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A B S T R A C T

Carbon dots have been extensively used for the development of fluorescent based molecular affinity sensors.
However, label free DNA sensing by electrochemical method is not reported so far. Herein, we report carbon dots
stabilized silver nanoparticles (CD-AgNPs) lipid nano hybrids as a sensitive and selective platform for label free
electrochemical DNA sensing. The CD-AgNPs were synthesized by wet chemical method and then characterized
by UV-visible, Fourier-transform Infra-red (FT-IR), dynamic light scattering (DLS) and high resolution trans-
mission electron microscopy (HR-TEM) techniques. These CD-AgNPs were used for decorating the binary lipid
1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) and N-[1-(2,3-Dioleoyloxy)propyl]-N,N,N-trimethy-
lammonium chloride (DOTAP) surface (named as lipid) and tethered on self-assembled monolayer of 3-mer-
captopropionic acid (MPA) (MPA-lipid-CD-AgNPs). The formation of array of MPA-lipid-CD-AgNPs on Au
electrode was confirmed by atomic force microscopy (AFM). Electrochemical behavior of MPA- lipid-CD-AgNPs
was monitored in the presence of 1mM potassium ferri/ferrocyanide (K3/K4 [Fe(CN)6]). The formation of layer-
by-layer MPA-lipid-CD-AgNPs is indicated by increased anodic and cathodic peak (ΔEp) separation with de-
creased redox peak current of K3/K4 [Fe(CN)6]. Short chain DNA (30 mer oligonucleotide, representing the lung
cancer) was used as a model system for label free DNA sensing. Un-hybridized (single stranded DNA), hybridized
(complementary hybridized), single, double and triple base mismatched target DNA hybridized surfaces were
efficiently discriminated at 1 µM target DNA concentration at the Au/MPA-lipid-CD-AgNPs electrode by change
in the charge transfer resistance from impedance technique. Further, the modified electrode was successfully
used to determine target DNA in a wide linear range from 10-16 to 10-11 M. The present work open doors for the
utilization of CDs in molecular affinity based electrochemical sensor design and development.

1. Introduction

Development of selective and sensitive molecular affinity sensors for
the early detection of cancer is important to improve diagnosis and
preventive care in order to reduce the mortality rate. Fluorescene,
surface plasmon resonance and electrochemical based biomarker de-
tection methods have been reported for the early detection of cancer. In
the fluorescence based biosensing, cyanine based organic fluorophore
dye (either cy3 or cy5) is attached to the target DNA. Hybridization of
fluorescent labeld complementary target DNA (cDNA) with the pre-
immobilized single stranded DNA (ssDNA) on the surface (called as

hybridized surface) exhibits fluorescence signal proportional to the
target DNA concentration. Absence of fluorescence for the control
surface (non-complementary target DNA hybridized surface, named as
un-hybridized) under identical experimental condition indicates high
selectivity and sensitivity of the sensor developed. Alternatively,
fluorescence quenching method is also developed in parallel for de-
tecting the DNA and proteins (Zhang et al., 2013a; Jans and Huo, 2012;
Yang et al., 2013; Tian et al., 2017). Nanomaterials like gold nano-
particles (AuNPs) (Wilson, 2008; Li and Rothberg, 2004), carbon na-
notubes (CNTs) (Yang et al., 2008; Chen et al., 2011), graphene oxide
(GO) (Lu et al., 2009; Li et al., 2013), MoS2 (Huang et al., 2015; Zhu
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et al., 2013) and g-C3N4 nanosheets (Wang et al., 2013; Yang et al.,
2015; Ping et al., 2015) are used as transducers to quench the fluor-
escence from the dye-labeled target DNA molecule through Fröster
Resonance Energy Transfer (FRET) processes.

