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and sensitive paper-based HIV-1 p24 antigen assay may be 
useful in preventing HIV transmission by blood transfu-
sion in resource-limited settings by reducing the antibody 
negative, infectious window period in blood donors and for 
early diagnosis of HIV infected individuals where nucleic 
acid-based testing is not practical or feasible.

1  Introduction

Infectious diseases are the major causes of death in chil-
dren and one of the leading causes of deaths in adults 
(Infectious diseases 2016). Although a wide range of dis-
eases such as malaria, tuberculosis, respiratory infections 
prevail, a major disease which has alarmed the world is 
the acquired immune deficiency syndrome (AIDS) caused 
by human immunodeficiency virus (HIV) which has glob-
ally infected 36.9 million people and does not have a cure 
(AIDS GLOBAL STATISTICS 2015). While antiretroviral 
therapies (ART) are available which can prolong life and 
also improve the quality of life by helping affected individ-
uals to manage the disease, it still does not offer a complete 
recovery or cure (Moore and Chaisson 1999). Moreover, 
the situation is aggravated further in developing countries 
which have limited access to resources where ART cannot 
be provided. Thus, there is a very strong emphasis on the 
need for better diagnostic techniques for early detection 
of this disease which can prevent its further transmission 
to healthy, at-risk individuals. This highlights the need for 
efficient, ultrasensitive and inexpensive diagnostic kits eas-
ily deployable in any part of the world.

Enzyme-linked immunosorbent assay (ELISA) is the 
most commonly used detection technique for various bio-
molecules and pathogens (Lequin 2005). Due to its sensi-
tivity and widespread application, it is widely used for HIV 
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detection. Current diagnostic tools detect up to 15 pg/mL 
and 0.5 pg/mL by conventional ELISA and TSA-mediated 
signal amplification-boosted ELISA, respectively (Tang 
and Hewlett 2010; Schüpbach et  al. 1996; Sutthent et  al. 
2003). While these conventional ELISA detection proto-
cols with greater than 99 % sensitivity are already in use, 
they are suboptimal because it takes up to 3  months for 
the antibodies to become detectable in the plasma (Ander-
son et  al. 1986; Sherman et  al. 2005). This problem can 
be tackled by targeting the HIV-1 capsid protein, p24 anti-
gen, which has been reported to be measureable in blood 
immediately after infection (Fiebig et  al. 2003). Moreo-
ver, the cost, assay duration and infrastructural require-
ments reduce the applicability of conventional ELISA in 
resource-limited settings. These drawbacks have called for 
a detection system which is quick and efficient and at the 
same time inexpensive. One promising candidate for such 
a platform is paper. Paper-based immunoassays for biolog-
ical detection are important because of following features 
of paper: (i) it is inexpensive, easy to handle and store; (ii) 
it has a very high absorption capacity for biomolecules; 
(iii) it is made of cellulose or cellulose-based polymers 
which makes it biocompatible (Pelton 2009); (iv) biomol-
ecules can be added by chemically modifying the struc-
ture of the paper by adding functional groups (Zhao et al. 
2008); (v) it can be easily disposed by incarceration (Mar-
tinez et al. 2010); and (vi) paper can be easily printed upon 
making it easier to fabricate devices (Lab on paper 2008). 
Hence, paper-based platforms are an optimal choice for an 
efficient point-of-care (POC) diagnostic tool in a resource-
limited setting.

Although most paper immunoassays use chromogenic 
(absorbance-based) reporters which generate a coloured 
product which is visible to the naked eye (Ellerbee et  al. 
2009), it is advantageous to use fluorescent reporters which 
generate fluorescence as the detection signal. While the chro-
mogenic methods may be reliable and significantly reduce 
the cost as the chromogenic change can be read with naked 
eyes, fluorescence detection techniques are 1000 times more 
sensitive than absorbance-based techniques (Bartlett and 
Entzeroth 2006). Also in case of a quantitative measurement 
of the target molecule, fluorescence detection methods are 
more reliable than chromogenic methods as they provide 
80-fold higher dynamic range for a given sample (Which 
Western Blot Detection Method Should You Use? 2012). 
The reporting agent in fluorescent-based techniques is fluo-
rescent molecules or fluorophores. While a wide range of 
fluorophores have been used in immunoassays, they have 
not been explored extensively with paper as the substrate. 
These fluorophores are generally organic fluorophores which 
have high quantum yield and are commercially available 
(Resch-Genger et  al. 2008), and heavy metal-doped semi-
conductor nanocrystals which have easy tenability and high 

