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Cervical cancer is the fourth largest cancer, affecting women across the globe. Rapid screening is of vital

importance for diagnosis and treatment of the disease, especially in developing countries with high risk

populations. In this paper, we report a simple, novel and rapid approach for qualitative screening of

cervical cancer. A label-free colorimetric technique (“C-ColAur”) involving the in situ formation of gold

nanoparticles (Au NPs) in the presence of clinical samples is demonstrated. The as-formed Au NPs,

owing to the sample composition produced a characteristic color that can be used for the qualitative

detection of malignancy. We demonstrated the proof of principle using clinical samples (cervical fluid)

collected from both cancer affected and healthy individuals. The results of the detection technique, “C-

ColAur” when compared with those of the existing conventional diagnostic procedures (i.e. Pap smear or

biopsy), showed 96.42% sensitivity. With the detection time less than a minute and with no/minimal

sample processing requirements, the proposed technique shows great potential for point-of-care as well

as clinical screening of cervical cancer.

Introduction

Cervical cancer, caused by Human Papilloma Virus (HPV) is the

fourth most common cancer and second-largest cause of death

in women, worldwide. 569 847 new cases and 311 365 deaths,

worldwide were recorded in 2018 (GLOBOCAN 2018) indicating

the need for robust screening & treatment strategies. The inci-

dence andmortality are further expected to increase by 36% and

47.5% respectively by 2040.1–5 Cervical cancer has a long pre-

clinical phase that spans decades without any symptomatic

effects. Organized screening programs have proven to be

effective in reducing the mortality of cervical cancer.3,5–7 The

success of screening methodologies depend upon increased

coverage of the geographical area and higher human partici-

pation. The traditional screening/detection techniques of

cervical cancer include the papanicolaou (Pap) test, visual

inspection with acetic acid (VIA), biopsy and HPV gene testing.

The common barriers to these screening procedures are

discomfort faced by women during the pelvic examination and

need for multiple medical visits.3 Though the currently used

screening methods are sensitive, they are expensive and time-

consuming, require trained medical personnel, and need

sophisticated instrumentation for sample collection, process-

ing and interpretation of results.2,8 The Pap test to identify

abnormal cervical cells has been adopted as the standard

screening tool in developed nations with sufficient resources.

However countries with limited resources, i.e. low and middle-

income countries adopted visual inspection or HPV based

screening methods, given their lower cost and enormous

potential for large scale impact.5,8 Though HPV testing has been

considered the most objective and reproducible among all

screening tests, it is not cost-effective (especially in developing

nations). Hence, VIA has been considered a better and afford-

able alternate.9–11

The VIA screening test has high sensitivity, providing

immediate results, but as mentioned earlier, requires trained

medical personnel for pelvic examination. It is also a subjective

& qualitative analysis (largely depending on the skill of the

medical personnel) and hence suffers from low specicity.12 The

currently used screening techniques (cervical smear collection)

cause discomfort, pain and embarrassment to women which is

one of the prime reasons for under screening in addition to the

socio-economic constraints.13,14 Considering the functional and

nancial limitations of existing screening/diagnostic methods,

the development of a rapid point-of-care testing method is very

crucial for overcoming the aforementioned limitations. With

the emergence of self-sampling for cervical cancer screening,

a facile, rapid, and affordable point-of-care screening technique
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will be extremely benecial. Among the various sensing mech-

anisms adapted for screening/diagnosis of diseases, colori-

metric assays are more suitable, and hence preferred for rapid

testing through visual read-outs.15–17

The advances in nanotechnology led to the development of

a variety of biosensors using unique physical and chemical

characteristics of nanomaterials. Gold nanoparticles (Au NPs)

are one of the most commonly used nanomaterials for various

sensing applications, owing to their unique surface plasmon

resonance (SPR) based optical properties. Au NPs have received

extensive attention, as they can be easily functionalized, and

exhibit variations in color corresponding to their size, shape,

composition, inter-particle distance and state of aggregation,

resulting in rapid and reliable detection.18–22 The typical

approach of colorimetric assays involves preparation of a stable

colloidal solution/substrate, whose stability gets affected by the

addition of the analyte resulting in a color change.