Carbon dots with size lesser than 10 nm (Xu et al., 2004) with high
chemical stability, electronic, optical and easy surface functionalization
properties, low cost and low toxicity (Yang et al., 2012; Shen et al.,
2012; Ray et al., 2009; Tang et al., 2012) are finding applications in
catalysis (Zhu et al., 2012), sensors (Yu et al., 2015), supercapacitors
(Y.R. Zhu et al., 2013), bioimaging (Bhunia et al., 2013; Chen et al.,
2013) and drug delivery (Kim et al., 2013; Zheng et al., 2014; Cailotto
et al., 2018). Development of FRET biosensor using carbon dots is an
evergreen field for the fact that the fluorescence property of carbon dots
originates from the inter band transitions between the conjugated π-
domains and surface defects (H. Li et al., 2011). In this method, the dye
labeled DNA is adsorbed in parallel orientation on the carbon dot by
π–π interaction (Sheila and Gary, 2010; Varghese et al., 2009). The
close proximity between the fluorescence dye and carbon surface in-
duces FRET and quenches the fluorescence signal. Hybridization with
the complementary target DNA releases the fluorophore and induces
fluorescence signal (H. Li et al., 2011). Further, detection signal en-
hancement is made using acid functionalized CDs for anchoring large
amounts of DNA (Loo et al., 2016) and human IgG (Zhu et al., 2014)
capture probes. Similarly, amine (Kudra et al., 2017) and poly-
ethyleneimine functionalized CDs are also reported for DNA damage
detection (Dou et al., 2015). In another method, electron resonance
property of metal is coupled with the emission property of CDs for the
improved fluorescence activity (Wang et al., 2014) and applied for the
Surface Enhanced Raman Spectroscopy (SERS) (Luo et al., 2012), bio-
medical (Kleinauskas et al., 2013; Mao et al., 2014) and catalytic
(Mondal et al., 2014; Yu et al., 2012) based sensing applications.

Among the metals studied, silver nanoparticles have gained interest
due to their distinctive size, shape relative antimicrobial activities,
stability, optical, catalytical (El-Sayed, 2001; Wang et al., 2011; Halder
et al., 2011; Zhang et al., 2011; Sharma et al., 2009) and excellent SERS
properties (Zhang et al., 2013b). The strong luminescence property of
CDs has been successfully used to sense several biomolecules and metal
ions based on their luminescence quenching (Sun and Lei, 2017). Re-
cently, synthesis of CD-AgNPs nanocomposite and its antibacterial ac-
tivity (Wang et al., 2017) and application towards non-enzymatic
electrochemical sensing of H2O2 (Jiang et al., 2014) are reported. The
CD-Ag@ZnO core shell nanocomposite is studied for the cellular uptake
and apoptosis (Sachdev et al., 2015). CDs photoluminescent property is
enhanced by making a composite Ag/SiO2 layer assembly (J. Li et al.,
2011).

Although fluorescence based sensor is more sensitive and selective,
it is expensive and has the difficulty of miniaturization which is a cri-
tical requirement for portable device development. Further, these sen-
sors show high non-specific signal generation due to the uncontrolled
and improper probe orientation resulting from the π-π electron inter-
actions between DNA and CDs. Recently, CDs are used as fluorescent
probe for the recognition of base pair selective and sequence specific
DNA (Guo et al., 2018; Pramanik et al., 2018). However, to the best of
our knowledge no report is available in the literature for the detection
of DNA using CDs composite with noble metal nanoparticles. Thus, the
objective of the present study is to synthesize CD-AgNPs and utilize
them for the label free electrochemical detection of DNA after modified
on Au electrode self-assembled with MPA. The label free DNA hy-
bridization detection without using fluorescence or enzyme labels is the
most prominent approach in the construction of low-density DNA mi-
croarrays for various applications including medical diagnosis (Ostatna
and Palecek, 2006; Mao et al., 2009; Tiwari and Gong, 2009), warfare
agent detection (Ivnitski et al., 2003), food quality control (Lermo et al.,
2007; Cagnin et al., 2009) and environmental monitoring (Palchetti and
Mascini, 2008). However, the electrochemical label free detections
suffer from poor selectivity and sensitivity due to poor orientation and

arrangement of DNA on the transducer surfaces as well as poor re-
producible and inconsistent data. Despite the development of numerous
methods for controlling the orientation of the immobilized single
stranded DNA on the electronic transducers, complete control of the
orientation is still questionable. In this aspect, liposome vesicle is used
for anchoring single stranded DNA in few reports (Alfonta et al., 2001).
However, both biotin-avidin interactions and covalently linked enzyme
labels were used for electrochemical signal amplification following the
target DNA hybridization (Wang et al., 2014). To the best of knowledge,
no work is available on the use of lipid-carbon dot metal nanoparticle
composite for biosensing in the literature till now. Hence, in the present
work, the CD-AgNPs is used to decorate the lipid vesicle to form a
composite and named as lipid-CD-AgNPs. The lipid-CD-AgNPs was
tethered on the MPA monolayer by simple electrostatic interaction on
Au electrode which was confirmed by cyclic voltammetry and electro-
chemical impedance spectroscopy. Label free selective and sensitive
DNA detection is demonstrated using commercially obtained lung
cancer DNA sequence as a model system. For this, the thiolated single
stranded DNA is immobilized covalently on the MPA- lipid-CD-AgNPs
surface. The hybridization with complementary, non-complementary
and base mismatched target DNAs were made for demonstrating the
selectivity. Tethering of lipid- CD-AgNPs composite by layer-by layer
assembly and label free DNA detection method developed are simple,
fast and sensitive to molecular affinity reaction.