photostability (Walling et al. 2009). However, organic fluoro-
phores are prone to photobleaching and there is the problem 
of synthesis, storage and toxicity with heavy metal-based 
semiconductor fluorophores. Thus, we need a fluorophore 
which overcomes problems described above while combin-
ing the advantages they offer. Carbon quantum dots present 
an attractive option in this regard and are gaining increasing 
application in biosensing and bioimaging because they dis-
play excellent stable photoluminescence, high resistance to 
photobleaching and low toxicity (Lim et al. 2015; Li et  al. 
2012; Shi et al. 2014). Moreover, their synthesis is relatively 
simple, inexpensive and non-toxic (Peng and Travas-Sejdic 
2009; Derfus et al. 2004; Chunduri et al. 2016). Along with 
excellent water solubility and good biocompatibility, these 
properties make carbon dots sensitive and cost-effective can-
didates for fluorescent biolabels (Ding et al. 2014; Zuo et al. 
2015; Hu 2013).

Thus, integrating the simplicity of a paper-based immu-
noassay platform with highly versatile photoluminescent 
carbon dots, we have designed a carbon dot-based immu-
noassay protocol on a paper substrate. HIV-1 p24 was cho-
sen as the antigen for implementing this assay for early 
detection of HIV-1 p24 for the reasons mentioned above. 
The results presented in this study can pave the way for 
CDPIA to be effectively used for rapid screening of early 
HIV infection and to provide medical care expeditiously 
and therefore control and prevent the spread of this disease.

2 � Materials and methods

2.1 � Chemicals and reagents

The following were used in our study: Whatman filter paper 
Grade 1, nitrocellulose membrane, wax pencils, anhy-
drous citric acid (Sigma), Triton X-100 (Sigma), sodium 
borohydride (Himedia), glutaraldehyde (Himedia), ethyl-
ene diamine (Himedia), streptavidin (Scripps Lab, USA), 
casein block buffer (Thermo Scientific, USA), anti-HIV-1 
p24 antibody (Prospec, USA), HIV-1 p24 antigen (Virogen, 
USA), biotinylated HIV-1 p24 detector antibody (Perki-
nElmer, USA). Phosphate buffer saline (100 mM, pH-7.2) 
and carbonate bicarbonate buffer (500 mM, pH-9.5) were 
prepared by reported procedures. Centrifugal spin columns 
(10, 30, 100  kDa) were purchased from GE Health Care, 
UK. All experiments were performed with double-distilled 
water.

Plasma samples from patients and healthy individuals 
were obtained from the Sri Sathya Sai Institute of Higher 
Medical Sciences, Prasanthigram, India (Study Id—SSIHL/
IEC/PSN/BS/2012/01). The samples were coded and tested 
in blinded manner with fourth-generation Microlisa HIV 
Ag+Ab ELISA kit (J. Mitra & Co. Pvt. Ltd.).
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2.2 � Designing of the paper microplate

The paper microplate was designed in the software Adobe 
Photoshop 5 based on the design of a standard 96-well 
microplate. The paper microwell plate design consisted of 
8 rows of 12 wells each of 6 mm diameter spaced 2 mm 
apart. The dimension of the plate was 105 mm × 70 mm. 
The design was transferred onto the Whatman filter paper 
and nitrocellulose paper using a printer.

2.3 � Device fabrication

As illustrated in Fig. 1, the Whatman filter paper was cov-
ered with wax to create the hydrophobic boundaries for the 
96 wells. The paper was heated at 185 °C for 90 s on the 
hot plate (Ma et  al. 2014). The hydrophobic wax melted 
and penetrated through the porous paper, and well-defined 
hydrophilic wells were created. Similarly, nitrocellulose 
paper was also wax patterned at 125 °C for 45 s (Lu et al. 
2010). The wells were tested for their hydrophilic nature by 
wetting with water.

2.4 � Synthesis of carbon dots

Carbon dots were synthesized using a simple one-step 
hydrothermal technique (Wu et al. 2015; Zhu et al. 2013). 
0.84  g of citric acid and 1.06  mL of ethylene diamine 
were dissolved in 20  mL of ultrapure water in the molar 
ratio of 1:4. The solution was then transferred to a 100 mL 
Teflon hydrothermal reactor and heated in an oven for 5 h 
at 180  °C. Subsequently, the reactor was removed and 
allowed to cool to room temperature. The resulting C-Dot 
solution was lyophilized and stored for characterization 
and immunoassay experiments.

