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a microfluidic carbon dot immunoassay (μCDIA) which 
exhibited analytical sensitivity in the range of 30–1000 pg/
mL. The CDIA and μCDIA can easily be adapted to a lab-
on-a-chip platform for use in resource limited settings and 
can also be multiplexed for the detection of other patho-
gens like TB and Hepatitis.

Keywords  Carbon dots · Immunoassay · HIV · p24 
antigen · Sensitivity

1  Introduction

In recent years, fluorescence-based immunoassays have 
become powerful tools in the field of clinical diagnosis, 
microbial ecology and biochemical studies for the visu-
alization of various biological events such as antigen–anti-
body binding, enzyme–substrate reactions and in drug dis-
covery (Feng et al. 2003; Shen et al. 2014). In a biosensor, 
fluorophores are molecular transducers that give out infor-
mation in the form of light when a particular chemical or 
biological reaction occurs (Hötzer et  al. 2012). Tradition-
ally, organic fluorophores are widely used as fluorescent 
labels due to their small size, relatively high fluorescence 
intensity and their commercial availability for various fluo-
rescent immunoassays (Härmä et  al. 2011). But organic 
dyes are vulnerable to photobleaching and always confine 
their detection capabilities. In recent decades, semicon-
ductor quantum dots (QDs) have become preferred fluo-
rophores because of their tunable emission wavelengths, 
good photostability, high quantum yield, narrow emis-
sion and large Stokes shift (Barroso 2011). QDs such as 
CdSe (Zhao et al. 2014) and CdTe have been successfully 
employed to demonstrate various biological processes 
at the molecular level, and their bio-sensing applications 
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have been studied extensively (Fang et al. 2013; Zhu et al. 
2014b). However, preparation, storage and stability meth-
ods of these traditional QDs are cumbersome. In addition, 
the blinking nature and heavy metal toxicity limit their use 
for biological applications. Therefore, selecting an environ-
mentally friendly material with excellent photoluminescent 
property as fluorescent label for the sensitive and selective 
antigen or antibody detection is in ever-increasing demand. 
Carbon dots (CDs) are newly emerged fluorescent carbon 
nanoparticles with combined advantages of both semicon-
ducting quantum dots and organic dyes.

CDs are quasi-spherical nanoparticles (<10  nm) with 
good water solubility (Wang et  al. 2014), high quantum 
yield (Zhu et al. 2013), low toxicity (Yang et al. 2009) and 
high resistance to photobleaching (Sun et  al. 2006). They 
have been explored for cell imaging (Shi et al. 2015), bio-
sensing (Yang et  al. 2013), metal ion sensing (Liu et  al. 
2011) and catalytic applications (Zuo et al. 2015). Arc dis-
charge, laser ablation, thermal cracking of organic com-
pounds, electrochemical oxidation, microwave-mediated 
synthesis, oxidation of candle soot and hydrothermal routes 
were used for the synthesis of CDs (Dong et al. 2012; Li 
et al. 2013; Tang et al. 2012). But hydrothermal reaction is 
the simplest and most inexpensive method to prepare func-
tionalized CDs in a single step (He et al. 2015).

CDs have been studied for the detection of small bio-
logical molecules such as glutathione, tetracyclines and 
cysteine in clinical samples (Amjadi et al. 2015; Feng et al. 
2015; Jana et al. 2015; Shi et al. 2014). Zhu et al. (2014a) 
used CDs as fluorescent labels in fluorescence immunoas-
say platform to label the goat anti-human IgG (gIgG) to 
obtain the CDs–gIgG conjugate, and quantitative meas-
urements of IgG in human sera have been demonstrated in 
clinical diagnosis for the detection of human immunoglob-
ulin. In this study, the detection is based on fluorescence 
enhancement caused by the surface polarity of antigen–
antibody immunocomplex which is very specific to the pro-
posed system. Wang et al. (2015) demonstrated the combi-
nation of CDs and aptamers as a novel fluorescence probe 
for rapid and sensitive detection of Salmonella typhimu-
rium concentration in solutions of eggshell and tap water 
with CDs-apt applied as fluorescent probes for bacterium 
quantitative detection with a detection limit down to 50 cfu/
mL. Wu et al. developed a carbon dot (C-Dot)-Linked well-
plate-based Immunosorbent Assay for the Detection of 
Human α-Fetoprotein (AFP) in the concentration range of 
0–350 ng/mL of AFP. The fluorescence intensities detected 
from the CDs on these sandwich immune complexes were 
positively correlated with the concentrations of AFP anti-
gen (Wu et  al. 2015). The only report on the CDs-based 
immunoassay for detecting p24 antigen was that of the pat-
ent filed by Min et al. is relating to a preparation method 