2. Experimental section

2.1. Materials

Potassium ferrocyanide, potassium ferricyanide, potassium
chloride, sodium chloride, sodium hydroxide, monosodium phosphate,
hydrochloric acid and sodium borohydride were purchased from
Himedia, India. 3-mercaptopropionic acid was procured from Sisco
Research Laboratory, India. 1, 2-dioleoyl-sn-glycero-3-phosphoethano-
lamine (DOPE), N-[1-(2,3-Dioleoyloxy)propyl]-N,N,N-trimethylammo-
niumchloride (DOTAP), silver nitrate and L-asparagine were procured
from Sigma-Aldrich, USA. 30-mer lung cancer synthetic oligonucleo-
tides were synthesized by MWG biotech, Ebersberg, Germany, with
HPLC purification. The following sequences were used:

Capture probe (ssDNA): 5´- HS-(CH2)6 – ATC ACA GAT TTT GGG
CGG GCC AAA CTG CTG-3´- I
Complementary target (cDNA): 5´- CAG CAG TTT GGC CCG CCC
AAA ATC TGT GAT-3´- II
Non-complementary target (ncDNA): 5´- TGA TGA CCC AAT TTA
TTT GGG GCT CAC AGC -3´-III
Single base mismatch target (smmDNA): 5´- CAG CAG TTT GGC CTG
CCC AAA ATC TGT GAT -3´- IV
Double base mismatch target (dmmDNA): 5´- CAG CAC TTT GGC
CTG CCC AAA ATC TGT GAT -3´- V
Triple mismatch target (tmmDNA): 5´- CAG CAC TTT GGC CTG CCC
AAA AGC TGT GAT -3´- VI

2.2. Methods

The Au working electrode was cleaned for 1 h in piranha solution,
polished with Al2O3 powders (5.0, 1.0 and 0.05 µm) and sonicated in
milli-Q water for 10min. The saturated calomel reference electrode, Pt
wire counter electrode and modified Au working electrode were used in
the three electrode system. The electrochemical measurements were
carried out by using 605D-CH Instruments, Texas, USA. The impedance
measurements were made in the frequency range 100MHz to 0.1 Hz by
applying AC potential amplitude± 5mV over the DC potential 160mV
(redox potential of K3/K4[Fe(CN)6] in PBS) and the data are presented
in the form of Nyquist plot. Zsimpwin software was used to simulate the
experimental data using the equivalent circuit [Rs(Qdl(RCTW))] in
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which Rs refers to solution resistance, Qdl and RCT represents the con-
stant phase element and charge transfer resistance of the gold electrode,
respectively, and W refers to the Warburg element. The constant phase
element (QCPE, F cm−2) is used in place of capacitor C to account for the
high roughness of the surface. The impedance, Z(ω), of the QCPE is given
by the following equation

=Z ω
Q jω

( ) 1
( )CPC

n

CPE component is roughly equal to the specific capacity of the
electrode/solution interface. The angular frequency ω is equal to 2πf,
where f is the frequency. The dimensionless CPE exponent ‘n’ is directly
related to the degree of the surface roughness and inhomogeneity of the
electrode surface that varies between 0.5 and 1. In case of a pure ca-
pacitor, the value of n is equal to 1 for ultra smooth electrode surface
like mercury. The value of 0.5 < n < 1 indicates the presence of
surface roughness and the inextricability of QCPE from the equivalent
circuit. The AFM images and histogram were recorded using NTMDT,
NTEGRA Prima, Russia in tapping mode using a gold chip. The HR-TEM
images were recorded using FeiTecnai G2 20 twin (USA make) using
carbon coated copper grid. UUV-Visble data were recorded using Jasco
V850 instrument. FTIR spectrum were recorded using Jasco FT IR 4500
instrument. Quantification of DNA concentration was done using the
Nanospectrophotometer instrument, Biospec-Nano, Shimadzu make,
Japan.

