495, 540-585), dichroic 

mirrors (DM410, DM505, DM595), and emission filters (420-460, 510-550, 600IF), 

controlled with CellSens Imaging software. 



6 
 

 

2.2.3. Sensing of copper and creatinine from aqueous solution  

Different molar concentrations of copper and creatinine in the range from nM to mM were 

prepared. Each was incubated with 1mgmL-1 concentration of PAQd. Then fluorescence 

reading was noted; for copper detection 531 nm emissions and for creatinine 440nm emission 

was utilized. 

2.2.4. Detection of copper and creatinine from blood serum 

5 ml of human blood (100% anonymous) was used for the study. The serum was separated 

and diluted with normal saline and divided into different batches. Each batch was added with 

different concentrations of copper and creatinine. To this solution, 1 mgmL-1 of PAQd was 

added and fluorescence intensity were noted. 

2.2.5. Cell culture 

One cancer and a normal fibroblast cell lines were chosen for this study: MDA MB-231 

(human breast cancer cells) and L929 (mouse alveolar and adipose connective tissue cells) 

were purchased from ATCC. L929 and MDA MB-231 cells were cultured in Dulbecco’s 

Modified Eagle’s Medium supplemented with 10% (v/v) fetal bovine serum (FBS), 100 

µgmL-1penicillin, 100 µgmL-1 streptomycin and 2.5 µgmL-1 amphotericin B. All the cell 

lines were maintained in a humidified atmosphere with 5% CO2 at 37°C. All experiments 

were performed using the following protocol: 85-95% confluent cells were harvested with 

trypsin-ethylenediaminetetraacetic acid and sub-cultured in culture dishes at a seeding density 

of 0.25x106 cells per millimeter. 

2.2.6. Cytotoxicity studies 

L929 and MDA MB-231 cells were seeded onto a 96-well plate with cell density of 1x104 

cells/well. After 24 h of incubation, the cell were further incubated with fresh media (100 μL 

per well) containing Qd and PAQd concentrations of 1, 0.5, 0.1, 0.05, 0.01, 0.005 and 0.001 

mgmL-1 for 72 h. Then the materials containing media was removed and replaced with 100 

μL of fresh DMEM containing 3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide (MTT-10 µL, 5 mgmL−1). Following 3 h of incubation period, the insoluble MTT 

formazan crystals formed were dissolved with DMSO (100 μL). Absorbance at 570 nm was 
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measured using a microplate reader (Synergy H1 hybrid multi-model microplate reader, Bio-

Tech). The relative cell viability (%) for each construct related to the control cells was finally 

calculated. 

2.2.7. Intra cellular copper and creatinine detection  

L929 and MDA MB-231 cells were seeded in a 4 well plate and allowed to grow in the 

DMEM medium for 24 h. Each well were incubated with different concentrations of copper 

(20 µM and 3 mM) and creatinine (3 nM and 0.033 mM). After 30 min of incubation, cell 

culture medium was removed and fresh medium containing and 0.01 mgmL-1 of PAQd 

(sensor) was added and incubated for 3h. For the control group, similar procedure was 

performed without the incubation of analytes. A negative control is used without PAQd 

incubation (data not shown). For the detection, fluorescence microscopic images were 

captured with same exposure and gain time. Intensity of the images was calculated using gray 

scale readings. 

2.2.8. Extra cellular copper and creatinine detection  

L929 and MDA MB-231 cells were seeded in a 4 well plate and allowed to grow in the 

DMEM medium for 24 h. Then each well were incubated with 0.01 mgmL-1 of PAQd for 30 

minutes followed by different concentrations of copper (20 µM and 3 mM) and creatinine (3 

nM and 0.033 mM) for 15 minutes. For the control group same cells without the incubation 

of analytes were used. A negative control was used without PAQd incubation (data not 

shown).  For the detection, fluorescence microscopic images were captured with same 

exposure and gain time. Intensity of the images was calculated using gray scale readings. 