of a carbon quantum dot test paper strip for detecting a 
p24 antigen preparing a p24 carbon quantum dot pad and 
a p24 nitrocellulose membrane and a qualitative analysis 
(Min et  al. 2013). All the existing CDs-based immunoas-
says referred above are limited either by specific applica-
tion or sensitivity limits or lack of comprehensive evalua-
tion for immediate application. The present CDIA has the 
advantage of the use of streptavidin-conjugated CDs which 
can be adapted easily for the detection of different targets 
in addition to the present p24 antigen.

p24 antigen is the most abundant viral protein of human 
immunodeficiency virus (HIV-1) since the capsid contains 
~2000 molecules per virus. It is a potential viral marker for 
the diagnosis of HIV and blood donor screening due to its 
relatively high levels in blood during early and late stages 
of infection. There are currently many available diagnostic 
kits with accuracy of 99.5%, but all of them target antibod-
ies produced by the host which generally takes 3–6 months 
to appear in the blood (Teeparuksapun et  al. 2010). PCR 
(polymerase chain reaction), a nucleic acid (DNA and 
RNA) test, is the gold standard for diagnosing HIV but is 
limited to central laboratories owing to its cost and high 
complexity. Enzyme-linked immunosorbent assays (ELI-
SAs) are a common primary screening tool in developed 
countries, but once again their availability in resource-lim-
ited setting is restricted due to infrastructure requirements 
(Haleyur Giri Setty and Hewlett 2014). Previously, we have 
also studied bio-barcode amplification assay (gold nano-
particles, 0.1–500  pg/mL) and fluorescence immunoassay 
(europium nanoparticles, 0.5–500 pg/mL) for the sensitive 
and specific detection of p24 antigen (Tang and Hewlett 
2010; Tang et al. 2010). However, the requirement for short 
oligonucleotides, sophisticated instruments for bio-barcode 
amplification assay and the cost of rare earth-based euro-
pium nanoparticles for fluorescence immunoassay created 
the need to develop and evaluate new immunoassays.

In the present work, CDs with high quantum yield were 
synthesized using citric acid and ethylenediamine as car-
bon and nitrogen sources by a single-step hydrothermal 
reaction. These CDs have been used as fluorescent labels to 
develop a highly sensitive, precisely specific, environmen-
tally friendly, high-throughput, carbon dot based immuno-
assay (CDIA) to detect HIV-1 p24 antigen on both micro-
well plates and microfluidic chip. With a motivation to 
provide better health care through point-of-care (POC) tests 
in resource-limited settings, we translated this bench-top 
CDIA onto microfluidic chip and also evaluated its sensi-
tivity. Furthermore, the sensitivity of the CDIA and carbon 
dot based immunoassay μCDIA for p24 antigen in human 
plasma has been demonstrated through quantitative meas-
urements, resulting in a promising potentially new assay 
for clinical diagnosis.
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2 � Experimental section