Colorimetric assays using Au NPs are either labelled or label-

free. The labelled techniques use Au NPs whose surface is

modied/functionalized with a specic label/ligand (DNA,

aptamers, peptides, or antibodies). Ligand modied Au NPs are

more stable under high ionic strength conditions and undergo

controlled aggregations by cross-linking, non-cross-linking, or

destabilization strategies.17,20,23 Xia et al. developed a labelled

colorimetric method for prostate specic antigen (PSA) detec-

tion by inhibition of the formation of Au NPs in serum samples.

The method of detection was based on ascorbic acid (AA)

induced formation of Au NPs and Cu2+ catalyzed oxidation of

AA.24 Wen Ren et al. developed a magnetic probe comprising

Fe3O4 core/Au shell nanostructures modied with antibodies

for ultrasensitive colorimetric detection of cervical cancer. The

magnetic probe successfully detected the protein biomarker,

valosin-containing protein (VCP), at a concentration as low as

25 fg mL�1 within 45 min assisted by enzyme-based colori-

metric signal amplication.25 Xiao et al. designed and devel-

oped a Au/Bi2Se3 hybrid colorimetric biosensor. The catalytic

activity of Au/Bi2Se3was tuned to switch off/on corresponding to

the presence of cancer antibody/antigen biomarkers in solu-

tion. This colorimetric sensor showed a good generality for the

detection of various types of cancer biomarkers, providing an

alternative method for cancer diagnosis.16,25 Despite the

advantages of improved sensitivity and specicity, labelled

techniques are expensive, and time-consuming requiring

complex processing of samples and substrates.26

Label-free detection is an affordable alternate to labelled

techniques. This technique involves an analyte triggered

aggregation (such as electrostatic or hydrogen bonding inter-

actions) of Au NPs.23,27–30 It is cost-effective and requires

minimal time for sample processing, and hence more suitable

for point-of-care applications. Sina et al. developed a colori-

metric technique for detection of the methylscape biomarker

using cancer genomes. This method was based on the level of

gDNA adsorption on planar and colloidal gold surfaces,

respectively resulting in a simple, label-free naked eye platform

with an analysis time of less than 10 minutes.31 Mao et al. re-

ported a label-free method for rapid and specic detection of

human papilloma virus (HPV). The cysteine (Cys) modied

protein (Cys-Sso7d) induced aggregation of Au NPs was highly

suppressed in the presence of DNA (HPV 16 & 18 gene frag-

ments) due to the strong binding affinity of Sso7d with dsDNA.

The Cys-Sso7d/Au NP probe coupled with PCR showed a speci-

city & sensitivity of 85.7% and 85.7%, respectively for visual

detection of high risk HPV detection.32

The majority of the reported studies on colorimetric analysis

for biosensing have deployed Au NPs that were pre-formed. The

formation of Au NPs is highly dependent on various factors that

trigger or hinder their growth.33 In this paper, we analyse the in

situ formation of Au NPs and evaluate their efficacy in detecting

cervical cancer using clinical samples (cervical uids) collected

from both healthy and cancer affected subjects. We demon-

strate a colorimetric strategy relying on the in situ formation of

Au NPs that varied in their size and color depending upon the

type of clinical sample leading to screening of cervical cancer.

The Au NPs formed in situ were further analysed by spectros-

copy and microscopy. The colorimetric detection technique

(henceforth to be referred to as “C-ColAur”) was compared with

the conventional diagnostic procedures (Pap smear/Biopsy). To

the best of our knowledge, this is one of the rst reports on the

application of in situ formed Au NPs as a colorimetric strategy

for screening of cervical cancer.

Experimental section
Materials

Ascorbic acid and trisodium citrate were procured from SRL

Chemicals, India. Hydrogen Tetrachloroaurate(III) (HAuCl4-

$3H2O), and a phospholipid quantication assay kit (CS0001-

1KT) were purchased from Sigma (St. Louis, MO, U.S.A). A

BCA protein assay kit was procured from Thermosher Ltd.,

India. All the chemicals were used as received without any

further purication.