2.2.9. Mobile App based sensing using paper strip sensors: validation with clinical 

results 

Senor strips of 5cm length and 1 cm width were made from Whatman filter paper. The strips 

were coated with 50 µl of 1 mg/ml of PAQd by keeping the strips immersed in it. Different 

concentrations like 8, 19,29,38,47 and 57 µM of creatinine were added to different sensor 

strips followed by shining them with UV lamp (254nm). Pixel intensity of the mobile camera 

(20MP) images of these sensor strips were calculated using software imageJ and Adobe 

Photoshop. To extend the sensing to blinded samples of clinical origin, Blood from four 

different individuals were collected. 100 µL of separated serum was diluted with 2 ml of 
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saline. These were used to detect creatinine using the paper strip sensor method. The same 

blood samples were validated for the values by checking the creatinine level in a certified 

laboratory using currently adopted clinical method. 

3. Result & Discussions  

3.1 Synthesis and characterisation of nanosensor PAQd 

Here, a nanosensor was developed using cysteine capped cadmium selenium quantum dots 

(Qds). L-cysteine, a water soluble amino acid was used as capping agent considering its 

ability to form complex with copper. The as synthesized Qds had a transparent red color 

without any visual aggregation. Pure Qd was isolated by centrifugation at 15000 rpm for 15 

min with 1:2 mixture of water and isopropanol. To enable multi-analyte sensing, a sensor 

should be capable of producing different signals in the presence of desired analytes. It is also 

important that these signals should not interfere with each other. Hence the designing of such 

a sensor requires special attention. Here, the Qds were then functionalised with picric acid 

through 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC). EDC serves as a spacer 

and functional moiety which holds picric acid with Qd to form the multianalyte sensor PAQd. 

Again, picric acid was specifically chosen as a candidate for creatinine sensing. In a typical 

Jaffe reaction involving picric acid and creatinine, the sensing is comparatively delayed and 

takes place only at basic pH. Herein, we try to overcome this limitation with respect to pH 

and also quicken the process of sensing in the new multisensor. To facilitate sensing of both 

analytes, the number of moles of EDC and PA were chosen optimally (2x10-4 mol of cysteine 

and 1x10-4 mol of EDC and picric acid). The orange colored multianalyte sensor PAQd was 

purified by centrifugation at 10000 rpm for 10 min and characterized for its properties. 

 

 

 

 

 

 

Figure 1. (a) Absorption spectra of Qd, PA and PAQd. PAQd shows characteristic peaks of 

both PA and Qd (b&c) Electron Micrographs of Qd and PAQd nm 
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In figure 1a, typical absorption peak of bulk cadmium selenide at 698 is absent, ruling out the 

presence of bulk material [37].  Successful formation of Qd without any aggregation is 

confirmed by the absorption at 515 nm (Figure. 1a). Band gap of Qd is found to be 2.41 eV 

which is at par with the estimated size of 5.4 ±0.23 nm from transmission electron 

micrograph (Figure 1b). Picric acid (PA) conjugation to Qd resulted in an additional 

absorption c.a. 354 nm with a shoulder peak at around 403 nm (Figure 1a). The peak 

corresponding to Qd was slightly blue shifted from 515 nm to 502 nm due to change in 

electronic environment effect caused by the conjugation of picric acid- EDC complex over 

Qd. Qd embedded in the organic matrix is expected to have high energy and is less stable as 

compared with Qd, and hence is more susceptible to bind with the analytes to attain more 

stability. The electron micrograph confirms the presence of organic layer around Qd with a 

size of 5.05±0.4 nm for the complex (Figure 1c). The band gap of Qd increases from 2.41 to 

2.47 eV which is an indication of size reduction and is confirmed from the electron 

micrographs. 

Figure  2. Emission spectra of Qd, PA and PAQd (a) ex390 nm (b) ex290 nm 

Qd showed a green emission around 543 nm (λex-360nm) with a fluorescence life time of 4 ns 

(Figure S1 a&b, Figure S2a) which is blue shifted to 531 nm on picric acid functionalization 

(Figure 2a) in agreement with the shift in the absorption peak of Qd. Change in the electron 

cloud density around Qd due to the presence of EDC-picric acid complex contributed to the 

shift in the emission profile. The complex Qd-EDC-picric acid (PAQd) showed another 

prominent emission peak at 446 nm upon 290 nm excitation, with fluorescence life time of 5 

ns (Figure S2b). This peak is identified as that of the complex as it is neither due to Qd nor 
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due to picric acid. Thus, the final nanosensor possesses two independent emissions at two 

different excitations to support multianalyte sensing (Figure 2a &2b). 