2.1 � Materials

Anhydrous citric acid (99.5%), ethylenediamine and Tri-
ton-x-100 were purchased from Sigma. Quinine sulfate 
dehydrate, sodium borohydride and glutaraldehyde (50%, 
v/v) were supplied by Himedia. All chemicals used were 
of analytical grade and used as received. Centrifugal spin 
columns (10, 30, 100 kDa) were obtained from GE Health 
Care, UK. Dow Corning Sylgard 184 s polydimethylsilox-
ane (PDMS) kit was ordered from Ellsworth Adhesives 
(Germantown, WI, USA). Microfluor 96-well microtiter 
plates were bought from Thermo Scientific, USA. Phos-
phate-buffered saline (PBS; 100 mM, pH = 7.2) and Car-
bonate–bicarbonate buffer (500 mM, pH 9.5) were prepared 
in the laboratory by following established procedures. 
Casein Block buffer and wash buffer (0.1% tween-20 in 
PBS, PBST) was purchased from Thermo Scientific. Dou-
ble-distilled water was used for all the experiments. HIV-1 
p24 antigen (Virogen, USA), C65690M anti-p24 antibody 
from mouse (Prospec, USA) samples and HIV-1 detector 
antibody from mouse (biotinylated) were purchased from 
PerkinElmer (USA). Streptavidin was supplied by Scripps 
Laboratories, USA.

We obtained all the plasma samples (HIV positive, 
HBV positive, HCV positive and healthy adults plasma) 
from Department of Microbiology, Sri Sathya Sai Institute 
of Higher Medical Sciences, Prasanthigram, India, after 
approval from the Institutional Ethics Committee (SSSIHL/
IEC/PSN/BS/2012/01). For clinical studies, all details of 
the samples were coded and tested in a blinded manner. All 
of them were confirmed again using a fourth-generation 
Microlisa HIV Ag + Ab Elisa kit (J.Mitra & Co Pvt Ltd).

2.2 � Synthesis of carbon dots

In a single-step hydrothermal method, amine-functionalized 
CDs were synthesized from citric acid as carbon source and 
ethylenediamine as nitrogen source (Zhu et  al. 2013). In 
this procedure, 2.0 mg of citric acid and 2.6 mL of ethylene 
diamine (1:4 molar ratio) were dissolved in 50 mL of double-
distilled water. The solution was then transferred to a 100-
mL Teflon-lined autoclave and heated in an oven at 200 °C 
for 6 h. The reaction mixture was cooled to room tempera-
ture, and the solution was collected into a beaker for further 
purification. This crude extract was first filtered through a 
0.2 µm membrane for the removal of any large particles that 
may be present and the solution was lyophilized. These puri-
fied CDs were dissolved with water (10 mg/mL) and stored 
under dark conditions until further experiments.

2.3 � Conjugation of streptavidin to CDs

Streptavidin was conjugated to CDs following the proce-
dure reported by Wu et al. (2015). 5 mL of the stock solu-
tion (150 mg/mL) of purified CDs was mixed with 1 mL 
of carbonate–bicarbonate buffer (100 mM, pH 9.5). To this 
solution, freshly prepared 0.3 mL of 5% (w/v) glutaralde-
hyde solution (diluted 50% glutaraldehyde (w/v) with water 
10 times) was added dropwise with vigorous stirring. The 
reaction was continued by stirring at room temperature for 
1 h. In the next step, 1 mL of streptavidin solution (1 mg/
mL in PBS) was added slowly dropwise with stirring. This 
conjugation mixture was stirred at room temperature for 1 h 
after which it was transferred to an ice bath. Then, 1.5 mL 
of freshly prepared sodium borohydride solution (15  mg/
mL) was added to the reaction with stirring. This reduction 
reaction was left overnight at 4 °C. In the next step, strepta-
vidin-conjugated CDs (CD-SA) were isolated by centrifu-
gal spin columns (10  kDa, 30  kDa MWCO) and washed 
several times with PBS buffer. Finally, the CD-SA solution 
was diluted to 1 mg/mL with PBS buffer and stored at 4 °C 
under dark conditions for immunoassay experiments both 
on microplate and microfluidic chips.

2.4 � Measurement of fluorescence polarization

Fluorescence polarization (FP) allows rapid and quantita-
tive analysis of diverse molecular interactions and enzyme 
activities. The principle of FP derives from the degree of 
polarization of a fluorophore which is inversely related to 
its molecular rotation. Therefore, low molecular weight 
fluorescent species rotate rapidly resulting in low FP val-
ues. However, if the fluorescent species are conjugated 
with large biomolecules such as proteins, antibodies and 
enzymes, a higher FP value results (Moerke 2009). Fluo-
rescence polarization is expressed as

where I∥ and I⊥ represent the horizontally polarized and 
vertically polarized emission intensities, respectively. G 
is the correction factor calculated for the sensitivity of the 
instrument.