2.3. Synthesis of carbon dots and carbon dots capped silver nanoparticles

The precursor L-asparagine was used to prepare CDs. 0.5 g of L-as-
paragine was heated in a heating mantle at 100 °C. After 10min, it was
liquated and within 20min the colorless solution was changed to
brown. This brown color solution was diluted by adding 50mL of
10mg/mL NaOH (Gowthaman et al., 2017). The carbon dots capped
silver nanoparticles (CD-AgNPs) were prepared by reducing 0.5 mL
silver nitrate solution using 0.1 mL of NaBH4 in 9mL milli-Q water
containing 0.2mL of CDs solution.

2.4. Immobilization of liposome-carbon dots capped silver nanoparticles on
gold transducer and DNA sensing

Stock solutions of each liposome N-[1-(2,3-Dioleoyloxy)propyl]-
N,N,N-trimethylammoniumchloride (DOTAP) and 1,2-dioleoyl-sn-gly-
cero-3-phosphoethanolamine (DOPE) were prepared by dissolving
them in chloroform at the ratio 1:3, dried and rehydrated with buffer
solution (pH 7.4) for three times and sonicated for 15min. The pre-
pared stock solutions were stored at 4 ˚C until use. The lipid-CD-AgNPs

complex was obtained by mixing equal ratio of DOPE, DOTAP and CD-
AgNPs and sonicated for 15min. Since the direct interaction of vesicles
lead to the rupture and bilayer formation on the bare gold electrode,
short chain MPA is used as the molecular cushion for anchoring lipid-
CD-AgNPs on the gold electrode. Concisely, the cleaned Au electrode
was immersed in 1mMMPA in PBS for an hour and washed with PBS to
remove the unadsorbed thiol molecules. 2 µL of lipid-CD-AgNPs com-
plex was drop-casted on the pre-formed MPA layer and incubated for
1 h and washed with the PBS. DNA hybridization sensing was made by
immobilizing the thiolated ssDNA probe (Capture probe-I, 1 µM of 2 µL
DNA in 1M NaCl, pH 7.0) onto the pre-formed lipid-CD-AgNPs surface
under humid conditions and washed using the PBS to remove the un-
reacted ssDNAs. 1 µM of 2 µL target DNAs (either II, III, IV, V or VI) in
4× SSC buffer was hybridized on the MPA- lipid-CD-AgNPs-ssDNA
anchored surface for 1 h to allow maximum hybdrization events on the
solid surface immobilized ssDNA (Peterson et al., 2001; Steel et al.,
2000).

3. Results and discussion

3.1. Characterization of carbon dots-silver nanoparticles composite

The prepared CDs and CD-AgNPs are characterized by different
techniques. The UUV-visble absorption spectra recorded for CDs, AgNPs
and CD-AgNPs are shown in Fig. S1. CDs show an absorption band at
203 nm corresponding to π-π* transition. The AgNPs showed a peak at
421 nm. In the case of CD-AgNPs, the absorbance band was blue shifted
to 387 nm due to π-π transition in CD and Ag. Fig. 1A shows the HR-
TEM image of CDs. It shows the presence of quasi-crystalline CDs with
an average particle size of 1.64 nm, while the DLS showed particle size
of 22 nm. The obtained particle size difference between DLS and HR-
TEM measurements is related to the fact that while DLS measures the
average size of hydrated particles, the HRTEM measures exact size of
the nanoparticle. Fig. 1B shows the HR-TEM image of CD-AgNPs. It
shows a well defined spherical shaped particles with an average particle
size of 5.4 nm. Association of AgNPs with CDs is again confirmed by the
elemental analysis (Fig. S2) showing negligible amount of copper im-
purity. The selected area electron diffraction (SAED) with the absence
of rings for CDs (Fig. S3A) confirms its amorphous nature, while the
presence of diffraction rings in the SEAD pattern of CD-AgNPs (Fig.
S3B) corresponds to the crystalline planes of face-centered-cubic (fcc)
structured AgNPs confirming the crystalline nature of CD-AgNPs.