Characterization

The clinical samples were observed under an optical micro-

scope and images were captured (Olympus CKX-53, U.S.A). The

absorption spectra were recorded using a UV-Vis spectropho-

tometer (UV-1800, Shimadzu, Japan). The hydrodynamic

diameter, polydispersity index (PDI) and zeta potential were

measured by dynamic light scattering (DLS) using a particle size

analyzer (Nicomp Nano Z3000 ZLS, U.S.A). The size and

morphology of the nanoparticles were characterized by Trans-

mission Electron Microscopy (TEM) (JEOL, JEM 2100, U.S.A).

The energy dispersive X-ray analysis (EDS) of Au NPs was per-

formed to understand the elemental composition using

a Scanning Electron Microscope (FESEM-JEOL, USA). XRD

spectra were obtained using an X-ray Diffractometer (Bruker

Discover D8, U.S.A). FT-IR absorption spectra were recorded

using a Fourier transform infrared spectrometer (FT-IR, Bruker,

U.S.A) in the spectral range of 4000–600 cm�1.

Clinical samples

The clinical samples were collected from the Basavatarakam

Indo-American Cancer Hospital & Research Institute,
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Hyderabad, Telangana, India. The relevant ethical approvals

were obtained from the Basavatarakam Indo-American Cancer

Hospital & Research Institute, Hyderabad, Telangana, India.

Written informed consent was obtained following a protocol

approved by the hospital ethics committee (registration

number: ECR/7/Inst/AP/2013/RR-16; EC reference number:

IECR/2018/125). Study-specic identication codes were

assigned, and patient condentiality was preserved.

Gynecologists collected cervico-vaginal swabs from patients

in the lithotomy position using a cytobrush. Respective samples

for diagnosis by PAP smear or biopsy were also collected. The

contents of the cytobrush were transferred to a storage vial,

sealed, coded and transported to the lab where further analysis

was performed. Samples were collected from women who

visited the hospital for diagnosis/regular check-up (referred to

as “pre-treatment samples”). Samples were also collected from

women who visited the hospital for follow-up aer the therapy,

i.e. cancer affected patients who underwent treatment and were

called for a follow up (referred to as “post-treatment samples”).

A total of 62 samples were collected, of which 14 samples were

collected from healthy women, 28 samples were collected from

cervical cancer affected women, and 20 samples were collected

from women who underwent therapy (radiation/chemotherapy/

surgery). All cytology samples collected from patients for diag-

nosis by Pap smear/biopsy were analysed by the pathology

laboratory, Department of Molecular Diagnostics, Basavatar-

akam Indo-American Cancer Hospital & Research Institute,

Hyderabad. Based on the cytology and biopsy outcomes, healthy

and cancer affected women were identied, and the results were

compared.

Analysis & detection of clinical samples: “C-ColAur” technique

The samples (cervical uids) were diluted inMilli Q water (1 : 10

dilution) and their absorbance was recorded. The samples were

observed under a microscope to understand their composition.

The protein and lipid contents in clinical samples were esti-

mated using BCA (bicinchoninic acid) protein assay and phos-

pholipid assay kits respectively following the manufacturer's

protocol.

For the colorimetric detection of clinical samples, the

following procedure was followed. 100 mL of the clinical sample

(1 : 10 dilution) was mixed with 100 mL of 1 mM HAuCl4$3H20,

followed by the addition of 200 mL of 2 mM ascorbic acid. The

change in the color of the samples aer the addition of the

reducing agent was photographed. The Au NPs formed without

any clinical sample were termed blank (B) NPs, while Au NPs

formed with healthy & cancerous cervical uids were termed

control (C) and test (T) Au NPs respectively.

Stability study

The in situ formed blank (B), control (C) & test (T) Au NPs were

subjected to salt-based aggregation studies. Saline Sodium

Citrate (SSC 5�) buffer was prepared and added to the Au NPs

solutions. The corresponding changes in color and absorbance

were recorded. Size analysis was performed to understand the

change in size with the addition of SSC buffer.31

Sensitivity & specicity of detection

The sensitivity, specicity, negative predictive value (NPV) and

positive predictive value (PPV) for the “C-ColAur” technique

were calculated using the standard procedures reported in the

literature.34,35 Pap smear and biopsy results were considered the

gold standard. The results of “C-ColAur” were compared against

the gold standard, and the values of sensitivity & specicity were

calculated.