FP mode was selected to measure the I∥ and I⊥ values 
for both CDs and streptavidin-conjugated CDs (CD-SA) 
by exciting them with 340 nm wavelength and measuring 
their emission at 440  nm wavelength. The corresponding 
polarization values were calculated from the FP equation. 
Polarization value is a ratio and does not change with fluo-
rescence intensity; therefore, different concentrations of 
samples should have the same FP value.

(1)FP =
I� − G× I⊥

I� + G× I⊥
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2.5 � Characterization

The morphology and size of the CDs was investigated by 
transmission electron microscope (TEM, JEOL, 2100F 
electron microscope operated at 200 kV). The TEM sample 
was prepared by drop casting diluted solution of CDs on to 
a carbon-coated copper grid and dried under vacuum before 
the analysis. Surface functionalization was confirmed by 
Fourier transform infrared (FTIR) spectroscopy (SHI-
MADZU IR Affinity-1) using KBr pellet method. UV–Vis 
absorption spectra were obtained using Shimadzu UV-2450 
UV–Vis spectrophotometer. The fluorescence emission 
spectra of nanoparticles in the UV and visible regions 
were measured by Spectramax M5, multimode microplate 
reader. The same reader was also used to measure fluores-
cence for detection of HIV-1 p24 antigens.

2.6 � CDIA for the detection of p24 antigen

In this study, we have chosen sandwich immunoassay in 
which p24 antigen was sandwiched between primary and 
secondary antibodies on polystyrene microtiter wells. The 
fluorescence signal was collected from the CDs bound to 
the secondary antibodies. We chose physical adsorption 
since it is a simple and reproducible method. Hydropho-
bicity and surface charge of microplates are the main fac-
tors for the adsorption of capture antibodies (Qian et  al. 
2000). The high binding capacity plate has a small number 
of ionic carboxyl groups resulting in a slightly ionic and 
hydrophobic surface. The hydrophobic and ionic interac-
tions between the plate and biomolecules facilitate the 
physical adsorption of antibodies onto the plate (Gibbs and 
Kennebunk 2001). A capture antibody concentration of 
4  µg/mL was prepared by diluting with carbonate–-bicar-
bonate buffer (100  mM, pH 9.6). 100  µL of this solution 
was coated on to the black color fluorescence microplates 

and incubated for 36  h at 4  °C. After incubation, all the 
wells were washed five times with wash buffer after which 
300 µL/well casein blocking buffer was added. Incubation 
was continued for 30 min at 37 °C to ensure the blocking 
of nonspecific adsorption sites. Stock antigen p24 solu-
tion was diluted with block buffer or plasma sample to 
prepare different concentrations of antigen. 100 µL of the 
antigen was added to each well and incubated at 37  °C 
with shaking for 1  h. After washing all the wells for five 
times with wash buffer, detector antibody conjugated to 
biotin (100 µL/well) was added and incubated for 30 min 
at 37  °C. To this antibody–antigen–antibody complex, 
100 µL of CD-SA (0.1 mg/mL) was added to each well and 
the mixture was incubated again for 30 min at 37 °C with 
shaking. This was followed by final washing with PBST 
buffer for five times to avoid nonspecific interactions and 
reduce background noise. Finally, fluorescent signals from 
the sandwich immunocomplexes were read with the Spec-
tramax microplate reader (excitation at 340 nm and emis-
sion at 440 nm) directly from the microplate/microchip in 
the end point format. All experiments were performed in 
triplicate. A schematic representation of the detection of 
HIV-1 p24 antigen by CD-SA is shown in Fig. 1.

