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Multiscale Visualization of Gold Nanoparticle 
Uptake in HPV-Related Cervical Lesions Using 

Surface-Enhanced Raman Spectroscopy

Abstract
Gold nanoparticles (AuNPs) were synthesized using the Turkevich reduction 
approach and employed to investigate their interactions with human papillomavirus 
(HPV)-infected and malignant cervical tissues. A combination of scanning 
electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS), confocal 
microscopy, multiphoton microscopy, and surface-enhanced Raman spectroscopy 
(SERS) was utilized to characterize nanoparticle localization and tissue-specific 
responses. SEM and EDS analyses verified the successful incorporation and 
distribution of AuNPs within both HPV-positive and cancerous cervical specimens. 
Optical characterization revealed a prominent plasmonic absorption peak at 
approximately 520 nm. Furthermore, excitation at 900 nm enabled two-photon 
fluorescence imaging in the red spectral region, providing detailed visualization of 
tissue architecture and nanoparticle distribution. An additional infrared absorption 
feature was observed, likely resulting from nanoparticle aggregation within the 
tissue matrix. To explore molecular-level alterations, SERS measurements were 
performed on AuNP-treated samples, generating an average of 1,000 spectra 
per tissue type. Comparative spectral analysis demonstrated distinct differences 
between HPV-infected and malignant cervical tissues, particularly in Raman bands 
associated with nucleic acid components. These findings suggest that AuNP-
enhanced SERS, combined with advanced optical imaging techniques, may offer 
a rapid and sensitive platform for the detection and discrimination of cervical 
cancer-related pathological changes.
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Introduction
Cervical cancer remains a major public health challenge and is 
among the most frequently diagnosed malignancies affecting 
women worldwide. According to estimates from the World Health 
Organization, approximately 530,000 new cases were reported in 
2012, making cervical cancer the fourth most common cancer in 
women globally. During the same period, the disease accounted 
for nearly 7.5% of cancer-related deaths among women. 
The burden of cervical cancer can be considerably reduced 
through timely detection of precancerous lesions, particularly 

cervical intraepithelial neoplasia (CIN), before progression to 
invasive disease [1]. Persistent infection with high-risk human 
papillomavirus (HPV) strains, especially HPV-16 and HPV-18, has 
been recognized as the principal etiological factor driving the 
development of cervical dysplasia and carcinoma [2,3].

Screening strategies have significantly contributed to reducing 
cervical cancer incidence and mortality. Among these, the 
Papanicolaou (Pap) smear remains the most widely adopted 
diagnostic approach. Although the method demonstrates high 
specificity, often ranging between 95% and 98%, its sensitivity 
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is comparatively limited, with reported values close to 50% [4]. 
To overcome this limitation and reduce false-negative outcomes, 
complementary approaches such as HPV DNA testing and 
automated cytological assessment have been incorporated into 
screening programs [5-7]. In cases where abnormal cytological 
findings are detected, additional diagnostic procedures including 
colposcopy, histopathological examination, and tissue biopsy are 
typically required. However, interpretation of these assessments 
frequently depends on subjective evaluation by clinicians and 
pathologists, which may contribute to diagnostic variability. 
Furthermore, subtle premalignant alterations are not always 
visually apparent during conventional examination.

The demand for more accurate and objective diagnostic 
methodologies has stimulated interest in optical and spectroscopic 
techniques capable of probing biochemical alterations at the 
molecular level. Among these technologies, Raman spectroscopy 
has emerged as a promising analytical tool for cancer detection 
and characterization. Numerous studies have demonstrated its 
applicability in identifying molecular signatures associated with 
breast, prostate, esophageal, colorectal, lung, oral, and cervical 
cancers [8-14]. The microscopic implementation of Raman 
spectroscopy enables detailed examination of intracellular 
structures, including nuclei, nucleoli, chromatin organization, 
and other cellular components [10,15]. Owing to its high spatial 
resolution and molecular specificity, the technique can also 
detect individual biomolecular constituents such as adenine, 
tyrosine, and phenylalanine, providing valuable biochemical 
information about tissue pathology [16-18].

The analytical performance of Raman spectroscopy can be 
substantially enhanced through Surface-Enhanced Raman 
Scattering (SERS), a technique capable of amplifying Raman 
signals by several orders of magnitude while preserving molecular 
specificity [19-21]. SERS relies on the interaction between analyte 
molecules and plasmonic nanostructures, typically composed 
of noble metals such as gold or silver. Excitation of localized 
surface plasmon resonances generates strong electromagnetic 
fields near the nanoparticle surface, producing significant signal 
enhancement [16,22-24]. Such enhancement is most effective 
when target molecules are located within a short distance of the 
nanostructured substrate, generally less than 100 nm from the 
metallic surface.