Results & discussion

A schematic representation of the detection process using the

“C-ColAur” (Cervical cancer detection using Colorimetric

sensing with Au NPs) technique is represented in Fig. 1.

The cervico-vaginal samples were collected from the Basa-

vatarakam Indo-American Cancer Hospital & Research Institute,

Hyderabad, India. The clinical samples were observed under

a light microscope to visualize the morphological differences in

the composition of the healthy and cancer affected samples.

The healthy sample contained epithelial cells that were discrete,

while the cervical cancer affected sample had cancer cell

aggregates (Fig. S1A and B†). The cervical uid samples were

diluted (1 : 10 dilution) and analysed for their absorbance. The

healthy samples did not show any specic absorption, while

cervical cancer affected samples showed absorption at 280 nm

corresponding to protein36 (Fig. S1C†).

The proteins and lipids in clinical samples were quantied.

The protein and lipid contents in the cancerous samples were

observed to be higher, compared to those in the healthy

samples (Fig. S1D†).

Blank Au NPs were formed by the ascorbic acid reduction of

AuCl4
� to Au at ambient temperature. The blank (B) Au NPs,

formed in the absence of clinical samples, were very crucial for

understanding the variation in the color, size, shape and

composition of the control (C) & test (T) Au NPs formed by

interactions with healthy and cancerous clinical samples

respectively. The cervical uid samples were individually mixed

with HAuCl4, followed by ascorbic acid reduction. This resulted

in an immediate color change in the case of healthy samples

(bright blue) whereas the cancerous sample showed no specic

change in color (Fig. S2†). Biological samples and biomolecular

interactions are known to control the dispersion/aggregation of

nanoparticles, resulting in their detection/monitoring.20 The

rapid change in color was due to the in situ formation of Au NPs.

The inset in Fig. 2A shows the Au NPs formed with water (i.e.

blank (B)), healthy samples (i.e. control (C)), and cervical cancer

affected samples (i.e. test (T)). The color change observed in the

clinical samples was specic to the type of the sample (healthy/

affected samples – control/test Au NPs). This variation in color

could be due to the size/shape/interparticle distance-dependent

localized surface plasmon resonance (SPR) of Au NPs.37,38

The nanoparticles were analysed by UV-visible spectroscopy

(Fig. 2A). The blank in situ formed Au NPs showed a character-

istic peak at 520 nm, indicating formation of uniform and

monodispersed nanoparticles.33,39 The control & test Au NPs

showed a broad absorbance ranging between 600–800 nm and

This journal is © The Royal Society of Chemistry 2020 Nanoscale Adv., 2020, 2, 5737–5745 | 5739
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540–640 nm respectively. This red shied broadening of the

SPR could be due to the aggregation-induced coupling of plas-

mon modes.40–42 Such aggregation of nanoparticles would have

been due to the changes in the solvent/sample environment.20,43

In this case, the cervical uid was the external stimulus that

caused Au NPs to form or aggregate differently, leading to a shi

in the absorption spectrum, subsequently resulting in the color

change. This color change was very much evident in the control

than in the test Au NPs, owing to lower intensity (Fig. 2A inset).

DLS was used to monitor the hydrodynamic size of the in situ

formed Au NPs (Fig. 2B). The mean size of the blank Au NPs was

found to be 23.4 nm, while that of the control and test Au NPs

was 834.8 nm & 252.2 nm, respectively. The zeta potential was

recorded as +9.28 mV, +24.83 mV and �1.08 mV for the blank,

control and test Au NPs respectively (Fig. 2C). Zeta potential

analysis revealed the differences in the surface potential of the

Au NPs (ESI Table 1†). The Au NPs were further subjected to

TEM analysis to understand the differences in the size/shape

(Fig. 3). Blank Au NPs were observed to be spherical and

uniformly distributed with an average size of 25–40 nm

(Fig. 3A). The control Au NPs were quasi-spherical and smaller

in size ranging between 15 and 30 nm (Fig. 3B). They were also

Fig. 1 Schematic showing the colorimetric detection of cervical cancer using the “C-ColAur” technique.

