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Preface

This book is an effort to explore ‘analytical techniques’, at both, the fundamental as
well as the applied level, for biomedical applications. It aims to provide a broad
perspective about the development of analytical methods involved in materials
science and electronics, especially in the field of nano-enabled biomedical sciences. It
will highlight the fundamentals and systematic developments in analytical techni-
ques to achieve better characterization, providing more scientific information, rapid
diagnostics, cost-effective, user-friendly approaches, and most importantly the state-
of-art developing methodologies for personalized health management. Moreover, it
will give an adequate understanding of the imposed limitations and propose the
future perspectives and challenges associated with analytical methods to achieve the
desired performance in targeted biomedical applications.

Recently, nanotechnology has emerged as a necessary vehicle for the develop-
ment of advanced technologies for healthcare and wellness. Such developments
require advanced surface functionalized hybrid materials for targeted biomedical
applications. Nano-biotechnology assisted methodologies are gaining attention
due to desired performance, which can be useful to detect, monitor, and manage
targeted diseases. Moreover, the significant advancements in developing ‘holy
grail’ materials for biomedical applications often demand the availability of
advanced analytical techniques, which are the key factors to understanding the
followings aspects.

1. To identify the fundamental knowledge of the various analytical techniques
and procedures with reference to targeted biomedical applications.

2. To explore alteration in properties of materials, bio-systems, and involved
interfaces in the nano–bio-systems.

3. To demonstrate whether the as-developed nano-system and devices are
useful for health and wellness or otherwise need more developments.

4. To develop the miniaturized, reliable, and efficient systems of high sensitivity
and selectivity needed for complex disease managements.

5. To discover the knowledge of the nano–bio interface to assess the potential
of techniques and the corresponding developed prototypes.

As objectives, it has been noted that on-going nano-biotechnology related
research involves multidisciplinary science and simultaneous expertize from various
fields on a single platform. The role of analytical science has improved the
performance of devices, which have been developed for biomedical applications.
Despite significant advances, there is a gap between chemists, biologists, physicists,
mathematicians, engineers, and information technologists (internet of things) and
bridging that gap is essential for adequate realizations of advanced biomedical
technological breakthroughs. To develop the next generation technologies, this book

xix



is crucial to bridge the gap and connect experts. The major objectives of this book
will be:

(a) to investigate the analytical techniques for targeted biomedical applications,
(b) to introduce the fundamental insights and mechanisms for conceptual

understanding,
(c) to identify the prospects and perspectives of analytical tools and techniques,
(d) to demonstrate the challenges and involve experts of different disciplines to

develop innovative and precise measurement systems, and
(e) to explore the multidisciplinary research for developing advanced systems

for improved performance with respect to targeted nanomaterials-based
biomedical applications.

This book will educate the scholars (students, researchers, post-docs, scientists,
academicians, industrialists, government) and experts who belong to different
disciplines and conducting multidisciplinary research. The knowledge of this book
will be useful to translate fundamental research to applied nano-enabled biomedical
research. In addition to fundamental knowledge at deep levels, this book will be an
ideal platform to explore appropriate single or combinational techniques to improve
the system’s performance as per requirements, i.e., point-of-care health wellness.

Ajeet Kaushik
Sesha S Srinivasan

Yogendra K Mishra

Analytical Techniques for Biomedical Nanotechnology
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Chapter 1

Emergence of analytical techniques

Kamil Reza Khondakar

The impact of nanotechnology and the development of micro/nano sensors has
significantly enhanced the discovery of new therapeutic and diagnostic approaches.
The emergence of precision medicine towards developing personalized healthcare
systems have been achieved by high throughput analytical systems. Current analytical
systems are the integration ofmultiple fields likematerial science, biology, electronics,
MEMS, physics, computer, chemical science, etc towards developing a better
diagnostic system. There are many versatile techniques available that have trans-
formed the healthcare sector in many ways. Some of the well-known techniques are
electrochemical, Raman, mass spectroscopy, SEM/TEM, fluorescence, NMR,
MEMS, artificial intelligence (AI), etc. These systems are highly sensitive and
accurate; however, an ideal analytical system would consist of multiple character-
ization tools providing more scientific information for rapid diagnostics and quicker
analysis. These innovative biosensing platforms need to be cost-effective, user friendly
and allow real time monitoring, particularly for point-of-care applications. The
emergence of nanotechnology and nanobiotechnology along with the significant
advancements in material science (nanomaterials, nanomedicine) has provided
reliable, ultra-high sensitivity, high selectivity and efficient portable sensors to screen,
monitor and treatment of diseases in real time. Current researchers are looking ahead
to build amultidisciplinary system for developing advanced diagnostics systems for all
in one chip technology for personalized healthcare management.

1.1 Introduction
The rapid developments and innovations in nanotechnology/nanomaterials have
opened up several opportunities in all technological fields such as electronics, energy,
agriculture, and the healthcare sector [1]. Further, the unique properties of the
nanomaterials like larger active surface atoms, tunable optical and chemical
properties, variable size and shape have provided significant advances in biomedical
applications [2–4]. Recent years have witnessed significant progress in precision
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medicine for developing more efficient and multi-analysis immunoassay/biomedical
systems by combining nanotechnology with nanomaterials [2, 5, 6]. These newly
decorated and advanced systems have revolutionized the healthcare systems from
developing ultrasensitive medical devices to point-of-care tools for clinical practice
in hospitals/houses [7, 8].

Immunoassay/biomedical tools are one of the most advanced tools for the
quantitative detection of biochemical targets (e.g., pathogens, bacteria, cells, nucleic
acids, proteins, etc) [8, 9]. Most of these analytes are extracted from body fluids like
saliva, urine, blood/plasma, etc for clinical investigation. There are various assays/
tools that have progressed from the traditional ones performed on tubes/glass plates/
microplates to sophisticated miniaturized platforms using various kinds of readout
signals. The current technique for detection and analysis of analytes which include
electrochemistry, Raman, electronics, magnetic, UV, FTIR, optical microscopy,
surface plasmon resonance, fluorescence and mass spectroscopy, etc are the frontiers
of the traditional disciplines in science and engineering [10, 11]. These amazing
analytical techniques allow better characterization to be achieved, providing more
accurate clinical information, rapid diagnostics, cost-effective, user friendly
approaches, and state-of-the-art facilities for personalized health management [12–14].

This chapter discusses different emerging and existing techniques to prepare
nanostructures and the benefits/limitations of each type along with their application.
Next, various approaches to prepare different types of systems, their characteristics
in generating nanomaterials with desired properties are presented. The chapter also
focuses on existing and new tools combined with nanostructures for development of
ultrasensitive instruments for health management. Further, current immunoassay/
tools like ELISA (the enzyme-linked immunosorbent assay), PCR (polymerase
chain reaction), FACS (fluorescence-activated cell sorting), clustered regularly
interspaced short palindromic repeats (CRISPR) as sophisticated analyte-detecting
tools composed of biological, chemical, electrical, optical, computational or
combination techniques have provided a rapid diagnostic system in hospitals and
medical research facilities [8, 15–17]. However, the human effort in improving the
diagnostic system is a continuous process and many factors contribute to achieving
these milestones. Now, we will summarize some of the factors that have contributed
immensely for developing advanced healthcare systems.

1.2 Nanomaterials
We will discuss some of the well-known characteristics of nanostructures that led to
the development of better healthcare systems [18]. Some of the characteristics of
nanostructures are unique in nature that can be controlled or tuned as per the
requirement. (i) The shape and size of nanomaterial: the better control over the size
and shape of nanomaterials leads to various novel properties [19]. The size
tuneability has control over the color of the quantum dots such as CdSe emits
multiple color over a nanometer range of particle size. Also, different shapes of gold
nanomaterials (rod, dumbbell, triangle, flower, etc) provide their unique surface
resonance plasmonic effect. (ii) Non-toxic and biocompatibility: these unique
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characteristics of nanoparticles are an important factor in the biomedical sector for
in vitro usage as well as drug development. (iii) Stability: stable nanoparticles are a
necessity to avoid aggregation and provide the same characteristics every time for
sophisticated tool development. (iv) Versatility: this factor is important as nano-
materials can be used for multipurpose utilities like coating, drug delivery, magnetic
separation, imaging, etc. Iron oxide is one such nanomaterial which can serve all the
above purposes for developing biomedical devices. Hence this versatile nanomaterial
was approved by the FDA for human usage.

1.2.1 Analyte/biomarker

An analyte/biomarker is a substance which may or may not be present in human
fluids (blood, saliva, urine, etc) and can be measured/quantified for the detection of
disease [20, 21]. Consequently, the outcome of these investigations leads to proper
prognostic or diagnostic steps for the precise management of the disease. For example,
cancer biomarkers which are present in blood or other body fluids can be traced
through the detection of cells, proteins, nucleic acids, enzymes, exosomes, lipids, etc
[22]. The purpose of tracing the cancer biomarker is to develop a reliable, highly
sensitive and selective sensor for early cancer detection, monitoring and treatment
strategy. Various promising detection methods based on the specific recognition of
biomarkers or analytes have been developed to manage various diseases. Figure 1.1
depicts some of the recently developed techniques like artificial intelligence, lab on
chip, nanomedicine, smart nanomaterials, bioimaging tools, etc have revolutionized
the personal healthcare system for investigation of diseases by integrating multiple
analytical systems (optical, electrochemical, microscopy, MEMS, etc).

Figure 1.1. Schematic illustration of analytical system integrating multiple platforms for biomedical
application.
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1.3 Electrochemical system
One of the earliest analyte detection systems (or immunoassays) developed by
researchers and scientists was electrochemical techniques which can quantify the
analytes by measuring the changes in electrical signals such as potential, current,
resistance, and capacitance and has gained a wide variety of applications in
biosensor arena [23]. Electrochemical assay has been prevalent in the market for
its simplicity and high sensitivity for providing quick diagnostics to millions of
people. The sensitivity of amperometric immunoassays is significantly affected by
the conductivity and specific area of the sensing interface as well as the electro-
chemical activity of redox species [23]. The large specific area, good electron
conductivity, biocompatibility, and catalytic performance of the redox species led
to excellent electrochemical activity. Some of the well-known devices available in the
market are glucose sensors, cholesterol sensors, tumor markers etc [24]. It offers
quick, simple and sensitive detection but has some clinical limitation of interference,
long-term stability and non-specific adsorption.

1.3.1 Optical systems (fluorescence, SPR, Raman, mass spectroscopy)

The optical properties of nanomaterials such as fluorescence spectra, colorimetry,
and Raman scattering properties are being developed to construct medical devices.
Depending on the type of optical material used, color-based fluorescent (dye,
quantum dots) and non-fluorescent nanomaterials (gold, silver, graphene, etc) are
being continuously explored in order to design ultrasensitive higher resolution
imaging systems [25].

In the last few decades, the invention of the laser and extensive research on optical
nanomaterials have led to many optical sensors. Hence, the optical detection
technique has become one of the most popular methods for immunoassay develop-
ment. Popular simple colorimetric assay like pregnancy test strips have been
employed in various hospitals and maternity centers for initial screening.
Similarly, UV–visible spectroscopy, FTIR techniques and chemiluminescence
immunosensors are being utilized in clinical diagnosis for its simplicity and ease
of handling [26].

Recently, fluorescence immunoassays have revolutionized the health industry for
improved sensitivity and fast readout process. Molecular fluorescence imaging has
achieved a new height of success as they can image a single molecule with high
precision [27, 28]. Fluorescence microscopy utilizes an imaging agent known as
fluorescent dye tagged with target antibodies (proteins) that binds with target
analyte to capture the highlighted image. For example, they can image protein
agglomeration present on human cell surface through a fluorescence dye tagged
antibody [4]. One of the pioneering works performed by Koller et al demonstrated
the first clinical trials of investigating fluorescence-guided surgery in humans [29].
They reported the clinical translation and evaluation of tumor-targeted fluorescent
tracers for molecular fluorescence imaging of tumors in breast cancer.

Surface plasmon resonance (SPR) immunoassays provides a label-free optical
sensing platform [30]. The working principle for measuring the analyte is to measure
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the absorption index and the specific interactions between antibodies and antigens
can be determined by the changes in reflective index. This system provides in situ
monitoring of analyte through the adsorption of analyte onto a gold or silver metal
surface for various biosensor applications.

Raman spectroscopy has significantly changed the vibrational spectroscopic
techniques for its versatile application like materials characterization, material
detection, diagnostics system, etc [31, 32]. Among the various Raman spectroscopy
variants, surface enhanced Raman spectroscopy (SERS) has been a promising tool
development as a result of significant progress of nanomaterial as it provide single
molecule sensitivity in molecular diagnostics [4, 33]. Some of the technical benefits of
SERS as a clinical assay are minimal sample preparation and the ability to detect
target molecules in aqueous samples, as water exhibits very weak Raman scattering
due to its small Raman cross-section. These qualities have enabled Raman
spectroscopy to construct multiplex detection platforms for point-of-care applica-
tion [34].

Mass spectroscopy (MS) is another powerful analytical technique to quantify
biomolecules and to identify unknown samples [35]. Under the influence of external
electric and magnet field, MS disintegrates compounds or molecules into charged
species and categorized them according to their mass and charge ratio. They are
extensively used in lipid and protein analysis for understanding the basic human
metabolic system. It provides precise determination of the molecular mass of target
molecule for various proteins/peptides identification.

1.3.2 Electron microscope (SEM, TEM, AFM, EDX, XPS)

The most advanced imaging system such as scanning electron microscopy (SEM),
transmission electron microscopy (TEM), atomic force microscopy (AFM), energy-
dispersive x-ray spectroscopy (EDX), and are more frequently used for imaging as
well as disease evaluation [36, 37]. They offer qualitative, quantitative and/or
structural information regarding changes that occur in nanomaterials/biomateri-
als/thin film sensors/interfacial areas of devices. SEM/TEM/AFM provide micro-
and nanoscale characterization of nanomaterials/biological structures, internal
shape and size, surface topology for in-depth analysis. The compositional and
elemental analysis of nanostructures are facilitated by EDX. These highly sensitive
imaging techniques have found application in biomolecule (cells, proteins, bacteria,
etc) structure evaluation, nano biomaterial-interface determination, nano-enabled
drug delivery systems, targeted therapy, nanomedicine, etc [38]. Another useful
photoelectron based system known as x-ray photoelectron spectroscopy (XPS) has
been widely used for measuring surface chemistry of a few nanometers width of solid
surface to extract information about the chemical state of the nanostructures.

1.3.3 Magnetic systems (NMR, VSM)

Nuclear magnetic resonance (NMR) and vibrating sample magnetometer (VSM)
techniques are based on magnetic properties of nanomaterials. NMR is a physical
phenomenon where the nuclei of nanomaterial oscillates with external weak
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magnetic field to determine the structure of organic molecules whereas VSM
measures magnetic moment as a function of an applied magnetic field in solid
and liquid samples. They are utilized to explore magnetic properties of nano-
materials/micro-nano systems to understand molecular dynamics, determining
purity of sample, understanding biomolecule structures, probing magnetic activity
at drug target sites. Recently, the microfabrication technique has enabled miniatur-
ization of the NMR system using immuno-magnetic labeling as well as label-free
biomolecule detection [39]. Magnetic systems have wide applications in medical
diagnostics as magnetic sensors, magnetic material as probes, brain mapping in
nanomedicine, etc. Another lesser known technique electron paramagnetic reso-
nance (EPR) spectroscopy is used to study the free radicals and paramagnetic species
in nano-biomaterials when the spin states of an electron oscillate under an applied
magnetic field. One of the interesting areas that has changed the biomedical sector is
nanomedicine due to significant progression of magnetic nanoparticles and their
diagnostic applications in human organ imaging (liver, lymph node, inflammation
and vascular imaging, etc) [40, 41]. Iron oxide nanoparticles are one of the most
sought nanomaterials as image-guided drug delivery, magnetic particle imaging,
image-guided and microbubble-mediated opening of the blood–brain barrier, and
theranostic tissue engineering [42].

1.3.4 Microfluidic system

Microfluidic chip-based point-of-care assays are gaining popularity for the concept
of developing a lab-on-a-chip device [43]. These platforms can perform multitasks in
one assay procedure for rapid diagnosis and quicker decision making. It consumes a
minute quantity of reagents and analytes to perform quantitative, rapid, automated
and high-yield measurement [44]. These novel prototypes have revolutionized the
clinical settings in hospitals, diagnostics centers as well as personalized medicine
development. Further, microfluidics can be easily integrated within standard
detection systems and opened new possibilities for multiplexed detection of diseases
with minimal requirement of essential reagents for constructing a cost-effective and
portable device. For example, Trau et al fabricated a gold electrode-based lab-on-a-
chip devices combining hydrodynamic microfluidic flow with multiple detection
systems for various disease screening, monitoring, detection and quantification
(pathogens, bacteria, cancer biomarkers, etc) [8, 45–47]. This versatile nanoshearing
chip has evolved as a lab-on-a- chip multifunctional platform. They have integrated
this chip successfully with electrochemical systems, colorimetric assay, fluorescence
technique and SERS instrument for biomolecule identification, immunoassays
development, drug monitoring tool, and individual analyte imaging.

1.4 Conclusion and future direction
The future of the biomedical sector is very promising. This chapter has summarized
the existing technologies and has reported the potential of nano-enabled multi-
disciplinary smart platforms for personalized healthcare management. The imme-
diate future in clinical pathology is to build multiple detection of analytes in a single
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run of assay. This will have myriad advantages over single assay systems. A
multiplexed system provides simultaneous measurement of multiple analytes and
provides valuable information to reduce false positive results and is able to design a
more accurate system for better disease diagnosis. This single platform for multiple
assay performance would reduce medical expenses and analysis time. This would be
a valuable step forward for constructing a point-of-care system.

The imaging applications of nanostructures in the health sector is immense. The
imaging systems have great advantages due to their nanoscale dimensions
suitable for biomolecule labelling and monitoring. The imaging applications depend
on several factors such as shape, biocompatibility, biodegradability, and stability of
nanostructures. One of the key areas in developments would be high-resolution
imaging of biomolecules for targeted drug delivery. This would allow specific drug
delivery treatments to be safer and more accessible to all patients [48].

Dr Francis Collins, a renowned American scientist who led the ‘Human Genome
Project’ shared his vision about the precision medicine initiative and remarked that
the next generation of scientists would create new approaches for detecting,
measuring, and analyzing a wide range of biomedical information—including
molecular, genomic, cellular, clinical, behavioral, physiological, and environmental
parameters [49]. Based on that concept many opportunities have evolved and AI is
one of the prodigies in this area to achieve this feat. AI is the future of smart
healthcare system. Medical technology will revolutionize as AI can assimilate
billions of data related to health including patient data such as medical imaging,
drug data, treatment procedure, electronic records, etc. In this way, AI with the help
of human intelligence can create a predictable algorithm to manage and combat
deadly diseases for better health management.
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palladium/helical carbon nanofiber hybrid nanostructures and their application for hydro-
gen peroxide and glucose detection ACS Appl. Mater. Interfaces 5 12017–22

[98] Shahzad F, Zaidi S A and Koo C M 2017 Highly sensitive electrochemical sensor based on
environmentally friendly biomass-derived sulfur-doped graphene for cancer biomarker
detection Sensors Actuators B 241 716–24

[99] Wang B, Akiba U and Anzai J-I 2017 Recent progress in nanomaterial-based electro-
chemical biosensors for cancer biomarkers: a review Molecules 22 1048

[100] Giannetto M, Elviri L, Careri M, Mangia A and Mori G 2011 A voltammetric
immunosensor based on nanobiocomposite materials for the determination of alpha-
fetoprotein in serum Biosens. Bioelectron. 26 2232–6

Analytical Techniques for Biomedical Nanotechnology

https://doi.org/10.1016/j.colsurfb.2011.01.041
https://doi.org/10.1016/j.molcatb.2011.04.011
https://doi.org/10.1007/s00449-012-0693-5
https://doi.org/10.1016/j.electacta.2012.02.011
https://doi.org/10.1016/j.bios.2013.08.043
https://doi.org/10.1016/j.bios.2014.04.005
https://doi.org/10.1016/j.sna.2014.09.027
https://doi.org/10.1088/0957-0233/21/10/105804
https://doi.org/10.1063/1.4795135
https://doi.org/10.1063/1.4795135
https://doi.org/10.3390/s140305415
https://doi.org/10.1021/am4037383
https://doi.org/10.1016/j.snb.2016.10.144
https://doi.org/10.3390/molecules22071048
https://doi.org/10.1016/j.bios.2010.09.040


[101] Sun G, Yang H, Zhang Y, Yu J, Ge S, Yan M and Song X 2015 Branched zinc oxide
nanorods arrays modified paper electrode for electrochemical immunosensing by combining
biocatalytic precipitation reaction and competitive immunoassay mode Biosens.
Bioelectron. 74 823–9

[102] Yang F, Han J, Zhuo Y, Yang Z, Chai Y and Yuan R 2014 Highly sensitive impedimetric
immunosensor based on single-walled carbon nanohorns as labels and bienzyme biocatalyzed
precipitation as enhancer for cancer biomarker detection Biosens. Bioelectron. 55 360–5

[103] Zhao C, Lin D, Wu J, Ding L, Ju H and Yan F 2013 Nanogold‐enriched carbon nanohorn
label for sensitive electrochemical detection of biomarker on a disposable immunosensor
Electroanalysis 25 1044–9

[104] Jia X, Liu Z, Liu N and Ma Z 2014 A label-free immunosensor based on graphene
nanocomposites for simultaneous multiplexed electrochemical determination of tumor
markers Biosens. Bioelectron. 53 160–6

[105] Gao Q, Liu N and Ma Z 2014 Prussian blue–gold nanoparticles-ionic liquid functionalized
reduced graphene oxide nanocomposite as label for ultrasensitive electrochemical immuno-
assay of alpha-fetoprotein Anal. Chim. Acta 829 15–21

[106] Li L, Zhang L, Yu J, Ge S and Song X 2015 All-graphene composite materials for signal
amplification toward ultrasensitive electrochemical immunosensing of tumor marker
Biosens. Bioelectron. 71 108–14

[107] Yang K, Qi L, Gao Z, Zu X and Chen M 2014 A novel electrochemical immunosensor for
prostate-specific antigen based on noncovalent nanocomposite of ferrocene monocarboxylic
acid with graphene oxide Anal. Lett. 47 2266–80

[108] Sun G, Liu H, Zhang Y, Yu J, Yan M, Song X and He W 2015 Gold nanorods-paper
electrode based enzyme-free electrochemical immunoassay for prostate specific antigen
using porous zinc oxide spheres–silver nanoparticles nanocomposites as labels New J.
Chem. 39 6062–7

[109] Li H, Wei Q, He J, Li T, Zhao Y, Cai Y, Du B, Qian Z and Yang M 2011 Electrochemical
immunosensors for cancer biomarker with signal amplification based on ferrocene
functionalized iron oxide nanoparticles Biosens. Bioelectron. 26 3590–5

[110] Akter R, Rahman M A and Rhee C K 2012 Amplified electrochemical detection of a cancer
biomarker by enhanced precipitation using horseradish peroxidase attached on carbon
nanotubes Anal. Chem. 84 6407–15

[111] Li T, Yang M and Li H 2011 Label-free electrochemical detection of cancer marker based
on graphene–cobalt hexacyanoferrate nanocomposite J. Electroanal. Chem. 655 50–5

[112] Kumar S, Willander M, Sharma J G and Malhotra B D 2015 A solution processed carbon
nanotube modified conducting paper sensor for cancer detection J. Mater. Chem. B 3 9305–14

[113] Wen G, Yang X and Xi X 2015 Cathode photoelectrochemical immunoassay based on
analyte-induced formation of exciton trapping for carcinoembryonic antigen detection
J. Electroanal. Chem. 757 192–7

[114] Chen X, Jia X, Han J, Ma J and Ma Z 2013 Electrochemical immunosensor for
simultaneous detection of multiplex cancer biomarkers based on graphene nanocomposites
Biosens. Bioelectron. 50 356–61

[115] Song Z, Yuan R, Chai Y, Zhuo Y, Jiang W, Su H, Che X and Li J 2010 Horseradish
peroxidase-functionalized Pt hollow nanospheres and multiple redox probes as trace labels
for a sensitive simultaneous multianalyte electrochemical immunoassay Chem. Commun. 46
6750–2

Analytical Techniques for Biomedical Nanotechnology

https://doi.org/10.1016/j.bios.2015.07.057
https://doi.org/10.1016/j.bios.2013.12.040
https://doi.org/10.1002/elan.201200423
https://doi.org/10.1016/j.bios.2013.09.050
https://doi.org/10.1016/j.aca.2014.04.045
https://doi.org/10.1016/j.bios.2015.04.032
https://doi.org/10.1080/00032719.2014.902463
https://doi.org/10.1039/C5NJ00629E
https://doi.org/10.1016/j.bios.2011.02.006
https://doi.org/10.1021/ac300110n
https://doi.org/10.1016/j.jelechem.2011.02.009
https://doi.org/10.1039/C5TB02169C
https://doi.org/10.1016/j.jelechem.2015.09.039
https://doi.org/10.1016/j.bios.2013.06.054
https://doi.org/10.1039/c0cc01537g
https://doi.org/10.1039/c0cc01537g


[116] Wang W, Fan X, Xu S, Davis J J and Luo X 2015 Low fouling label-free DNA sensor
based on polyethylene glycols decorated with gold nanoparticles for the detection of breast
cancer biomarkers Biosens. Bioelectron. 71 51–6

[117] Elshafey R, Tavares A C, Siaj M and Zourob M 2013 Electrochemical impedance
immunosensor based on gold nanoparticles–protein G for the detection of cancer marker
epidermal growth factor receptor in human plasma and brain tissue Biosens. Bioelectron. 50
143–9

[118] Peng H-P, Hu Y, Liu A-L, Chen W, Lin X-H and Yu X-B 2014 Label-free electrochemical
immunosensor based on multi-functional gold nanoparticles–polydopamine–thionine–gra-
phene oxide nanocomposites film for determination of alpha-fetoprotein J. Electroanal.
Chem. 712 89–95

[119] Ortega F G, Fernández-Baldo M A, Serrano M J, Messina G A, Lorente J A and Raba J
2015 Epithelial cancer biomarker EpCAM determination in peripheral blood samples using
a microfluidic immunosensor based in silver nanoparticles as platform Sensors Actuators B
221 248–56

[120] Johari-Ahar M, Rashidi M, Barar J, Aghaie M, Mohammadnejad D, Ramazani A,
Karami P, Coukos G and Omidi Y 2015 An ultra-sensitive impedimetric immunosensor for
detection of the serum oncomarker CA-125 in ovarian cancer patients Nanoscale 7 3768–79

[121] Paul K B, Singh V, Vanjari S R K and Singh S G 2017 One step biofunctionalized
electrospun multiwalled carbon nanotubes embedded zinc oxide nanowire interface for
highly sensitive detection of carcinoma antigen-125 Biosens. Bioelectron. 88 144–52

[122] Wu Y, Xue P, Kang Y and Hui K M 2013 Paper-based microfluidic electrochemical
immunodevice integrated with nanobioprobes onto graphene film for ultrasensitive multi-
plexed detection of cancer biomarkers Anal. Chem. 85 8661–8

[123] Yu Y, Gao T, Li H, Ye Z, Chen Z and Li G 2014 A novel electrochemical immunosensor
for Golgi Protein 73 assay Electrochem. Commun. 42 6–8

[124] Niu Y, He J, Li Y, Zhao Y, Xia C, Yuan G, Zhang L, Zhang Y and Yu C 2016
Determination of α2,3-sialylated glycans in human serum using a glassy carbon electrode
modified with carboxylated multiwalled carbon nanotubes, a polyamidoamine dendrimer,
and a glycan-recognizing lectin from Maackia amurensis Microchim. Acta 183 2337–44

[125] Akter R, Jeong B, Choi J-S and Rahman M A 2016 Ultrasensitive nanoimmunosensor by
coupling non-covalent functionalized graphene oxide platform and numerous ferritin labels
on carbon nanotubes Biosens. Bioelectron. 80 123–30

[126] Soares J C, Soares A C, Rodrigues V C, Melendez M E, Santos A C, Faria E F, Reis R M,
Carvalho A L and Oliveira O N Jr 2019 Detection of the prostate cancer biomarker PCA3
with electrochemical and impedance-based biosensors ACS Appl. Mater. Interfaces 11
46645–50

[127] Zhang W, Yang J and Wu D 2020 Surface-functionalized MoS2 nanosheets sensor for
direct electrochemical detection of PIK3CA gene related to lung cancer J. Electrochem.
Soc. 167 027501

[128] Ferreira P C, Ataide V N, Chagas C L S, Angnes L, Coltro W K T, Paixão T R L C and de
Araujo W R 2019 Wearable electrochemical sensors for forensic and clinical applications
TrAC Trends Anal. Chem. 119 115622

[129] Nyein H Y Y, Gao W, Shahpar Z, Emaminejad S, Challa S, Chen K, Fahad HM, Tai L-C,
Ota H and Davis R W 2016 A wearable electrochemical platform for noninvasive
simultaneous monitoring of Ca2+ and pH ACS Nano 10 7216–24

Analytical Techniques for Biomedical Nanotechnology

https://doi.org/10.1016/j.bios.2015.04.018
https://doi.org/10.1016/j.bios.2013.05.063
https://doi.org/10.1016/j.bios.2013.05.063
https://doi.org/10.1016/j.jelechem.2013.10.013
https://doi.org/10.1016/j.snb.2015.06.066
https://doi.org/10.1039/C4NR06687A
https://doi.org/10.1016/j.bios.2016.07.114
https://doi.org/10.1021/ac401445a
https://doi.org/10.1016/j.elecom.2014.01.021
https://doi.org/10.1007/s00604-016-1873-9
https://doi.org/10.1016/j.bios.2016.01.035
https://doi.org/10.1021/acsami.9b19180
https://doi.org/10.1021/acsami.9b19180
https://doi.org/10.1149/1945-7111/ab61ec
https://doi.org/10.1016/j.trac.2019.115622
https://doi.org/10.1021/acsnano.6b04005


[130] Gao W, Emaminejad S, Nyein H Y Y, Challa S, Chen K, Peck A, Fahad H M, Ota H,
Shiraki H and Kiriya D 2016 Fully integrated wearable sensor arrays for multiplexed in situ
perspiration analysis Nature 529 509–14

[131] Lee Y, Howe C, Mishra S, Lee D S, Mahmood M, Piper M, Kim Y, Tieu K, Byun H-S and
Coffey J P 2018 Wireless, intraoral hybrid electronics for real-time quantification of sodium
intake toward hypertension management Proc. Natl Acad. Sci. 115 5377–82

[132] Glennon T, O’Quigley C, McCaul M, Matzeu G, Beirne S, Wallace G G, Stroiescu F,
O’Mahoney N, White P and Diamond D 2016 ‘SWEATCH’: a wearable platform for
harvesting and analysing sweat sodium content Electroanalysis 28 1283–9

[133] Bariya M, Shahpar Z, Park H, Sun J, Jung Y, Gao W, Nyein H Y Y, Liaw T S, Tai L-C
and Ngo Q P 2018 Roll-to-roll gravure printed electrochemical sensors for wearable and
medical devices ACS Nano 12 6978–87

[134] Sempionatto J R, Martin A, García‐Carmona L, Barfidokht A, Kurniawan J F, Moreto J
R, Tang G, Shin A, Liu X and Escarpa A 2019 Skin‐worn soft microfluidic potentiometric
detection system Electroanalysis 31 239–45

[135] Sempionatto J R, Nakagawa T, Pavinatto A, Mensah S T, Imani S, Mercier P and Wang J
2017 Eyeglasses based wireless electrolyte and metabolite sensor platform Lab Chip 17
1834–42

[136] Parrilla M, Ferré J, Guinovart T and Andrade F J 2016 Wearable potentiometric sensors
based on commercial carbon fibres for monitoring sodium in sweat Electroanalysis 28
1267–75

[137] Zamora M L, Domínguez J M, Trujillo R M, Goy C B, Sanchez M A and Madrid R E
2018 Potentiometric textile-based pH sensor Sensors Actuators B 260 601–8

[138] Schazmann B, Morris D, Slater C, Beirne S, Fay C, Reuveny R, Moyna N and Diamond D
2010 A wearable electrochemical sensor for the real-time measurement of sweat sodium
concentration Anal. Methods 2 342–8

[139] Cuartero M, Parrilla M and Crespo G A 2019 Wearable potentiometric sensors for medical
applications Sensors 19 363

[140] Choi D-H, Kim J S, Cutting G R and Searson P C 2016 Wearable potentiometric chloride
sweat sensor: the critical role of the salt bridge Anal. Chem. 88 12241–7

[141] Yao H, Liao Y, Lingley A, Afanasiev A, Lähdesmäki I, Otis B and Parviz B 2012 A contact
lens with integrated telecommunication circuit and sensors for wireless and continuous tear
glucose monitoring J. Micromech. Microeng. 22 075007

[142] Bae C W, Toi P T, Kim B Y, Lee W I, Lee H B, Hanif A, Lee E H and Lee N-E 2019 Fully
stretchable capillary microfluidics-integrated nanoporous gold electrochemical sensor for
wearable continuous glucose monitoring ACS Appl. Mater. Interfaces 11 14567–75

[143] Xu G, Cheng C, Liu Z, Yuan W, Wu X, Lu Y, Low S S, Liu J, Zhu L and Ji D 2019
Battery‐free and wireless epidermal electrochemical system with all‐printed stretchable
electrode array for multiplexed in situ sweat analysis Adv. Mater. Technol. 4 1800658

[144] Gao W, Nyein H Y, Shahpar Z, Fahad H M, Chen K, Emaminejad S, Gao Y, Tai L-C,
Ota H and Wu E 2016 Wearable microsensor array for multiplexed heavy metal monitoring
of body fluids ACS Sens. 1 866–74

[145] Tai L C, Gao W, Chao M, Bariya M, Ngo Q P, Shahpar Z, Nyein H Y, Park H, Sun J and
Jung Y 2018 Methylxanthine drug monitoring with wearable sweat sensors Adv. Mater. 30
1707442

Analytical Techniques for Biomedical Nanotechnology

https://doi.org/10.1038/nature16521
https://doi.org/10.1073/pnas.1719573115
https://doi.org/10.1002/elan.201600106
https://doi.org/10.1021/acsnano.8b02505
https://doi.org/10.1002/elan.201800414
https://doi.org/10.1039/C7LC00192D
https://doi.org/10.1039/C7LC00192D
https://doi.org/10.1002/elan.201600070
https://doi.org/10.1002/elan.201600070
https://doi.org/10.1016/j.snb.2018.01.002
https://doi.org/10.1039/b9ay00184k
https://doi.org/10.3390/s19020363
https://doi.org/10.1021/acs.analchem.6b03391
https://doi.org/10.1088/0960-1317/22/7/075007
https://doi.org/10.1021/acsami.9b00848
https://doi.org/10.1002/admt.201800658
https://doi.org/10.1021/acssensors.6b00287
https://doi.org/10.1002/adma.201707442
https://doi.org/10.1002/adma.201707442


[146] Parlak O, Keene S T, Marais A, Curto V F and Salleo A 2018 Molecularly selective
nanoporous membrane-based wearable organic electrochemical device for noninvasive
cortisol sensing Sci. Adv. 4 eaar2904

[147] Bandodkar A J, Gutruf P, Choi J, Lee K, Sekine Y, Reeder J T, Jeang W J, Aranyosi A J,
Lee S P and Model J B 2019 Battery-free, skin-interfaced microfluidic/electronic systems for
simultaneous electrochemical, colorimetric, and volumetric analysis of sweat Sci. Adv. 5
eaav3294

[148] White N and Turner J 1997 Thick-film sensors: past, present and futureMeas. Sci. Technol. 8 1
[149] Laschi S and Mascini M 2006 Planar electrochemical sensors for biomedical applications

Med. Eng. Phys. 28 934–43
[150] Wang J and Chen Q 1994 Enzyme microelectrode array strips for glucose and lactate Anal.