The FT-IR spectra of CDs and CD-AgNPs are shown in Fig. S4. The
broad band at 3442 cm-1 indicates the presence of amine and hydroxyl
groups originated from the precursor, asparagine. The CH2 stretching

Fig. 1. HRTEM images of (A) CDs and (B) CD-AgNPs.
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band is indicated by the peaks at 2918 cm-1 and 2841 cm-1. The sharp
band at 1627 cm-1 corresponds to the carbonyl stretching of amide
functional group. The band at 1440 cm-1 arises from the –N-H de-
formation mode of –N-H bending. The appearance of band at 1373 cm-1

is attributed to the –OH bending of carboxylic acid whereas the band at
1021 cm-1 corresponds to –C-N bond stretching of primary amine. The
–C-O stretching of carboxylic group is attributed by the peak at
1113 cm-1. The carbonyl stretching of amide functional group at
1627 cm-1 and hydroxyl group peak at 3442 cm-1 recedes due to the
breaking of C˭O and H-O bond during the formation of carbon dot
capped silver nanoparticle (Jiang et al., 2014).

3.2. Electrochemical behavior of carbon dot capped silver nanoparticle–lipid
composite

Gold electrode modified with MPA is used to anchor the lipid-CD-
AgNPs. Fig. 2A shows the CV behaviors recorded for different modified
electrodes in the presence of K3/K4 [Fe(CN)6] in PBS (pH 7.4) at a scan
rate 50mV s-1. The formation of MPA thiol monolayer on the pristine
Au electrode is indicated by the decreased anodic peak current (from
8.2 µA to 6.5 µA) and increased peak-to-peak separation ((ΔEp) from 74
to 174mV, curve b) compared to the bare electrode. Since the self-
assembled MPA partially blocked the electron transfer reaction of K3/
K4[Fe(CN)6], the peak separation was increased whereas the redox
current was decreased. The lipid-CD-AgNPs tethering on the MPA
monolayer further decreased the peak current from 6.5 to 4.4 µA and
increased the peak-to-peak separation from 174 to 254mV (curve c),
confirming efficient attachment of lipid-CD-AgNPs on the MPA cushion

layer. The RCT of the MPA monolayer modified gold electrode is cal-
culated to be 1.1×104 Ω cm2. In corroboration with the CV data, the
RCT value of lipid-CD-AgNPs is increased to 3.2× 104 Ω cm2 from
1.1×104 Ω cm2. These observations again indicate the effective at-
tachment of lipid-CD-AgNPs on the MPA monolayer. The interaction of
lipid with CD-AgNPs is investigated by monitoring the changes in zeta
potential (ζ). The ζ value of cationic lipid DOTAP is 112.9 mV and the
neutral zwitterionic lipid DOPE is± 1.5mV. The ζ of CD-Ag is
−87.4mV. The lipid-CD-AgNPs show ζ of 28.2mV. The decreased ζ for
the lipid-CD-AgNPs shows the effective interaction of CD-AgNPs with
the lipid. The negative charge of the CD-AgNPs compensates the posi-
tive charge on the DOTAP lipid. In order to explore this further, surface
coverage is calculated from the EIS data using the relation, θRIS = 1-
(RCT

Au/RCT
SAM), proposed for partially covered monolayers (Wu et al.,

2010). In this relation, θRIS is the surface coverage. The θRIS values less
than 1 indicate the direct diffusion of K3/K4 [Fe(CN)6] to the free active
sites on the gold surface through molecular defects like collapsed sites
or pin holes. The θRIS for the MPA monolayer modified gold surface is
0.9183. Higher value of θRIS (0.9713) obtained for MPA-lipid-CD-AgNPs
indicates the dense formation of lipid-CD-AgNPs on the MPA on gold
electrode. This claim is further supported by the AFM study. Fig. 3A
shows the AFM image of lipid-CD-AgNPs. The image is like an array
with a particle size of 40 nm diameter and 40 nm height. This data is in
corroboration with the particle size obtained from the HR-TEM
(50 nm), as shown in Fig. 3B. The distribution of CDs in and around the
lipid is witnessed by the appearance of black dots. The loading of CD-
AgNPs inside the aqueous core and on the head groups of the lipid lead
bigger sized nano particulates (Park et al., 2005).
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Fig. 2. (A) CV behaviors of bare Au (curve a), MPA (curve b) and lipid-CD-AgNPs (curve c) recorded at a scan rate 50mVs-1 in PBS (pH 7.4) in presence of 1 mM K3/
K4[Fe(CN)6].(B). EIS behaviors of MPA (curve a) and lipid-CD-AgNPs (curve b) recorded in the frequency range 100MHz to 0.1 Hz at an applied DC potential 160mV
in PBS (pH 7.4). The [R(Q(RW)] circuit fit data is given as open circles.