Fig. 2 Clinical sample analysis. (A) Absorbance spectra of blank (B), control (C) & test (T) Au NPs. The inset shows the color of Au NPs. (B) Size

analysis and (C) zeta potentials of Au NPs.
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found to be aggregated. This aggregation could have resulted in

the increased hydrodynamic size as observed in DLS analysis

(Fig. 2B). The test Au NPs differed both in size and shape

(Fig. 3C) compared to the blank and control Au NPs. The TEM

analysis of the test Au NPs showed discrete large sized nano-

particles (250–400 nm). The test Au NPs showed no sign of

aggregation, but the particle size was considerably large and the

number of particles were low compared to that of the blank &

control, which resulted in the reduced absorption intensity as

observed in UV-visible analysis (Fig. 2A).

The size and morphology of the test Au NPs resembled those

of liposome coated gold nanostructures.44–46 The formation of

such large sized quasi-spherical Au NPs could be attributed to

the presence of cancer cell aggregates (mainly the cell

membrane and proteins) in the cervical uid sample

(Fig. S1D†). These cellular constituents could have acted as

Fig. 3 TEM imaging of (A) blank, (B) control and (C) test Au NPs. *Scale bar in images (i) corresponds to 200 nm and (ii) 50 nm.

This journal is © The Royal Society of Chemistry 2020 Nanoscale Adv., 2020, 2, 5737–5745 | 5741
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templates for the formation of such quasi-spherical nano-

structures. We hypothesize that the cell membrane (composed

of lipids), interacted with HAuCl4 in the presence of ascorbic

acid yielding Au NPs of sizes and morphology comparable to

those of liposomes (synthesized from lipids) coated with

gold.47,48 In high resolution TEM imaging, a layer of coating was

observed for both the control & test Au NPs (Fig. 3B and C(ii)).

The characteristic SAED patterns and lattice fringes observed in

the HRTEM images of the Au NPs conrmed their crystalline

structure (Fig. S3–S5†).

The elemental composition of the blank, control and test Au

NPs was analysed (Fig. S6†). All the samples showed major

weight% of Au followed by carbon (C), oxygen (O) and nitrogen

(N). The XRD spectra (Fig. S7†) of the blank, control and test Au

NPs exhibited a distinct peak at 2qz 38� corresponding to the

standard Bragg reection (111) of the face center cubic (fcc)

lattice, which is typical of Au NPs. Additionally, a peak at 2q ¼

44� was observed for blank Au NPs, indexed as (200) corre-

sponding to the metallic fcc lattice of Au.49–51 The FT-IR analysis

of the nanoparticles showed a peak at 1630 cm�1 corresponding

to the stretching mode of the C]O bond (Fig. S8†), typical to Au

NPs formed by ascorbic acid reduction.52

An experiment was performed to understand the inuence of

clinical samples on pre-formed Au nanoparticles. Au NPs were

synthesized by the citrate reduction method.53 The variations in

the absorbance and hydrodynamic diameters of these nano-

particles with the addition of clinical samples were evaluated

(Fig. S9†). Gold nanoparticles formed using the citrate reduc-

tion method (Au NPs) were wine-red colored with an absorption

peak at 520 nm. With the addition of clinical samples (Hs:

healthy, Cs: cancerous sample), no change in color was

observed (inset, Fig. S9A†). The absorption peak at 520 nm also

remained unaffected with the addition of the clinical samples

(Fig. S9A†), indicating that the addition of clinical samples to

pre-formed Au NPs shows no colorimetric detection. A change

in the hydrodynamic size and zeta potential of the Au NPs

(Fig. S9B and C†) was noted with the addition of clinical

samples which can be attributed to the components of clinical

samples. This experiment proved that the colorimetric detec-

tion technique “C-ColAur” involving the in situ formation of Au

NPs was remarkable in differentiating the healthy and

cancerous samples with colors specic to the type of sample,

which was not observed with pre-formed Au NPs.