2.5 � Characterization of the carbon dots

The topography, morphology and size of the carbon dot dis-
persion were characterized using a JEOL, 2100F Transmis-
sion Electron Microscope operated at 200 kV. The carbon 

dots were drop casted on the copper grid and vacuum-dried 
before imaging.

Shimadzu 2450 UV–Vis spectrophotometer and Spec-
traMax M5 microplate reader were used to perform the 
optical characterization and measurements. The sam-
ples were diluted accordingly before being used to obtain 
absorbance and fluorescence spectra. FTIR spectra were 
obtained using potassium bromide (KBr) pellet method on 
Thermo Scientific Nicolet is10 FTIR spectrometer.

2.6 � Bioconjugation of carbon dots with streptavidin

A glutaraldehyde-mediated conjugation procedure was 
carried out to bioconjugate the above purified carbon dot 
solution (Wu et al. 2015). To 4.5 mL (173 mg/mL) of car-
bon dots, 900 μL of Sodium bicarbonate buffer (500 mM, 
pH 9.5) was added. To this mixture, 300 μL of 5 % (w/v) 
glutaraldehyde solution was added dropwise with stirring. 
The above mixture was left for stirring for 1  h at room 
temperature.

Thereafter 300 μL of 2.7 mg/mL of streptavidin in phos-
phate buffer saline (PBS) solution was introduced dropwise 
with stirring into the reaction mixture, and the reaction was 
allowed for 1  h and then transferred to an ice bath. Sub-
sequently, 1.2 mL of freshly prepared sodium borohydride 
(20 mg/mL) was added dropwise to the reaction mixture in 
the ice bath and incubated overnight at 4 °C. The streptavi-
din-conjugated carbon dots were filtered through centrifu-
gal spin columns (10 and 30 kDa MWCO) and washed sev-
eral times with PBS buffer.

2.7 � Fluorescence polarization

In order to verify the conjugation of carbon dots with 
streptavidin, fluorescence polarization studies were carried 
out wherein the fluorescence polarization value for conju-
gated and unconjugated carbon dots was compared. The 
excitation and emission wavelengths were chosen as 348 
and 453  nm, respectively. The fluorescence polarization 
value was calculated from the formula (Lea and Simeonov 
2011).

where FP is Fluorescence polarization. I∥ is the paral-
lel polarized emission, I⊥ is the perpendicularly polarized 
emission and G is the correction factor which is evaluated 
for the sensitivity of the instrument.

The I∥ and I⊥ were measured in the fluorescence polari-
zation mode by SpectraMax M5 and substituted in the 
above formula to obtain the FP ratio. The higher magni-
tude of FP for the post-conjugation step compared with 

(1)FP =
I� − G× I⊥

I� + G× I⊥

Fig. 1   Designing of the 96-well paper microwell plate. The red col‑
our on the paper indicates the wax patterned area (color figure online)
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unconjugated carbon dots confirmed conjugation of carbon 
dots to streptavidin.

2.8 � Carbon dot‑based paper immunoassay (CDPIA) 
for detection of HIV‑1 p24 antigen

2.8.1 � Whatman filter paper

The steps involved in CDPIA on Whatman filter paper 
(CDWIA) are depicted in Fig.  2. Primary (capture) anti-
body was immobilized on the test zone of paper microplate 
through the process of physical adsorption by adding 5 μL 
of antibody solution onto the wells. After 10 min, 5 μL of 
casein block buffer solution (50 mg/mL) was added to each 
test zone to prevent non-specific binding of the antigen to 
the detection region. Upon drying, antigen concentrations 
ranging from 10 to 250 pg/mL were added to the wells. The 
paper microwell plate was left for incubation for 15  min 
after which it was dried under a stream of ambient air. The 
dried paper microplate was then immersed in wash buffer 
(PBS solution containing 0.5 % Tween-20) for 45  s and 
then dried again to remove the non-specifically adsorbed 
antigen from the paper. Subsequently, biotinylated second-
ary (detector) antibody solution was dropped onto each 
well and allowed to incubate for 15  min. After a round 
of washing and drying step to remove non-specifically 

absorbed detector antibody, 5 μL of streptavidin-conju-
gated carbon dots was added to each well and incubated 
for 15  min. This step was followed with a final round of 
washing and drying. The dried paper microwell plate was 
then placed in the SpectraMax M-5 microplate reader, and 
the signal intensities were measured for each well. The 
CDWIA was performed on each concentration of antigen 
in triplicate.