Absence of vibrations of S-H bond of cysteine (around 2561 cm-1) in the FT- IR spectrum 

confirms the formation of S-M (metal) bond in Qd. Broad peak at 3425 cm-1 represents 

intermolecular hydrogen bonding.  The hydroxyl peak of PA at 3425 cm-1 disappears 

following the functionalization of Qd with EDC and PA, due to the involvement of hydroxyl 

group, during this step. Presence of aromatic ring is confirmed from the peaks around 3000 

cm-1 and 600-900 cm-1 and the nitro group by the peak at 1334 cm -1. Carboxylate group 

adjacent to nitrogen atom assigned at 1695 cm-1 confirms the complex formation with Qd. 

FTIR spectral finding suggests that the hydroxyl group of picric acid binds to the active site 

of Qd-EDC system (Figure. S3). Zeta potential of Qd which was -16.7 0.84 mV (Figure. S4) 

increases to -14.9 mV for PAQd due to the functionalisation with more of nitro groups of 

picric acid.  NMR peaks of NH, CH, and CH2 of Qd at 1.81, 3.64 and 3.42- 3.52 ppm 

respectively were visible in the proton NMR spectra (Figure S5a). The peak corresponding to 

carboxylic hydrogen is not observed due to the formation of intermolecular hydrogen 

bonding which agrees with the FTIR data. In the NMR spectrum of PAQd, no acidic 

hydrogen is observed indicating that the phenolic OH is participating in the formation of the 

sensor PAQd. The picric acid conjugation is reflected by the presence of aromatic ring in the 

region, 8.86 ppm and 8.36 ppm. All other characteristic peaks of NH, CH and CH2 are 

observed with slight chemical shifts, indicative of different functionalisation of the system 

(Figure S5b). 

3.1. Mechanism of formation of PAQd 

 

 

Scheme 1. Schematic representation of formation of PAQd from Qd.Complex formation of 

PA, EDC and Qd is represented in the circle. 
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From the above results, a mechanism of formation of the sensor is proposed.  EDC forms an 

electrostatic bond with carboxylic group (O-) of cysteine. The diisocarbodiimide group of 

EDC react with picric acid (PA) resulting in the formation of multifunctional probe (PAQd) 

[38]. Here, Meisenheimer complex is formed from the reaction of two equivalents of 

diisopropylcarbodiimide with the substituted phenol, resulting the formation of a substituted 

s-triazinespirocyclohexadiene ring system [38]. The presence of 1695 cm-1 peak in FTIR 

spectrum of PAQd confirms the formation of this complex. Due to the presence of Qd it loses 

zwitter ionic nature by electrostatic interaction to the positive part to negatively charged Qds.  

Scheme 1 represents the formation of nanosensor. 

3.2.Sensing of copper and creatinine from aqueous solution 

 

 

Figure 3. (a) Fluorescence enhancement of PAQd on addition of creatinine (ex-290 nm) (b) 

Fluorescence quenching of PAQd on addition of copper (ex-390 nm) (c) Selectivity of 

creatinine over other analytes and (d) Selectivity of copper over other analytes 

To demonstrate the multi analyte sensing ability of PAQd, different known concentrations of 

Creat and Cu were added to 1 mgmL-1 of the same. In the presence of Creat, emission peak 

c.a. 440 nm showed concentration dependent fluorescence enhancement when excited at 290 

nm. The sensor (1mgmL-1PAQd) could detect Creat level in the range from 3 nM to 0.003 

mM solution (Figure 3a). Similarly, upon Cu addition to PAQd (unimilli gram per milli litre), 
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the fluorescence quenching of the 531 nm peak takes place. The copper detection ability 

ranged from 20.5 µM to 3.3 mM (Figure 3b). Thus, in principle, PAQd acts as a turn-on turn–

off sensor for creatinine and copper, respectively. 