Gold nanoparticles (AuNPs) have attracted considerable 
attention in biomedical research because of their excellent 
biocompatibility and tunable optical properties. By controlling 
nanoparticle size, shape, and morphology, the plasmon 
resonance wavelength can be adjusted across the visible and 
near-infrared spectral regions. This tunability is particularly 
advantageous for biological applications because near-infrared 
light exhibits minimal absorption by tissue, facilitating deeper 
optical penetration and improved diagnostic performance [25]. 
Beyond SERS applications, AuNPs can also enhance other optical 

imaging modalities, including two-photon imaging (TPI). TPI is 
a non-invasive imaging technique that employs near-infrared 
excitation to achieve high-resolution visualization at penetration 
depths extending hundreds of micrometers into biological tissues 
[26-28].

Previous investigations have demonstrated that plasmonic 
nanostructures can generate enhanced two-photon signals 
through resonant coupling between incident light and surface 
plasmon resonances, resulting in localized electromagnetic field 
amplification [26,29,30]. While conventional TPI commonly relies 
on organic fluorophores as contrast agents [31], recent advances 
have expanded the range of imaging probes to include quantum 
dots [32], metallic nanoparticles [33-36], and gold nanorods 
[37,38]. These developments highlight the growing potential 
of plasmonic nanomaterials for integrated imaging and sensing 
applications.

In the present study, the interactions between gold nanoparticles 
and HPV-infected as well as malignant cervical tissues were 
systematically investigated. A multimodal characterization 
strategy incorporating scanning electron microscopy (SEM), 
confocal microscopy, chemical mapping, and two-photon 
imaging was employed to evaluate nanoparticle distribution 
and tissue morphology. The results revealed nanoparticle 
aggregation within the tissue microenvironment, generating 
localized electromagnetic field enhancement that facilitated both 
SERS measurements and two-photon emission in the red spectral 
region under 900 nm excitation. These preliminary findings 
demonstrate distinct molecular and structural differences 
between HPV-associated and cancerous cervical tissues, 
suggesting that AuNPs may serve as valuable optical probes for 
future diagnostic, sensing, and cancer-screening applications.

Materials and Methods
Synthesis of Gold Nanoparticles

Gold nanoparticles (AuNPs) were synthesized following a 
modified Turkevich citrate-reduction protocol [39]. Initially, a 0.1 
M chloroauric acid solution was prepared by dissolving 0.5 g of 
HAuCl₄ (99.999%, Sigma-Aldrich) in 14.715 mL of deionized water. 
Separately, a 1% (w/v) sodium citrate solution was obtained by 
dissolving 0.0375 g of Na₃C₆H₅O₇ (Sigma-Aldrich) in 3.75 mL of 
deionized water (Table 1).

For nanoparticle synthesis, 250 μL of the HAuCl₄ solution and 
3.75 mL of the sodium citrate solution were introduced into 
25 mL of boiling deionized water under continuous magnetic 
stirring at 400 rpm. The reaction mixture gradually developed 
a characteristic ruby-red coloration, indicating the formation 
of AuNPs. The colloidal suspension was subsequently allowed 
to cool to room temperature and filtered to remove any large 
aggregates. The resulting nanoparticle dispersion was stored at 
4°C until further use.



© Under License of Creative Commons Attribution 3.0 License 3

2022
Research Chronicle in Health Sciences (ISSN: 2395-522X)

Vol. 8 No. 1: 101

Preparation of Cervical Tissue Samples

Formalin-fixed paraffin-preserved (FFPP) cervical tissue specimens 
were obtained through the Pathology Department of the Instituto 
de Seguridad y Servicios Sociales de los Trabajadores del Estado 
(ISSSTE), Guanajuato, Mexico. Tissue evaluation and classification 
were performed by an experienced pathologist. Fifteen samples 
representing different grades of cervical intraepithelial neoplasia 
(CIN) were selected for analysis. Five specimens corresponded to 
CIN1 (low-grade squamous intraepithelial lesions), five to CIN2 
(moderate-grade lesions), and five to CIN3 (high-grade lesions). 
Each specimen represented an independent patient case (Table 
2) [40].

For histopathological assessment, tissue sections were initially 
dewaxed using xylene (KARAL) and absolute ethanol (KEM). For 
nanoparticle studies, two parallel FFPP sections of 5 μm thickness 
were obtained from each paraffin block using a microtome. The 
sections were mounted on glass microscope slides and allowed 
to dry prior to further processing.