2.8.2 � Nitrocellulose paper

The same procedure used for CDWIA was followed for 
CDPIA on nitrocellulose paper (CDNIA) with varying anti-
gen concentration except the incubation period which was 
shortened to 5 min.

2.8.3 � Control experiment

In order to study the effect of any interference for other 
proteins, a control experiment was performed with bovine 
serum albumin as the interfering protein. Five concentra-
tions of BSA were taken in the range of 10 µg/mL–100 ng/
mL, and its effect on the fluorescence intensity was noted at 
the p24 antigen concentration of 1 ng/mL. With the above 
parameters, CDNIA was performed on the samples in trip-
licate and the effect of the interfering protein was studied.

Fig. 2   Schematic of steps involved in CDPIA
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2.9 � HIV detection in blood plasma samples

2.9.1 � Preparing plasma samples

Blood samples obtained were initially confirmed to be HIV 
negative using standard HIV detection ELISA test kits 
(third and fourth generation ELISA kits). 2 μL of plasma 
was diluted in 188 μL casein block buffer, and 10 μL of 
10 % aqueous solution of Triton X-100 was added to pre-
pare the test sample.

2.9.2 � HIV‑1 p24 spiked plasma samples

To check the efficacy of our detection system, HIV-1 
p24-negative plasma samples spiked with known concen-
trations of p24 antigen were tested. This solution was seri-
ally diluted with PBS solution to obtain desired concentra-
tions. The samples were then subjected to CDNIA and the 
per cent recovery was calculated by the formula

To establish the clinical validity of our paper-based 
immunoassay, CDNIA was evaluated using 10 HIV-posi-
tive and 15 HIV-negative clinical samples.

2.10 � Testing the specificity of CDPIA protocol

To evaluate the specificity of the protocol, plasma con-
taining hepatitis C virus was spiked with p24 antigen and 
the effect on the fluorescence intensity was observed. The 
plasma containing HCV was serially diluted 5-, 10-, 20-, 
50- and 100-fold and was spiked with p24 antigen to obtain 
the fixed concentration of 1 ng/mL in the final sample solu-
tion. The CDNIA protocol was applied to the thus prepared 
sample, and the fluorescence intensities were noted.

3 � Results and discussion

3.1 � Design and fabrication of paper microwell plate

The 96-well plate design is a standard and an efficient tem-
plate for multiplexing which makes it an excellent choice 
as a template for our paper microplate. Moreover, the 
microplate reader has compatibility with the 96-well plate 
design, thus ensuring proper detection.

The novel method of hand patterning of wax on paper 
is both convenient and feasible because of the simplic-
ity of the technique and more importantly, the process and 
materials used are inexpensive. One of the challenges is to 
ensure that the wax has completely penetrated the pores of 
the paper to establish the hydrophobic barrier. Time and 

Recovery % =
Measured concentration

Actual concentration
× 100

temperature are crucial parameters to optimize diffusion of 
wax through the pores without surface diffusion onto the 
test zones. The optimal temperature and time conditions 
of heating the paper microplate to 185 °C for 90 s for the 
Whatman filter paper and 125 °C for 45 s for the nitrocel-
lulose filter paper gave very well-defined hydrophobic bar-
riers that, when tested by wetting with water, gave proper 
circular hydrophilic test zones.

Another factor which affects the hydrophobic barriers at 
a given temperature is the thickness of the wax coat. While 
insufficient wax can cause an irregular hydrophilic barrier, 
thus allowing solvents to leak into the coated region, excess 
of wax can lead to excess internal diffusion making the test 
zones hydrophobic and rendering them unsuitable for use. 
Thus, the optimum amount of wax was coated by applying 

Fig. 3   TEM image of carbon dots which indicates the size of the car-
bon dots to be around 5 nm. The inset shows the HRTEM image of 
carbon dots with the interplanar spacing

Fig. 4   UV–Vis absorbance and fluorescence emission spectra of car-
bon dots
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two coats of wax using a wax pencil. A dark-coloured wax 
pencil can ascertain sufficient contrast with the white paper 
which can help to visibly distinguish the coated hydropho-
bic part from the uncoated hydrophilic zones.

3.2 � Characterization of carbon dots

TEM was able to confirm the size and morphology of the 
carbon dots. From the TEM images, the size of the carbon 
dots was confirmed to be 4-5 nm and of mostly spherical 
morphology (Fig.  3). The HRTEM showed the interpla-
nar spacing to be 0.265 nm which is the standard reported 
value in the literature (Wu et al. 2015).