3.3. Mechanism of sensing 

 

Figure 4. (a) Zeta Potential of Qd, PAQd, PAQd with different concentrations of creatinine 

(3 nM, 1 µM), copper (20 µM, 3 mM and 5 mM) (Red) and PAQd with 5 mM copper and 

different concentrations of creatinine (1 nM, 50 nM and 1 µM) (Blue). (b) TEM image of 

creatinine incubated PAQd showing well dispersed pattern and c) TEM image of copper 

incubated PAQd showing the aggregation. 

An attempt was made to unravel the mechanism behind the sensing technique. It is observed 

that the organic layer of PAQd (Figure 1c) disappears on addition of Creat (Figure. 4b).This 

is because the organic part, picric acid-EDC complex, reacts more strongly with creatinine, 

reducing the presence of organic layer.  Addition of Cu to PAQd results in increased size of 

quantum dots (Figure 4c). This is explained based on the decrease in the stability of quantum 

dots, leading to aggregation. Zeta potential value also supports this; at higher concentrations 

of Cu, the potential value approaches nearly zero (Figure 4a) and addition of creatinine 
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to Qd activate the meta nitro group of picric acid leading to the binding of methylene group 

of creatinine to picric acid. Organic layer of sensor disappears due to the binding of creatinine 

to Meisenheimer complex, weakening the bond from Qd. The presence of more electron 

withdrawing groups causes the decrease in zeta potential value. After sensitive region (µM to 

mM), its zeta potential value remains unaltered indicating that only picric acid binding sites 

are bound to creatinine.  

Scheme 2 . Simultaneous detection of copper and creatinine by PAQd. Solid circle represents 

the complex formation of free cysteine of Qd and copper, dashed circle represents the bond 

formation of creatinine with picric acid present in PAQd. 

 

Free cysteine present on the surface of the Qd contributes to the detection of Cu by forming a 

complex, cuprous bis-cysteine [39] which is responsible for the fluorescence quenching. The 

complex formation and fluorescence quenching takes place at physiological pH 7.4, and is 

attributed to inner-filter effects, nonradiative recombination pathways and electron transfer 

processes [39, 40]. The electron transfer effects are clear from the observations of size and 

zeta potential analysis. As the concentration of Cu increases, size of the probe also increases 

due to the strong binding of Cu to cysteine leading to the clustering of Qd followed by 
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increase in the size. The zeta potential value approaches zero upon addition of higher amount 

of Cu, but never reaches zero. This is because of the presence of picric acid EDC complex 

over Qd (Figure 4a). Scheme 2 represents the expected mechanism of sensing.  

3.4.Selectivity of sensing 

On confirming the efficiency of PAQd for simultaneous sensing of Creat and Cu, selectivity 

against other heavy metals and small biomolecules such as Pb, Mg, Mn, Ca, urea and uric 

acid were checked. The changes in the emission peaks were found to be specific to Creat and 

Cu (Figure 3c, d) without any interference from the presence of these metals or molecules. 

The simultaneous detection capacity of the sensor was also monitored from the zeta potential 

values and selectivity studies. For this, creatinine was added to copper enriched PAQd which 

is susceptible for aggregation (Figure 4a), and the results were monitored.  It is found that 

there is no interference of creatinine on Cu detection and vice versa. 

3.5.Detection of copper and creatinine from blood serum 

Figure 5. (a) Detection of creatinine in blood serum using PAQd [Black- PAQd, Red to Pink- 

increase in creatinine concentration; arrow indicate the increase in fluorescence intensity]      

(b) detection of copper in blood serum using PAQd [Black- PAQd, Red to Pink- increase in 

copper concentration; arrow indicate the decrease in fluorescence intensity] 

 

The efficacy of the sensor was checked in blood serum as an initial step to extend the results 

to clinical use. For this, copper and creatinine were added to the human blood serum 

containing 1 mg/ml of sensor, and checked the photoluminescence after 2 min. incubation. 

The results resembled to that of aqueous medium detection. The emission peak at 440 nm 

increased with increasing concentration of creatinine (Figure 5a) and the emission intensity at 
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531 nm decreased (Figure 5b) with increasing concentration of Cu proving the efficiency of 

the simultaneous determination of Cu and creatinine from human blood serum. 