Fig. 3. (A) AFM image of lipid-CD-AgNPs attached on the MPA monolayer presorbed on gold surface. (B) HRTEM image of lipid-CD-AgNPs.
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3.3. Electrochemical DNA mutation detection

The thiolated synthetic DNA representing lung cancer having 30
base pairs is immobilized on the lipid-CD-AgNPs through Ag-SH reac-
tion. The attachment of DNA on the lipid-CD-AgNPs (ζ: 28.2mV) re-
duces the ζ to 8.9mV due to the negativity presence of negatively
charged ssDNA. Since no significant change was observed from the
voltammogram of K3/K4[Fe(CN)6], the more sensitive EIS technique is
used for DNA hybridization sensing. Increased RCT value of 1.13×105

Ω cm2 is obtained following the immobilization of ssDNA due to elec-
trostatic repulsion between the negatively charged DNA and K3/K4[Fe
(CN)6]. After the complementary target DNA hybridization on the MPA-
lipid-CD-AgNPs -HS-ssDNA, the RCT value is increased from 1.13×105

Ω cm2 to 2.28×105 Ω cm2 (Fig. 4A). The corresponding Qdl value gets
decreased after hybridization with cDNA (from 2.667× 10-6 to
2.205× 10-6 F cm-2). This is due to the increased negative charge
density on the electrode surface by hybridization and exertion of more
electrostatic repulsion towards K3/K4[Fe(CN)6] complex. Absence of
non-specific adsorption of HS-ssDNA on the surface is confirmed by the
observation of insignificant change in both the RCT and Qdl for the
experiments made without CD-AgNPs on the lipid, Fig. S7. Similar
behaviors of these parameters are noticed in the experiment made using
CD-AgNPs without lipid on the surface, Fig. S8. The hybridization of
MPA- lipid-CD-AgNPs-ssDNA surface with the non-complementary
target DNA (ncDNA) showed insignificant change in the RCT value
(from 1.13× 105 Ω cm2 to 1.16×105 Ω cm2) indicating the high dis-
crimination effect of this sensor surface. In order to demonstrate the
high selectivity of the sensor, in addition to the non-complementary
DNA (ncDNA), single base-mismatched (smmDNA), double base-mis-
matched (dmmDNA) and triple base-mismatch (tmmDNA) (mutated)
target DNAs (Fig. 4B) were hybridized for which the RCT values ob-
tained are 1.22×105 Ω cm2, 1.18× 105 Ω cm2 and 1.15× 105 Ω cm2,
respectively. This confirms high selectivity of the sensor surface to-
wards complementary DNA and mutated target DNAs. The CV also
exhibits a similar behaviors for all hybridized surfaces, Fig. S6. The
importance of the presence of lipid along with the CD-AgNPs on en-
hancing the DNA hybridization is also studied in the absence of lipid on
the MPA layer, Fig. S7. The absence of lipid resulted in very minimal
change of RCT for the attachement of HS-ssDNA (0.8282×104 Ω cm2)
on the CD-AgNPs surface. Further, decreased EIS profile is observed for
the complementary target DNA hybridization, Fig. S7. This is because of
the fact that in the absence of lipid, the capture probe DNA may be
attached in parallel orientation on the nanoparticle surface to prevent
the direct diffusion of K3/K4[Fe(CN)6] for reaction on the free gold