The optical properties of the carbon dots were studied 
using UV–Vis spectroscopy and photoluminescence stud-
ies. As illustrated in Fig. 4, the absorption spectra revealed a 
broad peak in the range of 300–400 nm, which can be attrib-
uted to typical n–p* transition of the carbonyl group (Hsu and 
Chang 2012; Zhu et al. 2012). A brilliant blue fluorescence 
emission is observed when the carbon dot solution is sub-
jected to UV light (365 nm) which is visible to naked eyes. A 
broad emission centred at 453 nm was observed in the emis-
sion spectrum with an excitation wavelength peak at 348 nm.

Meanwhile, the FTIR studies were carried out to under-
stand the surface functional groups present on the car-
bon dots (Fig.  5). The presence of the carboxylic group 
was confirmed by characteristic absorption bands of 
O–H (3450  cm−1), the stretching vibration band of C=O 
(1651  cm−1) and the stretching vibration bands of C–O 
(1122  cm−1) (Zhu et  al. 2012). Furthermore, one sharp 
peak at 1557 cm−1 assigned to the vibration and deforma-
tion bands of N–H, and a small peak at 2250 cm−1 assumed 
to be –C≡N indicates the existence of amino-containing 

functional groups which is necessary for streptavidin con-
jugation (Hsu and Chang 2012; Liang et al. 2013). Moreo-
ver, the three obvious absorption peaks at 2924, 1391 and 
675  cm−1 are associated with the stretching and bending 
vibrations of C–H, C=C and =C–H, respectively, suggest-
ing the presence of alkyl and aryl groups (Roy et al. 2015).

3.3 � Fluorescence polarization studies

The fluorescence polarization studies were conducted on 
the SpectraMax M5 plate reader in the fluorescence polari-
zation mode. The correction factor (G) of the plate reader 
was calculated to be 1. The results are depicted in Table 1.

The conjugation of carbon dots is confirmed by the 
higher value of its fluorescence polarization value (0.081) 
compared to the unconjugated carbon dots (0.056). This is 
explained by the correlation between fluorescence polariza-
tion and size of the fluorophores. The smaller size of the 
unconjugated particle causes their movement in solution 
which leads to depolarization of the incident plane polar-
ized excitation energy, thus leading to very low polarization 
value (Lea and Simeonov 2011; Fluorescence Polarization 
2010). However, in case of conjugation of carbon dots to 
streptavidin, the motion of the particle is reduced due to 
an increase in the size and volume of the particles (Fig. 6). 
As the rotation of particle reduces, the excitation energy 
and the transmitted energy are nearly in the same state of 
polarization which is expressed as a higher magnitude of 

Fig. 5   FTIR spectrum of carbon dots

Table 1   Comparison of fluorescence polarization value of the uncon-
jugated carbon dots with the conjugated carbon dots

I∥ is the parallel polarized emission, I⊥ is the perpendicularly polar-
ized emission, and FP is the fluorescence polarization value

Sample I∥ I⊥ FP =
I�−G×I⊥

I�+G×I⊥

Unconjugated Carbon dots 114.82 102.54 0.056

Streptavidin-conjugated carbon 
dots

184.48 156.95 0.081

Fig. 6   Schematic of conjugation of carbon dots to streptavidin 
through glutaraldehyde
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polarization value (Bruno et al. 2005). Thus, the polariza-
tion value for the conjugated particle is higher than that of 
the unconjugated particle.

3.4 � Results of CDPIA

3.4.1 � Whatman filter paper

The results of the CDWIA with carbon dots as the fluores-
cent label are depicted in Fig. 7a, b. The assay exhibited lin-
ear correlation when tested in the range of 10 μg/mL–1 ng/
mL as evident from the standard plot and the lower detec-
tion limit of HIV-1 p24 was found to be 1  ng/mL. Since 
the volumes used were 5 μL, this directly translates to a 

detection of 5 pg of HIV-1 p24 per well. The linear coef-
ficient of correlation was found out to be 0.986, indicating 
it to be a linear dose-dependant model. The fluorescence 
signals observed for concentrations till 1  ng/mL were 
clearly higher than the signal observed for a blank well. 
But for concentrations below 1 ng/mL, the signal could not 
be clearly attributed to the presence of antigen and could 
be a result of non-specific absorption of the carbon dots 
on paper. This arises out of the porous nature of cellulose 
which leads to the non-specific absorption of antigens, anti-
bodies and carbon dots by hydrophobic and electrostatic 
interaction (ROWLAND 1977).