Chem. 66 1007–11
[151] Higgins I J, Hill H A and Plotkin E V 1985 Sensor for components of a liquid mixture US

Patent US4545382A
[152] Lam Y-Z L and Atkinson J 2002 Disposable screen-printed biosensor for transcutaneous

oxygen measurement Meas. Sci. Technol. 13 2074
[153] Hart J, Pemberton R, Luxton R and Wedge R 1997 Studies towards a disposable screen-

printed amperometric biosensor for progesterone Biosens. Bioelectron. 12 1113–21
[154] Bagel O, Degrand C, Limoges B, Joannes M, Azek F and Brossier P 2000 Enzyme affinity

assays involving a single‐use electrochemical sensor. Applications to the enzyme immuno-
assay of human chorionic gonadotropin hormone and nucleic acid hybridization of human
cytomegalovirus DNA Electroanalysis 12 1447–52

[155] Wang J, Mo J W and Erdem A 2002 Single‐use thick‐film electrochemical sensor for insulin
Electroanalysis 14 1365–8

[156] Darain F, Park S-U and Shim Y-B 2003 Disposable amperometric immunosensor system
for rabbit IgG using a conducting polymer modified screen-printed electrode Biosens.
Bioelectron. 18 773–80

[157] Dequaire M, Degrand C and Limoges B 2000 An electrochemical metalloimmunoassay
based on a colloidal gold label Anal. Chem. 72 5521–8

[158] Wang J, Ibáñez A and Chatrathi M P 2002 Microchip‐based amperometric immunoassays
using redox tracers Electrophoresis 23 3744–9

[159] Evtugyn G, Mingaleva A, Budnikov H, Stoikova E, Vinter V and Eremin S 2003 Affinity
biosensors based on disposable screen-printed electrodes modified with DNA Anal. Chim.
Acta 479 125–34

[160] Wang J, Rivas G, Cai X, Palecek E, Nielsen P, Shiraishi H, Dontha N, Luo D, Parrado C
and Chicharro M 1997 DNA electrochemical biosensors for environmental monitoring
Anal. Chim. Acta 347 1–8

[161] Bergveld P 1996 The future of biosensors Sensors Actuators A 56 65–73
[162] Tvarozek V, Novotny I, Rehacek V, Ivanic R and Mika F 1998 Thin film electrode chips

for microelectrochemical sensors Nexus Res. News 1 15–7
[163] Pfeiffer D, Möller B, Klimes N, Szeponik J and Fischer S 1997 Amperometric lactate

oxidase catheter for real-time lactate monitoring based on thin film technology Biosens.
Bioelectron. 12 539–50

[164] Lakard B, Herlem G, de Labachelerie M, Daniau W, Martin G, Jeannot J-C, Robert L and
Fahys B 2004 Miniaturized pH biosensors based on electrochemically modified electrodes
with biocompatible polymers Biosens. Bioelectron. 19 595–606

Analytical Techniques for Biomedical Nanotechnology

https://doi.org/10.1126/sciadv.aar2904
https://doi.org/10.1126/sciadv.aav3294
https://doi.org/10.1126/sciadv.aav3294
https://doi.org/10.1088/0957-0233/8/1/002
https://doi.org/10.1016/j.medengphy.2006.05.006
https://doi.org/10.1021/ac00079a013
https://doi.org/10.1088/0957-0233/13/12/336
https://doi.org/10.1016/S0956-5663(97)00033-X
https://doi.org/10.1002/1521-4109(200012)12:18%3C1447::AID-ELAN1447%3E3.0.CO;2-D
https://doi.org/10.1002/1521-4109(200211)14:19/20%3C1365::AID-ELAN1365%3E3.0.CO;2-A
https://doi.org/10.1016/S0956-5663(03)00004-6
https://doi.org/10.1021/ac000781m
https://doi.org/10.1002/1522-2683(200211)23:21%3C3744::AID-ELPS3744%3E3.0.CO;2-B
https://doi.org/10.1016/S0003-2670(02)01540-4
https://doi.org/10.1016/S0003-2670(96)00598-3
https://doi.org/10.1016/0924-4247(96)01275-7
https://doi.org/10.1016/S0956-5663(97)00014-6
https://doi.org/10.1016/S0956-5663(03)00270-7


[165] Senillou A, Jaffrezic N, Martelet C and Cosnier S 1999 A laponite clay-poly (pyrrole–
pyridinium) matrix for the fabrication of conductimetric microbiosensors Anal. Chim. Acta
401 117–24

[166] Finot E, Bourillot E, Meunier-Prest R, Lacroute Y, Legay G, Cherkaoui-Malki M,
Latruffe N, Siri O, Braunstein P and Dereux A 2003 Performance of interdigitated
nanoelectrodes for electrochemical DNA biosensor Ultramicroscopy 97 441–9

[167] Van Hal R, Eijkel J and Bergveld P 1995 A novel description of ISFET sensitivity with the
buffer capacity and double-layer capacitance as key parameters Sensors Actuators B 24 201–5

[168] Pijanowska D G and Torbicz W 1997 pH-ISFET based urea biosensor Sensors Actuators B
44 370–6

[169] Sergeyeva T, Soldatkin A, Rachkov A, Tereschenko M, Piletsky S and Elskaya A 1999 β-
Lactamase label-based potentiometric biosensor for α-2 interferon detection Anal. Chim.
Acta 390 73–81

[170] Yang Y, Chen Y, Tang H, Zong N and Jiang X 2020 Microfluidics for biomedical analysis
Small Methods 4 1900451

[171] Koo K M, Dey S and Trau M 2018 A sample-to-targeted gene analysis biochip for
nanofluidic manipulation of solid-phase circulating tumor nucleic acid amplification in
liquid biopsies ACS Sens. 3 2597–603

[172] Pu Z, Wang R, Wu J, Yu H, Xu K and Li D 2016 A flexible electrochemical glucose sensor
with composite nanostructured surface of the working electrode Sensors Actuators B 230
801–9

[173] Pu Z, Zou C, Wang R, Lai X, Yu H, Xu K and Li D 2016 A continuous glucose monitoring
device by graphene modified electrochemical sensor in microfluidic system Biomicrofluidics
10 011910

[174] Xu J, Xu K, Han Y, Wang D, Li X, Hu T, Yi H and Ni Z 2020 3D porous graphene
aerogel@ GOx based microfluidic biosensor for electrochemical glucose detection Analyst
145 5141–7

[175] Cao L, Han G-C, Xiao H, Chen Z and Fang C 2020 A novel 3D paper-based microfluidic
electrochemical glucose biosensor based on rGO-TEPA/PB sensitive film Anal. Chim. Acta
1096 34–43

[176] Tang C K, Vaze A, Shen M and Rusling J F 2016 High-throughput electrochemical
microfluidic immunoarray for multiplexed detection of cancer biomarker proteins ACS
Sens. 1 1036–43

[177] Pursey J P, Chen Y, Stulz E, Park M K and Kongsuphol P 2017 Microfluidic electro-
chemical multiplex detection of bladder cancer DNA markers Sensors Actuators B 251 34–9

[178] Uliana C V, Peverari C R, Afonso A S, Cominetti M R and Faria R C 2018 Fully
disposable microfluidic electrochemical device for detection of estrogen receptor alpha
breast cancer biomarker Biosens. Bioelectron. 99 156–62

[179] De Oliveira R A, Nicoliche C Y, Pasqualeti A M, Shimizu F M, Ribeiro I R, Melendez
M E, Carvalho A L, Gobbi A L, Faria R C and Lima R S 2018 Low-cost and rapid-
production microfluidic electrochemical double-layer capacitors for fast and sensitive breast
cancer diagnosis Anal. Chem. 90 12377–84

Chapter 3

[1] Cobley C M, Chen J, Cho E C, Wang L V and Xia Y 2011 Gold nanostructures: a class of
multifunctional materials for biomedical applications Chem. Soc. Rev. 40 44–56

Analytical Techniques for Biomedical Nanotechnology

https://doi.org/10.1016/S0003-2670(99)00520-6
https://doi.org/10.1016/S0304-3991(03)00072-X
https://doi.org/10.1016/0925-4005(95)85043-0
https://doi.org/10.1016/S0925-4005(97)00194-9
https://doi.org/10.1016/S0003-2670(99)00177-4
https://doi.org/10.1002/smtd.201900451
https://doi.org/10.1021/acssensors.8b01011
https://doi.org/10.1016/j.snb.2016.02.115
https://doi.org/10.1016/j.snb.2016.02.115
https://doi.org/10.1063/1.4942437
https://doi.org/10.1039/D0AN00681E
https://doi.org/10.1016/j.aca.2019.10.049
https://doi.org/10.1021/acssensors.6b00256
https://doi.org/10.1016/j.snb.2017.05.006
https://doi.org/10.1016/j.bios.2017.07.043
https://doi.org/10.1021/acs.analchem.8b02605
https://doi.org/10.1039/B821763G


[2] Michalet X, Pinaud F F, Bentolila L A, Tsay J M, Doose S, Li J J, Sundaresan G, Wu A M,
Gambhir S S and Weiss S 2005 Quantum dots for live cells, in vivo imaging, and diagnostics
Science 307 538–44

[3] Liu X and Swihart M T 2014 Heavily-doped colloidal semiconductor and metal oxide
nanocrystals: an emerging new class of plasmonic nanomaterials Chem. Soc. Rev. 43 3908–20

[4] Trofymchuk K, Reisch A, Shulov I, Mély Y and Klymchenko A S 2014 Tuning the color
and photostability of perylenediimides inside polymer nanoparticles: towards biodegradable
substitutes of quantum dots Nanoscale 6 12934–42

[5] Kim J et al 2006 Designed fabrication of multifunctional magnetic gold nanoshells and their
application to magnetic resonance imaging and photothermal therapy Angew. Chem. Int. Ed.
45 7754–8

[6] Li Y, Jing C, Zhang L and Long Y-T 2012 Resonance scattering particles as biological
nanosensors in vitro and in vivo Chem. Soc. Rev. 41 632–42

[7] Dreher M R, Liu W G, Michelich C R, Dewhirst MW, Yuan F and Chilkoti A 2006 Tumor
vascular permeability, accumulation, and penetration of macromolecular drug carriers J.
Natl. Cancer Inst 98 335–44

[8] Bardhan R, LaL S, Joshi A and Halas N J 2011 Theranosticnanoshells: from probe design to
imaging and treatment of cancer Acc. Chem. Res. 44 936–46

[9] Louie A Y 2010 Multimodality imaging probes: design and challenges Chem. Rev. 110
3146–95

[10] Hong Y N, Lam J W Y and Tang B Z 2011 Chem. Soc. Rev. 40 5361–88
[11] Haldar K K, Kundu S and Patra A 2014 Core-size-dependent catalytic properties of

bimetallic Au/Ag core–shell nanoparticles ACS Appl. Mater. Interfaces 6 21946–53
[12] Jiang N, Zhuo X and Wang J 2018 Active plasmonics: principles, structures, and

applications Chem. Rev. 118 3054–99
[13] Moehrke J and Vana P 2015 Termination kinetics of surface-initiated radical polymerization

measured by time-resolved ESR spectroscopy after laser-pulse initiation Macromolecules 48
3190–6

[14] Chaudhuri R G and Paria S 2012 Core/shell nanoparticles: classes, properties, synthesis
mechanisms, characterization, and applications Chem. Rev. 112 2373–433

[15] Wang Q, Zhao Y, Xu H, Yang X and Yang Y 2009 Thermosensitive phase transition
kinetics of poly(N‐isopropylacryl amide‐co‐acrylamide) microgel aqueous dispersions J.
Appl. Polym. Sci. 113 321–6

[16] Tanaka T and Fillmore D J 1979 Kinetics of swelling of gels J. Chem. Phys. 70 1214
[17] Swinehart D F 1962 The Beer–Lambert law J. Chem. Educ. 39 333
[18] Chan G C-Y and Chan W T 2001 Beer’s law measurements using non-monochromatic light

sources—a computer simulation J. Chem. Educ. 78 1285
[19] Pandey G, Dixit S and Shrivastava A 2014 Role of additives; sodium dodecyl sulphate and

manganese chloride on morphology of Zn1−xMnxO nanoparticles and their photolumines-
cence properties Mater. Chem. Phys. 147 423–32

[20] Niu Y and Crooks R M 2003 Dendrimer-encapsulated metal nanoparticles and their
applications to catalysis C. R. Chim. 6 1049–59

[21] Kumar D, Kumar P and Pandey J 2018 Binary grafted chitosan film: synthesis, character-
ization, antibacterial activity and prospects for food packaging Int. J. Biol. Macromol 115
341–8

Analytical Techniques for Biomedical Nanotechnology

https://doi.org/10.1126/science.1104274
https://doi.org/10.1039/C3CS60417A
https://doi.org/10.1039/C4NR03718A
https://doi.org/10.1002/anie.200602471
https://doi.org/10.1039/C1CS15143F
https://doi.org/10.1093/jnci/djj070
https://doi.org/10.1021/ar200023x
https://doi.org/10.1021/cr9003538
https://doi.org/10.1021/cr9003538
https://doi.org/10.1039/c1cs15113d
https://doi.org/10.1021/am507391d
https://doi.org/10.1021/acs.chemrev.7b00252
https://doi.org/10.1021/acs.macromol.5b00662
https://doi.org/10.1021/acs.macromol.5b00662
https://doi.org/10.1021/cr100449n
https://doi.org/10.1002/app.29642
https://doi.org/10.1063/1.437602
https://doi.org/10.1021/ed039p333
https://doi.org/10.1021/ed078p1285
https://doi.org/10.1016/j.matchemphys.2014.05.010
https://doi.org/10.1016/j.crci.2003.08.001
https://doi.org/10.1016/j.ijbiomac.2018.04.084
https://doi.org/10.1016/j.ijbiomac.2018.04.084


[22] Chen G Y, Qiu H, Prasad P N and Chen X 2014 Upconversion nanoparticles: design,
nanochemistry, and applications in theranostics Chem. Rev. 114 5161–214

[23] Espinosa J C M, Ramírez N A C, Oliva L E F, Fraga T C, Alvarado J B, Pablo A R and
Anita R E N 2014 Coating of gold nanoparticles for medical application: UV–Vis AIP Conf.
Proc. 1626 147–50

[24] Volden S, Eilertsen J L, Singh G, Wang W, Zhu K, Nyström B and GlommWR 2012 Effect
of charge density matching on the temperature response of PNIPAAM block copolymer–
gold nanoparticles J. Phys. Chem. C 116 12844–53

[25] Liu J, Liu Y, Liu N, Han Y, Zhang X, Huang H, Lifshitz Y, Lee S-T, Zhong J and Kang Z
2015 Metal-free efficient photocatalyst for stable visible water splitting via a two-electron
pathway Science 347 970–74

[26] Haiss W, Thanh N T, Aveyard J and Fernig D G 2007 Determination of size and
concentration of gold nanoparticles from UV–vis spectra Anal. Chem. 79 4215–21

[27] Appasamy J S, Kurnia J C and Assadi M K 2020 Synthesis and evaluation of nitrogen-doped
titanium dioxide/single walled carbon nanotube-based hydrophilic self-cleaning coating layer
for solar photovoltaic panel surface Sol. Energy 196 80–91

[28] Nasrollahzadeh M, Akbari R, Issaabadi Z and Sajadi S M 2020 Biosynthesis and character-
ization of Ag/MgO nanocomposite and its catalytic performance in the rapid treatment of
environmental contaminants Ceram. Int. 46 2093–101

[29] Picollo M, Aceto M and Vitorino T 2018 UV–Vis spectroscopy Phy. Sci. Rev. 4 20180008
[30] Levinson R 2001 More Modern Chemical Techniques (London: Royal Society of Chemistry)
[31] Atkins P W and de Paula J 2013 Physikalische Chemie 5th edn (Weinheim: Wiley-VCH)
[32] Dreaden E C, Alkilany A M, Huang X H, Murphy C J and El-Sayed M A 2012 The golden

age: gold nanoparticles for biomedicine Chem. Soc. Rev. 41 2740–79
[33] Jain P K, Huang X, El-Sayed I H and El-Sayed M A 2008 Noble metals on the nanoscale:

optical and photothermal properties and some applications in imaging, sensing, biology, and
medicine Acc. Chem. Res. 41 1578–86

[34] Zhou J, Liu Z and Li F Y 2012 Upconversion nanophosphors for small-animal imaging
Chem. Soc. Rev. 41 1323–49

[35] Xu Z C, Hou Y L and Sun S H 2007 Magnetic core/shell Fe3O4/Au and Fe3O4/Au/Ag
nanoparticles with tunable plasmonic properties J. Am. Chem. Soc. 129 8698–9

[36] Howes P D, Rana S and Stevens M M 2014 Plasmonic nanomaterials for biodiagnostics
Chem. Soc. Rev. 43 3835–53

[37] Samanta P K, Kamilya T and Pahari D 2019 Study of time-dependent interaction of ZnO
nanoparticles with sucrose and honey molecules for biomedical applications Curr.
Nanomater. 4 216–22

[38] Ueda W, Sadakane M and Ogihara H 2008 Nano-structuring of complex metal oxides for
catalytic oxidation Catal. Today 132 2–8

[39] Pria P D 2007 Evolution and new application of the alumina ceramics in joint replacement
Eur. J. Orthop. Surg. Traumatol. 17 253–6

[40] Jwad K H, Saleh T H and Abd-Alhamza B 2019 Preparation of aluminum oxide
nanoparticles by laser ablation and a study of their applications as antibacterial and wounds
healing agent Nanobiomed. Eng 11 313–19

[41] Salunke B K, Sawant S S and Kim B S 2016 Enhancement of antibacterial effect by
biosynthesized silver nanoparticles with antibiotics J. Nanosci. Nanotechnol. 16 7191–4

Analytical Techniques for Biomedical Nanotechnology

https://doi.org/10.1021/cr400425h
https://doi.org/10.1063/1.4901380
https://doi.org/10.1021/jp300754b
https://doi.org/10.1126/science.aaa3145
https://doi.org/10.1021/ac0702084
https://doi.org/10.1016/j.solener.2019.12.022
https://doi.org/10.1016/j.ceramint.2019.09.191
https://doi.org/10.1515/psr-2018-0008
https://doi.org/10.1039/C1CS15237H
https://doi.org/10.1021/ar7002804
https://doi.org/10.1039/C1CS15187H
https://doi.org/10.1021/ja073057v
https://doi.org/10.1039/C3CS60346F
https://doi.org/10.2174/2405461504666191016092835
https://doi.org/10.1016/j.cattod.2007.12.012
https://doi.org/10.1007/s00590-006-0181-1
https://doi.org/10.5101/nbe.v11i3.p313-319
https://doi.org/10.1166/jnn.2016.11321


[42] Salunke B K, Sathiyamoorthi E, Tran T K and Kim B S 2017 Phyto-synthesized silver
nanoparticles for biological applications Korean J. Chem. Eng. 34 943–51

[43] Dar M A, Ingle A and Rai M 2013 Enhanced antimicrobial activity of silver nanoparticles
synthesized by Cryphonectria sp. evaluated singly and in combination with antibiotics
Nanomedicine 9 105–10

[44] Song J Y and Kim B S 2009 Rapid biological synthesis of silver nanoparticles using plant leaf
extracts Bioprocess Biosyst. Eng. 32 79–84

[45] Sathiyamoorthi E, Iskandarani B, Salunke B K and Kim B S 2018 Biomedical potential of
silver nanoparticles biosynthesized using gallnut extract Green Mater. 6 48–57

[46] Anker J N, Hall W P, Lyandres O, Shan N C, Zhao J and Van Duyne R P 2008 Biosensing
with plasmonic nanosensors Nat. Mater. 7 442–53

[47] Tian Z Q, Ren B and Wu D Y 2002 Surface-enhanced Raman scattering: from noble to
transition metals and from rough surfaces to ordered nanostructures J. Phys. Chem. B 106
9463–83

[48] Kamat P V 2002 Photophysical, photochemical and photocatalytic aspects of metal nano-
particles J. Phys. Chem. B 106 7729–44

[49] Shipway A N, Eugenii K and Itamar W 2000 Nanoparticle arrays on surfaces for electronic,
optical, and sensor applications Chem. Phys. Chem. 1 18–52

[50] Mirkin C A, Letsinger R L, Mucic R C and Storhoff J J 1996 A DNA-based method for
rationally assembling nanoparticles into macroscopic materials Nature 382 607–9

[51] Wilson R 2008 The use of gold nanoparticles in diagnostics and detection Chem. Soc. Rev. 37
2028–45

[52] Dhanasekar N N, Rahul G R, Narayanan K B, Raman G and Sakthivel N 2015 Green
chemistry approach for the synthesis of gold nanoparticles using the fungus Alternaria sp J.
Microbiol. Biotechnol. 25 1129–35

[53] Abdelhalim M A K, Mady M M and Ghannam M M 2012 Physical properties of different
gold nanoparticles: ultraviolet–visible and fluorescence measurements J. Nanomed.
Nanotechol 3 3

Chapter 4

Amenabar I et al 2017 Hyperspectral infrared nanoimaging of organic samples based on Fourier
transform infrared nanospectroscopy. Nat. Commun. 8 14402

Andrew Chan K L and Kazarian S G 2016 Attenuated total reflection Fourier-transform infrared
(ATR-FTIR) imaging of tissues and live cells. Chem. Soc. Rev. 45 1850–64

Andrus P G L and Strickland R D 1998 Cancer grading by Fourier transform infrared
spectroscopy. Biospectroscopy 4 37–46

Caine S et al 2012 The application of Fourier transform infrared microspectroscopy for the study
of diseased central nervous system tissue. Neuroimage 59 3624–40

Chan K L A and Kazarian S G 2005 Fourier transform infrared imaging for high-throughput
analysis of pharmaceutical formulations. J. Comb. Chem. 7 185–9

Dev A et al 2010 Preparation of poly(lactic acid)/chitosan nanoparticles for anti-HIV drug
delivery applications. Carbohydr. Polym. 80 833–8

Gorjikhah F et al 2016 Improving ‘lab-on-a-chip’ techniques using biomedical nanotechnology: a
review. Artif. Cells Nanomed. Biotechnol. 44 1609–14

Ibrokhim Y A 2016 Bioinformatics – Updated Features and Applications (Rijeka: InTech)

Analytical Techniques for Biomedical Nanotechnology

https://doi.org/10.1007/s11814-017-0036-y
https://doi.org/10.1016/j.nano.2012.04.007
https://doi.org/10.1007/s00449-008-0224-6
https://doi.org/10.1680/jgrma.17.00032
https://doi.org/10.1038/nmat2162
https://doi.org/10.1021/jp0257449
https://doi.org/10.1021/jp0257449
https://doi.org/10.1021/jp0209289
https://doi.org/10.1002/1439-7641(20000804)1:1%3C18::AID-CPHC18%3E.0.CO;2-L
https://doi.org/10.1038/382607a0
https://doi.org/10.1039/b712179m
https://doi.org/10.1039/b712179m
https://doi.org/10.4014/jmb.1410.10036
https://doi.org/10.4172/2157-7439.1000133
https://doi.org/10.1038/ncomms14402
https://doi.org/10.1039/C5CS00515A
https://doi.org/10.1002/(SICI)1520-6343(1998)4:1%3C37::AID-BSPY4%3E.0.CO;2-P
https://doi.org/10.1016/j.neuroimage.2011.11.033
https://doi.org/10.1021/cc049840q
https://doi.org/10.1016/j.carbpol.2009.12.040
https://doi.org/10.3109/21691401.2015.1129619


Kaushik A 2019 Biomedical nanotechnology related grand challenges and perspectives. Front.
Nanotechnol. 1 1–4

Kazarian S G and Ewing A V 2013 Applications of Fourier transform infrared spectroscopic
imaging to tablet dissolution and drug release. Expert Opin. Drug Deliv. 10 1207–21

Khanmohammadi M et al 2007 Cancer diagnosis by discrimination between normal and
malignant human blood samples using attenuated total reflectance-Fourier transform infra-
red spectroscopy. Cancer Investig. 25 397–404

Khanmohammadi M et al 2011 Application of linear discriminant analysis and attenuated total
reflectance Fourier transform infrared microspectroscopy for diagnosis of colon cancer.
Pathol. Oncol. Res. 17 435–41

Kumari A, Jasmeet K and Bhattacharyya S 2018 Application of Fourier transform-infrared
spectroscopy as a tool for early cancer detection. Am. J. Biomed. Sci. 10 139–48

Leso V, Fontana L and Iavicoli I 2019 Biomedical nanotechnology: occupational views. Nano
Today 24 10–4

Levin I W and Bhargava R 2005 Fourier transform infrared vibrational spectroscopic imaging:
integrating microscopy and molecular recognition. Annu. Rev. Phys. Chem. 56 429–74

Li Q B et al 2005 In vivo and in situ detection of colorectal cancer using Fourier transform
infrared spectroscopy. World J. Gastroenterol. 11 327–30

Mao Z H et al 2015 Fourier transform infrared microscopic imaging and Fisher discriminant
analysis for identification of healthy and degenerated articular cartilage. Chin. J. Anal. Chem.
43 518–22

Menzies G E et al 2014 Fourier transform infrared for noninvasive optical diagnosis of oral,
oropharyngeal, and laryngeal cancer. Transl. Res. 163 19–26

Mount D W 2001 Bioinformatics: Sequence and Genome Analysis 2nd edn (New York: Cold
Spring Harbor Laboratory Press)

Nalwa H S 2014 A special issue on reviews in biomedical applications of nanomaterials, tissue
engineering, stem cells, bioimaging, and toxicity. J. Biomed. Nanotechnol. 10 2421–3

Pezzei C, Brunner A, Bonn G K and Huck C W 2013 Fourier transform infrared imaging analysis
in discrimination studies of bladder cancer. Analyst 138 5719–25

Polizu S, Savadogo O, Poulin P and Yahia L-H 2006 Applications of carbon nanotubes-based
biomaterials in biomedical nanotechnology. J. Nanosci. Nanotechnol. 6 1883–904

Pope-Harman A et al 2007 Biomedical nanotechnology for cancer.Med. Clin. North Am. 91 899–927
Prati S, Joseph E, Sciutto G and Mazzeo R 2010 New advances in the application of FTIR

microscopy and spectroscopy for the characterization of artistic materials. Acc. Chem. Res.
43 792–801

Ramos A P, Cruz M A E, Tovani C B and Ciancaglini P 2017 Biomedical applications of
nanotechnology. Biophys. Rev. 9 79–89

Sahu R K and Mordechai S 2005 Fourier transform infrared spectroscopy in cancer detection.
Future Oncol. 1 635–47

Saji V S, Choe H C and Yeung K W K 2010 Nanotechnology in biomedical applications: a
review. Int. J. Nano Biomater. 3 119–39

Kazarian S G and Andrew Chan K L 2009 Micro- and macro-attenuated total reflection Fourier
transform infrared spectroscopic imaging. Appl. Spectrosc. 64 135A–52A

Shakya B R, Shrestha P, Teppo H R and Rieppo L 2020 The use of Fourier transform infrared
(FTIR) spectroscopy in skin cancer research: a systematic review. Appl. Spectrosc. Rev. 56
1–33

Analytical Techniques for Biomedical Nanotechnology

https://doi.org/10.3389/fnano.2019.00001
https://doi.org/10.1517/17425247.2013.801452
https://doi.org/10.1080/02770900701512555
https://doi.org/10.1007/s12253-010-9326-y
https://doi.org/10.5099/aj180300139
https://doi.org/10.1016/j.nantod.2018.11.002
https://doi.org/10.1146/annurev.physchem.56.092503.141205
https://doi.org/10.3748/wjg.v11.i3.327
https://doi.org/10.1016/S1872-2040(15)60816-7
https://doi.org/10.1016/j.trsl.2013.09.006
https://doi.org/10.1166/jbn.2014.2034
https://doi.org/10.1039/c3an01101a
https://doi.org/10.1166/jnn.2006.197
https://doi.org/10.1016/j.mcna.2007.05.008
https://doi.org/10.1021/ar900274f
https://doi.org/10.1007/s12551-016-0246-2
https://doi.org/10.2217/14796694.1.5.635
https://doi.org/10.1504/IJNBM.2010.037801
https://doi.org/10.1366/000370210791211673
https://doi.org/10.1080/05704928.2020.1791152
https://doi.org/10.1080/05704928.2020.1791152


Singh Y 2014 Trends in biomedical nanotechnology. J. Nanomed. Biother. Discovery 4 4172
Sloan S R et al 2020 Imaging the local biochemical content of native and injured intervertebral

disc using Fourier transform infrared microscopy. JOR Spine 3 1–11
Song Y, Cong Y, Wang B and Zhang N 2020 Applications of Fourier transform infrared

spectroscopy to pharmaceutical preparations. Expert Opin. Drug Deliv. 17 551–71
Steiner G and Koch E 2009 Trends in Fourier transform infrared spectroscopic imaging. Anal.

Bioanal.Chem. 394 671–8
Su K Y and Lee W L 2020 Fourier transform infrared spectroscopy as a cancer screening and

diagnostic tool: a review and prospects. Cancers 12 115
Tian F et al 2016 Gold nanostars for efficient in vitro and in vivo real-time SERS detection and

drug delivery via plasmonic-tunable Raman/FTIR imaging. Biomaterials 106 87–97
Wang R and Wang Y 2021 Fourier Transform infrared spectroscopy in oral cancer diagnosis. Int.

J. Mol. Sci. 22 1–21
Whitman A G, Lambert P J, Dyson O F and Akula S M 2008 Applications of nanotechnology in

the biomedical sciences: small materials, big impacts, and unknown consequences. Philos.
Med. 101 117–30

Witzke K E et al 2019 Integrated Fourier transform infrared imaging and proteomics for
identification of a candidate histochemical biomarker in bladder cancer. Am. J. Pathol. 189
619–31

Yano K et al 2003 Applications of Fourier transform infrared spectroscopy, Fourier transform
infrared microscopy and near-infrared spectroscopy to cancer research. Spectroscopy 17
315–21

Chapter 5

[1] Smekal A 1923 Zur quantentheorie der dispersion Sci. Nat. 11 873–5
[2] Raman C V and Krishnan K S 1928 A new type of secondary radiation Nature 121 501–2
[3] Colthup N B, Daly L H and Wiberley S E (ed) 1990 Introduction to Infrared and Raman

Spectroscopy 3rd edn (San Diego, CA: Academic) pp 1–73
[4] Born M and Bradburn M 1947 The theory of the Raman effect in crystals, in particular

rock-salt Proc. Math. Phys. Eng. Sci. 188 161–78
[5] Kashima T, Watari T and Mikubo H 1961 Raman spectra and structure of molecular

addition compound of aminopyrine and barbital in aqueous solution Eisei Shikenjo Hokoku
79 59–63

[6] Tobin M C 1968 Raman spectra of crystalline lysozyme, pepsin, and alpha chymotrypsin
Science 161 68–9

[7] Lord R C and Yu N T 1970 Laser-excited Raman spectroscopy of biomolecules. II. Native
ribonuclease and α-chymotrypsin J. Mol. Biol. 51 203–13

[8] Rimai L, Kilponen R G and Gill D 1970 Resonance-enhanced Raman spectra of visual
pigments in intact bovine retinas at low temperatures Biochem. Biophys. Res. Commun. 41
492–7

[9] Long T V and Loehr T M 1970 Possible determination of iron coordination in nonheme
iron proteins using laser-Raman spectroscopy. Rubredoxin J. Am. Chem. Soc. 92 6384–6

[10] Singh N, Kumar P and Riaz U 2019 Applications of near infrared and surface enhanced
Raman scattering techniques in tumor imaging: a short review Spectrochim. Acta A 222
117279

Analytical Techniques for Biomedical Nanotechnology

https://doi.org/10.4172/2155-983X.1000e130
https://doi.org/10.1002/jsp2.1121
https://doi.org/10.1080/17425247.2020.1737671
https://doi.org/10.1007/s00216-009-2737-5
https://doi.org/10.3390/cancers12010115
https://doi.org/10.1016/j.biomaterials.2016.08.014
https://doi.org/10.3390/ijms22031206
https://doi.org/10.1007/978-1-4020-8649-6_8
https://doi.org/10.1016/j.ajpath.2018.11.018
https://doi.org/10.1016/j.ajpath.2018.11.018
https://doi.org/10.1155/2003/329478
https://doi.org/10.1155/2003/329478
https://doi.org/10.1007/BF01576902
https://doi.org/10.1038/121501c0
https://doi.org/10.1098/rspa.1947.0002
https://doi.org/10.1126/science.161.3836.68
https://doi.org/10.1016/0022-2836(70)90137-3
https://doi.org/10.1016/0006-291X(70)90533-4
https://doi.org/10.1016/0006-291X(70)90533-4
https://doi.org/10.1021/ja00724a072
https://doi.org/10.1016/j.saa.2019.117279
https://doi.org/10.1016/j.saa.2019.117279


[11] Aljakouch K, Hilal Z, Daho I, Schuler M, Krauß S D, Yosef H K, Dierks J, Mosig A,
Gerwert K and El-Mashtoly S F 2019 Fast and noninvasive diagnosis of cervical cancer by
coherent anti-Stokes Raman scattering Anal. Chem. 91 13900–6

[12] Gniadecka M, Philipsen P A, Sigurdsson S, Wessel S, Nielsen O F, Christensen D H,
Hercogova J, Rossen K, Thomsen H K and Gniadecki R 2004 Melanoma diagnosis by
Raman spectroscopy and neural networks: structure alterations in proteins and lipids in
intact cancer tissue J. Investig. Dermatol 122 443–9

[13] Singh S and Jha H C 2019 Machine Intelligence and Signal Analysis vol 746 ed M Tanveer
and R B Pachori (Berlin: Springer) pp 609–19

[14] Liang L, Huang D, Wang H, Li H, Xu S, Chang Y, Li H, Yang Y W, Liang C and Xu W
2015 In situ surface-enhanced Raman scattering spectroscopy exploring molecular changes
of drug-treated cancer cell nucleus Anal. Chem. 87 2504–10

[15] El-Mashtoly S F, Yosef H K, Petersen D, Mavarani L, Maghnouj A, Hahn S, Kötting C
and Gerwert K 2015 Label-free Raman spectroscopic imaging monitors the integral
physiologically relevant drug responses in cancer cells Anal. Chem. 87 7297–304

[16] Deng R, Qu H, Liang L, Zhang J, Zhang B, Huang D, Xu S, Liang C and Xu W 2017
Tracing the therapeutic process of targeted aptamer/drug conjugate on cancer cells by
surface-enhanced Raman scattering spectroscopy Anal. Chem. 89 2844–51

[17] Prado E, Colin A, Servant L and Lecomte S 2014 SERS spectra of oligonucleotides as
fingerprints to detect label-free RNA in microfluidic devices J. Phys. Chem. C 118 13965–71

[18] Swierczewska M, Liu G, Lee S and Chen X 2012 High-sensitivity nanosensors for
biomarker detection Chem. Soc. Rev. 41 2641–55

[19] Kankia B I and Marky L A 2001 Folding of the thrombin aptamer into a G-quadruplex
with Sr2+: stability, heat, and hydration J. Am. Chem. Soc. 123 10799–804

[20] Aubrey K L, Thomas G J and Casjens S R 1992 Secondary structure and interactions of the
packaged dsDNA genome of bacteriophage P22 investigated by Raman difference
spectroscopy Biochemistry 31 11835–42

[21] Dong R, Yan X, Pang X and Liu S 2004 Temperature-dependent Raman spectra of
collagen and DNA Spectrochim. Acta A 60 557–61

[22] Morla-Folch J, Xie H, Alvarez-Puebla R A and Guerrini L 2016 Fast optical chemical and
structural classification of RNA ACS Nano 10 2834–42

[23] Garcia-Rico E, Alvarez-Puebla R A and Guerrini L 2018 Direct surface-enhanced Raman
scattering (SERS) spectroscopy of nucleic acids: from fundamental studies to real-life
applications Chem. Soc. Rev. 47 4909–23

[24] Bernath P F (ed) 2005 Spectra of Atoms and Molecules 2nd edn (New York: Oxford
University Press) pp 293–317

[25] Ferraro J R, Nakamoto K and Brown CW (ed) 2003 Introductory Raman spectroscopy 2nd
edn (San Diego, CA: Academic) pp 1–94

[26] Abramczyk H 2005 Introduction to Laser Spectroscopy 1st edn (New York: Elsevier)
[27] Devitt G, Howard K, Mudher A and Mahajan S 2018 Raman spectroscopy: an emerging

tool in neurodegenerative disease research and diagnosis ACS Chem. Neurosci. 9 404–20
[28] Auner G W, Koya S K, Huang C, Broadbent B, Trexler M, Auner Z, Angela E, Katlyn C

M and Brusatori M A 2018 Applications of Raman spectroscopy in cancer diagnosis
Cancer Metastasis Rev. 37 691–717

[29] Zhao J, Lui H, McLean D I and Zeng H 2010 New Developments in Biomedical Engineering
ed D Campolo (London: IntechOpen) pp 455–74

Analytical Techniques for Biomedical Nanotechnology

https://doi.org/10.1021/acs.analchem.9b03395
https://doi.org/10.1046/j.0022-202X.2004.22208.x
https://doi.org/10.1021/ac504550w
https://doi.org/10.1021/acs.analchem.5b01431
https://doi.org/10.1021/acs.analchem.6b03971
https://doi.org/10.1021/jp503082g
https://doi.org/10.1039/C1CS15238F
https://doi.org/10.1021/ja010008o
https://doi.org/10.1021/bi00162a023
https://doi.org/10.1016/S1386-1425(03)00262-2
https://doi.org/10.1021/acsnano.5b07966
https://doi.org/10.1039/C7CS00809K
https://doi.org/10.1021/acschemneuro.7b00413
https://doi.org/10.1007/s10555-018-9770-9


[30] Yamamoto K, Sakamoto A, Nagano T and Fukumitsu K 2010 NIR sensitivity enhance-
ment by laser treatment for Si detectors Nucl. Instrum. Methods Phys. Res. A 624 520–3

[31] Mikhonin A V, Bykov S V, Myshakina N S and Asher S A 2006 Peptide secondary
structure folding reaction coordinate: correlation between UV Raman amide III frequency,
Psi Ramachandran angle, and hydrogen bonding J. Phys. Chem. B 110 1928–43

[32] Ozdemir A, Lednev I K and Asher S A 2002 Comparison between UV Raman and circular
dichroism detection of short alpha helices in Bombolitin III Biochemistry 41 1893–6

[33] Asher S A, Ianoul A, Mix G, Boyden M N, Karnoup A, Diem M and Schweitzer- Stenner
R 2001 Dihedral psi angle dependence of the amide III vibration: a uniquely sensitive UV
resonance Raman secondary structural probe J. Am. Chem. Soc. 123 11775–81

[34] Song S H and Asher S A 1989 UV resonance Raman studies of peptide conformation in
poly (L-lysine), poly (L-glutamic acid), and model complexes – the basis for protein
secondary structure determinations J. Am. Chem. Soc. 111 4295–305

[35] Chi Z H, Chen X G, Holtz J S W and Asher S A 1998 UV resonance Raman-selective
amide vibrational enhancement: quantitative methodology for determining protein secon-
dary structure Biochemistry 37 2854–64

[36] Canova S, Cortinovis D L and Ambrogi F 2017 How to describe univariate data J. Thorac.
Dis. 9 1741–3

[37] Gautam R, Vanga S, Ariese F and Umapathy S 2015 Review of multidimensional data
processing approaches for Raman and infrared spectroscopy EPJ Tech. Instrum 2 8

[38] Sharma B, Frontiera R R, Henry A I, Ringe E and Van Duyne R P 2012 SERS: materials,
applications, and the future Mater. Today 15 16–25

[39] Ando J and Fujita K (ed) 2013 Current Pharmaceutical Biotechnology vol 14 (Sharjaj:
Bentham Science Publishers) pp 141–9

[40] Fleischmann M, Hendra P J and McQuillan A J 1974 Raman spectra of pyridine adsorbed
at a silver electrode Chem. Phys. Lett. 26 163–6

[41] Jeanmaire D L and Vanduyne R P 1977 Surface Raman spectro electrochemistry: part I.
Heterocyclic, aromatic, and aliphatic amines adsorbed on anodized silver electrode J.
Electroanal. Chem. 84 1–20

[42] Albrecht M G and Creighton J A 1977 Anomalously intense Raman spectra of pyridine at a
silver electrode J. Am. Chem. Soc. 99 5215–7

[43] Kneipp K, Kneipp H, Itzkan I, Dasari R R and Feld M S 1999 Ultrasensitive chemical
analysis by Raman spectroscopy Chem. Rev. 99 2957–76

[44] Willets K A and Van Duyne R P 2007 Localized surface plasmon resonance spectroscopy
and sensing Annu. Rev. Phys. Chem. 58 267–97

[45] Stiles P L, Dieringer J A, Shah N C and Van Duyne R R 2008 Surface-enhanced Raman
spectroscopy Annu. Rev. Anal. Chem. 1 601–26

[46] Schlucker S 2014 Surface-enhanced Raman spectroscopy: concepts and chemical applica-
tions Angew. Chem. Int. Ed. 53 4756–95

[47] Xie W and Schlucker S 2013 Medical applications of surface enhanced Raman scattering
Phys. Chem. Chem. Phys. 15 5329–44

[48] Manu M J, Nisha N, Jyothi B N, Varsha K, Adukkadan N R, Palasseri T S, Giridharan S,
Jayadev S A, Vineeth M V and Kaustabh K M 2018 Exploring the margins of SERS in
practical domain: an emerging diagnostic modality for modern biomedical applications
Biomaterials 181 140–81