Tissue Deparaffinization and Rehydration

Prior to nanoparticle treatment, mounted tissue sections 
were incubated at 60°C for 1 h to soften the paraffin matrix. 
Deparaffinization was carried out by immersing the slides 
twice in xylene for 15 min per treatment. Subsequently, tissues 
were rehydrated through a graded ethanol series consisting of 
100%, 90%, 70%, and 30% ethanol, each for 10 min. Following 
rehydration, the samples were immersed in phosphate-buffered 
saline (PBS, 1×) for 5 min and rinsed with distilled water for an 
additional 5 min.

Gold Nanoparticle Impregnation

Following rehydration, excess surface moisture was removed 
from the tissue sections. A hydrophobic boundary was then 
drawn around each specimen using Pappen® ink to confine 
the nanoparticle suspension to the tissue region and prevent 
spreading across the slide.

The prepared samples were placed on a heating platform and 
incubated with the AuNP colloidal solution at 37°C for 2 h. 
During incubation, tissue hydration was monitored continuously, 

Parameter Description

Nanoparticle synthesis method Modified Turkevich citrate 
reduction method

Gold precursor HAuCl₄ (0.1 M)

Reducing/Stabilizing agent Sodium citrate (1% w/v)

Average AuNP size 13 ± 2 nm

Surface plasmon resonance peak 520 nm

Tissue type HPV-infected and cervical cancer 
tissues

Tissue preservation Formalin-fixed paraffin-preserved 
(FFPP)

Tissue section thickness 5 μm

AuNP incubation temperature 37°C

AuNP incubation time 2 h

SEM analysis JEOL JSM-7800F

EDS analysis Oxford Instruments EDS system

TEM analysis FEI Titan 80–300

Confocal excitation wavelength 543 nm

Two-photon excitation 
wavelength

900 nm

Raman excitation wavelength 785 nm

Raman spectral range 700–1700 cm⁻¹

Raman integration time 20 s

Number of mapped regions/
samples

≥10

Storage temperature of AuNPs 4°C

Table 1: Experimental conditions and analytical techniques used 
in the study.

Analytical 
Method

HPV-Infected 
Tissue

Malignant 
Cervical Tissue

Key 
Observation

SEM

Relatively 
preserved 
cellular 
morphology

Enlarged and 
irregular nuclei

Nuclear 
enlargement 
up to 300%

EDS
Presence 
of AuNPs in 
tissue

Higher AuNP 
accumulation 
in nuclei

Preferential 
nuclear 
localization

Confocal 
Microscopy

Moderate 
fluorescence 
signal

Enhanced 
signal intensity

Effective AuNP 
uptake

Two-Photon 
Imaging

Tissue 
morphology 
visible

More 
pronounced 
structural 
alterations

Red-region 
emission 
under 900 nm 
excitation

SERS Analysis
Distinct DNA-
related Raman 
bands

Altered DNA 
spectral 
signatures

Molecular 
differences 
detected

Raman 
Intensity

Lower 
enhancement

Greater 
enhancement 
in some 
regions

AuNP 
aggregation 
promotes 
local field 
enhancement

Tissue 
Architecture

Less disrupted 
organization

Significant 
morphological 
changes

Disease 
progression 
evident

Diagnostic 
Potential

Detection 
of HPV-
associated 
changes

Identification 
of cancer-
associated 
changes

Potential rapid 
screening 
approach

Table 2: Summary of imaging and spectroscopic findings in HPV-
infected and malignant cervical tissues.
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and additional colloidal solution was supplied when necessary 
to prevent drying. Upon completion of the incubation period, 
samples were gently rinsed with distilled water to remove excess 
nanoparticles.

For confocal and multiphoton imaging experiments, several 
drops of DABCO (1,4-diazabicyclo[2.2.2]octane) mounting 
medium were applied before placing a coverslip over the 
specimen. Care was taken to avoid air-bubble formation. For 
Raman spectroscopic analysis, DABCO was omitted following a 
previously reported protocol for preserving biological samples 
intended for chemical characterization [41]. Instead, the tissues 
were dried at 90°C for 3 min prior to spectral acquisition.

Characterization Techniques
Electron Microscopy and Elemental Analysis

The morphology and size distribution of the synthesized 
AuNPs were evaluated using transmission electron microscopy 
(TEM). Measurements were performed with a FEI Titan 80–300 
microscope operating at an accelerating voltage of 300 kV.

Tissue morphology and nanoparticle localization were examined 
using a JEOL JSM-7800F scanning electron microscope (SEM). 
Elemental composition and spatial distribution of gold within the 
tissue sections were further investigated using energy-dispersive 
X-ray spectroscopy (EDS) integrated with an Oxford Instruments 
analytical system.