Whatman filter paper offers a large surface area with 
high absorptivity which simplifies the process of immo-
bilization of antibodies on the well by the process of 
physical adsorption (Kim and Herr 2013). This results 

Fig. 7   a Plot of standard curve for CDWIA. The red line indicates 
the fitting curve obtained by linear regression. b Standard plot of 
CDWIA with resolved axis that points to the lower detection limit of 
CDWIA (color figure online)

Fig. 8   a Plot of standard curve for CDNIA. The red line indicates the 
fitting curve obtained by five-parameter logistic regression. b Plot of 
standard curve of CDNIA with resolved axis that points to the lower 
limit of detection of CDNIA (color figure online)
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in drastic reduction in the duration required for coating 
antibodies onto the detection zone. The addition of sam-
ple solution containing the HIV-1 p24 antigen followed 
by addition of detector antibody results in the formation 
of a sandwich which is crucial for the detection. The 
interaction between biotinylated detector antibody, which 
is part of the sandwich, and the streptavidin-conjugated 
carbon dots added to the wells can be attributed to the 
strong non-covalent interaction between streptavidin and 
biotin molecules (Tang and Hewlett 2010). This interac-
tion is crucial to detection as exposure to excitation sig-
nal would cause the carbon dots to fluoresce and indicate 
the presence of the antigen.

3.4.2 � Nitrocellulose paper

The advantage of using nitrocellulose paper is that it has 
a very high absorption capacity for proteins compared to 
Whatman filter paper (Fenton et al. 2009). There is a two-
fold interaction which strengthens the immobilization of 
the capture antibodies on the well. Firstly, a dipolar inter-
action forms between the nitro groups of the paper and the 
carbonyl groups of the antibody. Additionally, the hydro-
phobic part of nitrocellulose interacts with the hydro-
phobic domains of the protein (Desiderio 1990). These 
interactions cause large amounts of capture antibodies to 
be absorbed onto the paper in a shorter period, thus reduc-
ing the incubation period. This strong absorption leads to 
a large amount of capture antibodies being coated on the 
well, and they remain immobilized during the wash step. 
As a result, the efficiency of the immunoassay is higher on 
nitrocellulose membrane compared to the Whatman filter 
paper.

Even in terms of sensitivity, nitrocellulose paper scores 
above Whatman filter paper as seen in the standard curve 
plotted in Fig. 8a, b. The nitrocellulose paper showed good 
sensitivity with a lower detection limit of 250 pg/mL which 
indicates detection of 1.25  pg of HIV-1 p24 per detec-
tion zone. It was also noted that the incubation period for 
the assay was reduced to 5  min. The results showed that 
CDNIA was fourfold more sensitive than CDWIA and 
reduced the assay duration by threefold. It was observed 
that the data fitted well to five-parameter logistic model 
(which is a superior model for fitting in immunoassays) 
which established the correlation between the p24 concen-
trations and corresponding fluorescence intensities. The 
coefficient of correlation (R2) was calculated to be 0.991.

While the nitrocellulose paper did show good sensitivity 
in HIV-1 p24 detection compared to Whatman filter paper, 
the sensitivity of CDNIA can be improved further by the 
choice of better papers which are specifically designed 
with reduced autofluorescence, thus improving the limit of 
detection to femtogram-level concentrations.

3.4.3 � Control experiment effect of BSA as an interfering 
protein

It was observed that the presence of bovine serum albumin 
had hardly any effect on the fluorescence intensities for a 
fixed concentration of p24. As evident from Fig. 9, increas-
ing the concentration of BSA had negligible effect on the 
fluorescence measurements. This goes on to reiterate the 
stability and specificity of the protocol.
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3.4.4 � Effect of temperature on the immunoassay

The effect of incubation temperature was studied using 
both Whatman filter paper and nitrocellulose paper by com-
paring the results of the immunoassay performed at incuba-
tion temperature of 37 °C with the immunoassay performed 
at room temperature of 25 °C (Fig. 10). The results showed 
negligible difference in the signal intensities which clearly 
indicates that the paper microplate can be incubated at 
room temperature. A possible reason for this could be as 
follows. The collision theory of reactions assumes that the 
frequency of the interaction of the reactants, in this case the 
antibody and antigen, determines the rate of reaction. The 
incubation temperature provides energy to the reactants so 
that a sufficient number of vigorous interactions occur to 
form the antigen–antibody complex. In case of paper as 
the substrate, the number of interactions is already high 
due to a smaller detection zone, high surface-to-volume 
ratio and porosity of the paper. This allows more interac-
tions to occur compared to a microwell plate. As a result, 
room temperature is a sufficient enough temperature con-
dition for incubation (Zang et al. 2012). Thus, the present 
CDPIA like other paper-based assays also does not require 
specialized equipment for incubation (Mu et  al. 2014; Ge 
et al. 2012).