 

3.6.Detection of copper and creatinine in the cellular environment 

 

Efficacy of this sensor was also checked in cellular environment since both Creatinine and Cu 

are playing vital role in metabolic activity, and regulate and influence the blood analyte 

levels. Before performing the cellular study, the cytotoxicity of Qd and PAQd was assessed 

using MTT assay in two different cells viz. in L929 mouse fibro blast and MDA MB 231 

human breast cancer cells. The cells were viable (Figure.S6) for different concentrations of 

PAQd upto 1 mgmL-1 at 72 h.  Later, sensing efficacy of PAQd towards Creat and Cu was 

checked on the above two cells. 

Because analytes of interest could be present both inside and outside the cells, the 

extracellular and intracellular sensing efficacy of the sensor was checked. For intracellular 

creatinine sensing, cells were incubated with Creat for 30 minutes and washed with PBS and 

then incubated with PAQd for 3h. Similarly, intracellular Cu was also evaluated. The timing 

of incubation was based on the fact that copper and creatinine being small biomolecules, are 

expected to get internalized by the cells more quickly compared to complex nanostructures. 

Enhanced fluorescence for creatinine and fluorescence quenching for Cu was observed under 

fluorescence microscopy. For extra cellular Creat sensing, initially the sensor PAQd was 

incubated with the cells for 30 minutes followed by incubation of creatinine for 15 minutes. 

The same procedure was used for extracellular sensing of copper. Fluorescence enhancement 

or quenching with creatinine and Cu was observed for L929 cells whereas MDAMB cells did 

not show any significant change. The reason for this observed difference between two cell 

lines is due to the difference in the environmental conditions of cancer cells and normal cells. 

In the case of intracellular sensing, when the analyte was incubated first, due to ion channel 

effect, analyte molecules get trapped into the cell. However, in the case of extracellular 

sensing, when PAQd is added first, the cancer cells would have blocked the binding site of 

the probe, reducing its functionality to interact with the analyte molecules, added 

subsequently (FigureS7&Figure S8). 

3.7. Mobile App based sensing using paper strip sensors: validation with clinical results 

To extend the findings to the clinical application, paper strip based sensor was developed to 

check the levels of inherent creatinine present in human serum from unknown samples (n=4) 
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(Figure S9). On addition of a series of concentrations of creatinine to the sensor strips, pixel 

intensity from the mobile camera images of 254 nm irradiated strips was plotted and 

calibrated to estimate unknown sample concentration (Figure S10). Later, the results were 

compared with blood creatinine value of the same individuals from their previous medical 

records (Figure. S11).The creatinine values obtained with PAQd sensor were 0.7, 0.8, 0.9, 

and 1.2, and the clinical values recorded were1.1, 0.8,0.9, and 0.9.In two cases (2nd& 3rd), 

the PAQd data were comparable with the clinically used Jaffe reaction result with negligible 

variation. However, the 1st and 3rd cases showed slightly higher levels as per their records. On 

interacting with them to find the reason for the change, it was found that both these 

individuals were on medication for other treatments, when the blood for PAQd sensing was 

drawn. We presume that the effect of the medicine would have been the reason for the 

reduced level with PAQd sensor. More detailed study with a higher number of patient 

samples have to be tested and validated in future. 

4. Conclusions 

To summarize, a quantum dot based nanosensor for simultaneous detection of copper and 

creatinine at normal conditions of pH and temperature was synthesized and the mechanism of 

its formation is explained. The turn on turn off sensor was highly efficient in detecting copper 

and creatinine in blood serum. It could also detect the intracellular and extracellular Cu and 

creatinine in cellular environment.  The selectivity of the developed sensor was also proven 

towards the analytes considered. A simple, mobile phone based quantification of creatinine 

from human blood has also been proven using paper strips of the quantum dot based sensor. 

Synthesis of such a sensor for detection of multianalytes will open up new horizon in the 

biomedical detection systems. Using such systems, healthcare industry can provide cheap and 

multi analyte detection kit which can detect different analytes on single draw of blood, 

quickly and cost effectively. Future works on this context is expected to be very promising. 
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