Analytical Techniques for Biomedical Nanotechnology

https://doi.org/10.1016/j.nima.2010.03.128
https://doi.org/10.1021/jp054593h
https://doi.org/10.1021/bi010970e
https://doi.org/10.1021/ja0039738
https://doi.org/10.1021/ja00194a022
https://doi.org/10.1021/bi971160z
https://doi.org/10.21037/jtd.2017.05.80
https://doi.org/10.1140/epjti/s40485-015-0018-6
https://doi.org/10.1016/S1369-7021(12)70017-2
https://doi.org/10.1016/0009-2614(74)85388-1
https://doi.org/10.1016/S0022-0728(77)80224-6
https://doi.org/10.1021/ja00457a071
https://doi.org/10.1021/cr980133r
https://doi.org/10.1146/annurev.physchem.58.032806.104607
https://doi.org/10.1146/annurev.anchem.1.031207.112814
https://doi.org/10.1002/anie.201205748
https://doi.org/10.1039/c3cp43858a
https://doi.org/10.1016/j.biomaterials.2018.07.045


[49] Wang L et al 2015 Sea-urchin-like Au nanocluster with surface-enhanced Raman scattering
in detecting epidermal growth factor receptor (EGFR) mutation status of malignant pleural
effusion ACS Appl. Mater. Interfaces 7 359–69

[50] He Y, Su S, Xu T, Zhong Y, Zapien J A, Li J, Fan C and Lee S T 2011 Silicon nanowires
based highly-efficient SERS-active platform for ultrasensitive DNA detection Nano Today
6 122–30

[51] Zhang Z, Sheng S, Wang R and Sun M 2016 Tip-enhanced Raman spectroscopy Anal.
Chem. 88 9328–46

[52] Sonntag MD, Pozzi E A, Jiang N, HersamM C and Van Duyne R P 2014 Recent advances
in tip-enhanced Raman spectroscopy J. Phys. Chem. Lett. 5 3125–30

[53] Shao F and Zenobi R 2019 Tip-enhanced Raman spectroscopy: principles, practice, and
applications to nanospectroscopic imaging of 2D materials Anal. Bioanal. Chem. 411 37–61

[54] Deckert-Gaudig T, Taguchi A, Kawata S and Deckert V 2017 Tip-enhanced Raman
spectroscopy—from early developments to recent advances Chem. Soc. Rev. 46 4077–110

[55] Evans C L and Xie X S 2008 Coherent anti-Stokes Raman scattering microscopy: chemical
imaging for biology and medicine Annu. Rev. Anal. Chem. 1 883–909

[56] Min W, Freudiger C W, Lu S J and Xie X S 2011 The Annual Review of Physical Chemistry
vol 62 ed S R Leone, P S Cremer, J T Groves and M A Johnson (San Mateo, CA: Annual
Reviews) pp 507–30

[57] Chung C Y, Boik J and Potma E O 2013 The Annual Review of Physical Chemistry vol 64
ed M A Johnson and T J Martinez (San Mateo, CA: Annual Reviews) pp 77–99

[58] El-Diasty F 2011 Coherent anti-Stokes Raman scattering: spectroscopy and microscopy
Vib. Spectrosc. 55 1–37

[59] Freudiger C W, Min W, Saar B G, Lu S, Holtom G R, He C W, Tsai J C, Kang J X and
Xie X S 2008 Label-free biomedical imaging with high sensitivity by stimulated Raman
scattering microscopy Science 322 1857–61

[60] Ploetz E, Laimgruber S, Berner S, Zinth W and Gilch P 2007 Femtosecond stimulated
Raman microscopy Appl. Phys. B 87 389–93

[61] Ferrara M A and Sirleto L 2019 Nonlinear Optics: Novel Results in Theory and Application
ed B Lembrikov (London: IntechOpen) pp 127–43

[62] Min W, Freudiger C W, Lu S J and Xie X S 2011 Coherent nonlinear optical imaging:
beyond fluorescence microscopy Annu. Rev. Phys. Chem. 62 507–30

[63] Tipping W J, Lee M, Serrels A, Brunton V G and Hulme A N 2016 Stimulated Raman
scattering microscopy: an emerging tool for drug discovery Chem. Soc. Rev. 45 2075–89

[64] Saar B G, Freudiger C W, Reichman J, Stanley C M, Holtom G R and Xie X S 2010
Videorate molecular imaging in vivo with stimulated Raman scattering Science 330 1368–70

[65] Evans C L, Potma E O, Puoris’haag M, Cote D, Lin C P and Xie X S 2005 Chemical
imaging of tissue in vivo with video-rate coherent anti-Stokes Raman scattering microscopy
Proc. Natl Acad. Sci. USA 102 16807–12

[66] Camp C H Jr, Lee Y J, Heddleston J M, Hartshorn C M, Walker A R H, Rich J N, Lathia
J D and Cicerone M T 2014 High-speed coherent Raman fingerprint imaging of biological
tissues Nat. Photonics 8 627–34

[67] Ichimura T, Hayazawa N, Hashimoto M, Inouye Y and Kawata S 2003 Local enhance-
ment of coherent anti-Stokes Raman scattering by isolated gold nanoparticles J. Raman
Spectrosc. 34 651–4

Analytical Techniques for Biomedical Nanotechnology

https://doi.org/10.1021/am508122e
https://doi.org/10.1016/j.nantod.2011.02.004
https://doi.org/10.1021/acs.analchem.6b02093
https://doi.org/10.1021/jz5015746
https://doi.org/10.1007/s00216-018-1392-0
https://doi.org/10.1039/C7CS00209B
https://doi.org/10.1146/annurev.anchem.1.031207.112754
https://doi.org/10.1016/j.vibspec.2010.09.008
https://doi.org/10.1126/science.1165758
https://doi.org/10.1007/s00340-007-2630-x
https://doi.org/10.1146/annurev.physchem.012809.103512
https://doi.org/10.1039/C5CS00693G
https://doi.org/10.1126/science.1197236
https://doi.org/10.1073/pnas.0508282102
https://doi.org/10.1038/nphoton.2014.145
https://doi.org/10.1002/jrs.1047


[68] Steuwe C, Kaminski C F, Baumberg J J and Mahajan S 2011 Surface enhanced coherent
anti-Stokes Raman scattering on nanostructured gold surfaces Nano Lett. 11 5339–43

[69] Frontiera R R, Henry A I, Gruenke N L and Van Duyne R P 2011 Surface-enhanced
femtosecond stimulated Raman spectroscopy J. Phys. Chem. Lett. 2 1199–203

[70] Prince R C, Frontiera R R and Potma E O 2017 Stimulated Raman scattering: from bulk to
nano Chem. Rev. 117 5070–94

[71] Asher S A 1998 UV resonance Raman studies of molecular structure and dynamics:
applications in physical and biophysical chemistry Annu. Rev. Phys. Chem. 39 537–88

[72] Ashton L, Hogwood C EM, Tait A S, Kuligowski J, Smales C M, Bracewell D G, Dickson
A J and Goodacre R 2015 UV resonance Raman spectroscopy: a process analytical tool for
host cell DNA and RNA dynamics in mammalian cell lines J. Chem. Technol. Biotechnol.
90 237–43

[73] Cialla-May D, Schmitt M and Popp J 2017 Theoretical principles of Raman spectroscopy
Phys. Sci. Rev. 4 20170040

[74] Stacy A M and Van Duyne R P 1983 Surface enhanced Raman and resonance Raman
spectroscopy in a non-aqueous electrochemical environment: tris (2,2′-bipyridine) ruthe-
nium (II) adsorbed on silver from acetonitrile Chem. Phys. Lett. 102 365–70

[75] Cunningham D, Littleford R E, Smith W E, Lundahl P J, Khan I, McComb D W, Graham
D and Laforest N 2006 Practical control of SERRS enhancement Faraday Discuss. 132
135–45

[76] Kneipp K, Wang Y, Kneipp H, Perelman L T, Itzkan I, Dasari R R and Feld M S 1997
Phys. Rev. Lett. 78 1667

[77] Nie S and Emory S R 1997 Probing single molecules and single nanoparticles by surface-
enhanced Raman scattering Science 275 1102–6

[78] McNay G, Eustace D, Smith W E, Faulds K and Graham D 2011 Surface-enhanced
Raman scattering (SERS) and surface-enhanced resonance Raman scattering (SERRS): a
review of applications Appl. Spectrosc. 65 825–37

[79] Matousek P, Clark I P, Draper E R, Morris M D, Goodship A E, Everall N, Towrie M,
Finney W F and Parker A W 2005 Subsurface probing in diffusely scattering media using
spatially offset Raman spectroscopy Appl. Spectrosc. 59 393–400

[80] Matousek P 2007 Deep non-invasive Raman spectroscopy of living tissue and powders
Chem. Soc. Rev. 36 1292–304

[81] Matousek P and Stone N 2016 Development of deep subsurface Raman spectroscopy for
medical diagnosis and disease monitoring Chem. Soc. Rev. 45 1794–802

[82] Baker R, Matousek P, Ronayne K L, Parker A W, Rogers K and Stone N 2007 Depth
profiling of calcifications in breast tissue using picosecond Kerr-gated Raman spectroscopy
Analyst 132 48–53

[83] Matousek P and Stone N 2009 Emerging concepts in deep Raman spectroscopy of
biological tissue Analyst 134 1058–66

[84] Matousek P and Stone N 2013 Recent advances in the development of Raman spectroscopy
for deep non-invasive medical diagnosis J. Biophotonics 6 7–19

[85] Buckley K and Matousek P 2011 Non-invasive analysis of turbid samples using deep
Raman spectroscopy Analyst 136 3039–50

[86] Matousek P, Conti C, Realini M and Colombo C 2016 Micro-scale spatially offset Raman
spectroscopy for non-invasive subsurface analysis of turbid materials Analyst 141 731–9

Analytical Techniques for Biomedical Nanotechnology

https://doi.org/10.1021/nl202875w
https://doi.org/10.1021/jz200498z
https://doi.org/10.1021/acs.chemrev.6b00545
https://doi.org/10.1146/annurev.pc.39.100188.002541
https://doi.org/10.1002/jctb.4420
https://doi.org/10.1515/psr-2017-0040
https://doi.org/10.1016/0009-2614(83)87057-2
https://doi.org/10.1039/B506241A
https://doi.org/10.1039/B506241A
https://doi.org/10.1103/PhysRevLett.78.1667
https://doi.org/10.1126/science.275.5303.1102
https://doi.org/10.1366/11-06365
https://doi.org/10.1366/0003702053641450
https://doi.org/10.1039/b614777c
https://doi.org/10.1039/C5CS00466G
https://doi.org/10.1039/B614388A
https://doi.org/10.1039/b821100k
https://doi.org/10.1002/jbio.201200141
https://doi.org/10.1039/C0AN00723D
https://doi.org/10.1039/C5AN02129D


[87] Conti C, Colombo C, Realini M, Zerbi G and Matousek P 2014 Subsurface Raman
analysis of thin painted layers Appl. Spectrosc. 68 686–91

[88] Conti C, Realini M, Colombo C and Matousek P 2015 Subsurface analysis of painted
sculptures and plasters using micrometre‐scale spatially offset Raman spectroscopy (micro‐
SORS) J. Raman Spectrosc. 46 476–82

[89] Conti C, Colombo C, Realini M and Matousek P 2015 Comparison of key modalities of
micro-scale spatially offset Raman spectroscopy Analyst 140 8127–33

[90] Conti C, Colombo C, Realini M, Botteon A and Matousek P 2016 Contrasting confocal
with defocusing microscale spatially offset Raman spectroscopy J. Raman Spectrosc. 47
565–70

[91] Conti C, Realini M, Colombo C, Sowoidnich K, Afseth N K, Bertasa M, Botteon A and
Matousek P 2015 Noninvasive analysis of thin turbid layers using microscale spatially offset
Raman spectroscopy Anal. Chem. 87 5810–5

[92] Matousek P, Conti C, Colombo C and Realini M 2015 Monte Carlo simulations of
subsurface analysis of painted layers in micro-scale spatially offset Raman spectroscopy
Appl. Spectrosc. 69 1091–5

[93] Realini M, Botteon A, Conti C, Colombo C and Matousek P 2016 Development of
portable defocusing micro-scale spatially offset Raman spectroscopy Analyst 141 3012–9

[94] Realini M, Conti C, Botteon A, Colombo C and Matousek P 2017 Development of a full
micro-scale spatially offset Raman spectroscopy prototype as a portable analytical tool
Analyst 142 351–5

[95] Vandenabeele P, Conti C, Rousaki A, Moens L, Realini M and Matousek P 2017
Development of a fiber-optics microspatially offset Raman spectroscopy sensor for probing
layered materials Anal. Chem. 89 9218–23

[96] Nicolson F, Kircher M F, Stone N and Matousek P 2020 Spatially offset Raman
spectroscopy for biomedical applications Chem. Soc. Rev. 50 556–68

[97] Gautam R, Oh J Y, Patel R P and Dluhy R A 2018 Non-invasive analysis of stored red
blood cells using diffuse resonance Raman spectroscopy Analyst 143 5950–8

[98] Di Z, Hokr B H, Cai H, Wang K, Yakovlev V V, Sokolov A V and Scully M O 2015
Spatially offset Raman microspectroscopy of highly scattering tissue: theory and experi-
ment J. Mod. Opt. 62 97–101

[99] Khan K M, Ghosh N and Majumder S K 2016 Off-confocal Raman spectroscopy (OCRS)
for subsurface measurements in layered turbid samples J. Opt. 18 095301

[100] Matthiae M and Kristensen A 2019 Hyperspectral spatially offset Raman spectroscopy in a
microfluidic channel Opt. Express 27 3782–90

[101] Rousaki A, Botteon A, Colombo C, Conti C, Matousek P and Moens L 2017 Development
of defocusing micro-SORS mapping: a study of a 19th century porcelain card Anal.
Methods 9 6435–42

[102] Botteon A, Colombo C, Realini M, Bracci S, Magrini D and Matousek P 1652–9 Exploring
street art paintings by microspatially offset Raman spectroscopy J. Raman Spectrosc. 49
1652–9

[103] Buckley K, Atkins C G, Chen D, Schulze H G, Devine D V, Blades MW and Turner R F B
2016 Non-invasive spectroscopy of transfusable red blood cells stored inside sealed plastic
blood-bags Analyst 141 1678–85

Analytical Techniques for Biomedical Nanotechnology

https://doi.org/10.1366/13-07376
https://doi.org/10.1002/jrs.4673
https://doi.org/10.1039/C5AN01900A
https://doi.org/10.1002/jrs.4851
https://doi.org/10.1002/jrs.4851
https://doi.org/10.1021/acs.analchem.5b01080
https://doi.org/10.1366/15-07894
https://doi.org/10.1039/C6AN00413J
https://doi.org/10.1039/C6AN02470J
https://doi.org/10.1021/acs.analchem.7b01978
https://doi.org/10.1039/D0CS00855A
https://doi.org/10.1039/C8AN01135D
https://doi.org/10.1080/09500340.2014.976598
https://doi.org/10.1088/2040-8978/18/9/095301
https://doi.org/10.1364/OE.27.003782
https://doi.org/10.1039/C7AY02336G
https://doi.org/10.1002/jrs.5445
https://doi.org/10.1002/jrs.5445
https://doi.org/10.1039/C5AN02461G


[104] Conti C, Botteon A, Colombo C, Realini M and Matousek P 2019 Raman Spectroscopy in
Archaeology and Art History vol 2 ed P Vandenabeele and H Edwards (London: Royal
Society of Chemistry) pp 174–83

[105] Stone N, Faulds K, Graham D and Matousek P 2010 Prospects of deep Raman
spectroscopy for noninvasive detection of conjugated surface enhanced resonance Raman
scattering nanoparticles buried within 25 mm of mammalian tissue Anal. Chem. 82 3969–73

[106] Stone N, Kerssens M, Lloyd G R, Faulds K, Graham D and Matousek P 2011 Surface
enhanced spatially offset Raman spectroscopic (SESORS) imaging – the next dimension
Chem. Sci. 2 776–80

[107] Nicolson F, Jamieson L E, Mabbott S, Plakas K, Shand N C, Detty M R, Graham D and
Faulds K 2018 Through tissue imaging of a live breast cancer tumour model using handheld
surface enhanced spatially offset resonance Raman spectroscopy (SESORRS) Chem. Sci. 9
3788–92

[108] Macleod N A and Matousek P 2008 Emerging non-invasive Raman methods in process
control and forensic applications Pharm. Res. 25 2205–15

[109] Matousek P and Parker A W 2006 Bulk Raman analysis of pharmaceutical tablets Appl.
Spectrosc. 60 1353–7

[110] Smith E and Dent G (ed) 2005 Modern Raman Spectroscopy – A Practical Approach
(Chichester: Wiley) pp 210

[111] Schrader B and Bergmann G 1967 The intensity of the Raman spectrum of polycrystalline
substances Anal. Chem. 225 230–47

[112] Matousek P and Stone N 2007 Prospects for the diagnosis of breast cancer by noninvasive
probing of calcifications using transmission Raman spectroscopy J. Biomed. Opt. 12 024008

[113] Giridhar G, Manepalli R R K N and Apparao G 2017 Spectroscopic Methods for
Nanomaterials Characterization vol 2 ed S Thomas, R Thomas, A K Zachariah and R
Kumar (Amsterdam: Elsevier Science) pp 141–61

[114] John N and George S 2017 Spectroscopic Methods for Nanomaterials Characterization vol
2 ed S Thomas, R Thomas, A K Zachariah and R Kumar (Amsterdam: Elsevier Science) pp
95–127

[115] Abraham J L and Etz E S 1979 Molecular microanalysis of pathological specimens in situ
with a laser-Raman microprobe Science 206 716–8

[116] Romero G, Rojas E, Estrela-Lopis I, Donath E and Moyal S E 2011 Spontaneous confocal
Raman microscopy – a tool to study the uptake of nanoparticles and carbon nanotubes into
cells Nanoscale Res. Lett. 6 429

[117] Kojima T, Onoue S, Murase N, Katoh F, Mano T and Matsuda Y 2006 Crystalline form
information from multi-well plate salt screening by use of Raman microscopy Pharm. Res.
23 806–12

[118] Breitenbach J, Schrof W and Neumann J 1999 Confocal Raman-spectroscopy: analytical
approach to solid dispersions and mapping of drugs Pharm. Res. 16 1109–13

[119] Chen Y, Dai J, Zhou X, Liu Y, Zhang W and Peng G 2014 Raman spectroscopy analysis of
the biochemical characteristics of molecules associated with the malignant transformation
of gastric mucosa PLoS One 9 e93906

[120] Bonnier F and Byrne H J 2012 Understanding the molecular information contained in
principal component analysis of vibrational spectra of biological systems Analyst 137
322–32

Analytical Techniques for Biomedical Nanotechnology

https://doi.org/10.1021/ac100039c
https://doi.org/10.1039/c0sc00570c
https://doi.org/10.1039/C8SC00994E
https://doi.org/10.1039/C8SC00994E
https://doi.org/10.1007/s11095-008-9587-2
https://doi.org/10.1366/000370206779321463
https://doi.org/10.1007/BF00983673
https://doi.org/10.1117/1.2718934
https://doi.org/10.1126/science.493979
https://doi.org/10.1186/1556-276X-6-429
https://doi.org/10.1007/s11095-006-9644-7
https://doi.org/10.1023/A:1018956304595
https://doi.org/10.1371/journal.pone.0093906
https://doi.org/10.1039/C1AN15821J
https://doi.org/10.1039/C1AN15821J


[121] Bonnier F, Knief P, Lim B, Meade A, Dorney J, Bhattacharya K, Lyng F and Byrne H
2010 Imaging live cells grown on a three dimensional collagen matrix using Raman micro
spectroscopy Analyst 135 3169–77

[122] Yonzon C R, Lyandres O, Shah N C, Dieringer J A and Van Duyne R P 2006 Surface-
Enhanced Raman Scattering vol 103 ed K Kneipp, M Moskovits and H Kneipp (Berlin:
Springer) pp 367–79

[123] Stanley S A 2018 Diabetes: peripheral nerve modulation to treat metabolic disease Nat.
Rev. Endocrinol. 14 193–4

[124] Collaboration N R F 2016 Worldwide trends in diabetes since 1980: a pooled analysis of
751 population-based studies with 4.4 million participants Lancet 387 1513–30

[125] Bommer C, Sagalova V, Heesemann E, ManneGoehler J, Atun R, Bärnighausen T, Davies
J and Vollmer S 2018 Global economic burden of diabetes in adults: projections from 2015
to 2030 Diabetes Care 41 963–70

[126] Veiseh O, Tang B C, Whitehead K A, Anderson D G and Langer R 2015 Managing
diabetes with nanomedicine: challenges and opportunities Nat. Rev. Drug Discov. 14 45–57

[127] Song Y, Lu X, Li Y, Guo Q, Chen S, Mao L, Hou H and Wang L 2016 Nitrogen-doped
carbon nanotubes supported by macroporous carbon as an efficient enzymatic biosensing
platform for glucose Anal. Chem. 88 1371–7

[128] Peng X, Wan G, Wu L, Zeng M, Lin S and Wang G 2018 Peroxidase-like activity of Au@
TiO2 yolk-shell nanostructure and its application for colorimetric detection of H2O2 and
glucose Sens. Actuators B 257 166–77

[129] Liu Y, Zhu J, Xu Y, Qin Y and Jiang D 2015 Boronic acid functionalized aza-bodipy
(azaBDPBA) based fluorescence optodes for the analysis of glucose in whole blood ACS
Appl. Mater. Interfaces 7 11141–5

[130] Iguchi S, Kudo H, Saito T, Ogawa M, Saito H, Otsuka K, Funakubo A and Mitsubayashi
K 2007 A flexible and wearable biosensor for tear glucose measurement Biomed.
Microdevices 9 603–9

[131] Baca J T, Finegold D N and Asher S A 2007 Tear glucose analysis for the noninvasive
detection and monitoring of diabetes mellitus Ocul. Surf. 5 280–93

[132] Panchbhai A S 2012 Correlation of salivary glucose level with blood glucose level in
diabetes mellitus J. Oral Maxil. Res 3 e3

[133] Munje R D, Muthukumar S and Prasad S 2017 Lancet-free and label-free diagnostics of
glucose in sweat using zinc oxide based flexible bioelectronics Sens. Actuators B 238 482–90

[134] Cengiz E and Tamborlane W V 2009 A tale of two compartments: interstitial versus blood
glucose monitoring Diabetes Technol. Therap 11 S11

[135] Shao J, Lin M, Li Y, Li X, Liu J, Liang J and Yao H 2012 In vivo blood glucose
quantification using Raman spectroscopy PLoS One 7 1–6

[136] Pandey R, Paidi S K, Valdez T A, Zhang C, Spegazzini N, Dasari R R and Barman I 2017
Noninvasive monitoring of blood glucose with Raman spectroscopy Acc. Chem. Res. 50
264–72

[137] Han H W, Yan X L, Dong R X, Ban G and Li K 2009 Analysis of serum from type II
diabetes mellitus and diabetic complication using surface-enhanced Raman spectra (SERS)
Appl. Phys. B 94 667–72

[138] Zou Y, Huang M, Wang K, Song B, Wang Y, Chen J, Liu X, Li X, Lin L and Huang G
2016 Urine surface-enhanced Raman spectroscopy for non-invasive diabetic detection
based on a portable Raman spectrometer Laser Phys. Lett. 13 65604

Analytical Techniques for Biomedical Nanotechnology

https://doi.org/10.1039/c0an00539h
https://doi.org/10.1038/nrendo.2018.21
https://doi.org/10.1016/S0140-6736(16)00618-8
https://doi.org/10.2337/dc17-1962
https://doi.org/10.1038/nrd4477
https://doi.org/10.1021/acs.analchem.5b03938
https://doi.org/10.1016/j.snb.2017.10.146
https://doi.org/10.1021/acsami.5b00265
https://doi.org/10.1007/s10544-007-9073-3
https://doi.org/10.1016/S1542-0124(12)70094-0
https://doi.org/10.5037/jomr.2012.3303
https://doi.org/10.1016/j.snb.2016.07.088
https://doi.org/10.1089/dia.2009.0002
https://doi.org/10.1371/journal.pone.0048127
https://doi.org/10.1021/acs.accounts.6b00472
https://doi.org/10.1021/acs.accounts.6b00472
https://doi.org/10.1007/s00340-008-3299-5
https://doi.org/10.1088/1612-2011/13/6/065604


[139] Kang J W et al 2020 Direct observation of glucose fingerprint using in vivo Raman
spectroscopy Sci. Adv. 6 eaay520

[140] Yuen J M, Shah N C, Walsh J T, Glucksberg M R and Van Duyne R P 2010
Transcutaneous glucose sensing by surface-enhanced spatially offset Raman spectroscopy
in a rat model Anal. Chem. 82 8382–5

[141] Kong C R, Barman I, Dingari N C, Kang J W, Galindo L, Dasari R R and Feld M S 2011
A novel non-imaging optics based Raman spectroscopy device for transdermal blood
analyte measurement AIP Adv. 1 032175

[142] Mahadevan-Jansen A and Richards-Kortum R 1997 Raman spectroscopy for cancer
detection: a review Proc. 19th Annual Int. Conf. of the IEEE Engineering in Medicine and
Biology Society. Magnificent Milestones and Emerging Opportunities in Medical Engineering
vol 6 (Chicago, 30 Oct.–2 Nov. 1997) pp 2722–8

[143] Liu C H et al 1992 Raman, fluorescence, and time-resolved light scattering as optical
diagnostic techniques to separate diseased and normal biomedical media J. Photochem.
Photobiol. B 16 187–209

[144] Kallaway C, Almond L M, Barr H, Wood J, Hutchings J, Kendall C and Stone N 2013
Advances in the clinical application of Raman spectroscopy for cancer diagnostics
Photodiagn. Photodyn. Ther. 10 207–19

[145] Almond L M, Hutchings J, Shepherd N, Barr H, Stone N and Kendall C 2011 Raman
spectroscopy: a potential tool for early objective diagnosis of neoplasia in the oesophagus J.
Biophotonics 4 685–95

[146] Old O J, Fullwood L M, Scott R, Lloyd G R, Almond L M, Shepherd N A, Stone N, Barr
H and Kendall C 2014 Vibrational spectroscopy for cancer diagnostics Anal. Methods 6
3901–17

[147] Manoharan R, Wang Y and Feld M S 1996 Histochemical analysis of biological tissues
using Raman spectroscopy Spectrochim. Acta A 52 215–49

[148] Frank C J, Redd D C B, Gansler T S and McCreery R L 1994 Characterization of human
breast biopsy specimens with near-IR Raman spectroscopy Anal. Chem. 66 319–26

[149] Marro M, Nieva C, Sanz-Pamplona R and Sierra A 2014 Molecular monitoring of
epithelial-to-mesenchymal transition in breast cancer cells by means of Raman spectro-
scopy Biochim. Biophys. Acta - Mol. Cell Res 1843 1785–95

[150] Talari A C S, Evans C A, Holen I, Coleman R E and Rehman I U 2015 Raman
spectroscopic analysis differentiates between breast cancer cell lines J. Raman Spectrosc. 46
421–7

[151] Frank C J, McCreery R L and Redd D C B 1995 Raman Spectroscopy of normal and
diseased human breast tissues Anal. Chem. 67 777–83

[152] Haka A S, Shafer-Peltier K E, Fitzmaurice M, Crowe J, Dasari R R and Feld M S 2002
Identifying microcalcifications in benign and malignant breast lesions by probing differ-
ences in their chemical composition using Raman spectroscopy Cancer Res. 62 5375–80

[153] Shafer‐Peltier K E, Haka A S, Fitzmaurice M, Crowe J, Myles J, Dasari R R and Feld M S
2002 Raman microspectroscopic model of human breast tissue: implications for breast
cancer diagnosis in vivo J. Raman Spectrosc. 33 552–63

[154] Haka A S, Shafer-Peltier K E, Fitzmaurice M, Crowe J, Dasari R R and Feld M S 2005
Diagnosing breast cancer by using Raman spectroscopy Proc. Natl Acad. Sci. USA 102
12371–6

Analytical Techniques for Biomedical Nanotechnology

https://doi.org/10.1126/sciadv.aay5206
https://doi.org/10.1021/ac101951j
https://doi.org/10.1063/1.3646524
https://doi.org/10.1016/1011-1344(92)80008-J
https://doi.org/10.1016/j.pdpdt.2013.01.008
https://doi.org/10.1002/jbio.201100041
https://doi.org/10.1039/c3ay42235f
https://doi.org/10.1039/c3ay42235f
https://doi.org/10.1016/0584-8539(95)01573-6
https://doi.org/10.1021/ac00075a002
https://doi.org/10.1016/j.bbamcr.2014.04.012
https://doi.org/10.1002/jrs.4676
https://doi.org/10.1002/jrs.4676
https://doi.org/10.1021/ac00101a001
https://doi.org/10.1002/jrs.877
https://doi.org/10.1073/pnas.0501390102
https://doi.org/10.1073/pnas.0501390102


[155] Motz J T, Hunter M, Galindo L H, Gardecki J A, Kramer J R, Dasari R R and Feld M S
2004 Optical fiber probe for biomedical Raman spectroscopy Appl. Opt. 43 542–54

[156] Haka A S, Volynskaya Z, Gardecki J A, Nazemi J, Lyons J, Hicks D, Fitzmaurice M,
Dasari R R, Crowe J P and Feld M S 2006 In vivo margin assessment during partial
mastectomy breast surgery using Raman spectroscopy Cancer Res. 66 3317–22

[157] Haka A S, Volynskaya Z I, Gardecki J A, Nazemi J, Shenk R, Wang N, Dasari R R,
Fitzmaurice M and Feld M S 2009 Diagnosing breast cancer using Raman spectroscopy:
prospective analysis J. Biomed. Opt. 14 054023

[158] Saha A et al 2011 Raman spectroscopy: a real-time tool for identifying microcalcifications
during stereotactic breast core needle biopsies Biomed. Opt. Express 2 2792–803

[159] Kast R E et al 2008 Raman spectroscopy can differentiate malignant tumors from normal
breast tissue and detect early neoplastic changes in a mouse model Biopolymers 89 235–41

[160] Yu G, Xu X X, Niu Y, Wang B, Song Z F and Zhang C P 2004 Studies on human breast
cancer tissues with Raman microspectroscopy Guang Pu Xue Yu Guang Pu Fen Xi 24
1359–62

[161] Abramczyk H, Brozek-Pluska B, Surmacki J, Jablonska- Gajewicz J and Kordek R 2012
Raman ‘optical biopsy’ of human breast cancer Prog. Biophys. Mol. Biol. 108 74–81

[162] Stone N and Matousek P 2008 Advanced transmission Raman spectroscopy: a promising
tool for breast disease diagnosis Cancer Res. 68 4424–30

[163] Ghita A, Matousek P and Stone N 2017 High sensitivity non-invasive detection of
calcifications deep inside biological tissue using transmission Raman spectroscopy J.
Biophotonics 11 e201600260

[164] Keller M D, Majumder S K and Mahadevan-Jansen A 2009 Spatially offset Raman
spectroscopy of layered soft tissues Opt. Lett. 3 926–8

[165] Keller M D, Vargis E, de Matos Granja N, Wilson R H, Mycek M A and Kelley M C 2011
Development of a spatially offset Raman spectroscopy probe for breast tumor surgical
margin evaluation J. Biomed. Opt. 16 077006

[166] Kerssens M M, Matousek P, Rogers K and Stone N 2010 Towards a safe non-invasive
method for evaluating the carbonate substitution levels of hydroxyapatite (HAP) in
microcalcifications found in breast tissue Analyst 135 3156–61

[167] Nicolson F, Jamieson L E, Mabbott S, Plakas K, Shand N C, Detty M R, Graham D and
Faulds K 2018 Multiplex imaging of live breast cancer tumour models through tissue using
handheld surface enhanced spatially offset resonance Raman spectroscopy (SESORRS)
Chem. Commun. 54 8530–3

[168] Mizuno A, Kitajima H, Kawauchi K, Muraishi S and Ozaki Y 1994 Near-infrared Fourier
transform Raman spectroscopic study of human brain tissues and tumours J. Raman
Spectrosc. 25 25–9

[169] Mizuno A, Hayashi T, Tashibu K, Maraishi S, Kawauchi K and Ozaki Y 1992 Near-
infrared FT-Raman spectra of the rat brain tissues Neurosci. Lett. 141 47–52

[170] Zhou Y, Liu C H, Sun Y, Pu Y, Boydston-White S, Liu Y and Alfano R R 2012 Human
brain cancer studied by resonance Raman spectroscopy J. Biomed. Opt. 17 116021

[171] Kalkanis S N, Kast R E, Rosenblum M L, Mikkelsen T, Yurgelevic S M, Nelson K M and
Auner G W 2014 Raman spectroscopy to distinguish grey matter, necrosis, and glioblas-
toma multiforme in frozen tissue sections J. Neuro-Oncol 116 477–85

[172] Yang P 2009 Epidemiology of lung cancer prognosis: quantity and quality of life Methods
Mol. Biol. 471 469–86

Analytical Techniques for Biomedical Nanotechnology

https://doi.org/10.1364/AO.43.000542
https://doi.org/10.1158/0008-5472.CAN-05-2815
https://doi.org/10.1117/1.3247154
https://doi.org/10.1364/BOE.2.002792
https://doi.org/10.1002/bip.20899
https://doi.org/10.1016/j.pbiomolbio.2011.10.004
https://doi.org/10.1158/0008-5472.CAN-07-6557
https://doi.org/10.1002/jbio.201600260
https://doi.org/10.1364/OL.34.000926
https://doi.org/10.1117/1.3600708
https://doi.org/10.1039/c0an00565g
https://doi.org/10.1039/C8CC04267E
https://doi.org/10.1002/jrs.1250250105
https://doi.org/10.1016/0304-3940(92)90331-Z
https://doi.org/10.1117/1.JBO.17.11.116021
https://doi.org/10.1007/s11060-013-1326-9
https://doi.org/10.1007/978-1-59745-416-2_24


[173] Oken M M 2011 Screening by chest radiograph and lung cancer mortality: the prostate,
lung, colorectal, and ovarian (PLCO) randomized trial JAMA 306 1865–73

[174] Magee N D, Villaumie J S, Marple E T, Ennis M, Elborn J S and McGarvey J J 2009 Ex
vivo diagnosis of lung cancer using a Raman miniprobe J. Phys. Chem. B 113 8137–41

[175] Zeng H, Short M A, McWilliams A and Lam S 2010 In vivo Raman spectroscopy for early
lung cancer detection Asia Communications and Photonics Conf. and Exhibition (Shanghai,
Dec. 2010) p 535

[176] Kaminaka S, Yamazaki H, Ito T, Kohda E and Hamaguchi H 2001 Near-infrared Raman
spectroscopy of human lung tissues: possibility of molecular-level cancer diagnosis J.
Raman Spectrosc. 32 139–41

[177] Huang Z W, McWilliams A, Lui H, McLean D I, Lam S and Zeng H S 2003 Near-infrared
Raman spectroscopy for optical diagnosis of lung cancer Int. J. Cancer 107 1047–52

[178] Gao L, Wang Z, Li F, Hammoudi A A, Thrall M J, Cagle P T and Wong S T C 2012
Differential diagnosis of lung carcinoma with coherent anti-Stokes Raman scattering
imaging Arch. Pathol. Lab. Med 136 1502–10

[179] Gao L et al 2011 On-the-spot lung cancer differential diagnosis by label-free, molecular
vibrational imaging and knowledge-based classification J. Biomed. Opt. 16 096004–10

[180] Cheng J X and Xie X S 2004 Coherent anti-Stokes Raman scattering microscopy:
instrumentation, theory, and applications J. Phys. Chem. B 108 827–40

[181] Wang L et al 2014 Evaluation of Raman spectroscopy for diagnosing EGFR mutation
status in lung adenocarcinoma Analyst 139 455–63

[182] McGregor H C 2016 Real-time endoscopic Raman spectroscopy for in vivo early lung
cancer detection J. Biophotonics 13 98–110

[183] McGregor H C 2015 In vivo real-time endoscopic Raman spectroscopy for improving early
lung cancer detection Asia Communications and Photonics Conf. ed C Lu, J Luo, Y Ji, K
Kitayama, H Tam, K Xu, P Ghiggino and N Wada (OSA Technical Digest) (Washington,
DC: Optical Society of America) paper AM4A.1

[184] Zheng Q, Li J, Yang L, Zheng B, Wang J, Lv N, Luo J, Martin F L, Liu D and He J 2020
Raman spectroscopy as a potential diagnostic tool to analyse biochemical alterations in
lung cancer Analyst 145 385–92

[185] Siegel R, Ma J, Zou Z and Jemal A 2014 Cancer statistics, 2014 CA Cancer J. Clin. 64 9–29
[186] Balch C M 2009 Final version of 2009 AJCC melanoma staging and classification J. Clin.