surface. Upon the target hybridization, the parallely oriented ssDNA
may changes to the perpendicular orientation and allows free diffusion
of K3/K4[Fe(CN)6] and lowers the EIS profile of the dsDNA compared to
the EIS profile of ssDNA (Levicky et al., 1998). Another reason for this
could be related to the basic nature of the CDs which stabilized the
AgNP. The basic nature of CDs arises from the intrinsic oxygen func-
tional groups present on the CDs (Zheng et al., 2015). The CDs is
neutralized to pH 7 before its interaction with the lipid. In addition, the
negative charge is partially reduced by its interaction with lipid and the
ssDNA could be easily immobilized. Hence, the presence of liposome is
essential for developing CDs based electrochemical DNA sensing plat-
forms. A similar experiment is also performed for DNA sensing in the
absence of CD-AgNPs (Fig. S8) and observed zero hybridization effect
indicated by a nil change in the EIS signal before and after the target
DNA hybridization. The stability of MPA-lipid-CD-AgNPs surface is in-
vestigated by preserving it at 4˚C in the refrigerator for 8 days in PBS
(pH 7.4) and recording the CV behavior on each day, Fig. S9. The peak
current remains constant for the first two days and deteriorates slowly
with time from third day. An intraday stability is also investigated by
continuous potential cycling of the surface for 150 cycles at a constant
scan rate of 50mV s-1 for three times at different time intervals. It is
noted that the sensor surface showed marginal decrease in the redox
behavior of K3/K4[Fe(CN)6], indicating good stability of the sensing
layer on the gold electrode. The effect of varying the target cDNA and
ncDNA concentrations on the change of RCT is evaluated using different
concentrations of both complementary and non-complementary target
DNAs on the MPA- lipid-CD-AgNPs-ssDNA. For each concentration, a
separate electrode is used to avoid the use of NaOH or hot water for the
dehybridizing the preformed dsDNA on the MPA-lipid-CD-AgNPs-
ssDNA. The difference in the RCT values obtained before and after target
DNA (ΔRCT) is used as a diagnostic parameter. A calibration curve is
constructed by plotting ΔRCT against target DNA concentrations
(Fig. 5). The ΔRCT linearly increases from 1×10-16 to 1×10-11 M
while increasing complementary target DNA concentration, whereas
the non-complementary DNA showed poor or negligible change in the
RCT with increasing target concentration. The accuracy and reliability
of the sensor is compared by validating the present method with the
standard spectrophotometric method, Table S1. It can be seen from the
Table S1, the data obtained from the present study closely match with
the results obtained from the spectrophotometry method. Error bar
included in Fig. 5 is obtained for three repeated measurements and the
calculated RSD is tabulated in Tables S2 and S3 for cDNA and ncDNA,
respectively, for each concentration studied. The limit of detection
(LOD) is determined following the IUPAC recommendation 1994,
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Fig. 4. (A) Impedance behaviors of MPA modified with lipid-CD-AgNPs-ssDNA surface for hybridization with target cDNA detection recorded in the frequency range
100MHz to 0.1 Hz at an applied DC potential 160mV in PBS buffer (pH 7.4) in the presence of 1mM K3/K4[Fe(CN)6]. The [R(Q(RW))] circuit fit data is given as open
circles. (B) Comparative EIS behavior of MPA-lipid-CD-AgNPs-ssDNA (curve a) surface for hybridization with complementary DNA (curve b), non-complementary
DNA (curve c), single base mismatch target DNA (curve d), double base mismatch target DNA (curve e) and triple base mismatch target DNA (curve f).
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where the concentration of target DNA at the point intersection of the
extrapolated linear range and the final lowest concentration level seg-
ment of the calibration plot (Buck and Lindner, 1994) is the LOD. From
Fig. S10, the LOD value was calculated to be 10-16 M (Imran et al.,
2018).

4. Conclusions

Silver nanoparticles stabilized carbon dots were synthesized and
used to preserve the binary liposome vesicle formed using neutral
(DOPE) and cationic (DOTAP) lipid. The presence of CD-AgNPs on the
liposome stabilizes the vesicle structure, which was evidenced from the
decreased zeta potential and increased particle size based on DLS and
TEM measurements. Tethering of this complex on the monolayer
modified gold electrode is confirmed by AFM and from the increased
charge transfer resistance of the electrode. The essentiality of liposome
presence along with CD-AgNPs is evidenced by the effective dis-
crimination of single and complementary double stranded DNA by the
lipid-CD-metal complex compared to the negligible discrimination no-
ticed for the CD-AgNPs complex. That is, association of lipid with the
CD-AgNPs is essential to enhance the amount of probe DNA attachment
on the electrode inorder to increase the hybridization efficiency. The
platform reported in this paper is selective and sensitive enough to
detect DNA at concentrations below femtomole. The construction of
this platform is easy and can be implemented for sensing application.
Since Ag nanoparticle is used in this study, further investigations using
other metal and/or metal oxides are essential to understand the role of
metals on their stabilization with carbon dots for improving the sensing
applications.
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