2.7 � Fabrication of microfluidic chip for µCDIA

We have fabricated microfluidic chips following the proce-
dure reported by us for the europium nanoparticle immu-
noassay in our previous study (Liu et al. 2014).The chan-
nels were designed by Autodesk AutoCAD, and then, the 
templates were made by computer-numerical-control 
(CNC) milling machine. The microfluidic channels were 
machined on a 100  mm  ×  100  mm  ×  1.5  mm acrylic 
plaque mounted on the CNC stage. PDMS prepolymer 
was mixed with its curing agent at 10:1 weight ratio and 
poured on the acrylic plaque to replicate the microchip 

Fig. 1   Schematic illustration 
for the detection of HIV-1 p24 
antigen by CD-SA conjugates. 
CDIA uses capture antibody-
coated microtiter wells to 
capture HIV-1 p24, which is 
then sandwiched with second-
ary biotinylated anti-p24 anti-
body. The CD-SA conjugates 
recognize and bind the above 
biotinylated antigen–antibody 
complex. After extensive wash-
ing, the fluorescence signal 
released from the sandwiched 
complex is then recorded and 
quantified with Spectramax M5 
multiplate reader
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pattern. PDMS was thermally cured at 65 °C for 1 h, and 
the resultant elastomeric pad with protruded pattern was 
subjected to corona discharge activation for 2.5 min. Imme-
diately after treatment, the surface of the patterned PDMS 
pad was passivated using vapor of (tridecafluoro-1,1,2,2-
tetrahydrooctyl)-trichlorosilane in a vacuum desiccator 
for 2 h. To finish device fabrication, a 1-mm-thick layer of 
PDMS was partially cured at 65  °C for 18 ~ 20 min and 
attached to a freshly prepared microchip replicate to seal its 
open channels. The assembly was cured at 65 °C overnight 
before use.

The microfluidic chip contains 12 independent reac-
tors with volume of 20 μL each. The microfluidic chan-
nels have the channel width: 254 µm; depth: 150 µm, and 
serpentine-channel bioreactor have the channel width: 
1000 µm; depth: 750 µm; and length: 29 mm.

As shown in Fig. 2, our present microfluidic chip con-
tains 12 independent microreactors. The microreactors are 
serpentine channels, and the total volume of each reactor is 
20 µL. We could use micropippete for loading the reagents 
into the reactors with the help of adapters provided on each 
reactor.

2.8 � µCDIA for the detection of p24 antigen

We extended our CDIA onto a microfluidic chip to develop 
into point-of-care device for resource-limited settings. To 
implement CDIA on microfluidic chip, we chose physical 

adsorption method to immobilize capture antibodies onto 
PDMS surface. For µCDIA studies, in the first step, 100 μg 
of capture antibody was dissolved in 1  mL of PBS 
(100 mM, pH = 7.2) buffer. This 100 μg/mL capture anti-
body was diluted to 4 μg/mL with PBS buffer. Then, 20 μL 
of 4 μg/mL capture antibody solution was loaded into each 
channel with micropipette and incubated at 4 °C for 36 h. 
This step was followed by replacing the coating antibody 
solution with PBST as block buffer to avoid the nonspecific 
adsorption of antigen on the microchannel walls. The PBST 
solution was removed after 40 min of incubation at 37 °C. 
HIV-1 p24 antigen sample solutions were loaded into 
PBST-blocked microchannels, and the device was kept at 
37 °C for 15 min. This was followed by washing the chan-
nels with PBST buffer to remove loosely bound antigen. In 
the next step, 20 μL of 10  ng/mL biotinylated secondary 
antibody (detector antibody) was added to each channel to 
form antibody–antigen–antibody sandwich immunocom-
plex and the reaction was allowed to continue for 30 min at 
37 °C. After second wash with PBST, CD-SA solution was 
loaded into each channel and the streptavidin–biotin cou-
pling reaction was allowed to continue at 37 °C for 15 min. 
After the final wash, the device was placed onto a modi-
fied rack of spectraMax M5 for recording the fluorescent 
signals from the sandwich immunocomplex. In the present 
study, the reagent pumping into the channel was achieved 
manually using a rubber pipette filler (Thermo Fisher Sci-
entific) connected to the devices through a section of PTFE 

Fig. 2   Design of the channel 
pattern of a microfluidic chip
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tubing (1/32″ID  × 1/16″ OD, Cole-Plamer, Vernon Hills, 
IL, USA).