Oncol. 27 6199–206
[187] Dickson P V and Gershenwald J E 2011 Staging and prognosis of cutaneous melanoma

Surg. Oncol. Clin. N. Am. 20 1–17
[188] Lewis K G and Weinstock M A 2004 Nonmelanoma skin cancer mortality (1988–2000) the

Rhode Island follow-back study Arch. Dermatol. 140 837–42
[189] Nunes L O, Martin A A, Silveira L Jr and Zampieri M 2003 FT-Raman spectroscopy study

for skin cancer diagnosis J. Spectrosc. 17 597–602
[190] Silveira L Jr, Silveira F L, Bodanese B, Zangaro R A, Tadeu M and Pacheco T 2012

Discriminating model for diagnosis of basal cell carcinoma and melanoma in vitro based on
the Raman spectra of selected biochemicals J. Biomed. Opt. 17 077003

[191] Larraona-Puy M, Ghita A, Zoladek A, Perkins W, Varma S, Leach I H, Koloydenko A A,
Williams H and Notingher I 2009 Development of Raman microspectroscopy for
automated detection and imaging of basal cell carcinoma J. Biomed. Opt. 14 31–54

Analytical Techniques for Biomedical Nanotechnology

https://doi.org/10.1001/jama.2011.1591
https://doi.org/10.1021/jp900379w
https://doi.org/10.1002/jrs.680
https://doi.org/10.1002/ijc.11500
https://doi.org/10.5858/arpa.2012-0238-SA
https://doi.org/10.1117/1.3619294
https://doi.org/10.1021/jp035693v
https://doi.org/10.1039/C3AN01381B
https://doi.org/10.1002/jbio.201500204
https://doi.org/10.1039/C9AN02175B
https://doi.org/10.3322/caac.21208
https://doi.org/10.1200/JCO.2009.23.4799
https://doi.org/10.1016/j.soc.2010.09.007
https://doi.org/10.1001/archderm.140.7.837
https://doi.org/10.1155/2003/104696
https://doi.org/10.1117/1.JBO.17.7.077003
https://doi.org/10.1117/1.3251053


[192] Bodanese B, Silveira L Jr, Albertini R, Zangaro R A, Tavares and Pacheco M T 2010
Differentiating normal and basal cell carcinoma human skin tissues in vitro using dispersive
Raman spectroscopy: a comparison between principal components analysis and simplified
biochemical models Photomed. Laser Surg 28 S119–27

[193] Bodanese B, Silveira F L, Zangaro R A, Pacheco M T T, Pasqualucci C A and Silveira L Jr
2012 Discrimination of basal cell carcinoma and melanoma from normal skin biopsies
in vitro through Raman spectroscopy and principal component analysis Photomed. Laser
Surg 30 381–7

[194] Gniadecka M, Wulf H, Mortensen N N, Nielsen O F and Christensen D H 1997 Diagnosis
of basal cell carcinoma by Raman spectroscopy J. Raman Spectrosc. 28 125–9

[195] Gniadecka M et al 2004 Melanoma diagnosis by Raman spectroscopy and neural networks:
structure alterations in proteins and lipids in intact cancer tissue J. Invest. Dermatol. 122
443–9

[196] Nijssen A, Schut T C B, Heule F, Caspers P J, Hayes D P, Neumann M H and Puppels G J
2002 Discriminating basal cell carcinoma from its surrounding tissue by Raman spectro-
scopy J. Invest. Dermatol. 119 64–9

[197] Nijssen A, Maquelin K, Santos L F, Caspers P J, Bakker Schut T C, den Hollander J C,
Neumann M H A and Puppels G J 2007 Discriminating basal cell carcinoma from
perilesional skin using high wave-number Raman spectroscopy J. Biomed. Opt. 12
034004–7

[198] Vogler N, Meyer T, Akimov D, Latka I, Krafft C, Bendsoe N, Svanberg K, Dietzek B and
Popp J 2010 Multimodal imaging to study the morphochemistry of basal cell carcinoma J.
Biophotonics 3 728–36

[199] Lieber C A, Majumder S K, Ellis D L, Billheimer D D and Mahadevan-Jansen A 2008 In
vivo nonmelanoma skin cancer diagnosis using Raman microspectroscopy Lasers Surg.
Med. 40 461–7

[200] Lui H, Zhao J, McLean D and Zeng H 2012 Real-time Raman spectroscopy for in vivo skin
cancer diagnosis Cancer Res. 72 2491–500

[201] Schleusener J, Gluszczynska P, Reble C, Gersonde I, Helfmann J, Fluhr J W, Lademann J,
Röwert-Huber J, Patzelt A and Meinke M C 2015 In vivo study for the discrimination of
cancerous and normal skin using fibre probe-based Raman spectroscopy Exp. Dermatol. 24
767–72

[202] Santos I P, Doorn R V, Caspers P J, Schut T C B, Barroso E M, Nijsten T E C, Hegt V N,
Koljenović S and Puppels G J 2018 Improving clinical diagnosis of early-stage cutaneous
melanoma based on Raman spectroscopy Br. J. Cancer 119 1339–46

[203] Kong K, Rowlands C J, Varma S, Perkins W, Leach I H, Koloydenko A A, Williams H C
and Notingher I 2013 Diagnosis of tumors during tissue-conserving surgery with integrated
autofluorescence and Raman scattering microscopy Proc. Natl Acad. Sci. USA 110
15189–94

[204] Kong K, Zaabar F, Rakha E, Ellis I, Koloydenko A and Notingher I 2014 Towards intra-
operative diagnosis of tumours during breast conserving surgery by selective-sampling
Raman micro-spectroscopy Phys. Med. Biol. 59 6141–52

[205] Kong K, Rowlands C J, Varma S, Perkins W, Leach I H, Koloydenko A A, Pitiot A,
Williams H C and Notingher I 2014 Increasing the speed of tumour diagnosis during
surgery with selective scanning Raman microscopy J. Mol. Struct. 1073 58–65

Analytical Techniques for Biomedical Nanotechnology

https://doi.org/10.1089/pho.2009.2565
https://doi.org/10.1089/pho.2011.3191
https://doi.org/10.1002/(SICI)1097-4555(199702)28:2/3%3C125::AID-JRS65%3E3.0.CO;2-#
https://doi.org/10.1046/j.0022-202X.2004.22208.x
https://doi.org/10.1046/j.0022-202X.2004.22208.x
https://doi.org/10.1046/j.1523-1747.2002.01807.x
https://doi.org/10.1117/1.2750287
https://doi.org/10.1117/1.2750287
https://doi.org/10.1002/jbio.201000071
https://doi.org/10.1002/lsm.20653
https://doi.org/10.1158/0008-5472.CAN-11-4061
https://doi.org/10.1111/exd.12768
https://doi.org/10.1111/exd.12768
https://doi.org/10.1038/s41416-018-0257-9
https://doi.org/10.1073/pnas.1311289110
https://doi.org/10.1073/pnas.1311289110
https://doi.org/10.1088/0031-9155/59/20/6141
https://doi.org/10.1016/j.molstruc.2014.03.065


[206] Zhao J, Zeng H, Kalia S and Lui H 2016 Wavenumber selection based analysis in Raman
spectroscopy improves skin cancer diagnostic specificity Analyst 141 1034–43

[207] Devpura S, Thakur J S, Sarkar F H, Sakr W A, Naik V M and Naik R 2010 Detection of
benign epithelia, prostatic intraepithelial neoplasia, and cancer regions in radical prosta-
tectomy tissues using Raman spectroscopy Vib. Spectrosc. 53 227–32

[208] Schlucker S, Salehi M, Bergner G, Schutz M, Strobel P, Marx A, Petersen I, Dietzek B and
Popp J 2011 Immuno-surface-enhanced coherent anti-Stokes Raman scattering micro-
scopy: immunohistochemistry with target-specific metallic nanoprobes and nonlinear
Raman microscopy Anal. Chem. 83 7081–5

[209] Harmsen S et al 2015 Scattering nanostars for high-precision cancer imaging Sci. Transl.
Med. 7 271ra7

[210] Qiu Y et al 2019 Photodegradable CuS SERS probes for intraoperative residual tumor
detection, ablation, and self-clearance ACS Appl. Mater. Interfaces 11 23436–44

[211] Vargis E, Kanter E M, Majumder S K, Keller M D, Beaven R B, Rao G G and
Mahadevan-Jansen A 2011 Effect of normal variations on disease classification of Raman
spectra from cervical tissue Analyst 136 2981–7

[212] Duraipandian S, Zheng W, Ng J, Low J J H, Ilancheran A and Huang Z 2011 In vivo
diagnosis of cervical precancer using Raman spectroscopy and genetic algorithm techniques
Analyst 136 4328–36

[213] Shaikh R, Dora T K, Chopra S, Maheshwari A D, Kedar K, Bharat R and Krishna C M
2014 In vivo Raman spectroscopy of human uterine cervix: exploring the utility of vagina as
an internal control J. Biomed. Opt. 19 087001

[214] Duraipandian S, Zheng W, Ng J, Low J J H, Ilancheran A and Huang Z 2012
Simultaneous fingerprint and high-wavenumber confocal Raman spectroscopy enhances
early detection of cervical precancer in vivo Anal. Chem. 84 5913–9

[215] Duraipandian S, Zheng W, Ng J, Low J J H, Ilancheran A and Huang Z 2013 Near-
infrared-excited confocal Raman spectroscopy advances in vivo diagnosis of cervical
precancer J. Biomed. Opt. 18 067007

[216] Rashid N, Nawaz H, Poon K W, Bonnier F, Bakhiet S, Martin C, O’Leary J J, Byrne H J
and Lyng F M 2014 Raman microspectroscopy for the early detection of premalignant
changes in cervical tissue Exp. Mol. Pathol. 97 554–64

[217] Duraipandian S, Zheng W, Ng J, Low J J H, Ilancheran A and Huang Z 2013 Integrated
fingerprint and high wavenumber confocal Raman spectroscopy for in vivo diagnosis of
cervical precancer Proc. SPIE 8572 85720Z–7

[218] Daniel A, Aruna P and Ganesan S 2018 Near-infrared Raman spectroscopy for estimating
iochemical changes associated with different pathological conditions of cervix Spectrochim.
Acta A 190 409–16

[219] Duraipandian S, Mo J, Zheng W and Huang Z 2014 Near-infrared Raman spectroscopy
for assessing biochemical changes of cervical tissue associated with precarcinogenic trans-
formation Analyst 139 5379–86

[220] Rubina S and Krishna C M 2015 Raman spectroscopy in cervical cancers: an update J.
Cancer Res. Ther 139 5379–86

[221] Matthews Q, Jirasek A, Lum J J and Brolo A G 2011 Biochemical signatures of in vitro
radiation response in human lung, breast and prostate tumour cells observed with Raman
spectroscopy Phys. Med. Biol. 56 6839–55

Analytical Techniques for Biomedical Nanotechnology

https://doi.org/10.1039/C5AN02073E
https://doi.org/10.1016/j.vibspec.2010.03.009
https://doi.org/10.1021/ac201284d
https://doi.org/10.1126/scitranslmed.3010633
https://doi.org/10.1021/acsami.9b00469
https://doi.org/10.1039/c0an01020k
https://doi.org/10.1039/c1an15296c
https://doi.org/10.1117/1.JBO.19.8.087001
https://doi.org/10.1021/ac300394f
https://doi.org/10.1117/1.JBO.18.6.067007
https://doi.org/10.1016/j.yexmp.2014.10.013
https://doi.org/10.1117/12.2003058
https://doi.org/10.1016/j.saa.2017.09.014
https://doi.org/10.1039/C4AN00795F
https://doi.org/10.4103/0973-1482.154065
https://doi.org/10.1088/0031-9155/56/21/006


[222] Abramczyk H, Surmacki J, Kopec M, Olejnik A K, Lubecka-Pietruszewska K and
Fabianowska-Majewska K 2015 The role of lipid droplets and adipocytes in cancer.
Raman imaging of cell cultures: MCF10A, MCF7, and MDAMB-231 compared to
adipocytes in cancerous human breast tissue Analyst 140 2224–35

[223] Abramczyk H, Surmacki J, Kopec M, Olejnik A K, Kaufman-Szymczyk A and
Fabianowska-Majewska K 2016 Epigenetic changes in cancer by Raman imaging,
fluorescence imaging, AFM and scanning near-field optical microscopy (SNOM).
Acetylation in normal and human cancer breast cells MCF10A, MCF7 and MDA-MB-
231 Analyst 141 5646–58

[224] Medeiros P S, Batista de Carvalho A L M, Ruano C, Otero J C and Marques M P 2016
Raman microspectroscopy for probing the impact of a dietary antioxidant on human breast
cancer cells Food Funct 7 2800–10

[225] Shashni B, Horiguchi Y, Kurosu K, Furusho H and Nagasaki Y 2017 Application of
surface enhanced Raman spectroscopy as a diagnostic system for hypersialylated metastatic
cancers Biomaterials 134 143–53

[226] Bi X, Rexer B, Arteaga C L, Guo M and Mahadevan-Jansen A 2014 Evaluating HER2
amplification status and acquired drug resistance in breast cancer cells using Raman
spectroscopy J. Biomed. Opt. 19 025001

[227] Mignolet A, Wood B R and Goormaghtigh E 2017 Intracellular investigation on the
differential effects of 4 polyphenols on MCF-7 breast cancer cells by Raman imaging
Analyst 143 258–69

[228] Talari A C S, Raza A, Rehman S and Rehman I U 2017 Analyzing normal proliferating,
hypoxic and necrotic regions of T-47D human breast cancer spheroids using Raman
spectroscopy Appl. Spectrosc. Rev. 52 909–24

[229] Marro M, Nieva C, de Juan A and Sierra A 2018 Unravelling the metabolic progression of
breast cancer cells to bone metastasis by coupling Raman spectroscopy and a novel use of
MCR-ALS algorithm Anal. Chem. 90 5594–602

[230] Winnard P T Jr, Zhang C, Vesuna F, Kang J W, Garry J, Dasari R R, Barman I and
Raman V 2017 Organ-specific isogenic metastatic breast cancer cell lines exhibit distinct
Raman spectral signatures and metabolomes Oncotarget 8 20266–87

[231] Jermyn M, Mok K, Mercier J, Desroches J, Pichette J, Saint-Arnaud K and Leblond F
2015 Intraoperative brain cancer detection with Raman spectroscopy in humans Sci.
Transl. Med. 7 274ra19

[232] Jermyn M, Desroches J, Mercier J, Tremblay M A, St-Arnaud K, Guiot M C, Petrecca K
and Leblond F 2016 Neural networks improve brain cancer detection with Raman
spectroscopy in the presence of operating room light artifacts J. Biomed. Opt. 21 094002

[233] Jermyn M, Desroches J, Mercier J, St-Arnaud K, Guiot M C, Leblond F and Petrecca K
2016 Raman spectroscopy detects distant invasive brain cancer cells centimeters beyond
MRI capability in humans Biomed. Opt. Express 7 5129–37

[234] Pijanka J K, Stone N, Rutter A V, Forsyth N, Sockalingum G D, Yang Y and Sule-Suso J
2013 Identification of different subsets of lung cells using Raman microspectroscopy and
whole cell nucleus isolation Analyst 138 5052–8

[235] Ahlinder L, Ekstrand-Hammarstrom B, Geladi P and Osterlund L 2013 Large uptake of
titania and iron oxide nanoparticles in the nucleus of lung epithelial cells as measured by
Raman imaging and multivariate classification Biophys. J. 105 310–9

Analytical Techniques for Biomedical Nanotechnology

https://doi.org/10.1039/C4AN01875C
https://doi.org/10.1039/C6AN00859C
https://doi.org/10.1039/C6FO00209A
https://doi.org/10.1016/j.biomaterials.2017.04.038
https://doi.org/10.1117/1.JBO.19.2.025001
https://doi.org/10.1039/C7AN01460K
https://doi.org/10.1080/05704928.2017.1363053
https://doi.org/10.1021/acs.analchem.7b04527
https://doi.org/10.18632/oncotarget.14865
https://doi.org/10.1126/scitranslmed.aaa2384
https://doi.org/10.1117/1.JBO.21.9.094002
https://doi.org/10.1364/BOE.7.005129
https://doi.org/10.1039/c3an00968h
https://doi.org/10.1016/j.bpj.2013.06.017


[236] Potara M, Boca S, Licarete E, Damert A, Alupei M C, Chiriac M T, Popescu O, Schmidt U
and Astilean S 2013 Chitosan-coated triangular silver nanoparticles as a novel class of
biocompatible, highly sensitive plasmonic platforms for intracellular SERS sensing and
imaging Nanoscale 5 6013–22

[237] Donfack P, Rehders M, Brix K, Boukamp P and Materny A 2009 Micro Raman
spectroscopy for monitoring alterations between human skin keratinocytes HaCaT and
their tumorigenic derivatives A5RT3—toward a Raman characterization of a skin
carcinoma model J. Raman Spectrosc. 41 16–26

[238] Wang H, Tsai T, Zhao J, Lee A M D, Lo B K K, Yu M, Lui H, McLean D I and Zeng H
2012 Differentiation of HaCaT cell and melanocyte from their malignant counterparts
using micro-Raman spectroscopy guided by confocal imaging Photodermatol.
Photoimmunol. Photomed. 28 147

[239] Piredda P, Berning M, Boukamp P and Volkmer A 2015 Subcellular Raman micro-
spectroscopy imaging of nucleic acids and tryptophan for distinction of normal human skin
cells and tumorigenic keratinocytes Anal. Chem. 87 6778–85

[240] Pudlas M, Koch S, Bolwien C, Thude S, Jenne N, Hirth T, Walles H and Schenke-Layland
K 2011 Raman spectroscopy: a noninvasive analysis tool for the discrimination of human
skin cells Tissue Eng. 17 1027–40

[241] Pallaoro A, Braun G B and Moskovits M 2011 Quantitative ratiometric discrimination
between noncancerous and cancerous prostate cells based on neuropilin-1 overexpression
Proc. Natl Acad. Sci. USA 108 16559–64

[242] O’Malley J, Kumar R, Kuzmin A, Pliss A, Yadav N, Balachandar S, Wang J, Attwood K,
Prasad P N and Chandra D 2017 Lipid quantification by Raman microspectroscopy as a
potential biomarker in prostate cancer Cancer Lett. 397 52–60

[243] Corsetti S, Rabl T, McGloin D and Nabi G 2018 Raman spectroscopy for accurately
characterizing biomolecularchanges in androgen-independent prostate cancer cells J.
Biophotonics 11 e201700166

[244] Olmos V, Bedia C, Tauler R and Juan A D 2018 Preprocessing tools applied to improve the
assessment of Aldrin effects on prostate cancer cells using Raman spectroscopy Appl.
Spectrosc. 72 489–500

[245] Ralbovsky N M, Egorov V, Moskovets E, Dey P, Dey B K and Lednev I K 2019 Deep
ultraviolet Raman spectroscopy for cancer diagnostics: a feasibility study with cell lines and
tissues Cancer Stud. Mol. Med. Open J. 5 1–10

[246] Vargis E, Tang Y W, Khabele D and Mahadevan‐Jansen A 2012 Near-infrared Raman
microspectroscopy detects high-risk human papillomaviruses Transl. Oncol. 5 172–9

[247] Rubina S, Amita M, Kedar K D, Bharat R and Krishna C M 2013 Raman spectroscopic
study on classification of cervical cell specimens Vib. Spectrosc. 68 115–21

[248] Bonnier F, Traynor D, Kearney P, Clarke C, Knief P, Martin C, O’Leary J J, Byrne H J
and Lyng F 2014 Processing ThinPrep cervical cytological samples for Raman spectro-
scopic analysis Anal. Methods 6 7831–41

[249] Byrne H J, Baranska M, Puppels G J, Stone N, Wood B, Gough K M, Lasch P, Heraud P,
Sulé‐Suso J and Sockalingum G D 2015 Spectropathology for the next generation: quo
vadis? Analyst 140 2066–73

[250] Ramos I R, Meade A D, Ibrahim O, Byrne H J, McMenamin M, McKenna M, Malkin A
and Lyng F M 2016 Raman spectroscopy for cytopathology of exfoliated cervical cells
Faraday Discuss. 187 187–98

Analytical Techniques for Biomedical Nanotechnology

https://doi.org/10.1039/c3nr00005b
https://doi.org/10.1002/jrs.2400
https://doi.org/10.1111/j.1600-0781.2012.00660.x
https://doi.org/10.1021/acs.analchem.5b01009
https://doi.org/10.1089/ten.tec.2011.0082
https://doi.org/10.1073/pnas.1109490108
https://doi.org/10.1016/j.canlet.2017.03.025
https://doi.org/10.1002/jbio.201700166
https://doi.org/10.1177/0003702817746947
https://doi.org/10.17140/CSMMOJ-5-126
https://doi.org/10.1593/tlo.12106
https://doi.org/10.1016/j.vibspec.2013.06.002
https://doi.org/10.1039/C4AY01497A
https://doi.org/10.1039/C4AN02036G
https://doi.org/10.1039/C5FD00197H


[251] Duraipandian S, Traynor D, Kearney P, Martin C, O’Leary J J and Lyng F M 2018
Raman spectroscopic detection of high-grade cervical cytology: using morphologically
normal appearing cells Sci. Rep. 8 15048

[252] Pichardo-Molina J, Frausto-Reyes C, Barbosa-García O, Huerta-Franco R, González-
Trujillo J, Ramírez-Alvarado C, Gutiérrez-Juárez G and Medina-Gutiérrez C 2007 Raman
spectroscopy and multivariate analysis of serum samples from breast cancer patients Lasers
Med. Sci. 22 229–36

[253] Bhattacharjee T, Khan A, Maru G, Ingle A and Krishna C M 2015 A preliminary Raman
spectroscopic study of urine: diagnosis of breast cancer in animal models Analyst 140
456–66

[254] Feng S, Huang S, Lin D, Chen G, Xu Y, Li Y, Huang Z, Pan J, Chen R and Zeng H 2015
Surface-enhanced Raman spectroscopy of saliva proteins for the noninvasive differentiation
of benign and malignant breast tumors Int. J. Nanomed. 10 537–47

[255] Moisoiu V et al 2019 Breast cancer diagnosis by surface-enhanced Raman scattering
(SERS) of urine Appl. Sci. 9 806

[256] Chithraa K, Arunaa P, Vijayaraghavan S, Prasad G N S and Ganesan S 2019 Monitoring
of breast cancer patients under pre and post treated conditions using Raman spectroscopic
analysis of blood plasma Vib. Spectrosc. 105 102982

[257] Ştiufiuc G F et al 2020 Solid plasmonic substrates for breast cancer detection by means of
SERS analysis of blood plasma Nanomaterials 10 1212

[258] Li Y, Jia M, Zeng X, Huang K and Bai Z 2017 Pattern recognition methods combined with
Raman spectra applied to distinguish serums from lung cancer patients and healthy people
J. Biosci. Med 5 95–105

[259] Wang H, Zhang S, Wan L, Sun H, Tan J and Su Q 2018 Screening and staging for non-
small cell lung cancer by serum laser Raman spectroscopy Spectrochim. Acta A 201 34–8

[260] Cao X, Wang Z, Bi L and Zheng J 2018 Label-free detection of human serum using surface-
enhanced Raman spectroscopy based on highly branched gold nanoparticle substrates for
discrimination of non-small cell lung cancer J. Chem. 2018 1–13

[261] Grubisha D S, Lipert R J, Park H Y, Driskell J and Porter M D 2003 Femtomolar
detection of prostate-specific antigen: an immunoassay based on surface-enhanced Raman
scattering and immunogold labels Anal. Chem. 75 5936–43

[262] Li S, Zhang Y, Xu J, Li L, Zeng Q, Lin L, Guo Z, Liu Z, Xiong H and Liu S 2014
Noninvasive prostate cancer screening based on serum surface-enhanced Raman spectro-
scopy and support vector machine Appl. Phys. Lett. 105 091104

[263] Medipally D K R, Maguire A, Bryant J, Armstrong J, Dunne M, Lyng F M and Meade A
D 2017 Development of a high throughput (HT) Raman spectroscopy method for rapid
screening of liquid blood plasma from prostate cancer patients Analyst 142 1216–26

[264] Wang J, Koo K M, Wee E J H, Wang Y and Trau M 2017 A nanoplasmonic label-free
surface-enhanced Raman scattering strategy for non-invasive cancer genetic subtyping in
patient samples Nanoscale 9 3496–503

[265] Shao X G et al 2017 Evaluation of expressed prostatic secretion and serum using surface-
enhanced Raman spectroscopy for the noninvasive detection of prostate cancer, a
preliminary study Nanomedicine 13 1051–9

[266] Mistro G D, Cervo S, Mansutti E, Spizzo R, Colombatti A, Belmonte P, Zucconelli R,
Steffan A, Sergo V and Bonifacio A 2015 Surface-enhanced Raman spectroscopy of urine
for prostate cancer detection: a preliminary study Anal. Bioanal. Chem. 407 3271–5

Analytical Techniques for Biomedical Nanotechnology

https://doi.org/10.1038/s41598-018-33417-8
https://doi.org/10.1007/s10103-006-0432-8
https://doi.org/10.1039/C4AN01703J
https://doi.org/10.1039/C4AN01703J
https://doi.org/10.2147/IJN.S71811
https://doi.org/10.3390/app9040806
https://doi.org/10.1016/j.vibspec.2019.102982
https://doi.org/10.3390/nano10061212
https://doi.org/10.4236/jbm.2017.59009
https://doi.org/10.1016/j.saa.2018.04.002
https://doi.org/10.1155/2018/9012645
https://doi.org/10.1021/ac034356f
https://doi.org/10.1063/1.4892667
https://doi.org/10.1039/C6AN02100J
https://doi.org/10.1039/C6NR09928A
https://doi.org/10.1016/j.nano.2016.12.001
https://doi.org/10.1007/s00216-015-8610-9


[267] Feng S et al 2013 Blood plasma surface-enhanced Raman spectroscopy for non-invasive
optical detection of cervical cancer Analyst 138 3967–74

[268] González-Solís J L, Martínez-Espinosa J C, Torres-González L A, Aguilar- Lemarroy A,
Jave-Suárez L F and Palomares-Anda P 2014 Cervical cancer detection based on serum
sample Raman spectroscopy Lasers Med. Sci. 29 979–85

[269] Pappu R, Prakasarao A, Dornadula K and Singaravelu G 2017 Raman spectroscopic
characterization of urine of normal and cervical cancer subjects Proc. SPIE 10054 1005404

[270] Bergholt M S, Zheng W, Lin K, Wang J, Xu H, Ren J L, Ho K Y, Teh M, Yeoh K G and
Huang Z 2014 Characterizing variability of in vivo Raman spectroscopic properties of
different anatomical sites of normal colorectal tissue towards cancer diagnosis at colono-
scopy Anal. Chem. 87 960–6

[271] Synytsya A, Judexova M, Hoskovec D, Miskovicova M and Petruzelka L 2014 Raman
spectroscopy at different excitation wavelengths (1064, 785 and 532 nm) as a tool for
diagnosis of colon cancer J. Raman Spectrosc. 45 903–11

[272] Li S, Chen G, Zhang Y, Guo Z, Liu Z, Xu J, Li X and Lin L 2014 Identification and
characterization of colorectal cancer using Raman spectroscopy and feature selection
techniques Opt. Express 22 25895–908

[273] Liu W, Sun Z, Chen J and Jing C 2016 Raman spectroscopy in colorectal cancer
diagnostics: comparison of PCA-LDA and PLS-DA models J. Spectrosc. 2016 1603609

[274] Lin D, Feng S Y, Pan J J, Chen Y P, Lin J Q, Chen G N, Xie S S, Zeng H S and Chen R
2011 Colorectal cancer detection by gold nanoparticle based surface-enhanced Raman
spectroscopy of blood serum and statistical analysis Opt. Express 19 13565–77

[275] Jenkins C A, Lewis P D, Dunstan P R and Harris D A 2016 Label-free serum ribonucleic
acid analysis for colorectal cancer detection by surface-enhanced Raman spectroscopy and
multivariate analysis World J. Gastrointest. Oncol. 8 427–38

[276] Chen Y et al 2012 Label-free serum ribonucleic acid analysis for colorectal cancer detection
by surface-enhanced Raman spectroscopy and multivariate analysis J. Biomed. Opt. 17
67003

[277] Li X, Yang T, Li C S, Song Y, Lou H, Guan D and Jin L 2018 Surface enhanced Raman
spectroscopy (SERS) for the multiplex detection of BRAF, KRAS, and PIK3CA mutations
in plasma of colorectal cancer patients Theranostics 8 1678–89

[278] Zheng Q, Kang W, Chen C, Shi X, Yang Y and Yu C 2019 Diagnosis accuracy of Raman
spectroscopy in colorectal cancer: a PRISMA-compliant systematic review and meta-
analysis Medicine (Baltimore) 98 e16940

[279] The American Cancer Society medical and editorial content team Survival rate for ovarian
cancer, by stage. Resource document. American Cancer Society https://cancer.org/cancer/
ovarian-cancer/detection-diagnosis-staging/survival-rates.html (accessed March 2018)

[280] Maheedhar K, Brat R A, Malini R, Prathima N, Keerthi P, Kushtago P and Krishna C M
2008 Diagnosis of ovarian cancer by Raman spectroscopy: a pilot study Photomed. Laser
Surg. 26 83–90

[281] Parker F S 1983 Applications of Infrared, Raman, and Resonance Raman Spectroscopy in
Biochemistry (New York: Plenum)

[282] Tonge P and Carey P 1993 Advances in Spectroscopy vol 20 ed R J H Clark and R E Hester
(Chichester: Wiley) pp 129–61

Analytical Techniques for Biomedical Nanotechnology

https://doi.org/10.1039/c3an36890d
https://doi.org/10.1007/s10103-013-1447-6
https://doi.org/10.1117/12.2255878
https://doi.org/10.1021/ac503287u
https://doi.org/10.1002/jrs.4581
https://doi.org/10.1364/OE.22.025895
https://doi.org/10.1155/2016/1603609
https://doi.org/10.1364/OE.19.013565
https://doi.org/10.4251/wjgo.v8.i5.427
https://doi.org/10.1117/1.JBO.17.6.067003
https://doi.org/10.1117/1.JBO.17.6.067003
https://doi.org/10.7150/thno.22502
https://doi.org/10.1097/MD.0000000000016940
https://cancer.org/cancer/ovarian-cancer/detection-diagnosis-staging/survival-rates.html
https://cancer.org/cancer/ovarian-cancer/detection-diagnosis-staging/survival-rates.html
https://doi.org/10.1089/pho.2007.2128


[283] Oseledchyk A, Andreou C, Wall M A and Kircher M F 2017 Folate-targeted surface-
enhanced resonance Raman scattering nanoprobe ratiometry for detection of microscopic
ovarian cancer ACS Nano 11 1488–97

[284] Jenkins A L, Larsen R A and Williams T B 2005 Characterization of amino acids using
Raman spectroscopy Spectrochim. Acta A 61 1585–94

[285] Li J, Dowdy S, Tipton T, Podratz K, Lu W G, Xie X and Jiang S W 2014 HE4 as a
biomarker for ovarian and endometrial cancer management Expert Rev. Mol. Diagn. 9
555–66

[286] Zhao C, Annamalai L, Guo C, Kothandaraman N, Koh S, Zhang H, Biswas A and
Choolani M 2007 Circulating haptoglobin is an independent prognostic factor in the sera of
patients with epithelial ovarian cancer Neoplasia 9 1–7

[287] Schorge J O, Drake R D, Lee H, Skates S J, Rajanbabu R, Miller D S, Kim J H, Cramer D
W, Berkowitz R S and Mok S C 2004 Osteopontin as an adjunct to CA125 in detecting
recurrent ovarian cancer Clin. Cancer Res. 10 3474–8

[288] Hassan R, Remaley A T, Sampson M L, Zhang J, Cox D D, Pingpank J, Alexander R,
Willingham M, Pastan I and Onda M 2006 Detection and quantitation of serum
mesothelin, a tumor marker for patients with mesothelioma and ovarian cancer Clin.
Cancer Res. 12 447–53

[289] Moradi H, Ahmad A, Sheperdson D, Vuong N H, Niedbala G, Libni E, Vanderhyden B,
Nyiri B and Murugkar S 2017 Raman micro-spectroscopy applied to treatment resistant
and sensitive human ovarian cancer cells J. Biophotonics 10 1327–34

[290] Beier B D and Berger A J 2009 Method for automated background subtraction from
Raman spectra containing known contaminants Analyst 134 1198–202

[291] De Gelder J, De Gussem K, Vandenabeele P and Moens L 2007 Reference database of
Raman spectra of biological molecules J. Raman Spectrosc. 38 1133–47

[292] Paraskevaidi M, Ashton KM, Stringfellow H F, Wood N J, Keating P J, Rowbottom AW,
Martin-Hirsch P L and Martin F L 2018 Raman spectroscopic techniques to detect ovarian
cancer biomarkers in blood plasma Talanta 189 281–8

[293] Key statistics for pancreatic cancer https://cancer.org/cancer/pancreatic-cancer/about/key-
statistics.html (accessed 27 April 2018)

[294] Pancreatic cancer survival rate https://cancer.org/cancer/pancreatic-cancer/detection-diag-
nosis-staging/survivalrates.html (accessed 27 April 2018)

[295] Schie I W, Kiselev R, Krafft C and Poppa J 2016 Rapid acquisition of mean Raman spectra
of eukaryotic cells for a robust single cell classification Analyst 141 6387–95

[297] Li J et al 2016 Abrogating cholesterol esterification suppresses growth and metastasis of
pancreatic cancer Oncogene 35 6378–88

[296] Pandya A K et al 2008 Evaluation of pancreatic cancer with Raman spectroscopy in a
mouse model Pancreas 36 e1–8

[298] Harmsen S et al 2015 Surface-enhanced resonance Raman scattering nanostars for high-
precision cancer imaging Sci. Transl. Med. 7 271ra7

[299] Wang G, Lipert R J, Jain M, Kaur S, Chakraboty S, Torres M P, Batra S K, Brand R E
and Porter M D 2011 Detection of the potential pancreatic cancer marker MUC4 in serum
using surface-enhanced Raman scattering Anal. Chem. 83 2554–61

[300] Banaei N, Foley A, Houghton J M, Sun Y and Byung Kim B 2017 Multiplex detection of
pancreatic cancer biomarkers using a SERS-based immunoassay Nanotechnology 28
455101

Analytical Techniques for Biomedical Nanotechnology

https://doi.org/10.1021/acsnano.6b06796
https://doi.org/10.1016/j.saa.2004.11.055
https://doi.org/10.1586/erm.09.39
https://doi.org/10.1586/erm.09.39
https://doi.org/10.1593/neo.06619
https://doi.org/10.1158/1078-0432.CCR-03-0365
https://doi.org/10.1158/1078-0432.CCR-05-1477
https://doi.org/10.1002/jbio.201600211
https://doi.org/10.1039/b821856k
https://doi.org/10.1002/jrs.1734
https://doi.org/10.1016/j.talanta.2018.06.084
https://cancer.org/cancer/pancreatic-cancer/about/key-statistics.html
https://cancer.org/cancer/pancreatic-cancer/about/key-statistics.html
https://cancer.org/cancer/pancreatic-cancer/detection-diagnosis-staging/survivalrates.html
https://cancer.org/cancer/pancreatic-cancer/detection-diagnosis-staging/survivalrates.html
https://doi.org/10.1039/C6AN01018K
https://doi.org/10.1038/onc.2016.168
https://doi.org/10.1097/MPA.0b013e31815a3f1c
https://doi.org/10.1126/scitranslmed.3010633
https://doi.org/10.1021/ac102829b
https://doi.org/10.1088/1361-6528/aa8e8c
https://doi.org/10.1088/1361-6528/aa8e8c


[301] Huang H et al 2013 Silver nanoparticle based surface enhanced Raman scattering
spectroscopy of diabetic and normal rat pancreatic tissue under near-infrared laser
excitation Laser Phys. Lett. 10 045603

[302] Yan Z, Ma C, Mo J, Han W, Lv X, Chen C, Cheng C and Nieb X 2020 Rapid
identification of benign and malignant pancreatic tumors using serum Raman spectroscopy
combined with classification algorithms Optik 208 164473

[303] Grimbergen M CM, van Swol C F P, Draga R O P, van Diest P, Verdaasdonk R M, Stone
N and Bosch J H L R 2009 Bladder cancer diagnosis during cystoscopy using Raman
spectroscopy Proc. SPIE 7161 716114

[304] Cordero E, Rüger J, Marti D, Mondol A S, Hasselager T, Mogensen K, Hermann G G,
Popp J and Schie I W 2020 Bladder tissue characterization using probe-based Raman
spectroscopy: evaluation of tissue heterogeneity and influence on the model prediction J.
Biophotonics 13 e201960025

[305] Draga R O P, Grimbergen M C M, Vijverberg P L M, van Swol C F P, Jonges T G N,
Kummer J A, Ruud and Bosch J L H 2010 In vivo bladder cancer diagnosis by high-volume
Raman spectroscopy Anal. Chem. 82 5993–9

[306] Grimbergen M C M, van Swol C F P, van Moorselaar R J A, Uff J, Mahadevan-Jansen A
and Stone N 2009 Raman spectroscopy of bladder tissue in the presence of 5-aminolevulinic
acid J. Photochem. Photobiol. B 95 170–6

[307] Cicchi R, Cosci A, Rossari S, Kapsokalyvas D, Baria E, Maio V, Massi D, De Giorgi V,
Pimpinelli N and Pavone F S 2014 Combined fluorescence-Raman spectroscopic setup for
the diagnosis of melanocytic lesions J. Biophotonics 7 86–95

[308] Koljenovic S, Schut T C B, Wolthuis R, de Jong B, Santos L, Caspers P J, Kros J M and
Puppels G J 2005 Tissue characterization using high wave number Raman spectroscopy J.
Biomed. Opt. 10 031116

[309] Kerr L T, Lynn TM, Cullen I M, Daly P J, Shah N, O’Dea S, Malkin A and Hennelly B M
2016 Methodologies for bladder cancer detection with Raman based urine cytology Anal.
Methods 8 4991–5000

[310] Krishna H, Majumder S K, Chaturvedi P, Sidramesh M and Gupta P K 2014 In vivo
Raman spectroscopy for detection of oral neoplasia: a pilot clinical study J. Biophotonics 7
690–702

[311] Guze K, Pawluk H C, Short M, Zeng H, Lorch J, Norris C and Sonis S 2015 Pilot study:
Raman spectroscopy in differentiating premalignant and malignant oral lesions from
normal mucosa and benign lesions in humans Head Neck 37 511–7

[312] World Health Organization Cardiovascular diseases (CVDs) https://who.int/news-room/
fact-sheets/detail/cardiovascular-diseases-(cvds)#:∼:text=Cardiovascular%20diseases%20(CVDs)%
20are%20the,%2D%20and%20middle%2Dincome%20countries (accessed 11 June 2021)

[313] Moreno P R, Marshik B and Muller J E 2006 The Vulnerable Atherosclerotic Plaque:
Strategies for Diagnosis and Management ed R Virmani, J Narula, M B Leon and J T
Willerson (Oxford: Blackwell Publishing) pp 257–62

[314] Naghavi M et al 2003 From vulnerable plaque to vulnerable patient: a call for new
definitions and risk assessment strategies: part II Circulation 108 1772–8

[315] El-Said W A, Fouad D M and El-Safty S A 2016 Ultrasensitive label-free detection of
cardiac biomarker myoglobin based on surface-enhanced Raman spectroscopy Sensors
Actuators B 228 401–9

Analytical Techniques for Biomedical Nanotechnology

https://doi.org/10.1088/1612-2011/10/4/045603
https://doi.org/10.1016/j.ijleo.2020.164473
https://doi.org/10.1117/12.807811
https://doi.org/10.1002/jbio.201960025
https://doi.org/10.1021/ac100448p
https://doi.org/10.1016/j.jphotobiol.2009.03.002
https://doi.org/10.1002/jbio.201200230
https://doi.org/10.1117/1.1922307
https://doi.org/10.1039/C5AY03300D
https://doi.org/10.1002/jbio.201300030
https://doi.org/10.1002/jbio.201300030
https://doi.org/10.1002/hed.23629
https://who.int/news-room/fact-sheets/detail/cardiovascular-diseases-(cvds)#:<:text=Cardiovascular%20diseases%20(CVDs)%20are%20the,%2D%20and%20middle%2Dincome%20countries
https://who.int/news-room/fact-sheets/detail/cardiovascular-diseases-(cvds)#:<:text=Cardiovascular%20diseases%20(CVDs)%20are%20the,%2D%20and%20middle%2Dincome%20countries
https://who.int/news-room/fact-sheets/detail/cardiovascular-diseases-(cvds)#:<:text=Cardiovascular%20diseases%20(CVDs)%20are%20the,%2D%20and%20middle%2Dincome%20countries
https://doi.org/10.1161/01.CIR.0000087481.55887.C9
https://doi.org/10.1016/j.snb.2016.01.041


[316] Buschman H P J, Marple E T, Wach M L, Bennett B, Bakker Schut T C, Bruining H A,
Bruschke A V, van der Laarse A and Puppels G J 2000 In vivo determination of the
molecular composition of artery wall by intravascular Raman spectroscopy Anal. Chem. 72
3771–5