Optical Spectroscopy and Microscopy

Optical absorption characteristics of the AuNP colloidal 
suspension were determined using a PerkinElmer Lambda 900 
UV–Vis spectrophotometer with a spectral resolution of 2 nm.

Confocal and multiphoton imaging experiments were conducted 
using a Zeiss LSM-710-NLO laser scanning microscope equipped 
with a Chameleon Vision II ultrafast laser system (Coherent, USA). 
The laser source provided tunable excitation wavelengths ranging 
from 680 to 1040 nm with pulse durations of approximately 140 
fs and a repetition rate of 80 MHz. Confocal fluorescence images 
were acquired using 543 nm excitation, whereas two-photon 
imaging was performed at an excitation wavelength of 900 nm.

Raman Spectroscopic Analysis

Raman measurements were carried out using a Renishaw inVia 
Raman microscope equipped with a 20× objective lens. Spectra 
were collected using a 785 nm excitation laser with an output 
power of approximately 5 mW at the sample surface. Each 
spectrum was recorded with an integration time of 20 s over the 
spectral region extending from 700 to 1700 cm⁻¹.

To ensure representative sampling, Raman mapping was 
performed on a minimum of ten independent regions within 
each tissue specimen, depending on slide quality and tissue 

integrity. Every selected region was analyzed in duplicate. The 
reported spectra correspond to the averaged response obtained 
from all mapped regions within each sample.

Results and Discussion
Morphological and Optical Characterization of 
Gold Nanoparticles

The structural characteristics of the synthesized gold 
nanoparticles were initially examined using transmission electron 
microscopy (TEM). A representative TEM image is presented in 
Figure 1a, revealing that the particles exhibit a predominantly 
quasi-spherical to slightly elongated morphology with good 
dispersion throughout the sample. The nanoparticles appeared 
relatively uniform in shape, indicating effective control of particle 
formation during the citrate-reduction synthesis process.

The optical behavior of the AuNP colloidal suspension was 
investigated through UV–Vis spectroscopy. As illustrated in 
Figure 1b, the absorption spectrum displayed a distinct surface 
plasmon resonance (SPR) band centered at approximately 520 
nm. This plasmonic feature is characteristic of citrate-stabilized 
gold nanoparticles and agrees well with previous reports 
describing AuNPs synthesized using the Turkevich method [40]. 
The observed SPR position is also consistent with the ruby-
red coloration of the colloidal solution, confirming successful 
nanoparticle formation and stability.

A lower-magnification TEM image is shown in Figure 1c, providing 
additional information regarding particle distribution within the 
sample. The corresponding particle-size histogram, presented 
in the inset of the figure, demonstrates a relatively narrow size 
distribution. Statistical analysis indicated an average nanoparticle 
diameter of approximately 13 ± 2 nm. The limited variation in 
particle size suggests a homogeneous synthesis process, which 
is advantageous for obtaining reproducible optical properties 
and reliable plasmonic enhancement effects during subsequent 
imaging and SERS investigations.

Figure 1: (a) High magnification TEM micrographs of gold 
nanoparticles; (b) absorption spectra of the gold nanoparticles; 
(c) TEM micrograph, inset shows the size distribution of gold 
nanoparticles.
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The combination of TEM and UV–Vis results confirm the 
successful synthesis of well-dispersed gold nanoparticles with 
dimensions suitable for plasmonic-based biomedical applications. 
The observed size range and SPR characteristics are expected 
to facilitate efficient interaction with biological tissues and 
contribute to the electromagnetic field enhancement required 
for both Raman signal amplification and optical imaging studies.

Conclusion
This study investigated the interaction of gold nanoparticles 
(AuNPs) with HPV-infected and malignant cervical tissues using 
electron microscopy, optical imaging, and surface-enhanced 
Raman spectroscopy (SERS). SEM analysis revealed significant 
morphological alterations, including nuclear enlargement of 
up to 300%, indicating cellular transformation associated with 
disease progression. EDS measurements confirmed the presence 
and preferential localization of AuNPs within the nuclear region 
of tissue cells. Multiphoton imaging successfully visualized 
tissue morphology through red-region emission under 900 nm 
excitation, demonstrating the suitability of AuNPs as optical 
contrast agents. Furthermore, the plasmonic properties of the 
nanoparticles generated strong local electromagnetic field 
enhancement, enabling sensitive SERS detection of molecular 
differences between HPV-positive and cancerous tissues. Distinct 
spectral variations were primarily observed in DNA-related 
Raman bands, suggesting changes in nuclear composition during 
carcinogenesis. The combined application of AuNP-assisted 
imaging and SERS provides a promising approach for rapid tissue 
characterization and may support the development of sensitive 
diagnostic tools for cervical cancer detection and monitoring.
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