As reported in the literature, the majority of the Au NP based

colorimetric techniques use inter-particle cross linking aggre-

gation which occurs by direct interactions, such as antigen–

antibody and DNA hybridization.20,28,29,31 In order to understand

the biological relevance of the surface coating observed on

control & test Au NPs and its role in prevention of salt-induced

aggregation, a stability test was performed with SSC buffer. The

blank, control and test Au NPs were treated with SSC buffer (0,

25, 100 mL) and were observed for variation in absorbance with

subsequent changes in color. Upon the addition of SSC buffer,

the blank NPs showed an immediate color change (indicating

their aggregation), while no color change was observed for the

control and test Au NPs (Fig. 4A). The extent of aggregation was

proportional to the shi in the absorption peak.54 For blank Au

NPs, aggregation increased progressively, characterized by

a gradual decrease of the plasmon peak at 520 nm with the

appearance of a new peak between 765 and 810 nm (Fig. 4B).

The color change of the resultant solution from red to purple,

and further to blue was observed indicating the increasing

degree of aggregation (Fig. 4A and S10†).20,55,56 The particle size

and zeta potential of Au NPs treated with SSC buffer were also

recorded (ESI Table 2†). A signicant increase in size with the

addition of SSC buffer has been observed for the blank Au NPs.

The control & test Au NPs remained unaffected with treatment

of SSC buffer depicting their stability (i.e. no aggregation).

Fig. 4 Salt induced aggregation of Au NPs. (A) Images showing the change in color of the blank (B), control (C), and test (T) Au NPs upon addition

of different concentrations of SSC buffer. The absorbance spectra of (B) blank, (C) control, and (D) test Au NPs treated with SSC buffer.
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Unlike the blank Au NPs, there was no signicant shi in the

wavelength (Fig. 4C and D). The above mentioned ndings

could be attributed to the interaction of the constituents of

clinical samples with the precursors resulting in the formation

of Au NPs with a protective coating, making them immune to

salt-induced aggregation. This experiment thus conrmed the

biological relevance of the surface coating on Au NPs leading to

label-free detection of clinical samples.

The detection technique “C-ColAur” was validated for its

sensitivity and specicity in clinical samples by using PAP

smear/biopsy as the gold standard.34,35 A total of 42 samples

were collected before treatment. As already mentioned, the

control Au NPs (formed with healthy samples) were bright blue,

while the test Au NPs (formed with cancerous samples) were

found to be colorless. Out of 28 cancerous samples (conrmed

by PAP smear/biopsy), the “C-ColAur” technique was able to

identify 27 samples correctly (as cancerous). Out of 14 healthy

samples, 10 samples were identied correctly (Fig. 5A, ESI

Tables 3 and 4†). The “C-ColAur” technique showed a sensitivity

of 96.42% and specicity of 71.42% for pre-treatment samples.

Such high sensitivity is expected of an ideal screening proce-

dure.57 The test gave a positive predictive value of 87.09% and

negative predictive value of 90.9% (ESI Table 5†). 20 samples

were collected post treatment to understand the possibility of

using “C-ColAur” as a prognostic indicator. The same procedure

was followed with post-treatment samples too. “C-ColAur”

analysis prediction correlated with the standards (i.e. PAP

smear/biopsy) with 17 of the 20 post-treatment samples

(Fig. 5B). In the post-treatment sample analysis, “C-ColAur”

showed a sensitivity of 75% and specicity of 87.5% (ESI Table

5†). An ideal prognostic indicator is expected to be highly

specic,57 thus conrming the ability of “C-ColAur” to be used

as a prognostic indicator.

Conclusions

The “C-ColAur” technique is facile & rapid, and requires neither

pre-processing of the samples nor any medical expertise or

sophisticated equipment. A simple, colorimetric technique with

read out time less than a minute was hence demonstrated and

validated with clinical samples. The clinical sample analysis

showed that the “C-ColAur” technique is comparable to stan-

dard diagnostic procedures (PAP smear/biopsy). The “C-ColAur”

technique with the pre-treatment samples showed a high

sensitivity of �96% conrming its efficiency to be used as

a screening/diagnostic tool for cervical cancer. In the post-

treatment sample analysis, the “C-ColAur” technique showed

high specicity (�87%) indicating its ability to be applied as

a prognostic indicator. Further studies with a greater number of

clinical samples and validation will help in identifying the

specic biomarker responsible for the differences in the

formation of Au NPs with the type of sample leading to the

development of a robust point-of-care diagnostic/prognostic

test for cervico-vaginal diseases.
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