[317] Motz J T, Fitzmaurice M, Miller A, Gandhi S J, Haka A S, Galindo L, Dasari R R,
Kramer J R Jr and Feld M S 2006 In vivo Raman spectral pathology of human
atherosclerosis and vulnerable plaque J. Biomed. Opt. 11 021003

[318] Sc´epanovic´ O R 2006 Detection of morphological markers of vulnerable atherosclerotic
plaque using multimodal spectroscopy J. Biomed. Opt. 11 021007

[319] Matthäus C, Dochow S, Bergner G, Lattermann A, Romeike B F M, Marple E T, Krafft
C, Dietzek B, Brehm B R and Popp J 2012 In vivo characterization of atherosclerotic
plaque depositions by Raman-probe spectroscopy and in vitro coherent anti-Stokes Raman
scattering microscopic imaging on a rabbit model Anal. Chem. 84 7845–51

[320] Matthäus C, Dochow S, Egodage K D, Romeike B F, Brehm B R and Popp J 2018
Detection and characterization of early plaque formations by Raman probe spectroscopy
and optical coherence tomography: an in vivo study on a rabbit model J. Biomed. Opt. 23
015004

[321] Dochow S, Fatakdawala H, Phipps J E, Ma D, Bocklitz T, Schmitt M, Bishop J W,
Margulies K B, Marcu L and Popp J 2016 Comparing Raman and fluorescence lifetime
spectroscopy from human atherosclerotic lesions using a bimodal probe J. Biophotonics 9
958–66

[322] Huang X, Irmak S, Lu Y, Pipinos I, Casale G and Subbiah J 2015 Spontaneous and
coherent anti-Stokes Raman spectroscopy of human gastrocnemius muscle biopsies in CH-
stretching region for discrimination of peripheral artery disease Biomed. Opt. Express 6
2766–77

[323] Salenius J P, Brennan J F, Miller A, Wang Y, Aretz T, Sacks B, Dasari R R and Feld M S
1989 Biochemical composition of human peripheral arteries examined with nearinfrared
Raman spectroscopy J. Vasc. Surg. 27 710–9

[324] Cluff K, Kelly A M, Koutakis P, He X N, Huang X, Lu Y F, Pipinos I I, Casale G P and
Subbiah J 2014 Surface-enhanced Raman spectral biomarkers correlate with Ankle
Brachial Index and characterize leg muscle biochemical composition of patients with
peripheral arterial disease Physiol. Rep. 2 e12148

[325] Bonetti A, Bonifacio A, Della Mora A, Livi U, Marchini M and Ortolani F 2015
Carotenoids co-localize with hydroxyapatite, cholesterol, and other lipids in calcified
stenotic aortic valves. Ex vivo Raman maps compared to histological patterns Eur. J.
Histochem. 59 2505

[326] Pilarczyk M, Czamara K, Baranska M, Natorska J, Kapusta P, Undas A and Kaczor A
2013 Calcification of aortic human valves studied in situ by Raman microimaging:
following mineralization from small grains to big deposits J. Raman Spectrosc. 44 1222–9

[327] You A Y, Bergholt M S, St-Pierre J P, Kit-Anan W, Pence I J, Chester A H, Yacoub M H,
Bertazzo S and Stevens M M 2017 Raman spectroscopy imaging reveals interplay between
atherosclerosis and medial calcification in the human aorta Sci. Adv. 3 e1701156

[328] Brazhe N A, Treiman M, Faricelli B, Vestergaard J H and Sosnovtseva O 2013 In situ
Raman study of redox state changes of mitochondrial cytochromes in a perfused rat heart
PLoS One 8 e70488

Analytical Techniques for Biomedical Nanotechnology

https://doi.org/10.1021/ac000298b
https://doi.org/10.1021/ac000298b
https://doi.org/10.1117/1.2190967
https://doi.org/10.1117/1.2187943
https://doi.org/10.1021/ac301522d
https://doi.org/10.1117/1.JBO.23.1.015004
https://doi.org/10.1117/1.JBO.23.1.015004
https://doi.org/10.1002/jbio.201500341
https://doi.org/10.1002/jbio.201500341
https://doi.org/10.1364/BOE.6.002766
https://doi.org/10.1364/BOE.6.002766
https://doi.org/10.1016/S0741-5214(98)70237-X
https://doi.org/10.14814/phy2.12148
https://doi.org/10.4081/ejh.2015.2505
https://doi.org/10.1002/jrs.4352
https://doi.org/10.1126/sciadv.1701156
https://doi.org/10.1371/journal.pone.0070488


[329] Almohammedi A, Kapetanaki S, Wood B, Raven E L, Storey N and Hudson A J 2015
Spectroscopic analysis of myoglobin and cytochrome c dynamics in isolated cardiomyo-
cytes during hypoxia and reoxygenation J. R. Soc. Interface 12 20141339

[330] Pascut F C, Kalra S, George V, Welch N, Denning C and Notingher I 2013 Non-invasive
label-free monitoring the cardiac differentiation of human embryonic stem cells in-vitro by
Raman spectroscopy Biochim. Biophys. Acta 1830 3517–24

[331] Brazhe N A, Treiman M, Brazhe A R, Maksimov G V and Sosnovtseva O V 2012 Mapping
of redox state of mitochondrial cytochromes in live cardiomyocytes using Raman micro-
spectroscopy PLoS One 7 e41990

[332] Ohira S, Tanaka H, Harada Y, Minamikawa T, Kumamoto Y, Matoba S, Yaku H and
Takamatsu T 2017 Label-free detection of myocardial ischaemia in the perfused rat heart
by spontaneous Raman spectroscopy Sci. Rep. 7 42401

[333] Yamamoto T, Minamikawa T, Harada Y, Yamaoka Y, Tanaka H, Yaku H and
Takamatsu T 2018 Label-free evaluation of myocardial infarct in surgically excised
ventricular myocardium by Raman spectroscopy Sci. Rep. 8 14671

[334] Nishiki-Muranishi N, Harada Y, Minamikawa T, Yamaoka Y, Dai P, Yaku H and
Takamatsu T 2014 Label-free evaluation of myocardial infarction and its repair by
spontaneous Raman spectroscopy Anal. Chem. 86 6903–10

[335] Ogawa M, Harada Y, Yamaoka Y, Fujita K, Yaku H and Takamatsu T 2009 Label-free
biochemical imaging of heart tissue with high-speed spontaneous Raman microscopy
Biochem. Biophys. Res. Commun. 382 370–4

[336] MacRitchie N, Grassia G, Noonan J, Garside P, Graham D and Maffia P 2018 Molecular
imaging of atherosclerosis: spotlight on Raman spectroscopy and surface-enhanced Raman
scattering Heart 104 460–7

[337] Cockerill I, Oliver J, Huaxi X, Fu B M and Zhu D 2018 Blood–brain barrier integrity and
clearance of amyloid-β from the BBB Adv. Exp. Med. Biol 1097 261–78

[338] Koronyo Y, Salumbides B C, Black K L and Koronyo-Hamaoui M 2012 Alzheimer’s
disease in the retina: imaging retinal AβAβ plaques for early diagnosis and therapy
assessment Neurodegener Dis 10 285–93

[339] Moncaster J A et al 2010 Alzheimer’s disease amyloid-ββ links lens and brain pathology in
down syndrome PLoS One 5 e10659

[340] Carmona P, Molina M, Calero M, Bermejo-Pareja F, Martínez-Martín P and Toledano A
2013 Discrimination analysis of blood plasma associated with Alzheimer’s disease using
vibrational spectroscopy J. Alzheimers Dis. 34 911–20

[341] Ryzhikova E, Kazakov O, Halámková L, Celmins D, Malone P, Molho E, Zimmerman E
A and Lednev I K 2015 Raman spectroscopy of blood serum for Alzheimer’s disease
diagnostics: specificity relative to other types of dementia J. Biophotonics 8 584–96

[342] Paraskevaidi M, Morais C L M, Halliwell D E, Mann D M A, Allsop D, Martin-Hirsch P
L and Martin F L 2018 Raman spectroscopy to diagnose Alzheimer’s disease and dementia
with Lewy bodies in blood ACS Chem. Neurosci. 9 2786–94

[343] Ryzhikova E, Ralbovsky N M, Halámková L, Celmins D, Malone P, Molho E, Quinn J,
Zimmerman E A and Lednev I K 2019 Multivariate statistical analysis of surface enhanced
Raman spectra of human serum for Alzheimer’s disease diagnosis Appl. Sci. 9 3256

[344] Ralbovsky N M, Halámková L, Wall K, Anderson-Hanley C and Lednev I K 2019
Screening for Alzheimer’s disease using saliva: a new approach based on machine learning
and Raman hyperspectroscopy J. Alzheimer Dis 71 1351–9

Analytical Techniques for Biomedical Nanotechnology

https://doi.org/10.1098/rsif.2014.1339
https://doi.org/10.1016/j.bbagen.2013.01.030
https://doi.org/10.1371/journal.pone.0041990
https://doi.org/10.1038/srep42401
https://doi.org/10.1038/s41598-018-33025-6
https://doi.org/10.1021/ac500592y
https://doi.org/10.1016/j.bbrc.2009.03.028
https://doi.org/10.1136/heartjnl-2017-311447
https://doi.org/10.1007/978-3-319-96445-4_14
https://doi.org/10.1159/000335154
https://doi.org/10.1371/journal.pone.0010659
https://doi.org/10.3233/JAD-122041
https://doi.org/10.1002/jbio.201400060
https://doi.org/10.1021/acschemneuro.8b00198
https://doi.org/10.3390/app9163256
https://doi.org/10.3233/JAD-190675


[345] Cennamo G et al 2020 Surface-enhanced Raman spectroscopy of tears: toward a diagnostic
tool for neurodegenerative disease identification J. Biomed. Opt. 25 087002

[346] Miura T, Suzuki K and Takeuchi H 2001 Binding of iron(III) to the single tyrosine residue
of amyloid β-peptide probed by Raman spectroscopy J. Mol. Struct. 598 79–84

[347] Maiti N C, Apetri M M, Zagorski M G, Carey P R and Anderson V E 2004 Raman
spectroscopic characterization of secondary structure in natively unfolded proteins:
alphasynuclein J. Am. Chem. Soc. 126 2399–408

[348] Schipper H M, Kwok C S, Rosendahl S M, Bandilla D, Maes O, Melmed C, Rabinovitch
D and Burns D H 2008 Spectroscopy of human plasma for diagnosis of idiopathic
Parkinson’s disease Biomark. Med. 2 229–38

[349] Palanisamy S, Yan L, Zhang X and He T 2015 Surface enhanced Raman scattering active
worm-like Ag clusters for sensitive and selective detection of dopamine Anal. Methods 7
3438–47

[350] Ranc V, Markova Z, Hajduch M, Prucek R, Kvitek L, Kaslik J, Safarova K and Zboril R
2014 Magnetically assisted surface-enhanced Raman scattering selective determination of
dopamine in an artificial cerebrospinal fluid and a mouse striatum using Fe3O4/Ag
nanocomposite Anal. Chem. 86 2939–46

[351] Lim J W and Kang I J 2013 Chitosan gold nano composite for dopamine analysis using
Raman scattering Bull. Korean Chem. Soc. 34 237–42

[352] Lim J W and Kang I J 2014 Fabrication of chitosan-gold nanocomposites combined with
optical fiber as SERS substrates to detect dopamine molecules Bull. Korean Chem. Soc. 35
25–9

[353] An J H, El-Said W A, Yea C H, Kim T H and Choi J W 2011 Surface-enhanced Raman
scattering of dopamine on self-assembled gold nanoparticles J. Nanosci. Nanotechnol. 11
4424–9

[354] Tsikritsis D, Elfick A and Downes A 2016 Raman spectroscopy of fibroblast cells from a
Huntington’s disease patient Spectrosc. Lett. 49 535–41

[355] Huefner A, Kuan W L, Mason S L, Mahajan S and Barker R A 2020 Serum Raman
spectroscopy as a diagnostic tool in patients with Huntington’s disease Chem. Sci. 11
525–33

[356] Muratore M 2013 Raman spectroscopy and partial least squares analysis in discrimination
of peripheral cells affected by Huntington’s disease Anal. Chim. Acta 793 1–10

[357] Manno D, Filippo E, Fiore R, Serra A, Urso E, Rizzello A and Maffia M 2010 Monitoring
prion protein expression in complex biological samples by SERS for diagnostic applications
Nanotechnology 21 165502

[358] Serra A, Manno D, Filippo E, Buccolieri A, Urso E, Rizzello A and Maffia M 2011 SERS
based optical sensor to detect prion protein in neurodegenerate living cells Sensors
Actuators B 156 479–85

[359] Croes E A et al 2004 Octapeptide repeat insertions in the prion protein gene and early onset
dementia J. Neurol. Neurosurg. Psychiatry 75 1166–70

[360] Stevens D J, Walter E D, Rodriguez A, Draper D, Davies P, Brown D R and Millhauser G
L 2009 Early onset prion disease from octa repeat expansion correlates with copper binding
properties PLoS Pathog. 5 e1000390

[361] Carmona P, Monleon E, Monzon M, Badiola J J and Monreal J 2004 Raman analysis of
priori protein in blood cell membranes from naturally affected scrapie sheep Chem. Biol 11
759–64

Analytical Techniques for Biomedical Nanotechnology

https://doi.org/10.1117/1.JBO.25.8.087002
https://doi.org/10.1016/S0022-2860(01)00807-9
https://doi.org/10.1021/ja0356176
https://doi.org/10.2217/17520363.2.3.229
https://doi.org/10.1039/C4AY03061C
https://doi.org/10.1039/C4AY03061C
https://doi.org/10.1021/ac500394g
https://doi.org/10.5012/bkcs.2013.34.1.237
https://doi.org/10.5012/bkcs.2014.35.1.25
https://doi.org/10.5012/bkcs.2014.35.1.25
https://doi.org/10.1166/jnn.2011.3688
https://doi.org/10.1166/jnn.2011.3688
https://doi.org/10.1080/00387010.2016.1213751
https://doi.org/10.1039/C9SC03711J
https://doi.org/10.1039/C9SC03711J
https://doi.org/10.1016/j.aca.2013.06.012
https://doi.org/10.1088/0957-4484/21/16/165502
https://doi.org/10.1016/j.snb.2011.04.019
https://doi.org/10.1136/jnnp.2003.020198
https://doi.org/10.1371/journal.ppat.1000390
https://doi.org/10.1016/j.chembiol.2004.04.005
https://doi.org/10.1016/j.chembiol.2004.04.005


[362] McQueenie R, Stevenson R, Benson R, MacRitchie N, McInnes I, Maffia P, Faulds K,
Graham D, Brewer J and Garside P 2012 Detection of inflammation in vivo by surface
enhanced Raman scattering provides higher sensitivity than conventional fluorescence
imaging Anal. Chem. 84 5968–75

[363] Sahu A, Dalal K, Naglot S, Aggarwal P and Krishna C M 2013 Serum based diagnosis of
asthma using Raman spectroscopy: an early phase pilot study PLoS One 8 e78921

[364] Nawaz H et al 2017 Prediction of viral loads for diagnosis of hepatitis C infection in human
plasma samples using Raman spectroscopy coupled with partial least squares regression
analysis J. Raman Spectrosc. 48 697–704

[365] Bi X, Walsh A, Mahadevan-Jansen A and Herline A 2011 Development of spectral markers
for the discrimination of ulcerative colitis and Crohn’s disease using Raman spectroscopy
Dis. Colon Rectum 54 48–53

[366] Pence I J, Nguyen Q T, Bi X, Herline A J, Beaulieu D M, Horst S N, Schwartz D A and
Mahadevan-Jansen A 2014 Endoscopy-coupled Raman spectroscopy for in vivo discrim-
ination of inflammatory bowel disease Proc. SPIE 8939 89390R

[367] Krishnapuram B, Carin L, Figueiredo M A T and Hartemink A J 2005 Sparse multinomial
logistic regression: fast algorithms and generalization bounds IEEE Trans. Pattern Anal.
Mach. Intell. 27 957–68

[368] Pence I J, Beaulieu D B, Horst S N, Bi X, Herline A J, Schwartz D A and Mahadevan-
Jansen A 2017 Clinical characterization of in vivo inflammatory bowel disease with Raman
spectroscopy Biomed. Opt. Express 8 524–35

[369] Kerns J G et al 2014 Evidence from Raman spectroscopy of a putative link between
inherent bone matrix chemistry and degenerative joint disease Arthritis Rheumatol. 66
1237–46

[370] Morris M D and Mandair G S 2011 Raman assessment of bone quality Clin. Orthop. Relat.
Res. 469 2160–9

[371] Carden A and Morris M D 2000 Application of vibrational spectroscopy to the study of
mineralized tissues (review) J. Biomed. Opt. 5 259–68

[372] Draper E R C, Morris M D, Camacho N P, Matousek P, Towrie M, Parker A W and
Goodship A E 2005 Novel assessment of bone using time-resolved transcutaneous Raman
spectroscopy J. Bone Miner. Res. 20 1968–72

[373] McCreadie B R, Morris M D, Chen T, Rao D S, Finney W F, Widjaja E and Goldstein S A
2006 Bone tissue compositional differences in women with and without osteoporotic
fracture Bone 39 1190–5

[374] Schulmerich M V, Finney W F, Popescu V, Morris M D, Vanasse T M and Goldstein S A
2006 Transcutaneous fiber optic Raman spectroscopy of bone using annular illumination
and a circular array of collection fibers J. Biomed. Opt. 11 060502

[375] Mandair G S, Esmonde-White F W L, Akhter M P, Swift A M, Kreider J, Goldstein S A,
Recker R R and Morris M D 2010 Potential of Raman spectroscopy for evaluation of bone
quality in osteoporosis patients: results of a prospective study Proc. SPIE 7548 754846

[376] Okagbare P I, Esmonde-White F W L, Goldstein S A and Morris M D 2010 Development
of non-invasive Raman spectroscopy for in vivo evaluation of bone graft osseointegration in
a rat model Analyst 135 3142–6

[377] Esmonde-White F W L and Morris M D 2013 Validating in vivo Raman spectroscopy of
bone in human subjects Proc. SPIE 8565 85656K–1

Analytical Techniques for Biomedical Nanotechnology

https://doi.org/10.1021/ac3006445
https://doi.org/10.1371/journal.pone.0078921
https://doi.org/10.1002/jrs.5108
https://doi.org/10.1007/DCR.0b013e3181fcf68d
https://doi.org/10.1117/12.2042795
https://doi.org/10.1109/TPAMI.2005.127
https://doi.org/10.1364/BOE.8.000524
https://doi.org/10.1002/art.38360
https://doi.org/10.1002/art.38360
https://doi.org/10.1007/s11999-010-1692-y
https://doi.org/10.1117/1.429994
https://doi.org/10.1359/JBMR.050710
https://doi.org/10.1016/j.bone.2006.06.008
https://doi.org/10.1117/1.2400233
https://doi.org/10.1117/12.842515
https://doi.org/10.1039/c0an00566e
https://doi.org/10.1117/12.2005679


[378] Gikas P D, Birch H L, Vinton J, Keen R, Parker A W, Matousek P and Goodship A E
2014 Measurement of abnormal bone composition in vivo using noninvasive Raman
spectroscopy IBMS BoneKEy 11 1–3

[379] Buckley K, Kerns J G, Vinton J, Gikas P D, Smith C, Parker A W, Matousek P and
Goodship A E 2015 Towards the in vivo prediction of fragility fractures with Raman
spectroscopy J. Raman Spectrosc. 46 610–8

[380] Sowoidnich K, Churchwell J, Buckley K, Goodship A E, Parker A W and Matousek P
2016 Photon migration of Raman signal in bone as measured with spatially offset Raman
spectroscopy J. Raman Spectrosc. 47 240–7

[381] Feng G, Ochoa M, Maher J R, Awad H A and Berger A J 2017 Sensitivity of spatially
offset Raman spectroscopy (SORS) to subcortical bone tissue J. Biophotonics 10 990–6

[382] Liao Z, Sinjab F, Gibson G, Padgett M and Notingher I 2016 DMD-based software-
configurable spatially-offset Raman spectroscopy for spectral depth-profiling of optically
turbid samples Opt. Express 24 12701–12

[383] Liao Z, Sinjab F, Nommeots-Nomm A, Jones J, Ruiz-Cantu L, Yang J, Rose F and
Notingher I 2017 Feasibility of spatially offset Raman spectroscopy for in vitro and in vivo
monitoring mineralization of bone tissue engineering scaffolds Anal. Chem. 89 847–53

[384] World Health Organization Malaria https://who.int/malaria/publications/world-malaria-
report-2017/en/ (accessed 5 November 2018)

[385] Weissbuch I and Leiserowitz L 2008 Interplay between malaria, crystalline hemozoin
formation, and antimalarial drug action and design Chem. Rev. 108 4899–914

[386] Crawley J, Chu C, Mtove G and Nosten F 2010 Malaria in children Lancet 375 1468–81
[387] Froch T, Koncarevic S, Zedler L, Schmitt M, Schenzel K, Becker K and Popp J 2007 In situ

localization and structural analysis of the malaria pigment hemozoin J. Phys. Chem. B 111
11047–56

[388] Wood B R, Hermelink A, Lasch P, Bambery K R, Webster G T, Khiavi M A, Cooke B M,
Deed S, Naumann D and McNaughton D 2009 Resonance Raman microscopy in
combination with partial dark-field microscoy lights up a new path in malaria diagnostics
Analyst 134 1119–25

[389] Wood B R et al 2011 Tip-enhanced Raman scattering (TERS) from hemozoin crystals
within a sectioned erythrocyte Nano Lett. 11 1868–73

[390] Newman D M, Heptinstall J, Matelon R J, Savage L, Wears M L, Beddow J, Cox M,
Schallig H D F H andMens P F 2008 A magneto-optic route toward the in vivo diagnosis of
malaria: preliminary results and preclinical trial data Biophys. J. 95 994–1000

[391] Kim C C, Wilson E B and DeRisi J L 2010 Improved methods for magnetic purification of
malaria parasites and haemozoin Malar. J. 9 17–21

[392] Kim J, Oh J and Choi B 2010 Magnetomotive laser speckle imaging J. Biomed. Opt. 15
011110

[393] Gao J, Gu H and Xu B 2009 Multifunctional magnetic nanoparticles: design synthesis, and
biomedical applications Acc. Chem. Res. 42 1097–107

[394] Yuen C and Liu Q 2012 Magnetic field enriched surface enhanced resonance Raman
spectroscopy for early malaria diagnosis J. Biomed. Opt. 17 017005

[395] Wang W, Dong R L, Gu D, He J A, Yi P, Kong S K, Ho H P, Loo J F C, Wang W and
Wang Q 2020 Antibody-free rapid diagnosis of malaria in whole blood with surface-
enhanced Raman spectroscopy using nanostructured gold substrate Adv. Med. Sci. 65
86–92

Analytical Techniques for Biomedical Nanotechnology

https://doi.org/10.1038/bonekey.2014.97
https://doi.org/10.1002/jrs.4706
https://doi.org/10.1002/jrs.4781
https://doi.org/10.1002/jbio.201600317
https://doi.org/10.1364/OE.24.012701
https://doi.org/10.1021/acs.analchem.6b03785
https://who.int/malaria/publications/world-malaria-report-2017/en/
https://who.int/malaria/publications/world-malaria-report-2017/en/
https://doi.org/10.1021/cr078274t
https://doi.org/10.1016/S0140-6736(10)60447-3
https://doi.org/10.1021/jp071788b
https://doi.org/10.1021/jp071788b
https://doi.org/10.1039/b822603b
https://doi.org/10.1021/nl103004n
https://doi.org/10.1529/biophysj.107.128140
https://doi.org/10.1186/1475-2875-9-17
https://doi.org/10.1117/1.3285612
https://doi.org/10.1117/1.3285612
https://doi.org/10.1021/ar9000026
https://doi.org/10.1117/1.JBO.17.1.017005
https://doi.org/10.1016/j.advms.2019.11.004
https://doi.org/10.1016/j.advms.2019.11.004


[396] Buijtels P C, Willemse-Erix H, Petit P, Endtz H P, Puppels G J, Verbrugh H A, van Belkum
A, van Soolingen D and Maquelin K 2008 Rapid identification of mycobacteria by Raman
spectroscopy J. Clin. Microbiol. 46 961–5

[397] Rebrošová K, Šiler M, Samek O, Ruzicka F, Bernatova S, Hola V, Ježek J, Zemánek J,
Sokolová J and Petráš P 2017 Rapid identification of staphylococci by Raman spectroscopy
Sci. Rep. 7 14846

[398] Große C, Bergner N, Dellith J, Heller R, Bauer M, Mellmann A, Popp J and Neugebauer
U 2015 Label-free imaging and spectroscopic analysis of intracellular bacterial infections
Anal. Chem. 87 2137–42

[399] Ho C S, Jean N, Hogan C A, Blackmon L, Jeffrey S S, Holodniy M, Banaei N, Saleh A A
E, Ermon S and Dionne J 2019 Rapid identification of pathogenic bacteria using Raman
spectroscopy and deep learning Nat. Commun. 10 4927

[400] Maquelin K, Choo-Smith L P, Endtz H P, Bruining H and Puppels G 2002 Rapid
identification of Candida species by confocal Raman microspectroscopy J. Clin. Microbiol.
40 594–600

[401] Harz M, Kiehntopf M, Stöckel S, Rösch P, Straube E, Deufel T and Popp J 2009 Direct
analysis of clinical relevant single bacterial cells from cerebrospinal fluid during bacterial
meningitis by means of micro‐Raman spectroscopy J. Biophotonics 2 70–80

[402] Kumar S, Gopinathan R, Kumar Chandra G, Umapathy S and Kumar Saini D Rapid
detection of bacterial infection and viability assessment with high specificity and sensitivity
using Raman micro-spectroscopy Anal. Bioanal. Chem. 412 2505–16

[403] Gracie K, Correa E, Mabbott S, Dougan J A, Graham D, Goodacre R and Faulds K 2014
Simultaneous detection and quantification of three bacterial meningitis pathogens by SERS
Chem. Sci. 5 1030–40

[404] Sivanesan A, Witkowska E, Adamkiewicz W, Dziewit L, Kaminska A and Waluk J 2014
Nanostructured silver–gold bimetallic SERS substrates for selective identification of
bacteria in human blood Analyst 139 1037–43

[405] Kaminska A, Witkowska E, Kowalska A, Skoczynska A, Ronkiewicz P, Szymborski T and
Waluk J 2016 Rapid detection and identification of bacterial meningitis pathogens in
ex vivo clinical samples by SERS method and principal component analysis Anal. Methods
8 4521–9

[406] Yang D T, Zhou H B, Haisch C, Niessner R and Ying Y B 2016 Reproducible E. coli
detection based on label-free SERS and mapping Talanta 146 457–63

[407] Zhou H B, Yang D T, Mircescu N, Ivleva N P, Schwarzmeier K, Wieser A, Schubert S,
Niessner R and Haisch C 2015 Surface-enhanced Raman scattering detection of bacteria on
microarrays at single cell levels using silver nanoparticles Microchim. Acta 182 2259–66

[408] Zhou H B, Yang D T, Ivleva N P, Mircescu N E, Niessner R and Haisch C 2014 SERS
detection of bacteria in water by in situ coating with Ag nanoparticles Anal. Chem. 86 1525–33

[409] Dina N E, Zhou H, Colnita A, Leopold N, Szoke-Nagy T, Coman C and Haisch C 2017
Rapid single-cell detection and identification of pathogens by using surface-enhanced
Raman spectroscopy Analyst 142 1782–9

[410] Mühlig A et al 2016 LOC-SERS: a promising closed system for the identification of
mycobacteria Anal. Chem. 88 7998–8004

[411] Tong D, Chen C, Zhang J J, Lv G D, Zheng X, Zhang Z and Lv X 2019 Application of
Raman spectroscopy in the detection of hepatitis B virus infection Photodiagn. Photodyn.
Ther. 28 248–52

Analytical Techniques for Biomedical Nanotechnology

https://doi.org/10.1128/JCM.01763-07
https://doi.org/10.1038/s41598-017-13940-w
https://doi.org/10.1021/ac503316s
https://doi.org/10.1038/s41467-019-12898-9
https://doi.org/10.1128/JCM.40.2.594-600.2002
https://doi.org/10.1002/jbio.200810068
https://doi.org/10.1007/s00216-020-02474-2
https://doi.org/10.1039/C3SC52875H
https://doi.org/10.1039/c3an01924a
https://doi.org/10.1039/C6AY01018K
https://doi.org/10.1016/j.talanta.2015.09.006
https://doi.org/10.1007/s00604-015-1570-0
https://doi.org/10.1021/ac402935p
https://doi.org/10.1039/C7AN00106A
https://doi.org/10.1021/acs.analchem.6b01152
https://doi.org/10.1016/j.pdpdt.2019.08.006


[412] Shanmukh S, Jones L, Driskell J, Zhao Y, Dluhy R and Tripp R A 2006 Rapid and
sensitive detection of respiratory virus molecular signatures using a silver nanorod array
SERS substrate Nano Lett. 6 2630–6

[413] Yeh Y T et al 2020 A rapid and label-free platform for virus capture and identification from
clinical samples Proc. Natl Acad. Sci. USA 117 895–901

[414] Park H J, Yang S C and Choo J 2016 Early diagnosis of influenza virus a, using surface‐
enhanced Raman scattering‐based lateral flow assay Bull. Korean Chem. Soc. 37 2019–24

[415] Witkowska E et al 2017 Surface-enhanced Raman spectroscopy introduced into the
International Standard Organization (ISO) regulations as an alternative method for
detection and identification of pathogens in the food industry Anal. Bioanal. Chem. 409
1555–67

[416] Langer J et al 2020 Present and future of surface-enhanced Raman scattering ACS Nano 14
28–117

[417] Wang P, Wang X, Sun Y, Gong G, Fan M and He L 2020 Rapid identification and
quantification of the antibiotic susceptibility of lactic acid bacteria using surface enhanced
Raman spectroscopy Anal. Methods 12 376

[418] Akanny E, Bonhommé A, Commun C, Doleans-Jordheim A, Farre C, Bessueille F,
Bourgeois S and Bordes C 2020 Surface‐enhanced Raman spectroscopy using uncoated
gold nanoparticles for bacteria discrimination J. Raman Spectrosc. 51 619–29

[419] Prakash O, Sil S, Verma T and Umapathy S 2020 Direct detection of bacteria using
positively charged Ag/Au bimetallic nanoparticles: a label-free surface-enhanced Raman
scattering study coupled with multivariate analysis J. Phys. Chem. C 124 861–9

[420] Sohail A, Khan S, Ullah R, Qureshi S A, Bilal M and Khan A 2018 Analysis of hepatitis C
infection using Raman spectroscopy and proximity based classification in the transformed
domain Biomed. Opt. Express 9 2041–55

[421] Shanmukh S, Jones L, Zhao Y P, Driskell J D, Tripp R A and Dluhy R A 2008
Identification and classification of respiratory syncytial virus (RSV) strains by surface-
enhanced Raman spectroscopy and multivariate statistical techniques Anal. Bioanal. Chem.
390 1551–5

[422] Lim J Y, Nam J S, Shin H, Park J, Song H I, Kang M, Lim K I and Choi Y 2019
Identification of newly emerging influenza viruses by detecting the virally infected cells
based on surface enhanced Raman spectroscopy and principal component analysis Anal.
Chem. 91 5677–84

[423] Moor K, Terada Y, Taketani A, Matsuyoshi H, Ohtani K and Sato H 2018 Early detection
of virus infection in live human cells using Raman spectroscopy J. Biomed. Opt. 23 1–7

[424] Ambartsumyan O, Gribanyov D, Kukushkin V, Kopylov A and Zavyalova E 2020 SERS-
based biosensors for virus determination with oligonucleotides as recognition elements Int.
J. Mol. Sci. 21 3373

[425] Negri P, Chen G, Kage A, Nitsche A, Naumann D, Xu B and Dluhy R A 2012 Direct
optical detection of viral nucleoprotein binding to an anti-influenza aptamer Anal. Chem. 84
5501–8

[426] Negri P, Kage A, Nitsche A, Naumann D and Dluhy R A 2011 Detection of viral
nucleoprotein binding to anti-influenza aptamers via SERS Chem. Commun. 47 8635–7

[427] Kukushkin V I, Ivanov N M, Novoseltseva A A, Gambaryan A S, Yaminsky I V, Kopylov
A M and Zavyalova E G 2019 Highly sensitive detection of influenza virus with SERS
aptasensor PLoS One 14 e0216247

Analytical Techniques for Biomedical Nanotechnology

https://doi.org/10.1021/nl061666f
https://doi.org/10.1073/pnas.1910113117
https://doi.org/10.1002/bkcs.11021
https://doi.org/10.1007/s00216-016-0090-z
https://doi.org/10.1007/s00216-016-0090-z
https://doi.org/10.1021/acsnano.9b04224
https://doi.org/10.1021/acsnano.9b04224
https://doi.org/10.1039/C9AY01659G
https://doi.org/10.1002/jrs.5827
https://doi.org/10.1021/acs.jpcc.9b09311
https://doi.org/10.1364/BOE.9.002041
https://doi.org/10.1007/s00216-008-1851-0
https://doi.org/10.1021/acs.analchem.8b05533
https://doi.org/10.1117/1.JBO.23.9.097001
https://doi.org/10.3390/ijms21093373
https://doi.org/10.1021/ac202427e
https://doi.org/10.1021/ac202427e
https://doi.org/10.1039/c0cc05433j
https://doi.org/10.1371/journal.pone.0216247


[428] Kang T, Yoo S M, Yoon I, Lee S Y and Kim B 2010 Patterned multiplex pathogen DNA
detection by Au particle-on-wire SERS sensor Nano Lett. 10 1189–93

[429] Tadesse L F, Safir F, Ho C S, Hasbach X, Khuri-Yakub B, Jeffrey S S, Saleh A A E and
Dionne J 2020 Toward rapid infectious disease diagnosis with advances in surface-enhanced
Raman spectroscopy J. Chem. Phys. 152 240902

[430] Olschewski K, Kammer E, Stockel S, Bocklitz T, Deckert-Gaudig T, Zell R, Cialla-May D,
Weber K, Deckert V and Popp J 2015 A manual and an automatic TERS based virus
discrimination Nanoscale 7 4545–52

[431] Li L, Yang H J, Liu D C, He H B, Wang C F, Zhong J F, Gao Y D and Zeng Y J 2012
Analysis of biofilms formation and associated genes detection in Staphylococcus isolates
from bovine mastitis Int. J. Appl. Res. Vet. Med. 10 62–8

[432] Xie S and Zhou J 2017 Harnessing plant biodiversity for the discovery of novel anticancer
drugs targeting microtubules Front. Plant Sci. 8 720

[433] Zhou L, Zhou J, Feng Z, Wang F Y, Xie S S and Bu S Z 2016 Immunoassay for tumor
markers in human serum based on Si nanoparticles and SiC@Ag SERS-active substrate
Analyst 141 2534–41

[434] Zhang Z, Wang Q, Han L, Du S, Yu H and Zhang H 2018 Rapid and sensitive detection of
Salmonella typhimurium based on the photothermal effect of magnetic nanomaterials Sens.
Actuators B 268 188–94

[435] Black D M, Robles G, Lopez P, Bach S B H, Alvarez M and Whetten R L 2018 Liquid
chromatography separation and mass spectrometry detection of silver-lipoate Ag29(LA)12
nanoclusters: evidence of isomerism in the solution phase Anal. Chem. 90 2010–7

[436] Sun Z, Lv J, Liu X, Tang Z, Wang X, Xu Y and Hammock B D 2018 Development of a
nanobody-AviTag fusion protein and its application in a streptavidin–biotin-amplified
enzyme-linked immunosorbent assay for ochratoxin A in cereal Anal. Chem. 90 10628–34

[437] Deng Y Q, Feng Z T, Yuan F, Guo J R, Suo S S and Wang B S 2015 Identification and
functional analysis of the autofluorescent substance in limonium bicolor salt glands Plant
Physiol. Biochem. 97 20–7

[438] Yuan F, Chen M, Leng B Y and Wang B S 2013 An efficient auto-fluorescence method for
screening limonium bicolor mutants for abnormal salt gland density and salt secretion S.
Afr. J. Bot. 88 110–7

[439] Guo F D, Liu C L, Xia H, Bi Y P, Zhao C Z, Zhao S Z, Hou L, Li F G and Wang X J 2013
Induced expression of AtLEC1 and AtLEC2 differentially promotes somatic embryogenesis
in transgenic tobacco plants PLoS One 8 e71714

[440] Li X Z, Yang T Y, Li C S, Jin L L, Lou H and Song Y T 2018 Prenatal detection of
thalassemia by cell-free fetal DNA (cffDNA) in maternal plasma using surface enhanced
Raman spectroscopy combined with PCR Biomed. Opt. Express 9 3167–76

[441] Carey P R 1985 Modern Physical Methods in Biochemistry vol 11 ed A Neuberger and L L
M van Deenen (New York: Academic) pp 27–64

[442] Czamara K, Majzner K, Pacia M Z, Kochan K, Kaczor A and Baranska M 2015 Raman
spectroscopy of lipids: a review J. Raman Spectrosc. 46 4–20

[443] Nieva C, Marro M, Santana-Codina N, Rao S, Petrov D and Sierr A 2012 The lipid
phenotype of breast cancer cells characterized by Raman microspectroscopy: towards a
stratification of malignancy PLoS One 7 e46456

[444] Singh S P and Krishna C M 2014 Raman spectroscopic studies of oral cancers: correlation
of spectral and biochemical markers Anal. Methods 6 8613–20

Analytical Techniques for Biomedical Nanotechnology

https://doi.org/10.1021/nl1000086
https://doi.org/10.1063/1.5142767
https://doi.org/10.1039/C4NR07033J
https://doi.org/10.5897/AJB11.081
https://doi.org/10.3389/fpls.2017.00720
https://doi.org/10.1039/C6AN00003G
https://doi.org/10.1016/j.snb.2018.04.043
https://doi.org/10.1021/acs.analchem.7b04104
https://doi.org/10.1021/acs.analchem.8b03085
https://doi.org/10.1016/j.plaphy.2015.09.007
https://doi.org/10.1016/j.sajb.2013.06.007
https://doi.org/10.1371/journal.pone.0071714
https://doi.org/10.1364/BOE.9.003167
https://doi.org/10.1002/jrs.4607
https://doi.org/10.1371/journal.pone.0046456
https://doi.org/10.1039/C4AY01615G


[445] Munchberg U, Wagner L, Rohrer C, Voigt K, Rosch P, Jahreis G and Popp J 2015
Quantitative assessment of the degree of lipid unsaturation in intact Mortierella by Raman
microspectroscopy Anal. Bioanal. Chem. 407 3303–11

[446] Münchberg U, Wagner L, Spielberg E T, Voigt K, Rösch P and Popp J 2013 Spatially
resolved investigation of the oil composition in single intact hyphae of Mortierella spp. with
micro-Raman spectroscopy BBA Mol. Cell Biol. Lipids 1831 341–9

[447] Brazhe N A, Nikelshparg E I, Prats C, Dela F and Sosnovtseva O 2017 Raman probing of
lipids, proteins, and mitochondria in skeletal myocytes: a case study on obesity J. Raman
Spectrosc. 48 1158–65

[448] Wu H, Volponi J V, Oliver A E, Parikh A N, Simmons B A and Singh S 2011 In vivo
lipidomics using single-cell Raman spectroscopy Proc. Natl Acad. Sci. USA 108 3809–14

[449] Suga K, Yoshida T, Ishii H, Okamoto Y, Nagao D, Konno M and Umakoshi H 2015
Membrane surface-enhanced Raman spectroscopy for sensitive detection of molecular
behavior of lipid assemblies Anal. Chem. 87 4772–80

[450] Ramya A N, Ambily P S, Sujitha B S, Arumugam M and Maiti K K 2017 Single cell lipid
profiling of Scenedesmus quadricauda CASA-CC202 under nitrogen starved condition by
surface enhanced Raman scattering (SERS) fingerprinting Algal Res 25 200–6

[451] Müller M and Schins J M 2002 Imaging the thermodynamic state of lipid membranes with
multiplex CARS microscopy J. Phys. Chem. B 106 3715–23

[452] Wurpel G W H, Schins J M and Müller M 2004 Direct measurement of chain order in
single phospholipid monoandbi layers with multiplex CARS J. Phys. Chem. B 108 3400–3

[453] Cheng J X, Volkmer A, Book L D and Xie X S 2002 Multiplex coherent anti-Stokes Raman
scattering microspectroscopy and study of lipid vesicles J. Phys. Chem. B 106 8493–8

[454] Rinia H A, Bonn M, Müller M and Vartiainen E M 2007 Quantitative CARS spectroscopy
using the maximum entropy method: the main lipid phase transition ChemPhysChem. 8
279–87

[455] Schulz G E and Schirmer R H (ed) 1979 Principles of Protein Structure (New York:
Springer)

[456] De Las Rivas J and de Luis A 2004 Interactome data and databases: different types of
protein interaction Comp. Funct. Genomics 5 173–8

[457] Gonzalez MW and Kann M G 2012 Protein interactions and disease PLoS Comput. Biol. 8
e1002819

[458] Chaudhuri T K and Paul S 2006 Protein-misfolding diseases and chaperone-based
therapeutic approaches FEBS J. 273 1331–49

[459] Hartl F U 2017 Protein misfolding diseases Annu. Rev. Biochem. 86 21–6
[460] Niaura G 2014 Encyclopedia of Analytical Chemistry (Chichester: Wiley) pp 1–34
[461] Rygula A, Majzner K and Marzec K M 2013 Raman spectroscopy of proteins: a review J.