3.4.5 � Optimization of the capture antibody concentration

The concentration of capture antibodies is an important 
factor in the sensitivity of the immunoassay. There is an 
optimal concentration of capture antibody at which the 
signal will be highest; at higher concentrations, the back-
ground signal is also higher and concentrations below this 
the signal will be weaker (Liu et  al. 2014). Optimization 
of concentration of capture antibody required for the assay 
was done by testing different concentrations of 10, 20, 
50 μg/mL. As shown in Fig. 11a, b, for 10 and 20 μg/mL 
the signal response was poor and there was no good corre-
lation between the observed signal and antibody concentra-
tion. However, at 50 μg/mL, there was a strong response 
observed with both papers. For concentrations higher than 
50 μg/mL, there was no change in the response which can 
be attributed to the saturation of the detection area with 
capture antibodies at 50 μg/mL. As a result, 50 μg/mL was 
chosen as the optimal concentration of capture antibody for 
further experimentation.

3.4.6 � Optimization of Carbon dots concentration

Carbon dots being the reporting labels, their concentra-
tion greatly affects the efficiency of the assay. The assay 
was performed with five different concentrations of 

carbon dots, 20, 50, 100, 150 and 200 μg/mL for a fixed 
concentration of capture antibody of 50 μg/mL and anti-
gen concentration of 1  μg/mL. The signal from blank 
wells (without antigen) was also measured for the differ-
ent concentrations of carbon dots and the signal-to-blank 
ratio was calculated and plotted. As seen from Fig.  12a, 
b, the signal-to-blank ratio increased with the increase in 
the concentration of carbon dots till 100 μg/mL for What-
man filter paper and 150 μg/mL for nitrocellulose paper 
after which there was decrease in the ratio owing to the 
increase in the intensity of blank. This can be attributed 
to the increased non-specific absorption of carbon dots on 
the paper with an increase in the concentration of the car-
bon dots. Thus, the optimal concentration of carbon dots is 
100 μg/mL for Whatman filter paper and 150 μg/mL for 
nitrocellulose paper.

Fig. 11   a Effect of capture antibody concentration on CDWIA.  
b Effect of capture antibody concentration on CDNIA
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3.5 � HIV detection in blood plasma samples

The spiked plasma samples that were tested using the pro-
tocol showed excellent per cent recovery in the range from 
94 to 101 %. This implies that the assay can detect HIV-1 
p24 close to its actual concentration even in the plasma 
samples. Thus, the efficiency of CDPIA with the clinical 
plasma samples is as good as with test samples. The per 
cent recovery is tabulated in Table 2.

To evaluate the clinical specificity of the assay in clini-
cal samples, we tested 15 plasma samples from confirmed 
HIV-negative individuals and 10 plasma samples from con-
firmed HIV-positive individuals. The CDPIA showed no 
false positives when HIV-negative samples were tested. 
The fluorescence signal from these samples was compa-
rable or lower than the blank signal intensity. It may be 
observed that the varying fluorescence intensities of the 
positive samples indicate the different stages of disease 
progression in the body. The increasing intensity directly 
correlates with the increasing amount of p24 in the plasma 
which points at the progression of the disease in the patient. 
Ten HIV-positive samples on which CDPIA was performed 
tested positive (Fig.  13a, whereas 15 HIV-negative sam-
ples were tested by CDPIA and were confirmed as negative 
(Fig. 13b). With 100 % accuracy, CDPIA has the potential 
to be a point-of-care tool for rapid detection of HIV.

3.6 � Evaluation of specificity of CDPIA

The specificity of CDPIA protocol was tested with hepatitis 
C virus as the competing moiety. The results of the CDNIA 
performed on p24 concentration of 1 ng/mL are depicted in 
Fig. 14. It is quite clear that there is no effect of the vary-
ing concentration of HCV on the fluorescence intensities of 
p24 detection.

3.7 � Comparison between CDPIA and conventional 
ELISA

As stated before, the main advantage of our CDPIA is that 
it is relatively rapid and consumes minimal amount of rea-
gents and hence cost-effective compared with conventional 
immunoassay techniques. The sensitivity of CDPIA is lower 
compared to the conventional ELISA which can detect up 
to 10–20 pg/mL of target analyte (Tang and Hewlett 2010). 
This was due to the autofluorescence of the paper which 
prevented detection of lower concentrations of p24.