3 � Results and discussion

The CDs were characterized for their optical properties by 
UV–Vis, photoluminescence (PL) and TEM images and 
were described in detail in the supplementary information. 
FP measurements were carried out to investigate the suc-
cessful functionalization of streptavidin to CDs.

Here, in our work, the binding of streptavidin to CDs 
has increased its size which slows down its molecular rota-
tion compared to the carbon CDs alone. This has resulted 
in the higher polarization value for streptavidin-conjugated 
CDs compared to CDs alone. The FP values of unconju-
gated and streptavidin-conjugated CDs from the FP equa-
tion (Eq.  1) were calculated by measuring the P and S 
polarization values and are reported in Table 1. As small-
sized particles have small FP value and large-sized parti-
cles have higher FP value, functionalization could easily be 
monitored by comparing the FP values. The FP value of the 
CDs-SA was higher than CDs and confirmed the conjuga-
tion of streptavidin to CDs.

3.1 � Optimization of fluorescent CDIA for the detection 
of HIV‑1 p24 antigen

p24 antigen is the most abundant viral protein in the early 
stages of HIV infection even when the antibody concentra-
tions are still low. Therefore, tests were designed to detect 
p24 antigen at very early stages for better antiretroviral 
treatment (Pandori et  al. 2009). In this study, we adopted 
p24 antigen assay to study the CDIA performance. We 
optimized the concentration of CD-SA by measuring the 
signal-to-blank ratio (S/B) of 100 pg/mL p24 using serial 
dilutions of CD-SA. All the measurements were repeated 
three times.

Figure 3a shows that there is no linear relation between 
the signals and CD-SA concentration. The highest S/B 
ratio was observed with CD-SA concentration of 2 mg/mL. 
However, with increase in concentration beyond 2 mg/mL, 
intensity of the blank increased rapidly when compared 
to signal which could be due to nonspecific adsorption of 
the CD-SA. There could be few of the CDs binding to the 
microplate wells even after extensive washing. Since the 

fluorescence quantum yield of CDs is very high, the bind-
ing of even of a few CDs to the microplate wells would con-
tribute to the extra noise resulting in lower signal-to-noise 
ratio. We have used this optimized CD-SA concentration to 
determine the sensitivity of CDIA for the p24 antigen assay. 
Figure 3b shows a linear dynamic range extending from 20 
to 1000 pg/mL. The correlation coefficient was calculated 
from the linear fit of the data between signal intensity and 

Table 1   Comparison of 
fluorescence polarization 
(FP) values between CDs and 
streptavidin-conjugated CDs 
(CD-SA)

mP = FP * 1000

Sample I∥ I⊥ G FP mP

CDs 98 ± 0.29 80 ± 0.35 1.00 0.106 ± 0.00056 106 ± 0.56

CD-SA 129 ± 0.57 101 ± 0.41 1.02 0.125 ± 0.00075 125 ± 0.75

Fig. 3   a Optimization of CD-SA concentration, b CDIA for the 
determination of p24 antigen (n =  3). The error bars represent the 
standard deviation of at least three independent repeated experiments 
for each assay
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concentration of antigen as R2 = 0.9957 which suggests it 
to be a linear dose-dependent assay. There was clear dif-
ference between the blank and signal intensities only up 
to 20  pg/mL beyond which it was indistinguishable. The 
fluorescence cut-off value was derived using the sum of the 
means of the signal intensity of six negative controls plus 
two times their standard deviation (SD). Samples with sig-
nal-to-cut-off (S/CO) ratios equal to or greater than 28.20 
were considered positive for HIV-1 p24. Thus, our CDIA 
could detect p24 antigen reproducibly up to 20 pg/mL. The 
lower detection limit of the CDIA using CDs as fluorescent 
probes can be claimed as 20 pg/mL.