Raman Spectrosc. 44 1061–76
[462] Mikhonin A V, Bykov S V, Myshakina N S and Asher S A 2006 Peptide secondary

structure folding reaction coordinate: correlation between UV Raman amide III frequency,
Ψ Ramachandran angle, and hydrogen bonding J. Phys. Chem. B 110 1928–43

[463] Thomas G J Jr 2002 New structural insights from Raman Spectroscopy of proteins and
their assemblies Biopolymers 67 214–25

[464] Zeinabad H A, Kachooei E, Saboury A A, Kostova I, Attar F, Vaezzadeh M and Falahati
M 2016 Thermodynamic and conformational changes of protein toward interaction with
nanoparticles: a spectroscopic overview RSC Adv. 6 105903–19

Analytical Techniques for Biomedical Nanotechnology

https://doi.org/10.1007/s00216-015-8544-2
https://doi.org/10.1016/j.bbalip.2012.09.015
https://doi.org/10.1002/jrs.5182
https://doi.org/10.1073/pnas.1009043108
https://doi.org/10.1021/ac5048532
https://doi.org/10.1016/j.algal.2017.05.011
https://doi.org/10.1021/jp014012y
https://doi.org/10.1021/jp037629j
https://doi.org/10.1021/jp025771z
https://doi.org/10.1002/cphc.200600481
https://doi.org/10.1002/cphc.200600481
https://doi.org/10.1002/cfg.377
https://doi.org/10.1371/journal.pcbi.1002819
https://doi.org/10.1371/journal.pcbi.1002819
https://doi.org/10.1111/j.1742-4658.2006.05181.x
https://doi.org/10.1146/annurev-biochem-061516-044518
https://doi.org/10.1002/jrs.4335
https://doi.org/10.1021/jp054593h
https://doi.org/10.1002/bip.10105
https://doi.org/10.1039/C6RA16422F


[465] Reymond-Laruinaz S, Saviot L, Potin V and Marco de Lucas M D C 2016 Protein–
nanoparticle interaction in bioconjugated silver nanoparticles: a transmission electron
microscopy and surface enhanced Raman spectroscopy study Appl. Surf. Sci. 389 17–24

[466] Panikkanvalappil S R and El-Sayed M A 2014 Gold-nanoparticle-decorated hybrid
mesoflowers: an efficient surface-enhanced Raman scattering substrate for ultratrace
detection of prostate specific antigen J. Phys. Chem. B 118 14085–91

[467] Buividas R, Dzingelevicius N, Kubiliute R, Stoddart P R, Truong V K, Ivanova E P and
Juodkazis S 2015 Statistically quantified measurement of an Alzheimer’s marker by surface-
enhanced Raman scattering J. Biophotonics 8 567–74

[468] El-Said W A, Fouad D M and El-Safty S A 2016 Ultrasensitive label-free detection of
cardiac biomarker myoglobin based on surface-enhanced Raman spectroscopy Sensors
Actuators B 228 401–9

[469] Xu L J, Zong C, Zheng X S, Hu P, Feng J M and Ren B 2014 Label-free detection of native
proteins by surface-enhanced Raman spectroscopy using iodide-modified nanoparticles
Anal. Chem. 86 2238–45

[470] Matteini P, Cottat M, Tavanti F, Panfilova E, Scuderi M, Nicotra G, Menziani M C,
Khlebtsov N, de Angelis M and Pini R 2017 Site-selective surface-enhanced Raman
detection of proteins ACS Nano 11 918–26

[471] Grubisha D S, Lipert R J, Park H, Driskell J and Porter M D 2003 Femtomolar detection
of prostate-specific antigen: an immunoassay based on surface-enhanced Raman scattering
and immunogold labels Anal. Chem. 75 5936–43

[472] Ramya A N, Joseph M M, Nair J B, Karunakaran V, Narayanan N and Maiti K K 2016
New insight of tetraphenylethylene-based Raman signatures for targeted SERS nanoprobe
construction toward prostate cancer cell detection ACS Appl. Mater. Interfaces 8 10220–5

[473] Krasnoslobodtsev A V, Torres M P, Kaur S, Vlassiouk I V, Lipert R J, Jain M, Batra S K
and Lyubchenko Y L 2015 Nano-immunoassay with improved performance for detection
of cancer biomarkers Nanomedicine 11 167–73

[474] Xu L, Zhao S, Ma W, Wu X, Li S, Kuang H, Wang L and Xu C 2016 Multigaps embedded
nanoassemblies enhance in situ Raman spectroscopy for intracellular telomerase activity
sensing Adv. Funct. Mater. 26 1602–8

[475] Craig D, Simpson J, Faulds K and Graham D 2003 Formation of SERS active nanoparticle
assemblies via specific carbohydrate–protein interactions Chem. Commun. 49 30–2

[476] Robson A F, Hupp T R, Lickiss F, Ball K L, Faulds K and Graham D 2012 Nanosensing
protein allostery using a bivalent mouse double minute (MDM2) assay Proc. Natl Acad.
Sci. USA 109 8073–8

[477] Torres Filho I P, Terner J, Pittman R N, Prott E and Ward K R 2008 Measurement of
hemoglobin oxygen saturation using Raman microspectroscopy and 532-nm excitation J.
Appl. Physiol. 104 1809–17

[478] Torres Filho I P, Nguyen NM, Jivani R, Terner J, Romfh P, Vakhshoori D and Ward K R
2016 Oxygen saturation monitoring using resonance Raman spectroscopy J. Surg. Res. 201
425–31

[479] Ward K R, Barbee RW, Reynolds P S, Torres Filho I P, Tiba M H, Torres L, Pittman R N
and Terner J 2007 Oxygenation monitoring of tissue vasculature by resonance Raman
spectroscopy Anal. Chem. 79 1514–8

Analytical Techniques for Biomedical Nanotechnology

https://doi.org/10.1016/j.apsusc.2016.07.082
https://doi.org/10.1021/jp505204f
https://doi.org/10.1002/jbio.201400017
https://doi.org/10.1016/j.snb.2016.01.041
https://doi.org/10.1021/ac403974n
https://doi.org/10.1021/acsnano.6b07523
https://doi.org/10.1021/ac034356f
https://doi.org/10.1021/acsami.6b01908
https://doi.org/10.1016/j.nano.2014.08.012
https://doi.org/10.1002/adfm.201504587
https://doi.org/10.1039/C2CC36949D
https://doi.org/10.1073/pnas.1116637109
https://doi.org/10.1152/japplphysiol.00025.2008
https://doi.org/10.1016/j.jss.2015.12.001
https://doi.org/10.1016/j.jss.2015.12.001
https://doi.org/10.1021/ac061072x


[480] Brazhe N A, Thomsen K, Lønstrup M, Brazhe A R, Nikelshparg E I, Maksimov G V,
Lauritzen M and Sosnovtseva O 2018 Monitoring of blood oxygenation in brain by
resonance Raman spectroscopy J. Biophotonics 11 e201700311

[481] Wood B R, Caspers P, Puppels G J, Pandiancherri S and McNaughton D 2007 Resonance
Raman spectroscopy of red blood cells using near-infrared laser excitation Anal. Bioanal.
Chem. 387 1691–703

[482] Chowdhury A, Dasgupta R and Majumder S K 2017 Changes in hemoglobin–oxygen
affinity with shape variations of red blood cells J. Biomed. Opt. 22 1–9

[483] Rusciano G, De Luca A, Pesce G and Sasso A 2008 Raman Tweezers as a diagnostic tool
of hemoglobin-related blood disorders Sensors 8 7818–32

[484] Atkins C G, Buckley K, Blades MW and Turner R F B 2017 Raman spectroscopy of blood
and blood components Appl. Spectrosc. 71 767–93

[485] Lombardi J R and Birke R L A 2009 Unified view of surface-enhanced Raman scattering
Acc. Chem. Res. 42 734–42

[486] Murgida D H and Hildebrandt P 2004 Electron-transfer processes of cytochrome c at
interfaces. New insights by surface-enhanced resonance Raman spectroscopy Acc. Chem.
Res. 37 854–61

[487] Sezer M, Genebra T, Mendes S, Martins L O and Todorovic S 2012 A DyP-type peroxidase
at a bio-compatible interface: structural and mechanistic insights Soft Matter 8 10314–21

[488] Siebert F and Hildebrandt P 2007 Vibrational Spectroscopy in Life Science (Weinheim:
Wiley-VCH)

[489] Spiro T G and Li X Y 1988 Resonance Raman Spectroscopy of Metalloproteins vol 3 ed T
G Spiro (New York: Wiley) pp 1–95

[490] Rousseau D L and Han S 2002 Time-resolved resonance Raman spectroscopy of
intermediates in cytochrome oxidase Methods Enzymol. 354 351–68

[491] Catarino T, Pessanha M, de Candia A G, Gouveia Z, Fernandes A P, Pokkuluri P R,
Murgida D, Marti M A, Todorovic S and Salgueiro C A 2010 Probing the chemotaxis
periplasmic sensor domains from Geobacter sulfurreducens by combined resonance Raman
and molecular dynamic approaches: NO and CO sensing J. Phys. Chem. B 114 11251–60

[492] Capdevila D A, Marmisolle W A, Tomasina F, Demicheli V, Portela M, Rafael R and
Murgida D H 2015a Specific methionine oxidation of cytochrome c in complexes with
zwitterionic lipids by hydrogen peroxide: potential implications for apoptosis Chem. Sci. 6
705–13

[493] Capdevila D A, Rouco S O, Tomasina F, Tortora V, Demicheli V, Radi R and Murgida D
H 2015b Active site structure and peroxidase activity of oxidatively modified cytochrome c
species in complexes with cardiolipin Biochemistry 54 7491–504

[494] Todorovic S, Hildebrandt P and Martins L O 2015 Surface enhanced resonance Raman
detection of a catalytic intermediate of DyP-type peroxidase Phys. Chem. Chem. Phys. 17
11954–7

[495] Todorovic S, Pereira M M, Bandeiras T M, Teixeira M, Hildebrandt P and Murgida D H
2005 Midpoint potentials of hemes a and a3 in the quinol oxidase from Acidianus
ambivalens are inverted J. Am. Chem. Soc. 127 13561–6

[496] Todorovic S, Jung C, Hildebrandt P and Murgida D H 2006 Conformational transitions
and redox potential shifts of cytochrome P450 induced by immobilization J. Biol. Inorg.
Chem. 11 119–27

Analytical Techniques for Biomedical Nanotechnology

https://doi.org/10.1002/jbio.201700311
https://doi.org/10.1007/s00216-006-0881-8
https://doi.org/10.1117/1.JBO.22.10.105006
https://doi.org/10.3390/s8127818
https://doi.org/10.1177/0003702816686593
https://doi.org/10.1021/ar800249y
https://doi.org/10.1021/ar0400443
https://doi.org/10.1039/c2sm26310f
https://doi.org/10.1016/S0076-6879(02)54028-3
https://doi.org/10.1021/jp1029882
https://doi.org/10.1039/C4SC02181A
https://doi.org/10.1039/C4SC02181A
https://doi.org/10.1021/acs.biochem.5b00922
https://doi.org/10.1039/C5CP01283J
https://doi.org/10.1039/C5CP01283J
https://doi.org/10.1021/ja052921l
https://doi.org/10.1007/s00775-005-0054-9


[497] Todorovic S, Rodrigues M L, Matos D and Pereira I A C 2012 Redox properties of lysine-
and methionine coordinated hemes ensure downhill electron transfer in NrfH2A4 nitrite
reductase J. Phys. Chem. B 116 5637–43

[498] Murgida D H and Hildebrandt P 2008 Disentangling interfacial redox processes of proteins
by SERR spectroscopy Chem. Soc. Rev. 37 937–45

[499] Sezer M, Spricigo R, Utesch T, Millo D, Leimkuehler S, Mroginski M A, Wollenberger U,
Hildebrandt P and Weidinger I M 2010 Redox properties and catalytic activity of surface-
bound human sulfite oxidase studied by a combined surface enhanced resonance Raman
spectroscopic and electrochemical approach Phys. Chem. Chem. Phys. 12 7894–903

[500] Sezer M, Santos A, Kielb P, Pinto T, Martins L O and Todorovic S 2013 Distinct structural
and redox properties of the heme active site in bacterial dye decolorizing peroxidase-type
peroxidases from two subfamilies: resonance Raman and electrochemical study
Biochemistry 52 3074–84

[501] Sezer M, Kielb P, Kuhlmann U, Mohrmann H, Schulz C, Heinrich D, Schlesinger R,
Heberle J and Weidinger I M 2015 Surface enhanced resonance Raman spectroscopy
reveals potential induced redox and conformational changes of cytochrome c oxidase on
electrodes J. Phys. Chem. B 119 9586–91

[502] Silveira C M, Quintas P O, Moura I, Moura J J G, Hildebrandt P, Almeida M G and
Todorovic S 2015 SERR spectro electrochemical study of cytochrome cd1 nitrite reductase
co-immobilized with physiological redox partner cytochrome c552 on biocompatible metal
electrodes PLoS One 10 e0129940

[503] Silveira C M, Castro M A, Dantas J M, Salgueiro C, Murgida D H and Todorovic S 2017
Structure, electrocatalysis and dynamics of immobilized cytochrome PccH and its micro-
peroxidase Phys. Chem. Chem. Phys. 19 8908–18

[504] Molinas M F, de Candia A, Szajnman S H, Rodríguez J B, Martí M, Pereira M, Teixeira
M, Todorovic S and Murgida D H 2011 Electron transfer dynamics of Rhodothermus
marinus caa3 cytochrome c domains on biomimetic films Phys. Chem. Chem. Phys. 13
18088–98

[505] Todorovic S and Murgida D H 2016 Encyclopedia of Analytical Chemistry: Applications,
Theory and Instrumentation ed R A Meyers (Chichester: Wiley) pp 1–29

[506] Murgida D H and Hildebrandt P 2001 Active-site structure and dynamics of cytochrome c
immobilized on self-assembled monolayers: a time-resolved surface enhanced resonance
Raman spectroscopic study Angew. Chem. Int. Ed. 40 728–31

[507] Todorovic S, Verissimo A, Wisitruangsakul N, Zebger I, Hildebrandt P, Pereira M M,
Teixeira M and Murgida D H 2008 SERR-spectroelectrochemical study of a cbb3 oxygen
reductase in a biomimetic construct J. Phys. Chem. B 112 16952–9

[508] Okada M, Smith N I, Palonpon A F, Endo H, Kawata S, Sodeoka M and Fujita K 2012
Label-free Raman observation of cytochrome c dynamics during apoptosis Proc. Natl
Acad. Sci. USA 109 28–32

[509] Van Manen H J, Kraan Y M, Roos D and Otto C 2004 Intracellular chemical imaging of
heme-containing enzymes involved in innate immunity using resonance Raman microscopy
J. Phys. Chem. B 108 18762–71

[510] Christophersen P C, Birch D, Saarinen J, Isomäki A, Nielsen H M, Yang M, Strachan C J
and Mu H 2015 Investigation of protein distribution in solid lipid particles and its impact
on protein release using coherent anti-Stokes Raman scattering microscopy J. Control.
Release 197 111–20

Analytical Techniques for Biomedical Nanotechnology

https://doi.org/10.1021/jp301356m
https://doi.org/10.1039/b705976k
https://doi.org/10.1039/b927226g
https://doi.org/10.1021/bi301630a
https://doi.org/10.1021/acs.jpcb.5b03206
https://doi.org/10.1371/journal.pone.0129940
https://doi.org/10.1039/C6CP08361G
https://doi.org/10.1039/c1cp21925a
https://doi.org/10.1039/c1cp21925a
https://doi.org/10.1002/1521-3773(20010216)40:4%3C728::AID-ANIE7280%3E3.0.CO;2-P
https://doi.org/10.1021/jp807862m
https://doi.org/10.1073/pnas.1107524108
https://doi.org/10.1021/jp046955b
https://doi.org/10.1016/j.jconrel.2014.10.023


[511] Rygula A, Majzner K, Marzec K M, Kaczor A, Pilarczyk M and Baranska M 2013 Raman
spectroscopy of proteins: a review J. Raman Spectrosc. 44 1061–76

[512] Benecky M, Li T J, Schmidt J, Frerman F, Watters K L and McFarland J 1997 Resonance
Raman study of flavins and the flavoprotein fatty acyl coenzyme A dehydrogenase
Biochemistry 18 3471–6

[513] Gall A, Pascal A A and Robert B 2015 Vibrational techniques applied to photosynthesis:
resonance Raman and fluorescence line-narrowing Biochim. Biophys. Acta 1847 12–8

[514] Tschirner N, Schenderlein M, Brose K, Schlodder E, Mroginski M A, Thomsena C and
Hildebrandt P 2009 Resonance Raman spectra of beta-carotene in solution and in
photosystems revisited: an experimental and theoretical study Phys. Chem. Chem. Phys.
11 11471–8

[515] Carey P R 2006 Raman crystallography and other biochemical applications of Raman
microscopy Annu. Rev. Phys. Chem. 57 527–54

[516] Bandekar J 1992 Amide modes and protein conformation Biochim. Biophys. Acta 1120
123–43

[517] Yu N T and Jo B H 1973 Comparison of protein structure in crystals and in solution by
laser Raman scattering: I. Lysozyme Arch. Biochem. Biophys. 156 469–74

[518] Frontzek A V, Paccou L, Guinet Y and Hédoux A 2016 Study of the phase transition in
lysozyme crystals by Raman spectroscopy Biochim. Biophys. Acta 1860 412–23

[519] Zabelskii D V 2018 Ambiguities and completeness of SAS data analysis: investigations of
apoferritin by SAXS/SANS EID and SEC-SAXS methods J. Phys.: Conf. Ser. 994 012017

[520] Vlasov A V et al 2014 Protein structure and structural ordering versus concentration
dependence FEBS J. 281 593–4

[521] Vlasov A V, Ryzhykau Y L, Gordeliy V I and Kuklin A I 2017 Spinach ATP-synthases
form dimers in nanodiscs. Small-angle X-ray and neutron scattering investigations FEBS J.
284 87

[522] Kuklin A I et al 2018 SANS investigations of biological objects on a YuMO spectrometer:
results and possibilities J. Bioenerg. Biomembr. 50 555

[523] Murugova T N et al 2015 Low resolution structural studies of apoferritin via SANS and
SAXS: the effect of concentration J. Optoelectron. Adv. Mater. 17 1397–402

[524] Kazantsev A S et al SAXS studies of apoferritin in diff erent pH with consideration of
dimers J. Bioenerg. Biomembr. 50 467–603

[525] Arzumanyan G, Doroshkevich N V, Mamatkulov K, Shashkov S, Zinovev E V, Vlasov A,
Round E and Gordeliy V 2016 Highly sensitive coherent anti-Stokes Raman scattering
imaging of protein crystals J. Am. Chem. Soc. 138 13457–60

[526] Benevides J M, Overman S A and Thomas G J Jr 2005 Raman, polarized Raman and
ultraviolet resonance Raman spectroscopy of nucleic acids and their complexes J. Raman
Spectrosc. 36 279–99

[527] Lord R C and Thomas G J Jr 1967 Raman studies of nucleic acids. II. Aqueous purine and
pyrimidine mixtures Biochim. Biophys. Acta 142 1–11

[528] Denbigh J L et al 2017 Probing the action of a novel anti-leukaemic drug therapy at the
single cell level using modern vibrational spectroscopy techniques Sci. Rep. 7 2649

[529] Dutta A, Gautam R, Chatterjee S, Ariese F, Sikdar S K and Umapathy S 2015 Ascorbate
protects neurons against oxidative stress: a Raman microspectroscopic study ACS Chem.
Neurosci. 6 1794–801

Analytical Techniques for Biomedical Nanotechnology

https://doi.org/10.1002/jrs.4335
https://doi.org/10.1021/bi00583a006
https://doi.org/10.1016/j.bbabio.2014.09.009
https://doi.org/10.1039/b917341b
https://doi.org/10.1146/annurev.physchem.57.032905.104521
https://doi.org/10.1016/0167-4838(92)90261-B
https://doi.org/10.1016/0167-4838(92)90261-B
https://doi.org/10.1016/0003-9861(73)90296-8
https://doi.org/10.1016/j.bbagen.2015.10.020
https://doi.org/10.1088/1742-6596/994/1/012017
https://doi.org/10.1021/jacs.6b04464
https://doi.org/10.1002/jrs.1324
https://doi.org/10.1016/0005-2787(67)90510-2
https://doi.org/10.1038/s41598-017-02069-5
https://doi.org/10.1021/acschemneuro.5b00106


[530] Benevides J M and Thomas G J 1983 Characterization of DNA structures by Raman
spectroscopy: high-salt and low-salt forms of double helical poly(dG-dC) in H2O and D2O
solutions and application to B, Z and A-DNA Nucleic Acids Res. 11 5747–61

[531] Nishimura Y, Tsuboi M, Sato T and Aoki K 1986 Conformation-sensitive Raman lines of
mononucleotides and their use in a structure analysis of polynucleotides: guanine and
cytosine nucleotides J. Mol. Struct. 146 123–53

[532] Serban D, Benevides J M and Thomas G J 2002 DNA secondary structure and Raman
markers of supercoiling in Escherichia coli plasmid pUC19 Biochemistry 41 847–53

[533] Deng H, Bloomfield V A, Benevides J M and Thomas G J 1999 Dependence of the Raman
signature of genomic B-DNA on nucleotide base sequence Biopolymers 50 656–66

[534] Wang X et al 2012 The relationship between the variants of the bovine MBL2 gene and
milk production traits, mastitis, serum MBL-C levels and complement activity Vet.
Immunol. Immunopathol. 148 311–9

[535] Li H, Zhang F M, Guo H Y, Zhu Y Y, Yuan J D, Yang G W and An L G 2013 Molecular
characterization of hepcidin gene in common carp (Cyprinus carpio L.) and its expression
pattern responding to bacterial challenge Fish Shellfish Immunol. 35 1030–8

[536] Shan S J, Liu D Z, Wang L, Zhu Y Y, Zhang F M, Li T, An L G and Yang G W 2015
Identification and expression analysis of irak1 gene in common carp Cyprinus carpio L.:
Indications for a role of antibacterial and antiviral immunity J. Fish Biol. 87 241–55

[537] Thorogood H, Waters T R, Parker A W, Wharton C W and Connolly B A 1996 Resonance
Raman spectroscopy of 4-thiothymidine and oligodeoxynucleotides containing this base
both free in solution and bound to the restriction endonuclease EcoRV Biochemistry 35
8723–33

[538] Toyama A, Miyagawa Y, Yoshimura A, Fujimoto N and Takeuchi H 2001
Characterization of individual adenine residues in DNA by a combination of site-selective
C8-deuteration and UV resonance Raman difference spectroscopy J. Mol. Struct. 598
85–91

[539] Tsuboi M, Kubo Y, Ikeda T, Overman S A, Osman O and Thomas G J 2003 Protein and
DNA residue orientations in the filamentous virus Pf1 determined by polarized Raman and
polarized FTIR spectroscopy Biochemistry 42 940–50

[540] Thomas G J, Benevides J M, Overman S A, Ueda T, Ushizawa K, Saitoh M and Tsuboi M
1995 Polarized Raman spectra of oriented fibers of A DNA and B DNA: anisotropic and
isotropic local Raman tensors of base and backbone vibrations Biophys. J. 68 1073–88

[541] Tsuboi M, Benevides J M and Thomas G J 2007 The complex of ethidium bromide with
genomic DNA: structure analysis by polarized Raman spectroscopy Biophys. J. 92 928–34

[542] Friedman S J and Terentis A C 2016 Analysis of G-quadruplex conformations using
Raman and polarized Raman spectroscopy J. Raman Spectrosc. 47 259–68

[543] Yu J, Jeon J, Choi N, Lee J O, Kim Y P and Choo J 2017 SERS-based genetic assay for
amplification-free detection of prostate cancer specific PCA3 mimic DNA Sens. Actuators B
251 302–9

[544] Wang R, Kim K, Choi N, Wang X, Lee J, Jeon J H, Rhie G E and Choo J 2018 Highly
sensitive detection of high-risk bacterial pathogens using SERS-based lateral flow assay
strips Sens. Actuators B 270 72–9

[545] Qian Y, Fan T T, Yao Y, Shi X, Liao X J, Zhou F Y and Gao F L 2018 Label-free and
Raman dyes-free surface-enhanced Raman spectroscopy for detection of DNA Sens.
Actuators B 254 483–9

Analytical Techniques for Biomedical Nanotechnology

https://doi.org/10.1093/nar/11.16.5747
https://doi.org/10.1016/0022-2860(86)80288-5
https://doi.org/10.1021/bi011004z
https://doi.org/10.1002/(SICI)1097-0282(199911)50:6%3C656::AID-BIP10%3E3.0.CO;2-9
https://doi.org/10.1016/j.vetimm.2012.06.017
https://doi.org/10.1016/j.fsi.2013.07.001
https://doi.org/10.1111/jfb.12714
https://doi.org/10.1021/bi960230j
https://doi.org/10.1021/bi960230j
https://doi.org/10.1016/S0022-2860(01)00808-0
https://doi.org/10.1016/S0022-2860(01)00808-0
https://doi.org/10.1021/bi020566v
https://doi.org/10.1016/S0006-3495(95)80282-1
https://doi.org/10.1529/biophysj.106.093633
https://doi.org/10.1002/jrs.4823
https://doi.org/10.1016/j.snb.2017.05.039
https://doi.org/10.1016/j.snb.2018.04.162
https://doi.org/10.1016/j.snb.2017.07.112


[546] Han B et al 2018 Direct laser scribing of AGNPS@RGO biochip as a reusable SERS sensor
for DNA detection Sens. Actuators B 270 500–7

[547] Ye S J, Wu Y Y, Zhang W, Li N and Tang B 2014 A sensitive SERS assay for detecting
proteins and nucleic acids using a triple-helix molecular switch for cascade signal
amplification Chem. Commun. 50 9409–12

[548] Kammer E, Olschewski K, Bocklitz T, Rosch P, Weber K, Cialla D and Popp J A new
calibration concept for a reproducible quantitative detection based on SERS measurements
in a microfluidic device demonstrated on the model analyte adenine Phys. Chem. Chem.
Phys. 16 9056–63

[549] Shi M L, Zheng J, Tan Y J, Tan G X, Li J S, Li Y H, Li X, Zhou Z G and Yang R H 2015
Ultrasensitive detection of single nucleotide polymorphism in human mitochondrial DNA
utilizing ion-mediated cascade surface-enhanced Raman spectroscopy amplification Anal.
Chem. 87 2734–40

[550] Cao X W, Bao M, Shan Y B, Li W and Shi H C 2017 Rapid detection and identification of
miRNAs by surface- enhanced Raman spectroscopy using hollow au nanoflowers sub-
strates J. Nanomater. 2017 1–11

[551] Driskell J D and Tripp R A 2010 Label-free SERS detection of microRNA based on
affinity for an unmodified silver nanorod array substrate Chem. Commun. 46 3298–300

[552] Zheng J, Bai J H, Zhou Q F, Li J S, Li Y H, Yang J F and Yang R H 2015 DNA-templated
in situ growth of AgNPs on SWNTs: a new approach for highly sensitive SERS assay of
microRNA Chem. Commun. 51 6552–5

[553] Ye S, Wu Y, Zhai X and Tang B 2015 Asymmetric signal amplification for simultaneous
SERS detection of multiple cancer markers with significantly different levels Anal. Chem. 87
8242–9

[554] Zhou W, Tian Y F, Yin B C and Ye B C 2017 Simultaneous surface-enhanced Raman
spectroscopy detection of multiplexed microRNA biomarkers Anal. Chem. 89 6121–9

[555] Shin K, Choi J, Kim Y, Lee Y, Kim J, Lee S and Chung H 2018 Feasibility study for
combination of field-flow fractionation (FFF)-based separation of size-coded particle
probes with amplified surface enhanced Raman scattering (SERS) tagging for simultaneous
detection of multiple miRNAs J. Chromatogr. A 1556 97–102

[556] Lin D, Wu Q, Qiu S, Chen G, Feng S, Chen R and Zeng H 2019 Label-free liquid biopsy
based on blood circulating DNA detection using SERS-based nanotechnology for naso-
pharyngeal cancer screening Nanomed. Nanotechnol. Biol. Med. 22 102100

[557] Li X, Yang T, Li C S, Song Y, Lou H, Guan D and Jin L 2018 Surface enhanced Raman
spectroscopy (SERS) for the multiplex detection of BRAF, KRAS, and PIK3CA mutations
in plasma of colorectal cancer patients Theranostics 8 1678–89

[558] Rasmussen A and Deckert V J 2006 Surface‐ and tip‐enhanced Raman scattering of DNA
components Raman Spectrosc 37 311–7

[559] Watanabe H, Ishida Y, Hayazawa N, Inouye Y and Kawata S 2004 Tip-enhanced near-
field Raman analysis of tip-pressurized adenine molecule Phys. Rev. B 69 155418

[560] Domke K F, Zhang D and Pettinger B 2007 Tip-enhanced Raman spectra of picomole
quantities of DNA nucleobases at Au (111) J. Am. Chem. Soc. 129 6708–9

[561] Zhang D, Domke K F and Pettinger B 2010 Tip‐enhanced Raman spectroscopic studies of
the hydrogen bonding between adenine and thymine adsorbed on Au (111)
ChemPhysChem. 11 1662–5

Analytical Techniques for Biomedical Nanotechnology

https://doi.org/10.1016/j.snb.2018.05.043
https://doi.org/10.1039/C4CC03988B
https://doi.org/10.1039/c3cp55312d
https://doi.org/10.1021/ac504000p
https://doi.org/10.1155/2017/3659423
https://doi.org/10.1039/c002059a
https://doi.org/10.1039/C5CC01003A
https://doi.org/10.1021/acs.analchem.5b01186
https://doi.org/10.1021/acs.analchem.5b01186
https://doi.org/10.1021/acs.analchem.7b00902
https://doi.org/10.1016/j.chroma.2018.04.057
https://doi.org/10.1016/j.nano.2019.102100
https://doi.org/10.7150/thno.22502
https://doi.org/10.1002/jrs.1480
https://doi.org/10.1103/PhysRevB.69.155418
https://doi.org/10.1021/ja071107q
https://doi.org/10.1002/cphc.200900883


[562] Bailo E and Deckert V 2008 Tip‐enhanced Raman spectroscopy of single RNA strands:
towards a novel direct‐sequencing method Angew. Chem. Int. Ed. 47 1658–61

[563] Alexander K D and Schultz Z D 2012 Tip-enhanced Raman detection of antibody
conjugated nanoparticles on cellular membranes Anal. Chem. 84 7408–14

[564] Naumenko D, Snitka V, Serviene E, Bruzaite I and Snopok B 2013 In vivo characterization
of protein uptake by yeast cell envelope: single cell AFM imaging and μ-tip-enhanced
Raman scattering study Analyst 138 5371–83

[565] Kazemi-Zanjani N, Chen H, Goldberg H A, Hunter G K, Grohe B and Lagugne-Labarthet
F 2012 Label-free mapping of osteopontin adsorption to calcium oxalate monohydrate
crystals by tip-enhanced Raman spectroscopy J. Am. Chem. Soc. 134 17076–82

[566] Wood B R, Asghari-Khiavi M, Bailo E, McNaughton D and Deckert V 2012 Detection of
nano-oxidation sites on the surface of hemoglobin crystals using tip-enhanced Raman
scattering Nano Lett. 12 1555–60

[567] Yu J, Saito Y, Ichimura T, Kawata S and Verma P 2013 Far-field free tapping-mode tip-
enhanced Raman microscopy Appl. Phys. Lett. 102 123110

[568] Moretti M, Canale C, Canale C, Francardi M, Dante S, De Angelis F and Di Fabrizio E
2012 AFM characterization of biomolecules in physiological environment by an advanced
nanofabricated probe Microsc. Res. Tech. 75 1723–31

[569] Sinjab F, Lekprasert B, Woolley R A J, Roberts C J, Tendler S J B and Notingher I 2012
Near-field Raman spectroscopy of biological nanomaterials by in situ laser-induced
synthesis of tip-enhanced Raman spectroscopy tips Opt. Lett. 37 2256–8

[570] Lipiec E, Sekine R, Bielecki J, Kwiatek W M and Wood B R 2014 Molecular character-
ization of DNA double strand breaks with tip-enhanced Raman scattering Angew. Chem.
Int. Ed. 53 169–72

[571] Bailo E and Deckert V 2008 Tip-enhanced Raman spectroscopy of single RNA strands:
towards a novel direct-sequencing method Angew. Chem. Int. Ed. 47 1658–61

[572] Treffer R, Bohme R, Deckert-Gaudig T, Lau K, Tiede S, Lin X and Deckert V 2012
Advances in TERS (tip-enhanced Raman scattering) for biochemical applications Biochem.
Soc. Trans. 40 609–14

[573] Kuhar N, Sil S, Verma T and Umapathy S 2018 Challenges in application of Raman
spectroscopy to biology and materials RSC Adv. 8 25888–908

[574] Wiercigroch E, Szafraniec E, Czamara K, Pacia M Z, Majzner K, Kochan K, Kaczor A,
Baranska M and Malek K 2017 Raman and infrared spectroscopy of carbohydrates: a
review Spectrochim. Acta A 185 317–35

[575] Arboleda P H and Loppnow G R 2000 Raman spectroscopy as a discovery tool in
carbohydrate chemistry Anal. Chem. 72 2093–8

[576] Stuart D A, Yuen J M, Shah N, Lyandres O, Yonzon C R, Glucksberg M R, Walsh J T and
Van Duyne R P 2006 In vivo glucose measurement by surface-enhanced Raman spectro-
scopy Anal. Chem. 78 7211–5

[577] Williams S C P 2013 Circulating tumor cells Proc. Natl Acad. Sci. USA 110 4861–2
[578] Plaks V, Koopman C D and Werb Z 2013 Circulating tumor cells Science 341 1186–8
[579] Yu M, Statt S, Toner M, Maheswaran S and Haber D A 2011 Circulating tumor cells:

approaches to isolation and characterization J. Cell Biol. 192 373–82
[580] Kim J H et al 2006 Nanoparticle probes with surface enhanced Raman spectroscopic tags

for cellular cancer targeting Anal. Chem. 78 6967–73

Analytical Techniques for Biomedical Nanotechnology

https://doi.org/10.1002/anie.200704054
https://doi.org/10.1021/ac301739k
https://doi.org/10.1039/c3an00362k
https://doi.org/10.1021/ja3057562
https://doi.org/10.1021/nl2044106
https://doi.org/10.1063/1.4799496
https://doi.org/10.1002/jemt.22122
https://doi.org/10.1364/OL.37.002256
https://doi.org/10.1002/anie.201307271
https://doi.org/10.1002/anie.200704054
https://doi.org/10.1042/BST20120033
https://doi.org/10.1039/C8RA04491K
https://doi.org/10.1016/j.saa.2017.05.045
https://doi.org/10.1021/ac991389f
https://doi.org/10.1021/ac061238u
https://doi.org/10.1073/pnas.1304186110
https://doi.org/10.1126/science.1235226
https://doi.org/10.1083/jcb.201010021
https://doi.org/10.1021/ac0607663


[581] Sun L et al 2007 Composite organic–inorganic nanoparticles as Raman labels for tissue
analysis Nano Lett. 7 351–6

[582] Cohen S J, Punt C J, Iannotti N, Saidman B H, Sabbath K D, Gabrail N Y and Meropol N
J 2008 Relationship of circulating tumor cells to tumor response, progression-free survival,
and overall survival in patients with metastatic colorectal cancer J. Clin. Oncol. 26 3213–21

[583] Cristofanilli M, Budd G T, Ellis M J, Stopeck A, Matera J, Miller M C and Hayes D F
2004 Circulating tumor cells, disease progression, and survival in metastatic breast cancer
N. Engl. J. Med. 351 781–91

[584] Mulvaney S P, Musick M D, Keating C D and Natan M J 2003 Glass-coated, analyte-
tagged nanoparticles: a new tagging system based on detection with surface-enhanced
Raman scattering Langmuir 19 4784–90