A comparison of the experimental parameters between 
the CDPIA and ELISA is given in Table 3. As depicted in 
table, CDPIA consumes <10 % of reagents used in conven-
tional ELISA and can be carried out in <30 min.

To gain an insight into the efficiency of the CDPIA, 
we need to have a closer look at the device itself. The thin 
hydrophobic wax barrier greatly influences the process as it 
provides higher surface area for the interaction while reduc-
ing the device dimension and facilitating for smaller sam-
ple volume for processing (Jeong et  al. 2015). The highly 
porous cellulose allows uniform spreading of the applied 
reagent by wicking process which wets the detection area 
completely and transports the reagent throughout the bulk 
of the detection area (Tenda et al. 2016). Now cellulose is a 

Fig. 12   a Effect of carbon dots concentration on CDWIA. b Effect of 
carbon dots concentration on CDNIA

Table 2   Recovery percentage for HIV-1 p24 antigen spiked in the 
HIV-negative plasma samples

Sample Spiked  
concentration

Measured concentration Recovery (%)

1 10 μg/mL 9.5 ± 0.4 μg/mL 95.0 ± 4

2 5 μg/mL 4.70 ± 0.3 μg/mL 94.0 ± 6

3 2.5 μg/mL 2.40 ± 0.17 μg/mL 96.0 ± 6.8

4 1 μg/mL 1.01 ± 0.04 μg/mL 101.0 ± 4

5 500 ng/mL 477.0 ± 28.0 ng/mL 95.4 ± 5.6

6 100 ng/mL 98.6 ± 3.6 ng/mL 98.6 ± 3.6

7 500 pg/mL 491.6 ± 9.0 pg/mL 98.3 ± 2

8 250 pg/mL 251.2 ± 8.3 pg/mL 100.4 ± 3.3
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polysaccharide made of polymeric chains of d-glucose mole-
cules which is hydrophilic due to the presence of large num-
ber of –OH groups. These hydroxyl functional groups in turn 
allow binding of antibody to the cellulose fibres (Heiat et al. 
2014). A large number of antibodies can be bound to the 
nitrocellulose which has high surface area due to its porosity. 
When the sample is introduced, this large surface area also 
allows higher number of interactions between the antigen 

and the antibody (Samyn 2013). As a result, even though the 
sample volume is less, the higher number of interactions can 
produce a readable signal intensity (Zhao and van den Berg 
2008). Thus, a small volume droplet should be sufficient for 
the immunoassay to be performed. Table 4 gives a few exam-
ples where the small sample volumes have been applied for 
successful and sensitive detection of target analytes on paper.

4 � Conclusions

A highly efficient and rapid paper-based sandwich immu-
noassay on Whatman filter paper and nitrocellulose paper 
were developed for the detection of HIV-1 p24 antigen 
using carbon dots as the fluorescent reporter. The carbon 
dots were synthesized from citric acid and ethylene diamine 
and conjugated with streptavidin using glutaraldehyde. 
Paper was patterned using a hand-printing technique. The 
detection range was 10 μg/mL to 1 ng/mL for the Whatman 
filter paper while the nitrocellulose paper exhibited a higher 
range from 10 μg/mL to 250 pg/mL. CDPIA on the nitro-
cellulose paper (CDNIA) exhibited four times higher sensi-
tivity and reduced the assay time by three times compared 

Fig. 13   a CDNIA applied to 
10 HIV-positive samples and 
compared with the results from 
blank and a HIV-negative sam-
ple. The blue black and red bars 
denote the positive blank and 
the highest measured negative 
samples, respectively. b CDNIA 
applied to 15 HIV-negative 
samples which are compared 
with the result from a blank and 
a HIV-positive sample. The red, 
black and blue bars denote the 
negative, blank and the lowest 
measured positive samples, 
respectively

Fig. 14   Effect of varying dilution of HCV on the fluorescence inten-
sities from CDNIA performed on p24 sample
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to CDPIA on Whatman paper (CDWIA). HIV-negative and 
HIV-positive plasma samples were tested using CDNIA for 
the detection of HIV-1 p24. Both immunoassays exhibited 
no false-positive and false-negative results when used to 
test a limited number of clinical samples and also indicated 
near 100 % recovery rates. Thus, the CDWIA and CDPIA 
systems we developed have demonstrated that carbon dots 
may be excellent biolabel reporters for diagnostic tests. 
Further, the one-step synthesis procedure and high photo-
stability of the carbon dots can potentially result in consist-
ent and reproducible performance of the assay.
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