In the process of studying various factors for the optimi-
zation of CDIA’s analytical performance, we also carried 
out the effect of concentration of capture antibody coating 
on the detection of p24 antigen. We coated the microplate 
with capture antibody concentrations of 1, 2 and 4 µg/mL. 
As shown in Fig. 4, with the concentrations of 1 and 2 µg/
mL, the signal response was weak and no linearity was 
observed. This might be because at the lower coating con-
centrations, there may not be enough sites available for the 
antigen binding when the p24 concentrations are high. But 
when the plate was coated with a higher concentration of 
4  µg/mL, strong signal response was recorded even with 
lower p24 antigen concentrations. It also exhibited a linear 
analytical sensitivity from 20 to 1000 pg/mL. This higher 
dynamic range would be useful for detecting p24 antigen 
concentrations within days after exposure up to 4  weeks, 
i.e., prior to seroconversion after which the antigen 
becomes undetectable. Since there was good S/B ratio even 
at the lower concentration of p24, in this study, we chose 
4 µg/mL as coating concentrations of capture antibody for 
all our CDIA experiments.

3.2 � Analysis of HIV‑1 p24 antigen in human plasma 
samples

To determine the sensitivity of the assay, we first tested 45 
plasma samples of healthy individuals and no false posi-
tives were observed. In Fig.  5 for all the 45 samples, the 
scatter plot was plotted for their intensity and all of them 
appeared below the signal-to-cut-off ratio which confirmed 
no false positives. Further to evaluate the analytical sen-
sitivity of the assay, known concentrations of p24 antigen 
were spiked into plasma samples collected from healthy 
individuals (HIV negative sample). The plasma samples 
were diluted 100 times for the analysis to avoid interference 
from other plasma proteins while reducing the sample con-
sumption. Concentrations of 20, 50, 100, 150 and 500 pg/
mL purified p24 antigen were added to the HIV negative 
samples. All experiments were conducted in triplicate, 
and average signal response was used to calculate the con-
centration of p24 antigen in the sample from the standard 
curve (Fig. 3b). From Table 2, the yielded results show that 
the quantification of p24 antigen by CDIA is comparable to 
the actual amounts spiked into sample. The higher percent 
recovery and lower variability of antigen in spiked plasma 
samples can be attributed to the washing out interferences 
by diluting plasma samples. Thus, CDIA can quantitatively 
determine the concentration of HIV-1 p24 antigen in clini-
cal plasma samples.

To determine the specificity of the CDIA, we tested the 
HIV positive plasma samples with all the optimized condi-
tions as discussed above. Again as a prerequisite, the plasma 
samples were diluted 100 times prior to the analysis. We 
tested 25 HIV positive samples (confirmed by both 3rd and 
4th generation commercial ELISA kits) using CDIA, and 
no false negatives were observed. Initially, the three signal 

Fig. 4   Effect of capture antibody coating concentrations to CDIA for 
the detection of p24 antigen

Fig. 5   Scatter plot of CDIA performed on HIV positive samples
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intensities of the each sample of the experiments conducted 
were averaged. Then, mean ratios were calculated by aver-
aging all the 25 samples participated in the experiment. The 
mean ratio of samples over the cut-off ratio of the negative 
control for these samples was 124.62  ±  89.54. We also 
evaluated the assay with eight HBV positive/HIV nega-
tive and 10 HCV positive/HIV negative plasma samples for 
cross-reactivity, and their mean ratios of samples over the 
cut-off value of the negative controls were 25.63 ±  3.81, 
19.42 ±  5.18, respectively. Figure  6a depicts the varying 
concentrations of fluorescence intensities of CDIA tested 

on HIV positive samples directly correlates with the pres-
ence of p24 in the plasma which points out the progression 
of the disease in the patient. As shown in Fig. 6b, the CDIA 
tested on eight HBV and 10 HCV samples showed fluores-
cence intensities below cut-off ratio. So CDIA showed no 
false positives when HBV and HCV samples were tested. 
The CDIA method for detection of p24 antigen had high 
specificity without interference from other antigens such 
as HCV and HBV samples. The low cost along with the 
higher sensitivity would be of an advantage for the adap-
tion of CDIA to resource-limited settings.