[585] Doering W E, Piotti M, Natan M J and Freeman R G 2007 SERS as a foundation for
nanoscale, optically detected biological labels Adv. Mater. 19 3100–8

[586] Sha M Y, Xu H, Penn S G and Cromer R 2007 SERS nanoparticles: a new optical detection
modality for cancer diagnosis Nanomedicine 2 725–34

[587] Yu K N et al 2007 Multiplex targeting, tracking, and imaging of apoptosis by fluorescent
surface enhanced Raman spectroscopic dots Bioconjugate Chem. 18 1155–62

[588] Zhang X, Yin H, Cooper J M and Haswell S J 2008 Characterization of cellular chemical
dynamics using combined microfluidic and Raman techniques Anal. Bioanal. Chem. 390
833–40

[590] de Bono J S, Scher H I, Montgomery R B, Parker C, Miller M C, Tissing H and Raghavan
D 2008 Circulating tumor cells predict survival benefit from treatment in metastatic
castration-resistant prostate cancer Clin. Cancer Res. 14 6302–9

[591] Stott S, Hsu C H, Tsukrov D I, Yu M, Miyamoto D T, Waltman B and Toner M 2010
Isolation of circulating tumor cells using a microvortex-generating herringbone-chip Proc.
Natl Acad. Sci. USA 107 18392–7

[592] Paterlini-Brechot P and Benali N L 2007 Circulating tumor cells (CTC) detection: clinical
impact and future directions Cancer Lett. 253 180–204

[593] Hayes D F, Walker T M, Singh B, Vitetta E S, Uhr J W, Gross S, Rao C, Doyle G V and
Terstappen L W 2002 Monitoring expression of HER-2 on circulating epithelial cells in
patients with advanced breast cancer Int. J. Oncol. 21 1111–7

[594] Sha M Y, Xu H, Natan M J and Cromer R 2008 Surface enhanced Raman scattering tags
for rapid and homogeneous detection of circulating tumor cells in the presence of human
whole blood J. Am. Chem. Soc. 130 17214–5

[595] Vendrell M, Maiti K K, Dhaliwal K and Chang Y T 2013 Surface-enhanced Raman
scattering in cancer detection and imaging Trends Biotechnol. 31 249–59

[596] Neugebauer U, Bocklitz T, Clement J H, Krafft C and Popp J 2010 Towards detection and
identification of circulating tumour cells using Raman spectroscopy Analyst 135 3178–82

[597] Wang X, Qian X, Beitler J, Chen Z G, Khuri F R, Lewis M M and Shin D M 2011
Detection of circulating tumor cells in human peripheral blood using surface-enhanced
Raman scattering nanoparticles Cancer Res. 71 1526–32

[598] Pallaoro A, Hoonejani M R, Braun G B, Meinhart C D and Moskovits M 2015 Rapid
identification by surface-enhanced Raman spectroscopy of cancer cells at low concen-
trations flowing in a microfluidic channel ACS Nano 9 4328–36

Analytical Techniques for Biomedical Nanotechnology

https://doi.org/10.1021/nl062453t
https://doi.org/10.1200/JCO.2007.15.8923
https://doi.org/10.1056/NEJMoa040766
https://doi.org/10.1021/la026706j
https://doi.org/10.1002/adma.200701984
https://doi.org/10.2217/17435889.2.5.725
https://doi.org/10.1021/bc070011i
https://doi.org/10.1007/s00216-007-1564-9
https://doi.org/10.1007/s00216-007-1564-9
https://doi.org/10.1158/1078-0432.CCR-08-0872
https://doi.org/10.1073/pnas.1012539107
https://doi.org/10.1016/j.canlet.2006.12.014
https://doi.org/10.3892/ijo.21.5.1111
https://doi.org/10.1021/ja804494m
https://doi.org/10.1016/j.tibtech.2013.01.013
https://doi.org/10.1039/c0an00608d
https://doi.org/10.1158/0008-5472.CAN-10-3069
https://doi.org/10.1021/acsnano.5b00750


[599] Wu X, Luo L, Yang S, Ma X, Li Y, Dong C, Tian Y, Zhang L, Shen Z and Wu A 2015
Improved SERS nanoparticles for direct detection of circulating tumor cells in the blood
ACS Appl. Mater. Interfaces 7 9965–71

[600] Garcia-Algar M, Fernandez-Carrascal A, Olano-Daza A, Guerrini L, Feliu N, Parak W J,
Guimera R, Garcia-Rico E and Alvarez-Puebla R A 2018 Adaptive metabolic pattern
biomarker for disease monitoring and staging of lung cancer with liquid biopsy NPJ Precis.
Oncol 2 16

[601] Liao C S, Slipchenko M N, Wang P, Li J, Lee S Y, Oglesbee R A and Cheng J X 2015
Microsecond scale vibrational spectroscopic imaging by multiplex stimulated Raman
scattering microscopy Light Sci. Appl. 4 e265

[602] Evans C L, Potma E O, Puoris’haag M, Côté D, Lin C P and Xie X S 2005 Chemical
imaging of tissue in vivo with video-rate coherent anti-Stokes Raman scattering microscopy
Proc. Natl Acad. Sci. USA 102 16807–12

[603] Saar B G, Freudiger CW, Reichman J, Stanley CM, Holtom G R and Xie X S 2010 Video-
rate molecular imaging in vivo with stimulated Raman scattering Science 330 1368–70

[604] Alfonso-García A, Pfisterer S G, Riezman H, Ikonen E and Potma E O 2016 D38-
cholesterol as a Raman active probe for imaging intracellular cholesterol storage J. Biomed.
Opt. 21 61003

[605] Fu D and Xie X S 2014 Reliable cell segmentation based on spectral phasor analysis of
hyperspectral stimulated Raman scattering imaging data Anal. Chem. 86 4115–9

[606] Ozeki Y, Umemura W, Otsuka Y, Satoh S and Hashimoto H et al 2012 High-speed
molecular spectral imaging of tissue with stimulated Raman scattering Nat. Photon. 6
845–51

[607] Wei L, Hu F, Shen Y, Chen Z, Yu Y, Lin C C, Wang M C and Min W 2014 Live-cell
imaging of alkyne-tagged small biomolecules by stimulated Raman scattering Nat. Methods
11 410–2

[608] Hosokawa M, Ando M, Mukai S, Osada K, Yoshino T, Hamaguchi H O and Tanaka T
2014 In vivo live cell imaging for the quantitative monitoring of lipids by using Raman
microspectroscopy Anal. Chem. 86 8224–30

[609] Shen Y, Xu F, Wei L, Hu F and Min W 2014 Live-cell quantitative imaging of proteome
degradation by stimulated Raman scattering Angew. Chem. Int. Ed. 53 5596–9

[610] Hu F, Wei L, Zheng C, Shen Y and Min W 2014 Live-cell vibrational imaging of choline
metabolites by stimulated Raman scattering coupled with isotope-based metabolic labeling
Analyst 139 2312–7

[611] Zhang D, Slipchenko M N and Cheng J X 2011 Highly sensitive vibrational imaging by
femtosecond pulse stimulated Raman loss J. Phys. Chem. Lett. 2 1248–53

[612] Hong W, Karanja C W, Abutaleb N S, Younis W, Zhang X, Seleem M N and Cheng J X
2018 Antibiotic susceptibility determination within one cell cycle at single-bacterium level
by stimulated Raman metabolic imaging Anal. Chem. 90 3737–43

[613] Karanja C W, Hong W, Younis W, Eldesouky H E, Seleem M N and Cheng J X 2017
Stimulated Raman imaging reveals aberrant lipogenesis as a metabolic marker for azole-
resistant Candida albicans Anal. Chem. 89 9822–9

[614] Klein K, Gigler A M, Aschenbrenner T, Monetti R, Bunk W, Jamitzky F, Morfill G, Stark
R W and Schlegel J 2012 Label-free live cell imaging with confocal microscopy Biophys. J.
102 360–8

Analytical Techniques for Biomedical Nanotechnology

https://doi.org/10.1021/acsami.5b02276
https://doi.org/10.1038/s41698-018-0059-9
https://doi.org/10.1038/lsa.2015.38
https://doi.org/10.1073/pnas.0508282102
https://doi.org/10.1126/science.1197236
https://doi.org/10.1117/1.JBO.21.6.061003
https://doi.org/10.1021/ac500014b
https://doi.org/10.1038/nphoton.2012.263
https://doi.org/10.1038/nphoton.2012.263
https://doi.org/10.1038/nmeth.2878
https://doi.org/10.1021/ac501591d
https://doi.org/10.1002/anie.201310725
https://doi.org/10.1039/C3AN02281A
https://doi.org/10.1021/jz200516n
https://doi.org/10.1021/acs.analchem.7b03382
https://doi.org/10.1021/acs.analchem.7b01798
https://doi.org/10.1016/j.bpj.2011.12.027


[615] Brazhe N A, Treiman M, Brazhe A R, Find N L, Maksimov G V and Sosnovtseva O V
2012 Mapping of redox state of mitochondrial cytochromes in live cardiomyocytes using
Raman microspectroscopy PLoS One 7 e41990

[616] Zuser E, Chernenko T, Newmark J, Miljković M and Diem M 2010 Confocal Raman
microspectral imaging (CRMI) of murine stem cell colonies Analyst 135 3030–3

[617] Ashton L, Lau K, Winder C L and Goodacre R 2011 Raman spectroscopy: lighting up the
future of microbial identification Future Microbiol. 6 991–7

[618] Mazur A I, Monahan J L, Miljkovic M, Laver N, Diem M and Bird B 2013 Vibrational
spectroscopic changes of B-lymphocytes upon activation J. Biophotonics 6 101–9

[619] Meister K, Schmidt D A, Bründermann E and Havenith M 2010 Confocal Raman
microspectroscopy as an analytical tool to assess the mitochondrial status in human
spermatozoa Analyst 135 1370–4

[620] Zoladek A B, Johal R K, Garcia-Nieto S, Pascut F, Shakesheff K M, Ghaemmaghami A
M and Notingher I 2010 Label free molecular imaging of the immunological synapse
between dendritic and T-cells by Raman micro-spectroscopy Analyst 135 3205–12

[621] Konorov S O, Schulze H G, Piret J M, Blades M W and Turner R F B 2013 Label-free
determination of the cell cycle phase in human embryonic stem cells by Raman micro-
spectroscopy Anal. Chem. 85 8996–9002

[622] Hsu J F, Hsieh P Y, Hsu H Y and Shigeto S 2015 When cells divide: label-free multimodal
spectral imaging for exploratory molecular investigation of living cells during cytokinesis
Sci. Rep. 5 17541

[623] Brozek-Pluska B, Kopec M and Abramczyk H 2016 Development of a new diagnostic
Raman method for monitoring epigenetic modifications in the cancer cells of human breast
tissue Anal. Methods 8 8542–53

[624] Kumar P, Bhattacharjee T, Pandey M, Hole A, Ingle A and Krishna C M 2016 Raman
spectroscopy in experimental oral carcinogenesis: investigation of abnormal changes in
control tissues J. Raman Spectrosc. 47 1318–26

[625] Mavarani L, Petersen D, El‐Mashtoly S F, Mosig A, Tannapfel A, Kötting C and Gerwert
K 2013 Spectral histopathology of colon cancer tissue sections by Raman imaging with 532
nm excitation provides label free annotation of lymphocytes, erythrocytes and proliferating
nuclei of cancer cells Analyst 138 4035–9

[626] Ali S M, Bonnier F, Ptasinski K, Lambkin H, Flynn K, Lyng F M and Byrne H J 2013
Raman spectroscopic mapping for the analysis of solar radiation induced skin damage
Analyst 138 3946–56

[627] Kochan K, Marzec K M, Chruszcz-Lipska K, Jasztal A, Maslak E, Musiolik H, Chłopicki
S and Baranska M 2013 Pathological changes in the biochemical profile of the liver in
atherosclerosis and diabetes assessed by Raman spectroscopy Analyst 138 3885–90

[628] Michael R, Otto C, Lenferink A, Gelpi E, Montenegro G A, Rosandić J, Tresserra F,
Barraquer R I and Vrensen G F J M 2014 Absence of amyloid beta in lenses of Alzheimer’s
patients: a confocal Raman study Exp. Eye Res. 119 44–53

[629] Hobro A J, Pavillon N, Fujita K, Ozkan M, Coban C and Smith N I 2015 Label-free
Raman imaging of the macrophage response to the malaria pigment hemozoin Analyst 140
2350–9

[630] Hobro A J, Konishi A, Coban C and Smith N I 2013 Raman spectroscopic analysis of
malaria disease progression via blood and plasma samples Analyst 138 3927–33

Analytical Techniques for Biomedical Nanotechnology

https://doi.org/10.1371/journal.pone.0041990
https://doi.org/10.1039/c0an00546k
https://doi.org/10.2217/fmb.11.89
https://doi.org/10.1002/jbio.201200136
https://doi.org/10.1039/b927012d
https://doi.org/10.1039/c0an00508h
https://doi.org/10.1021/ac400310b
https://doi.org/10.1038/srep17541
https://doi.org/10.1039/C6AY02559E
https://doi.org/10.1002/jrs.4977
https://doi.org/10.1039/c3an00370a
https://doi.org/10.1039/c3an36617k
https://doi.org/10.1039/c3an00216k
https://doi.org/10.1016/j.exer.2013.11.016
https://doi.org/10.1039/C4AN01850H
https://doi.org/10.1039/C4AN01850H
https://doi.org/10.1039/c3an00255a


[631] Franzen L, Mathes C, Hansen S and Windbergs M 2013 Advanced chemical imaging and
comparisons of human and porcine hair follicles for drug delivery by confocal Raman
microscopy J. Biomed. Opt. 18 061210

[632] Toledano M, Aguilera F S, Osorio E, Cabello I and Osorio R 2014 Microanalysis of
thermalinduced changes at the resin-dentin interface Microsc. Microanal. 20 1218–33

[633] Toledano M, Cabello I, Aguilera F S, Osorio E and Osorio R 2015 Effect of in vitro
chewing and bruxism events on remineralisation at the resin–dentin interface J. Biomech. 48
14–21

[634] Fraser S J, Natarajan A K, Clark A S S, Drummond B K and Gordon K C 2015 A Raman
spectroscopic study of teeth affected with molar–incisor hypomineralisation J. Raman
Spectrosc. 46 202–10

[635] Petibois C 2010 Imaging methods for elemental, chemical, molecular and morphological
analysis of single cells Anal. Bioanal. Chem. 397 2051–65

[636] Pavillon N and Smith N I 2015 Implementation of simultaneous quantitative phase with
Raman imaging EPJ Tech. Instrum. 2 1–11

[637] Krauß S D, Petersen D, Niedieker D, Fricke I, Freier E, El-Mashtoly S F, Gerwert K and
Mosig A 2015 Colocalization of fluorescence and Raman microscopic images for the
identification of subcellular compartments: a validation study Analyst 140 2360–8

[638] Nafie L A 2014 Recent advances in linear and nonlinear Raman spectroscopy. Part XIII J.
Raman Spectrosc. 45 1326–46

[639] Zheng X S, Jahn I J, Weber K, Cialla-May D and Popp J 2018 Label-free SERS in
biological and biomedical applications: recent progress, current challenges and opportu-
nities Spectrochim. Acta A 197 56–77

[640] Shan B, Pu Y, Chen Y, Liao M and Li M 2018 Novel SERS labels: rational design,
functional integration and biomedical applications Coord. Chem. Rev. 371 11–37

[641] Hill A H and Fu D 2019 Cellular imaging using stimulated Raman scattering microscopy
Anal. Chem. 91 9333–42

[642] Bocklitz T W, Meyer T, Schmitt M, Rimke I, Hoffmann F, von Eggeling F, Ernst G,
Guntinas-Lichius O and Popp J 2018 Comparison of hyperspectral coherent Raman
scattering microscopies for biomedical applications APL Photonics 3 092404

[643] Pence I and Mahadevan-Jansen A 2016 Clinical instrumentation and applications of
Raman spectroscopy Chem. Soc. Rev. 45 1958–79

Chapter 6

[1] Cady W G 1946 Piezoelectricity (New York: McGraw-Hill)
[2] Curie J and Curie P 1880 An oscillating quartz crystal mass detector Rendu 91 294–7
[3] Lippman G 1881 Principe de conservation de lelectricite Ann. Chim. Phys. 24 145–78
[4] Guilbault G G, Hock B and Schmid R A 1992 A piezoelectric immunobiosensor for

atrazine in drinking water Biosens. Bioelectron. 7 411–9
[5] O’Sullivan C K and Guilbault G G 1999 Commercial quartz crystal microbalances – theory

and applications Biosens. Bioelectron. 14 663–70
[6] Dirria F, Palombaa E, Longobardoa A, Zampettib E, Sagginc B and Scaccabarozzic D

2019 A review of quartz crystal microbalances for space applications Sens. Actuators A 287
48–75

[7] Sauerbrey G Z 1959 Use of quartz vibration for weighing thin films on a microbalance
Phys. J. 155 206–12

Analytical Techniques for Biomedical Nanotechnology

https://doi.org/10.1117/1.JBO.18.6.061210
https://doi.org/10.1017/S1431927614000944
https://doi.org/10.1016/j.jbiomech.2014.11.014
https://doi.org/10.1016/j.jbiomech.2014.11.014
https://doi.org/10.1002/jrs.4635
https://doi.org/10.1007/s00216-010-3618-7
https://doi.org/10.1140/epjti/s40485-015-0015-9
https://doi.org/10.1039/C4AN02153C
https://doi.org/10.1002/jrs.4619
https://doi.org/10.1016/j.saa.2018.01.063
https://doi.org/10.1016/j.ccr.2018.05.007
https://doi.org/10.1021/acs.analchem.9b02095
https://doi.org/10.1063/1.5030159
https://doi.org/10.1039/C5CS00581G
https://doi.org/10.1016/0956-5663(92)85040-H
https://doi.org/10.1016/S0956-5663(99)00040-8
https://doi.org/10.1016/j.sna.2018.12.035
https://doi.org/10.1016/j.sna.2018.12.035


[8] Rodahl M and Kasemo B 1996 A simple setup to simultaneously measure the resonant
frequency and the absolute dissipation factor of a quartz crystal microbalance Rev. Sci.
Instrum. 67 3238–41

[9] Dixon M C 2008 Quartz crystal microbalance with dissipation monitoring: enabling real-
time characterization of biological materials and their interactions J. Biomol. Tech. 19 151

[10] Ward M D and Buttry D A 1990 In situ interfacial mass detection with piezoelectric
transducers Science 249 1000–7

[11] Lack F, Willard G and Fair I 1934 Some improvements in quartz crystal circuit elements
Bell Syst. Tech. J. 13 453–63

[12] Bradshaw L 2000 Understanding piezoelectric quartz crystals RF Des. 23 50–9
[13] Warner A W and Stockbridge C D 1963 Quartz resonators; reduction of transient

frequency excursion due to temperature change J. Appl. Phys. 34 437–8
[14] Nomura T and Hattori O 1980 Determination of micromolar concentrations of cyanide in

solution with a piezoelectric detector Anal. Chim. Acta. 115 323–6
[15] Wegener J, Seebach J, Janshoff A and Galla H J 2000 Analysis of the composite response of

shear wave resonators to the attachment of mammalian cells Biophys. J. 78 2821–33
[16] Voinova M V, Rodahl M, Jonson M and Kasemo B 1999 Viscoelastic acoustic response of

layered polymer films at fluid–solid interfaces: continuum mechanics approach Phys. Scr.
59 391–6

[17] Cho N J, Frank C W, Kasemo B and Hook F 2010 Quartz crystal microbalance with
dissipation monitoring of supported lipid bilayers on various substrates Nat. Protoc. 5
1096–106

[18] Reviakine I, Johannsmann D and Richter R P 2011 Hearing what you cannot see and
visualizing what you hear: interpreting quartz crystal microbalance data from solvated
interfaces Anal. Chem. 83 8838–48

[19] Kanazawa K K and Gordon J G II 1985 Frequency of a quartz microbalance in contact
with liquid Anal. Chem. 57 1770–1

[20] Syariena A, Salleh M M and Yahaya M 2008 The performance of quartz crystal
microbalance coated TiO2–porphyrin nanocomposite thin film gas sensors Sens. Lett. 6
903–7

[21] Wang L 2020 Metal–organic frameworks for QCM-based gas sensors: a review Sens.
Actuators A 307 111984

[22] Chena Q, Xuab S, Liuc Q, Masliyahc J and Xuac Z 2016 QCM-D study of nanoparticle
interactions Adv. Colloid Interface Sci. 233 94–114

[23] Chen J Y, Penn L S and Xi J 2018 Quartz crystal microbalance: sensing cell–substrate
adhesion and beyond Biosens. Bioelectron. 99 593–602

[24] Liu Y, Jaiswal A, Poggi M A and Wilson W D 2011 Surface Plasmon Resonance and
Quartz Crystal Microbalance Methods for Detection of Molecular Interactions. In
Chemosensors (eds B Wang, B Wang and E V Anslyn). http//doi.org/10.1002/
9781118019580.ch16)

[25] Marx K A 2003 Quartz crystal microbalance: a useful tool for studying thin polymer films
and complex biomolecular systems at the solution–surface interface Biomacromolecules 4
1099–120

[26] Janshoff A, Galla H J and Steinem C 2000 Piezoelectric mass-sensing devices as biosensors.
An alternative to optical biosensors Angew. Chem. Int. Ed. 39 4004–32

Analytical Techniques for Biomedical Nanotechnology

https://doi.org/10.1063/1.1147494
https://doi.org/10.1126/science.249.4972.1000
https://doi.org/10.1002/j.1538-7305.1934.tb00674.x
https://doi.org/10.1063/1.1702628
https://doi.org/10.1016/S0003-2670(01)93171-X
https://doi.org/10.1016/S0006-3495(00)76825-1
https://doi.org/10.1238/Physica.Regular.059a00391
https://doi.org/10.1038/nprot.2010.65
https://doi.org/10.1038/nprot.2010.65
https://doi.org/10.1021/ac201778h
https://doi.org/10.1021/ac00285a062
https://doi.org/10.1166/sl.2008.526
https://doi.org/10.1166/sl.2008.526
https://doi.org/10.1016/j.sna.2020.111984
https://doi.org/10.1016/j.cis.2015.10.004
https://doi.org/10.1016/j.bios.2017.08.032
http//doi.org/10.1002/9781118019580.ch16
http//doi.org/10.1002/9781118019580.ch16
https://doi.org/10.1021/bm020116i
https://doi.org/10.1021/bm020116i
https://doi.org/10.1002/1521-3773(20001117)39:22%3C4004::AID-ANIE4004%3E3.0.CO;2-2


[27] Braunhut S, McIntosh D, Vorotnikova E, Zhou T and Marx K A 2005 Detection of
apoptosis and drug resistance of human breast cancer cells to taxane treatments using
quartz crystal microbalance biosensor technology Assay Drug Dev. Technol. 3 77–88

[28] Kim Y S, Niazi J H and Gu M B 2009 Specific detection of oxytetracycline using DNA
aptamer-immobilized interdigitated array electrode chip Anal. Chim. Acta. 634 250–4

[29] Fang L, Lu Z, Wei H and Wang E 2008 A electrochemiluminescence aptasensor for
detection of thrombin incorporating the capture aptamer labeled with gold nanoparticles
immobilized onto the thio-silanized ITO electrode Anal. Chim. Acta. 628 80–6

[30] Yao C Y, Zhu T Y, Qi Y Z, Zhao Y H, Xia H and Fu W L 2010 Development of a quartz
crystal microbalance biosensor with aptamers as bio-recognition element Sens. 10 5859–71

[31] Wu V C H, Chen S H and Lin C S 2007 Real-time detection of Escherichia coli O157:H7
sequences using a circulating-flow system of quartz crystal microbalance Biosens.
Bioelectron. 22 2967–75

[32] Agasti S S, Rana S, Park M H, Kim C K, You C C and Rotello V M 2010 Nanoparticles
for detection and diagnosis Adv. Drug Deliv. Rev. 62 316–28

[33] Rounaghi G H, Mohamadzadehkakhki R and Azizi-Toupkanloo H 2012 Voltammetric
determination of 4-nitrophenol using a modified carbon paste electrode based on a new
synthetic crown ether/silver nanoparticles Mater. Sci. Eng. C 32 172–7

[34] Ahirwal G K and Mitra C K 2010 Gold nanoparticles based sandwich electrochemical
immunosensor Biosens. Bioelectron. 25 2016–20

[35] Chu X, Zhao Z L, Shen G L and Yu R Q 2006 Quartz crystal microbalance immunoassay
with dendritic amplification using colloidal gold immunocomplex Sens. Actuators B 114
696–704

[36] Jin X, Jin X, Chen L, Jiang J, Shen G and Yu R 2009 Piezoelectric immunosensor with gold
nanoparticles enhanced competitive immunoreaction technique for quantification of
aflatoxin B1 Biosens. Bioelectron. 24 2580–5

[37] Chu P T, Lin C S, Chen W J, Chen C F and Wen H W 2012 Detection of gliadin in foods
using a quartz crystal microbalance biosensor that incorporates gold nanoparticles J. Agric.
Food Chem. 60 6483–92

[38] Kaewphinit T, Santiwatanakul S and Chansiri K 2012 Gold nanoparticle amplification
combined with quartz crystal microbalance DNA based biosensor for detection of
mycobacterium tuberculosis Sens. Transducers J. 146 156–63

[39] Willner I, Patolsky F, Weimann Y and Willner B 2002 Amplified detection of single-base
mismatches in DNA using microgravimetric quartz-crystal-microbalance transduction
Talanta. 56 847–56

[40] Hao R Z, Song H B, Zuo G M, Yang R F, Wei H P, Wang D B, Cui Z Q, Zhang Z, Cheng
Z X and Zhang X E 2011 DNA probe functionalized QCM biosensor based on gold
nanoparticle amplification for Bacillus anthracis detection Biosens. Bioelectron. 26 3398–404

[41] Chen S H, Chuang Y C, Lu Y C, Lin H C, Yang Y L and Lin C S 2009 A method of layer-
by-layer gold nanoparticle hybridization in a quartz crystal microbalance DNA sensing
system used to detect dengue virus Nanotechnology 20 215501

[42] Scodeller P, Flexer V, Szamocki R, Calvo E J, Tognalli N, Troiani H and Fainstein A 2008
Wired-enzyme core–shell au nanoparticle biosensor J. Am. Chem. Soc. 130 12690–7

[43] Reimhult K, Yoshimatsu K, Risveden K, Chen S, Ye L and Krozer A 2008
Characterization of QCM sensor surfaces coated with molecularly imprinted nanoparticles
Biosens. Bioelectron. 23 1908–14

Analytical Techniques for Biomedical Nanotechnology

https://doi.org/10.1089/adt.2005.3.77
https://doi.org/10.1016/j.aca.2008.12.025
https://doi.org/10.1016/j.aca.2008.08.041
https://doi.org/10.3390/s100605859
https://doi.org/10.1016/j.bios.2006.12.016
https://doi.org/10.1016/j.addr.2009.11.004
https://doi.org/10.1016/j.msec.2011.10.014
https://doi.org/10.1016/j.bios.2010.01.029
https://doi.org/10.1016/j.snb.2005.06.014
https://doi.org/10.1016/j.snb.2005.06.014
https://doi.org/10.1016/j.bios.2009.01.014
https://doi.org/10.1021/jf2047866
https://doi.org/10.1016/S0039-9140(01)00658-0
https://doi.org/10.1016/j.bios.2011.01.010
https://doi.org/10.1088/0957-4484/20/21/215501
https://doi.org/10.1021/ja802318f
https://doi.org/10.1016/j.bios.2008.02.011


[44] Kong L J, Pan M F, Fang G Z, He X L, Yang Y K, Dai J and Wang S 2014 Molecularly
imprinted quartz crystal microbalance sensor based on poly(o-aminothiophenol) membrane
and Au nanoparticles for ractopamine determination Biosens. Bioelectron. 51 286–92

[45] Uludag Y and Tothill I E 2010 Development of a sensitive detection method of cancer
biomarkers in human serum (75%) using a quartz crystal microbalance sensor and
nanoparticles amplification system Talanta 82 277–82

[46] Ma Z F, Wu J L, Zhou T H, Chen Z H, Dong Y, Tang J T and Sui S F 2002 Detection of
human lung carcinoma cell using quartz crystal microbalance amplified by enlarging Au
nanoparticles in vitro New J. Chem. 26 1795–8

[47] Chen Q, Tang W, Wang D, Wu X, Li N and Liu F 2010 Amplified QCM-D biosensor for
protein based on aptamer-functionalized gold nanoparticles Biosens. Bioelectron. 26 575–9

[48] Shan W Q, Pan Y L, Fang H T, Guo M L, Nie Z, Huang Y and Yao S Z 2014 An aptamer-
based quartz crystal microbalance biosensor for sensitive and selective detection of
leukemia cells using silver-enhanced gold nanoparticle label Talanta 126 130–5

[49] Kaufman E D et al 2007 Probing protein adsorption onto mercaptoundecanoic acid
stabilized gold nanoparticles and surfaces by quartz crystal microbalance and potential
measurements Langmuir 23 6053–62

[50] Su P G and Chang Y P 2008 Low-humidity sensor based on a quartz-crystal microbalance
coated with polypyrrole/Ag/TiO2 nanoparticles composite thin films Sens. Actuators B 129
915–20

[51] Yang Y J, Jiang Y D, Xu J H and Yu J S 2007 Conducting polymeric nanoparticles
synthesized in reverse micelles and their gas sensitivity based on quartz crystal microbalance
Polymer 48 4459–65

[52] Salam F, Uludag Y and Tothill I E 2013 Real-time and sensitive detection of Salmonella
typhimurium using an automated quartz crystal microbalance (QCM) instrument with
nanoparticles amplification Talanta 115 761–7

[53] Guo X, Lin C S, Chen S H, Ye R and Wu V C H 2012 A piezoelectric immunosensor for
specific capture and enrichment of viable pathogens by quartz crystal microbalance sensor,
followed by detection with antibody-functionalized gold nanoparticles Biosens. Bioelectron.
38 177–83

[54] Crooks R M and Ricco A J 1998 New organic materials suitable for use in chemical sensor
arrays Acc. Chem. Res. 31 219–27

[55] Chen S, Pei R, Zhao T and Dyer D J 2002 Gold nanoparticle assemblies by metal ion-
pyridine complexation and their rectified quantized charging in aqueous solutions J. Phys.
Chem. B 106 1903–8

[56] Shen G, Wang H, Shen G and Yu R Q 2007 Au nanoparticle network-type thin films
formed via mixed assembling and cross-linking route for biosensor application: quartz
crystal microbalance study Anal. Biochem. 365 1–6

[57] Liu H and Hu N F 2006 Interaction between myoglobin and hyaluronic acid in their layer-
by-layer assembly: quartz crystal microbalance and cyclic voltammetry studies J. Phys.
Chem. B 110 14494–502

[58] Guleryuz H, Kaus I, Buron C C, Filiatre C, Hedin N, Bergstrom L and Einarsrud M A
2014 Deposition of silica nanoparticles onto alumina measured by optical reflectometry and
quartz crystal microbalance with dissipation techniques Colloids Surf. A 443 384–90

[59] Saitakis M and Gizeli E 2012 Acoustic sensors as a biophysical tool for probing cell
attachment and cell/surface interactions Cell. Mol. Life Sci. 69 357–71

Analytical Techniques for Biomedical Nanotechnology

https://doi.org/10.1016/j.bios.2013.07.043
https://doi.org/10.1016/j.talanta.2010.04.034
https://doi.org/10.1039/b206248h
https://doi.org/10.1016/j.bios.2010.07.034
https://doi.org/10.1016/j.talanta.2014.03.056
https://doi.org/10.1021/la063725a
https://doi.org/10.1016/j.snb.2007.10.006
https://doi.org/10.1016/j.snb.2007.10.006
https://doi.org/10.1016/j.polymer.2007.06.005
https://doi.org/10.1016/j.talanta.2013.06.034
https://doi.org/10.1016/j.bios.2012.05.024
https://doi.org/10.1021/ar970246h
https://doi.org/10.1021/jp013574e
https://doi.org/10.1016/j.ab.2006.11.038
https://doi.org/10.1021/jp061271k
https://doi.org/10.1016/j.colsurfa.2013.11.049
https://doi.org/10.1007/s00018-011-0854-8


[60] Tymchenko N, Nileba E, Voinova M V, Gold J, Kasemo B and Svedhem S 2012 Reversible
changes in cell morphology due to cytoskeletal rearrangements measured in real-time by
QCM-D Biointerphases 7 43

[61] Westas E, Svanborg L M, Wallin P, Bauer B, Ericson M B and Wennerberg A 2015 Using
QCM-D to study the adhesion of human gingival fibroblasts on implant surfaces J. Biomed.
Mater. Res. A 103 3139–47

[62] Kao W L, Chang H Y, Lin K Y, Lee Y W and Shyue J J 2017 Effect of surface potential on
the adhesion behavior of NIH3T3 cells revealed by quartz crystal microbalance with
dissipation monitoring (QCM-D) J. Phys. Chem. C 121 533–41

[63] Kushiro K, Lee C H and Takai M 2016 Simultaneous characterization of protein–material
and cell–protein interactions using dynamic QCM-D analysis on SAM surfaces Biomater.
Sci. 4 989–97

[64] Chronaki D, Stratiotis D I, Tsortos A, Anastasiadou E and Gizeli E 2016 Screening
between normal and cancer human thyroid cells through comparative adhesion studies
using the quartz crystal microbalance Sens. Bio-Sens. Res 11 99–106

[65] Reipa V, Almeida J and Cole K D 2006 Long-term monitoring of biofilm growth and
disinfection using a quartz crystal microbalance and reflectance measurements J. Microbiol.
Methods 66 449–59

[66] Olsson A L, van der Mei J H C, Busscher H J and Sharma P K 2010 Novel analysis of
bacterium–substratum bond maturation measured using a quartz crystal microbalance
Langmuir 26 11113–7

[67] Olsson A L J, van der Mei H C, Busscher H J and Sharma P K 2011 Acoustic sensing of the
bacterium–substratum interface using QCM-D and the influence of extracellular polymeric
substances J. Colloid Interface Sci. 357 135–8

[68] Joshi T, Voo Z X, Graham B, Spiccia L and Martin L L 2015 Real-time examination of
aminoglycoside activity towards bacterial mimetic membranes using quartz crystal micro-
balance with dissipation monitoring (QCM-D) Biochim. Biophys. Acta. 1848 385–91

[69] Tonda-Turo C, Carmagnola I and Ciardelli G 2018 Quartz crystal microbalance with
dissipation monitoring: a powerful method to predict the in vivo behavior of bioengineered
surfaces Front. Bioeng. Biotechnol. 6 158

[70] Yao J, Feng B, Zhang Z, Li C, Zhang W, Guo Z, Zhao H and Zhou L 2018 Blood
coagulation testing smartphone platform using quartz crystal microbalance dissipation
method Sens. (Basel) 18 3073

[71] Felgueiras H P, Murthy N S, Sommerfeld S D, Bras M M, Migonney V and Kohn J 2016
Competitive adsorption of plasma proteins using a quartz crystal microbalance ACS Appl.
Mater. Interfaces 8 13207–17

[72] Kompf D, Held J, Müller S F, Drechsel H R, Tschan S C, Northoff H, Mordmüller B and
Gehring F K 2016 Real-time measurement of Plasmodium falciparum-infected erythrocyte
cytoadhesion with a quartz crystal microbalance Malar. J. 15 317

[73] Kojima T 2018 Surface modification enhanced reflection intensity of quartz crystal
microbalance sensors upon molecular adsorption Anal. Sci. 34 363–8

[74] Lin P H, Huang S C, Chen K P, Li B R and Li Y K 2018 Effective construction of a high-
capacity boronic acid layer on a quartz crystal microbalance chip for high-density antibody
immobilization Sens. (Basel) 19 28

Analytical Techniques for Biomedical Nanotechnology

https://doi.org/10.1007/s13758-012-0043-9
https://doi.org/10.1002/jbm.a.35458
https://doi.org/10.1021/acs.jpcc.6b11217
https://doi.org/10.1039/C5BM00613A
https://doi.org/10.1016/j.sbsr.2016.10.001
https://doi.org/10.1016/j.mimet.2006.01.016
https://doi.org/10.1021/la100896a
https://doi.org/10.1016/j.jcis.2011.01.035
https://doi.org/10.1016/j.bbamem.2014.10.019
https://doi.org/10.3389/fbioe.2018.00158
https://doi.org/10.3390/s18093073
https://doi.org/10.1021/acsami.5b12600
https://doi.org/10.1186/s12936-016-1374-7
https://doi.org/10.2116/analsci.34.363
https://doi.org/10.3390/s19010028


[75] Kobayashi J, Arisaka Y, Yui N, Akiyama Y, Yamato M and Okano T 2018 Effect of
temperature changes on serum protein adsorption on thermoresponsive cell-culture surfaces
monitored by a quartz crystal microbalance with dissipation Int. J. Mol. Sci. 19 1516

[76] Tao W, Lin P, Liu S, Xie Q, Ke S and Zeng X 2017 1-Butyl-3-methylimidazolium
tetrafluoroborate film as a highly selective sensing material for non-invasive detection of
acetone using a quartz crystal microbalance Sens. (Basel) 17 194

[77] Phan H T, Bartelt-Hunt S, Rodenhausen K B, Schubert M and Bartz J C 2015
Investigation of bovine serum albumin (BSA) attachment onto self-assembled monolayers
(SAMs) using combinatorial quartz crystal microbalance with dissipation (QCM-D) and
spectroscopic ellipsometry (SE) PLoS One 10 e0141282

[78] Rajaram K, Losada-Perez P, Vermeeren V, Hosseinkhani B, Wagner P, Somers V and
Michiels L 2015 Real-time analysis of dual-display phage immobilization and autoantibody
screening using quartz crystal microbalance with dissipation monitoring Int. J. Nanomed.
10 5237–47

[79] Nielsen J E, Lind T K, Lone A, Gerelli Y, Hansen P R, Jenssen H, Cardenas M and Lund
R 2019 A biophysical study of the interactions between the antimicrobial peptide
indolicidin and lipid model systems Biochim. Biophys. Acta Biomembr. 1861 1355–64

[80] Liu B, Yu T, Huang R, Su R, Qi W and He Z 2019 Interactions of transition metal
dichalcogenide nanosheets with mucin: quartz crystal microbalance with dissipation,
surface plasmon resonance, and spectroscopic probing Front. Chem. 7 166

[81] Movilli J, Rozzi A, Ricciardi R, Corradini R and Huskens J 2018 Control of probe density
at DNA biosensor surfaces using poly(L-lysine) with appended reactive groups Bioconjug.
Chem. 29 4110–8

[82] Miyake Y, Ishikawa S, Kimura Y, Son A, Imai H, Matsuda T, Yamada H, Toshimitsu A
and Kondo T 2015 Pharmacokinetics of chiral dendrimer-triamine-coordinated Gd-MRI
contrast agents evaluated by in vivo MRI and estimated by in vitro QCM Sens. (Basel) 15
31973–86