3.3 � µCDIA for the detection of HIV‑1 p24 antigen

With a motivation to provide better health care through 
point-of-care (POC) tests in resource-limited settings, we 
continued our efforts to translate this bench-top CDIA 
onto microfluidic chip. The immunoassays performed on a 
microfluidic chip offer several advantages over convention-
ally used microtiter plates. We evaluated the analytical sen-
sitivity of the µCDIA, and it exhibits a linear dynamic range 
from 30 to 1000 pg/mL (Fig. 7). The correlation coefficient 
value R2 = 0.9737 obtained from the linear fit of the graph 
suggests it as a linear dose-dependent assay. Below this 
concentration, we could not distinguish between the signal 
and background. Therefore, for µCDIA, we considered the 
detection limit as 30 pg/mL. Table 3 clearly shows the sam-
ple/reagent consumption reduced by fivefold except for the 
block buffer and wash buffer (tenfold). The assay time also 
shortened by about 34% without compromising on the ana-
lytical sensitivity of the assay to a significant degree. Our 
findings suggest that the µCDIA could be easily adapted 

Table 2   Recovery tests of p24 antigen spiked in plasma samples of 
HIV negative individuals

Sample p24 spiked (pg/mL) p24 detected (pg/mL) Recovery (%)

1 20 17.26 86.3

2 50 44.79 89.5

3 100 96.22 96.22

4 150 143.1 95.4

5 500 486.27 97.2
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Fig. 6   a CDIA applied to 25 HIV positive samples and compared 
with the results from blank and a HIV negative sample. The blue, 
black and red bars denote the positive sample, blank and the negative 
samples, respectively. b CDIA applied to eight HBV positive/HIV 
negative and 10 HCV positive/HIV negative samples which are com-
pared with the result from a blank and a HIV positive sample. The 
green, blue, black and red bars denote the HBV positive/HIV nega-
tive, HCV positive/HIV negative blank and the lowest measured posi-
tive samples, respectively

Fig. 7   µCDIA for the determination of p24 antigen (n  =  3). The 
error bars represent the standard deviation of at least three independ-
ent repeated experiments for each assay
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for the detection of other infectious diseases associated 
with HIV such as tuberculosis and influenza. For example, 
we can choose for tuberculosis, antigens such as ESAT-6, 
CFP-10 and their corresponding antibodies to develop our 
µCDIA by employing streptavidin-conjugated CDs to make 
this microfluidic chip a useful multiplex platform.

When compared with conventional ELISA in terms of 
cost, µCDIA is a more cost-effective platform as shown in 
Table  4. The chip which supports 12 reaction zone costs 
$1 which is much lesser compared to $2.5 which is cost 
for 12 wells. Also, the significantly lower volumes in case 
of µCDIA bring down the cost for the reagents in µCDIA 
compared to conventional ELISA. More importantly, the 
synthesis of carbon dots by hydrothermal methods lowers 
the cost significantly when considered in comparison with 
cost of the enzyme and substrate reagents. When the total 
cost was compared, the estimated cost for µCDIA is less 
than 3 dollars which is around 3–4 times lesser than detec-
tion using a conventional ELISA platform.

4 � Conclusions

The potential of the CDs as fluorophores was explored 
for the development of a high-throughput CDIA to detect 
infectious agents such as HIV with enhanced sensitiv-
ity. Synthesis of the high quantum yield CDs was made 

possible through using citric acid and ethylenediamine 
as carbon and nitrogen sources. It was demonstrated that 
the CDIA is capable of detecting HIV-1 p24 antigen in a 
broad range from 20 to 1000 pg/mL, thus giving a 100-fold 
enhancement of detection over the conventional colorimet-
ric assays. This assay will be useful in the early identifi-
cation and monitoring of the disease and thus help in the 
planning of the treatment. This highly sensitive p24 assay 
can also help improve blood safety by reducing the anti-
body negative window period in blood donors in resource-
limited settings where nucleic acid testing is not practical 
or feasible. The µCDIA has the complete capability for 
development into a lab-on-a-chip platform device with high 
sensitivity to detect the early infections and good specific-
ity because of the disease-specific antigen and antibody 
pair. This could be adapted for the detection of other anti-
gens such as ESAT-6 and CFP-10 for tuberculosis. This 
could also improve the test and treat approach, by relatively 
reducing the time and the reagent consumption for the HIV 
tests.
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