[83] Alexander T E, Lozeau L D and Camesano T A 2019 QCM-D characterization of time-
dependence of bacterial adhesion Cell Surf 5 100024

[84] Silva J M, Caridade S G, Costa R R, Alves N M, Groth T, Picart C, Reis R L and Mano J
F 2015 pH responsiveness of multilayered films and membranes made of polysaccharides
Langmuir 31 11318–28

[85] Browning K L, Lind T K, Maric S, Malekkhaiat-Häffner S, Fredrikson G N, Bengtsson E,
Malmsten M and Cárdenas M 2017 Human lipoproteins at model cell membranes: effect of
lipoprotein class on lipid exchange Sci. Rep. 7 7478

[86] Bahmanzadeh S, Ruzgas T and Sotres J 2018 Proteolytic degradation of gelatin–tannic acid
multilayers J. Colloid Interface Sci. 526 244–52

[87] Heath G R, Li M, Polignano I L, Richens J L, Catucci G, O’Shea P, Sadeghi S J, Gilardi G,
Butt J N and Jeuken L J 2016 Layer-by-layer assembly of supported lipid bilayer poly-L-
lysine multilayers Biomacromolecules 17 324–35

[88] Peiris D, Spector A F, Lomax-Browne H, Azimi T, Ramesh B, Loizidou M, Welch H and
Dwek M V 2017 Cellular glycosylation affects Herceptin binding and sensitivity of breast
cancer cells to doxorubicin and growth factors Sci. Rep. 7 43006

[89] Lakshmanan R S, Efremov V, O’Donnell J S and Killard A J 2016 Measurement of the
viscoelastic properties of blood plasma clot formation in response to tissue factor
concentration-dependent activation Anal. Bioanal. Chem. 408 6581–8

Analytical Techniques for Biomedical Nanotechnology

https://doi.org/10.3390/ijms19051516
https://doi.org/10.3390/s17010194
https://doi.org/10.1371/journal.pone.0141282
https://doi.org/10.2147/IJN.S84800
https://doi.org/10.1016/j.bbamem.2019.04.003
https://doi.org/10.3389/fchem.2019.00166
https://doi.org/10.1021/acs.bioconjchem.8b00733
https://doi.org/10.3390/s151229900
https://doi.org/10.3390/s151229900
https://doi.org/10.1016/j.tcsw.2019.100024
https://doi.org/10.1021/acs.langmuir.5b02478
https://doi.org/10.1038/s41598-017-07505-0
https://doi.org/10.1016/j.jcis.2018.04.112
https://doi.org/10.1021/acs.biomac.5b01434
https://doi.org/10.1038/srep43006
https://doi.org/10.1007/s00216-016-9689-3


[90] Chouirfa H, Evans M D M, Castner D G, Bean P, Mercier D, Galtayries A, Falentin-
Daudré C and Migonney V 2017 Grafting of architecture-controlled poly (styrene sodium
sulfonate) onto titanium surfaces using bio-adhesive molecules: surface characterization
and biological properties Biointerphases 12 02C418

[91] Dubacheva G V, Araya-Callis C, Geert Volbeda A, Fairhead M, Codée J, Howarth M and
Richter R P 2017 Controlling multivalent binding through surface chemistry: model study
on streptavidin J. Am. Chem. Soc. 139 4157–67

[92] Dalgarno P A et al 2019 Unveiling the multi-step solubilization mechanism of sub-micron
size vesicles by detergents Sci. Rep. 9 12897

[93] Geisler S, Barrantes A, Tengvall P, Messersmith P B and Tiainen H 2016 Deposition
kinetics of bioinspired phenolic coatings on titanium surfaces. Polyphenols can form
functional coatings on a variety of different materials Langmuir 32 8050–60

[94] Fatisson J, Azari F and Tufenkji N 2011 Real-time QCM-D monitoring of cellular
responses to different cytomorphic agents Biosens. Bioelectron. 26 3207–12

[95] Kandel J, Lee H S, Sobolewski P, Tomczyk N, Composto R J and Eckmann D M 2014
Chemically grafted fibronectin for use in QCM-D cell studies Biosens. Bioelectron. 58
249–57

[96] Nowacki L, Follet J, Vayssade M, Vigneron P, Rotellini L and Cambay F 2014 Real-time
QCM-D monitoring of cancer cell death early events in a dynamic context Biosens.
Bioelectron. 64 469–76

[97] Kepp O, Galluzzi L, Lipinski M, Yuan J and Kroemer G 2011 Cell death assays for drug
discovery Nat. Rev. Drug Discov. 10 221–37

[98] Zhang S, Bai H, Pi J, Yang P and Cai J 2015 Label-free quartz crystal microbalance with
dissipation monitoring of resveratrol effect on mechanical changes and folate receptor
expression levels of living MCF-7 cells: a model for screening of drugs Anal. Chem. 87
4797–805

[99] Zhang S, Bai H and Yang P 2015 Real-time monitoring of mechanical changes during
dynamic adhesion of erythrocytes to endothelial cells by QCM-D Chem. Commun. 51
11449–51

[100] Friedl P and Gilmour D 2009 Collective cell migration in morphogenesis, regeneration and
cancer Nat. Rev. Mol. Cell Biol. 10 445–57

[101] Tarantola M A, Marel K, Sunnick E, Adam H, Wegener J and Janshoff A 2010 Dynamics
of human cancer cell lines monitored by electrical and acoustic fluctuation analysis Integr.
Biol. 2 139–50

[102] Lu H H, Rao Y K, Wu T Z and Tzeng Y M 2009 Direct characterization and
quantification of volatile organic compounds by piezoelectric module chips sensor Sens.
Actuators B 137 741–6

[103] Ayad M M and Torad N L 2009 Alcohol vapours sensor based on thin polyaniline salt film
and quartz crystal microbalance Talanta 78 1280–5

[104] Bello A, Bianchi F and Careri M et al 2007 Potentialities of a modified QCM sensor for the
detection of analytes interacting via H-bonding and application to the determination of
ethanol in bread Sens. Actuators B 125 321–5

[105] Kikuchi M and Shiratori S 2005 Quartz crystal microbalance (QCM) sensor for CH3SH gas
by using polyelectrolyte-coated sol–gel film Sens. Actuators B 108 564–71

[106] Ying Z, Jiang Y, Du X, Xie G, Yu J and Tai H 2008 Polymer coated sensor array based on
quartz crystal microbalance for chemical agent analysis Eur. Polym. J. 44 1157–64

Analytical Techniques for Biomedical Nanotechnology

https://doi.org/10.1116/1.4985608
https://doi.org/10.1021/jacs.7b00540
https://doi.org/10.1038/s41598-019-49210-0
https://doi.org/10.1021/acs.langmuir.6b01959
https://doi.org/10.1016/j.bios.2010.12.027
https://doi.org/10.1016/j.bios.2014.02.053
https://doi.org/10.1016/j.bios.2014.02.053
https://doi.org/10.1016/j.bios.2014.09.065
https://doi.org/10.1038/nrd3373
https://doi.org/10.1021/acs.analchem.5b00083
https://doi.org/10.1021/acs.analchem.5b00083
https://doi.org/10.1039/C5CC03264D
https://doi.org/10.1039/C5CC03264D
https://doi.org/10.1038/nrm2720
https://doi.org/10.1039/b920815a
https://doi.org/10.1016/j.snb.2009.01.060
https://doi.org/10.1016/j.talanta.2009.01.053
https://doi.org/10.1016/j.snb.2007.02.021
https://doi.org/10.1016/j.snb.2004.12.122
https://doi.org/10.1016/j.eurpolymj.2008.01.015


[107] Ying Z, Jiang Y, Du X, Xie G, Yu J and Wang H 2007 PVDF coated quartz crystal
microbalance sensor for DMMP vapor detection Sens. Actuators B 125 167–72

[108] Koshets I A, Kazantseva Z I, Shirshov Y M, Cherenok S A and Kalchenko V I 2005
Calixarene films as sensitive coatings for QCM-based gas sensors Sens. Actuators B 106
177–81

[109] Matsuguchi M and Uno T 2006 Molecular imprinting strategy for solvent molecules and its
application for QCM-based VOC vapor sensing Sens. Actuators B 113 94–9

[110] Rabe J, Büttgenbach S, Schröder J and Hauptmann P 2003 Monolithic miniaturized quartz
microbalance array and its application to chemical sensor systems for liquids IEEE Sens. J.
3 361–8

[111] Dickert F L, Hayden O and Zenkel M E 1999 Detection of volatile compounds with mass-
sensitive sensor arrays in the presence of variable ambient humidity Anal. Chem. 71
1338–41

[112] Wyszynski B, Somboon P and Nakamoto T 2008 Chemisorbed PEGylated lipopolymers as
sensing film supports for QCM odor sensors Sens. Actuators B 130 857–63

[113] Park J W, Kurosawa S, Aizawa H, Goda Y, Takai M and Ishihara K 2006 Piezoelectric
immunosensor for bisphenol A based on signal enhancing step with 2-methacrolyloxyethyl
phosphorylcholine polymeric nanoparticle Analyst 131 155–62

[114] Tsuru N, Kikuchi M, Kawaguchi H and Shiratori S 2006 A quartz crystal microbalance
sensor coated with MIP for bisphenol A and its properties Thin Solid Films 499 380–5

[115] Kurosawa S, Aizawa H and Park J W 2005 Quartz crystal microbalance immunosensor for
highly sensitive 2,3,7,8-tetrachlorodibenzo-p-dioxin detection in fly ash from municipal
solid waste incinerators Analyst 130 1495–501

[116] Zeng H, Jiang Y, Xie G and Yu J 2007 ‘Polymer coated QCM sensor with modified
electrode for the detection of DDVP Sens. Actuators B 122 1–6

[117] Yuan Y K, Xiao X L and Wang Y S et al 2010 Quartz crystal microbalance with β-
cyclodextrin/TiO2 composite films coupled with chemometrics for the simultaneous
determination of urinary 1- and 2-naphthol Sens. Actuators B 145 348–54

[118] Matsuguchi M, Kadowaki Y, Noda K and Naganawa R 2007 HCl gas monitoring based
on a QCM using morpholine-functional styrene-co-chloromethylstyrene copolymer coat-
ings Sens. Actuators B 120 462–6

[119] Matsuguchi M and Kadowaki Y 2008 Poly (acrylamide) derivatives for QCM-based HCl
gas sensor applications Sens. Actuators B 130 842–7

[120] Sun P, Jiang Y, Xie G, Du X and Hu J 2009 A room temperature supramolecular-based
quartz crystal microbalance (QCM) methane gas sensor Sens. Actuators B 141 104–8

[121] Xie G, Sun P, Yan X, Du X and Jiang Y 2010 Fabrication of methane gas sensor by layer-
by-layer self-assembly of polyaniline/PdO ultra thin films on quartz crystal microbalance
Sens. Actuators B 145 373–7

[122] Palaniappan A, Moochhala S, Tay F E H, Su X and Phua N C L 2008 Phthalocyanine/
silica hybrid films on QCM for enhanced nitric oxide sensing Sens. Actuators B 129 184–7

[123] Matsuguchi M, Kadowaki Y and Tanaka M 2005 A QCM-based NO2 gas detector using
morpholine-functional cross-linked copolymer coatings Sens. Actuators B 108 572–5

[124] Ding B, Kim J, Miyazaki Y and Shiratori S 2004 Electrospun nanofibrous membranes
coated quartz crystal microbalance as gas sensor for NH3 detection Sens. Actuators B 101
373–80

Analytical Techniques for Biomedical Nanotechnology

https://doi.org/10.1016/j.snb.2007.02.002
https://doi.org/10.1016/j.snb.2004.05.054
https://doi.org/10.1016/j.snb.2004.05.054
https://doi.org/10.1016/j.snb.2005.02.028
https://doi.org/10.1109/JSEN.2003.815783
https://doi.org/10.1021/ac981014e
https://doi.org/10.1021/ac981014e
https://doi.org/10.1016/j.snb.2007.10.062
https://doi.org/10.1039/B511662G
https://doi.org/10.1016/j.tsf.2005.07.005
https://doi.org/10.1039/b506151b
https://doi.org/10.1016/j.snb.2006.04.106
https://doi.org/10.1016/j.snb.2009.12.017
https://doi.org/10.1016/j.snb.2006.02.039
https://doi.org/10.1016/j.snb.2007.10.049
https://doi.org/10.1016/j.snb.2009.06.012
https://doi.org/10.1016/j.snb.2009.12.035
https://doi.org/10.1016/j.snb.2007.07.132
https://doi.org/10.1016/j.snb.2004.11.044
https://doi.org/10.1016/j.snb.2004.04.008
https://doi.org/10.1016/j.snb.2004.04.008


[125] Van Quy N, Minh V A, Van Luan N, Hung V N and Van Hieu N 2011 Gas sensing
properties at room temperature of a quartz crystal microbalance coated with ZnO nanorods
Sens. Actuators B 153 188–93

[126] Lee S W, Takahara N, Korposh S, Yang D H, Toko K and Kunltake T 2010
Nanoassembled thin film gas sensors. III. Sensitive detection of amine odors using TiO2/
poly(acrylic acid) ultrathin film quartz crystal microbalance sensors Anal. Chem. 82 2228–
36

[127] Zhang C, Wang X, Lin J, Ding B, Yu J and Pan N 2011 Nanoporous polystyrene fibers
functionalized by polyethyleneimine for enhanced formaldehyde sensing Sens. Actuators B
152 316–23

[128] Guo H S, Kim J M, Chang S M and Kim W S 2009 Chiral recognition of mandelic acid by
L-phenylalanine-modified sensor using quartz crystal microbalance Biosens. Bioelectron. 24
2931–4

[129] Munoz-Aguirre S, Yoshino A, Nakamoto T and Moriizumi T 2007 Odor approximation of
fruit flavors using a QCM odor sensing system Sens. Actuators B 123 1101–6

[130] Ozmen A, Fekce F, Ebeoglu M A, Tasaltin C and Ozturk Z Z 2006 Finding the
composition of gas mixtures by a phthalocyanine-coated QCM sensor array and an
artificial neural network Sens. Actuators B 115 450–4

[131] Zhu Y, Yuan H, Xu J, Xu P and Pan Q 2010 Highly stable and sensitive humidity sensors
based on quartz crystal microbalance coated with hexagonal lamelliform monodisperse
mesoporous silica SBA-15 thin film Sens. Actuators B 144 164–9

[132] Ayad M M, Prastomo N, Matsuda A and Stejskal J 2010 Sensing of silver ions by
nanotubular polyaniline film deposited on quartz-crystal in a microbalance Synth. Met. 160
42–6

[133] Escuderos M E, Sánchez S and Jiménez A 2011 Quartz crystal microbalance (QCM) sensor
arrays selection for olive oil sensory evaluation Food Chem. 124 857–62

[134] Reipa V, Purdum G and Choi J 2010 Measurement of nanoparticle concentration using
quartz crystal microgravimetry J. Phys. Chem. B 114 16112–7

[135] Buchatip S, Ananthanawat C, Sithigorngul P, Sangvanich P, Rengpipat S and Hoven V P
2010 Detection of the shrimp pathogenic bacteria, Vibrio harveyi, by a quartz crystal
microbalance-specific antibody based sensor Sens. Actuators B 145 259–64

[136] Yakovleva M E, Moran A P, Safina G R, Wadstrom T and Danielsson B 2011 Lectin
typing of Campylobacter jejuni using a novel quartz crystal microbalance technique Anal.
Chim. Acta. 694 1–5

[137] Wan Y, Zhang D and Hou B 2010 Determination of sulphate-reducing bacteria based on
vancomycin-functionalized magnetic nanoparticles using a modification-free quartz crystal
microbalance Biosens. Bioelectron. 25 1847–50

[138] Tang D, Li Q, Tang J, Su B and Chen G 2011 An enzyme-free quartz crystal microbalance
biosensor for sensitive glucose detection in biological fluids based on glucose/dextran
displacement approach Anal. Chim. Acta. 686 144–9

[139] Lin T Y, Hu C H and Chou T C 2004 Determination of albumin concentration by MIP-
QCM sensor Biosens. Bioelectron. 20 75–81

[140] Kim N, Kim D K and Cho Y J 2010 Gold nanoparticle-based signal augmentation of
quartz crystal microbalance immunosensor measuring C-reactive protein Curr. Appl Phys.
10 1227–30

Analytical Techniques for Biomedical Nanotechnology

https://doi.org/10.1016/j.snb.2010.10.030
https://doi.org/10.1021/ac901813q
https://doi.org/10.1021/ac901813q
https://doi.org/10.1016/j.snb.2010.12.028
https://doi.org/10.1016/j.bios.2009.02.002
https://doi.org/10.1016/j.bios.2009.02.002
https://doi.org/10.1016/j.snb.2006.11.025
https://doi.org/10.1016/j.snb.2005.10.007
https://doi.org/10.1016/j.snb.2009.10.053
https://doi.org/10.1016/j.synthmet.2009.09.030
https://doi.org/10.1016/j.synthmet.2009.09.030
https://doi.org/10.1016/j.foodchem.2010.07.007
https://doi.org/10.1021/jp103861m
https://doi.org/10.1016/j.snb.2009.12.003
https://doi.org/10.1016/j.aca.2011.03.014
https://doi.org/10.1016/j.bios.2009.12.028
https://doi.org/10.1016/j.aca.2010.11.054
https://doi.org/10.1016/j.bios.2004.01.028
https://doi.org/10.1016/j.cap.2010.02.048


[141] Chen J C, Sadhasivam S and Lin F H 2011 Label free gravimetric detection of epidermal
growth factor receptor by antibody immobilization on quartz crystal microbalance Process
Biochem. 46 543–50

[142] Liu F, Liu X, Ng S C and Chan H S O 2006 Enantioselective molecular imprinting polymer
coated QCM for the recognition of L-tryptophan Sens. Actuators B 113 234–40

[143] Yakovleva M E, Safina G R and Danielsson B 2010 A study of glycoprotein–lectin
interactions using quartz crystal microbalance Anal. Chim. Acta. 668 80–5

[144] Apodaca D C, Pernites R B, Ponnapati R R, Del Mundo F R and Advincula R C 2011
Electropolymerized molecularly imprinted polymer films of a bis-terthiophene dendron:
folic acid quartz crystal microbalance sensing ACS Appl. Mater. Interfaces 3 191–203

[145] Kim J, Kim S, Ohashi T, Muramatsu H, Chang S M and Kim W S 2010 Construction of
simultaneous SPR and QCM sensing platform Bioprocess. Biosyst. Eng. 33 39–45

Chapter 7

[1] Tu Z, Zhong Y, Hu H, Shao D, Haag R, Schirner M, Lee J, Sullenger B and Leong K W
2022 Design of therapeutic biomaterials to control inflammation Nat. Rev. Mater. 7 557–74

[2] Singh A, Kaushik A, Dhau J S and Kumar R 2022 Exploring coordination preferences and
biological applications of pyridyl-based organochalcogen (Se, Te) ligands Coord. Chem. Rev.
450 214254

[3] Perera A S and Coppens M-O 2019 Re-designing materials for biomedical applications: from
biomimicry to nature-inspired chemical engineering Phil. Trans. R. Soc. A 377 20180268

[4] Dhau J S, Singh A, Brandão P and Felix V 2021 Synthesis, characterization, X-ray crystal
structure and antibacterial activity of bis[3-(4-chloro-N,N-diethylpyridine-2-carboxamide)]
diselenide Inorg. Chem. Commun. 133 108942

[5] Tibbitt M W, Rodell C B, Burdick J A and Anseth K S 2015 Progress in material design for
biomedical applications Proc. Natl Acad. Sci. USA. 112 14444–51

[6] Dhau J S, Singh A, Singh A, Sharma N, Brandão P, Félix V, Singh B and Sharma V 2015 A
mechanistic study on synthesis, single crystal X-ray and anticarcinogenic potential of bis(2-
pyridyl)selenides and-diselenides RSC Adv. 5 78669–76

[7] Dhau J S, Singh A, Singh A and Sooch B S 2014 A study on the antioxidant property of
pyridylselenium compounds and their slow release from poly(acrylamide) hydrogels
Phosphorus Sulfur, Silicon Relat. Elem 189 687–99

[8] Singh A, Singh P, Kumar R and Kaushik A 2022 Exploring nanoselenium to tackle mutated
SARS-CoV-2 for efficient COVID-19 management Front. Nanotechnol. 4 1004729

[9] Baig N, Kammakakam I and Falath W 2021 Nanomaterials: a review of synthesis methods,
properties, recent progress, and challenges Mater. Adv. 2 1821–71

[10] Salata O V 2004 Applications of nanoparticles in biology and medicine J. Nanobiotechnol.
2 3

[11] Lastra L S, Sharma V, Farajpour N, Nguyen M and Freedman K J 2021 Nanodiagnostics: a
review of the medical capabilities of nanopores Nanomedicine: NBM 37 102425

[12] Singh T, Shukla S, Kumar P, Wahla V, Bajpai V K and Rather I A 2017 Application of
nanotechnology in food science: perception and overview Front. Microbiol 8 1501

[13] Singh A, Dhau J S and Kumar R 2021 Application of carbon-based nanomaterials for
removal of hydrocarbons ed R Kumar, R Kumar and G Kaur New Frontiers of
Nanomaterials in Environmental Science (Singapore: Springer)

Analytical Techniques for Biomedical Nanotechnology

https://doi.org/10.1016/j.procbio.2010.10.006
https://doi.org/10.1016/j.snb.2005.02.058
https://doi.org/10.1016/j.aca.2009.12.004
https://doi.org/10.1021/am100805y
https://doi.org/10.1007/s00449-009-0370-5
https://doi.org/10.1038/s41578-022-00426-z
https://doi.org/10.1016/j.ccr.2021.214254
https://doi.org/10.1098/rsta.2018.0268
https://doi.org/10.1016/j.inoche.2021.108942
https://doi.org/10.1073/pnas.1516247112
https://doi.org/10.1039/C5RA15577K
https://doi.org/10.1080/10426507.2013.844143
https://doi.org/10.1016/j.mattod.2013.07.004
https://doi.org/10.1039/D0MA00807A
https://doi.org/10.1186/1477-3155-2-3
https://doi.org/10.1016/j.nano.2021.102425
https://doi.org/10.3389/fmicb.2017.01501


[14] Mauter M S and Elimelech M 2008 Environmental applications of carbon-based nano-
materials Environ. Sci. Technol. 42 5843–59

[15] Laurent S, Forge D, Port M, Roch A, Robic C, Elst L V and Muller R N 2010 Magnetic
iron oxide nanoparticles: synthesis, stabilization, vectorization, physicochemical character-
izations, and biological applications Chem. Rev. 110 2574

[16] Jeevanandam J, Barhoum A, Chan Y S, Dufresne A and Danquah M K 2018 Review on
nanoparticles and nanostructured materials: history, sources, toxicity and regulations
Beilstein J. Nanotechnol. 9 1050–74

[17] Yang L, Zhang L and Webster T J 2011 Nanobiomaterials: state of the art and future trends
Adv. Eng. Mater. 6 B197–217

[18] Ren Q, Ga L, Lu Z, Ai J and Wang T 2020 Aptamer-functionalized nanomaterials for
biological applications Mater. Chem. Front. 4 1569–85

[19] Pelaz B, Alexiou C, Alvarez-Puebla R A, Alves F, Andrews A M and Ashraf S et al 2017
Applications of nanomedicine ACS Nano 11 2313–81

[20] Laroui H, Rakhya P, Xiao B, Viennois E and Merlin D 2013 Nanotechnology in diagnostics
and therapeutics for gastrointestinal disorders Dig. Liver. Dis. 45 995–1002

[21] Onoue S, Yamada S and Chan H K 2014 Nanodrugs: pharmacokinetics and safety Int. J.
Nanomed. 9 1025–37

[22] Jahangirian H, Lemraski E G, Webster T J, Rafiee-Moghaddam R and Abdollahi Y 2017 A
review of drug delivery systems based on nanotechnology and green chemistry: green
nanomedicine Int. J. Nanomed. 12 2957–78

[23] Gavaskar A, Rojas D and Videla F 2018 Nanotechnology: the scope and potential
applications in orthopedic surgery Eur. J. Orthop. Surg. Traumatol. 28 1257–60

[24] Engelberth S A, Hempel N and Bergkvist M 2014 Development of nanoscale approaches for
ovarian cancer therapeutics and diagnostics Crit. Rev. Oncog. 19 281–315

[25] Banerjee R and Jaiswal A 2018 Recent advances in nanoparticle-based lateral flow
immunoassay as a point-of-care diagnostic tool for infectious agents and diseases Analyst
143 1970–96

[26] Shi J, Votruba A R, Farokhzad O C and Langer R 2010 Nanotechnology in drug delivery
and tissue engineering: from discovery to applications Nano Lett. 10 3223–30

[27] Farokhzad O C and Langer R 2009 Impact of nanotechnology on drug delivery ACS Nano 3
16–20

[28] Mody N, Tekade R K, Mehra N K, Chopdey P and Jain N K 2014 Dendrimer, liposomes,
carbon nanotubes and PLGA nanoparticles: one platform assessment of drug delivery
potential AAPS Pharm. Sci. Tech 15 388–99

[29] Sandler S E, Fellows B and Mefford O T 2019 Best practices for characterization of magnetic
nanoparticles for biomedical applications Anal. Chem. 91 14159–69

[30] Hurley K R, Ring H L, Kang H, Klein N D and Haynes C L 2015 Characterization of
magnetic nanoparticles in biological matrices Anal. Chem. 87 11611–9

[31] Lopez-Cebral R, Martin-Pastor M, Seijo B and Sanchez A 2014 Progress in the character-
ization of bio-functionalized nanoparticles using NMR methods and their applications as
MRI contrast agents Prog. Nucl. Magn. Reson. Spectrosc 79 1–13

[32] Mourdikoudis S, Pallares R M and Thanh N T K 2018 Characterization techniques for
nanoparticles: comparison and complementarity upon studying nanoparticle properties
Nanoscale 10 12871–934

Analytical Techniques for Biomedical Nanotechnology

https://doi.org/10.1021/es8006904
https://doi.org/10.1021/cr900197g
https://doi.org/10.3762/bjnano.9.98
https://doi.org/10.1002/adem.201080140
https://doi.org/10.1039/C9QM00779B
https://doi.org/10.1021/acsnano.6b06040
https://doi.org/10.1016/j.dld.2013.03.019
https://doi.org/10.2147/IJN.S38378
https://doi.org/10.2147/IJN.S127683
https://doi.org/10.1007/s00590-018-2193-z
https://doi.org/10.1615/CritRevOncog.2014011455
https://doi.org/10.1039/C8AN00307F
https://doi.org/10.1021/nl102184c
https://doi.org/10.1021/nn900002m
https://doi.org/10.1021/nn900002m
https://doi.org/10.1208/s12249-014-0073-3
https://doi.org/10.1021/acs.analchem.9b03518
https://doi.org/10.1021/acs.analchem.5b02229
https://doi.org/10.1016/j.pnmrs.2014.01.002
https://doi.org/10.1039/C8NR02278J


[33] Anukiruthika T, Priyanka S, Moses J A and Anandharamakrishnan C 2020
Characterisation of green nanomaterials ed S Ahmed and W Ali Green Nanomaterials.
Advanced Structured Materials vol 126 (Singapore: Springer)

[34] Dhau J S, Singh A, Singh A, Dhir R, Brandão P and Félix V 2014 Synthesis, character-
ization and antibacterial properties of pyridylseleniums: self-assembly of bis(3-bromo-2-
pyridyl) diselenide via intermolecular secondary and π···π stacking interactions J. Organomet.
Chem. 766 57–66

[35] Singh A, Maximoff S N, Brandão P and Dhau J S 2021 Crystal structures of bis(2-methoxy-
3-pyridyl) diselenide and bis(2-methoxy-3-pyridyl) ditelluride: an investigation by X-ray
crystallography and DFT calculations J. Mol. Struct. 1240 130568

[36] Marbella L E and Millstone J E 2015 NMR techniques for noble metal nanoparticles Chem.
Mater. 27 2721–39

[37] Sarker M, Fraser R E, Lumsden M D, Anderson D J and Rainey J K 2015 Characterization
of variant soft nanoparticle structure and morphology in solution by NMR spectroscopy J.
Phys. Chem. C 119 7461–71

[38] Fei W, Antonello S, Dainese T, Dolmella A, Lahtinen M, Rissanen K, Venzo A and Maran
F 2019 Metal doping of Au25(SR)18-clusters: insights and hindsights J. Am. Chem. Soc. 141
16033–45

[39] Udayabhaskararao T, Bootharajua M S and Pradeep T 2013 Thiolate-protected Ag32
clusters: mass spectral studies of composition and insights into the Ag–thiolate structure
from NMR Nanoscale 5 9404–11

[40] Bloch F, Hansen WW and Packard M 1946 The nuclear induction experiment Phys. Rev. 70
474–85

[41] Purcell E M, Torrey H C and Pound R V 1946 Resonance absorption by nuclear magnetic
moments in a solid Phys. Rev. 69 37–8

[42] Emsley J W and Feeney J 2007 Forty years of progress in nuclear magnetic resonance
spectroscopy Prog. Nucl. Magn. Reson. Spectrosc 50 179–98

[43] Blümich B 2016 Introduction to compact NMR: a review of methods TrAC Trends Anal.
Chem. 83 2–11

[44] Pavia D L, Lampman G M and Kriz G S 1979 Introduction to Spectroscopy: A Guide for
Students of Organic Chemistry (Philadelphia, PA: W.B. Saunders)

[45] Rastrelli F, Jha S and Mancin F 2009 Seeing through macromolecules: T2-filtered NMR for
the purity assay of functionalized nanosystems and the screening of biofluids J. Am. Chem.
Soc. 131 14222–4

[46] Ivashchenko O, Gapiński J, Peplińska B, Przysiecka Ł, Zalewski T, Nowaczyk G, Jareka M,
Marcinkowska-Gapińska A and Jurga S 2017 Self-organizing silver and ultrasmall iron
oxide nanoparticles prepared with ginger rhizome extract: characterization, biomedical
potential and microstructure analysis of hydrocolloids Mater. Des. 133 307–24

[47] Dreaden E C, Alkilany A M, Huang X, Murphy C J and El-Sayed M A 2012 The golden
age: gold nanoparticles for biomedicinew Chem. Soc. Rev. 41 2740–79

[48] Song Y, Harper A S and Murray R W 2005 Ligand heterogeneity on monolayer-protected
gold clusters Langmuir 21 5492–500

[49] Udayabhaskararao T, Bootharaju M S and Pradeep T 2013 Thiolate-protected Ag32 clusters:
mass spectral studies of composition and insights into the Ag–thiolate structure from NMR
Nanoscale 5 9404–11

Analytical Techniques for Biomedical Nanotechnology

https://doi.org/10.1016/j.jorganchem.2014.05.009
https://doi.org/10.1016/j.molstruc.2021.130568
https://doi.org/10.1021/cm504809c
https://doi.org/10.1021/acs.jpcc.5b00097
https://doi.org/10.1021/jacs.9b08228
https://doi.org/10.1021/jacs.9b08228
https://doi.org/10.1039/c3nr03463a
https://doi.org/10.1103/PhysRev.70.474
https://doi.org/10.1103/PhysRev.70.474
https://doi.org/10.1103/PhysRev.69.37
https://doi.org/10.1016/j.pnmrs.2007.01.002
https://doi.org/10.1016/j.trac.2015.12.012
https://doi.org/10.1021/ja904737r
https://doi.org/10.1016/j.matdes.2017.08.001
https://doi.org/10.1039/C1CS15237H
https://doi.org/10.1021/la0503606
https://doi.org/10.1039/c3nr03463a


[50] Mody V V, Siwale R, Singh A and Mody H R 2010 Introduction to metallic nanoparticles J.
Pharm. Bioallied Sci. 2 282–9

[51] Brust M, Walker M, Bethell D, Schiffrin D J and Whyman R 1994 Synthesis of thiol-
derivatised gold nanoparticles in a two-phase liquid–liquid system J. Chem. Soc. 1994 801–2

[52] Ulman A 1996 Formation and structure of self-assembled monolayers Chem. Rev. 96
1533–54

[53] Thanneeru S, Ayers K M, Anuganti M, Zhang L, Kumar C V, Ung G and He J 2020 N-
Heterocyclic carbene-ended polymers as surface ligands of plasmonic metal nanoparticles J.
Mater. Chem. C 8 2280–8

[54] Man RW Y, Li C H, Lean MWAM, Zenkina O V, Zamora M T, Saunders L N, Rousina-
Webb A, Nambo M and Crudden C M 2018 Ultrastable gold nanoparticles modified by
bidentate N-heterocyclic carbene ligands J. Am. Chem. Soc. 140 1576–9

[55] Caragheorgheopol A and Chechik V 2008 Mechanistic aspects of ligand exchange in Au
nanoparticles Phys. Chem. Chem. Phys. 10 5029–41

[56] Pem B, Pongrac I M, Ulm L, Pavicic I, Vrcek V, Jurašin D D, Ljubojevic M, Krivohlavek A
and Vrcek I V 2019 Toxicity and safety study of silver and gold nanoparticles functionalized
with cysteine and glutathione Beilstein J. Nanotechnol. 10 1802–17

[57] Schuetze B, Mayer C, Loza K, Gocyla M, Heggenc M and Epple M 2016 Conjugation of
thiol-terminated molecules to ultrasmall 2 nm-gold nanoparticles leads to remarkably
complex 1H-NMR spectra J. Mater. Chem. B 4 2179–89

[58] Yang Y, Serrano L A and Guldin S 2018 A versatile AuNP synthetic platform for decoupled
control of size and surface composition Langmuir 34 6820–6

[59] Meer S B, Loza K, Wey K, Heggen M, Beuck C, Bayer P and Epple M 2019 Click chemistry
on the surface of ultrasmall gold nanoparticles (2 nm) for covalent ligand attachment
followed by NMR spectroscopy Langmuir 35 7191–204

[60] Rice S B et al 2013 Particle size distributions by transmission electron microscopy: an
interlaboratory comparison case study Metrologia 50 663–78

[61] Kumar S, Jagielski J, Marcato T, Solari S F and Shih C J 2019 Understanding the ligand
effects on photophysical, optical, and electroluminescent characteristics of hybrid lead halide
perovskite nanocrystal solids J. Phys. Chem. Lett. 10 7560–7

[62] Wilschefski S C and Baxter M R 2019 Inductively coupled plasma mass spectrometry:
introduction to analytical aspects Clin. Biochem. Rev. 40 115–33

[63] Londoño-Restrepo S M, Jeronimo-Cruz R, Millán-Malo B M, Rivera-Muñoz E M and
Rodriguez-García M E 2019 Effect of the nano crystal size on the x-ray diffraction patterns
of biogenic hydroxyapatite from human, bovine, and porcine bones Sci. Rep. 9 5915

[64] Mansfield E, Tyner KM, Poling CM and Blacklock J L 2014 Determination of nanoparticle
surface coatings and nanoparticle purity using microscale thermogravimetric analysis Anal.
Chem. 86 1478–84

[65] Pagès G, Gilard V, Martino R and Malet-Martino M 2017 Pulsed-field gradient nuclear
magnetic resonance measurements (PFG NMR) for diffusion ordered spectroscopy (DOSY)
mapping Analyst 142 3771–96

[66] Salassa G and Burgi T 2018 NMR spectroscopy: a potent tool for studying monolayer-
protected metal nanoclusters Nanoscale Horiz 3 457–63

[67] Sharma R, Holland G P, Solomon V C, Zimmermann H, Schiffenhaus S, Amin S A, Buttry
D A and Yarger J L 2009 NMR characterization of ligand binding and exchange dynamics
in triphenylphosphine-capped gold nanoparticles J. Phys. Chem. C 113 16387–93

Analytical Techniques for Biomedical Nanotechnology

https://doi.org/10.4103/0975-7406.72127
https://doi.org/10.1039/C39940000801
https://doi.org/10.1021/cr9502357
https://doi.org/10.1021/cr9502357
https://doi.org/10.1039/C9TC04776J
https://doi.org/10.1021/jacs.7b08516
https://doi.org/10.1039/b805551c
https://doi.org/10.3762/bjnano.10.175
https://doi.org/10.1039/C5TB02443A
https://doi.org/10.1021/acs.langmuir.8b00353
https://doi.org/10.1021/acs.langmuir.9b00295
https://doi.org/10.1088/0026-1394/50/6/663
https://doi.org/10.1021/acs.jpclett.9b02950
https://doi.org/10.33176/AACB-19-00024
https://doi.org/10.1038/s41598-019-42269-9
https://doi.org/10.1021/ac402888v
https://doi.org/10.1039/C7AN01031A
https://doi.org/10.1039/C8NH00058A
https://doi.org/10.1021/jp905141h


[68] Kluenker M, Mondeshki M, Tahir M N and Tremel W 2018 Monitoring thiol–ligand
exchange on Au nanoparticle surfaces Langmuir 34 1700–10

[69] Badia A, Demers L, Dickinson L, Morin F G, Lennox R B and Reven L 1997 Gold–sulfur
interactions in alkylthiol self-assembled monolayers formed on gold nanoparticles studied by
solid-state NMR J. Am. Chem. Soc. 119 11104–5

[70] Wallner A, Jafri S H M, Blom T, Gogoll A, Leifer K, Baumgartner J and Ottosson H 2011
Formation and NMR spectroscopy of ω-thiol protected r,ω-alkanedithiol-coated
gold nanoparticles and their usage in molecular charge transport junctions Langmuir 27
9057–67

[71] Abraham A, Mihaliuk E, Kumar B, Legleiter J and Gullion T 2010 Solid-state NMR study
of cysteine on gold nanoparticles J. Phys. Chem. C 114 18109–14

[72] Wu M, Vartanian A M, Chong G, Pandiakumar A K, Hamers R J, Hernandez R and
Murphy C J 2019 Solution NMR analysis of ligand environment in quaternary ammonium-
terminated self-assembled monolayers on gold nanoparticles: the effect of surface curvature
and ligand structure J. Am. Chem. Soc. 141 4316–27

[73] Porret E, Guevel X L and Coll J L 2020 Gold nanoclusters for biomedical applications:
toward in vivo studies J. Mater. Chem. B 8 2216–32

[74] Lee S H and Jun B H 2019 Silver nanoparticles: synthesis and application for nanomedicine
Int. J. Mol. Sci. 20 865

[75] Lee K X, Shameli K, Yew Y P, Teow S Y, Jahangirian H, Rafiee-Moghaddam R and
Webster T J 2020 Recent developments in the facile bio-synthesis of gold nanoparticles
(AuNPs) and their biomedical applications Int. J. Nanomed. 15 275–300

[76] Salorinne K, Lahtinen T, Koivisto J, Kalenius E, Nissinen M, Pettersson M and Häkkinen
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