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Abstract 
Although various proof-of-concept studies have demonstrated the eventual 

potential of multifunctional surface-enhanced Raman scattering (SERS)-active metallic 

nanostructures for biological applications such as single cell analysis/measurement and 

drug delivery, the actual development and testing of such a system in vitro has remained 

challenging.  One key point at which many potentially useful biomethods encounter 

difficulty lies in the translation of early proof-of-concept experiments in a clean, 

aqueous solution to complex biologically active environments such as the interior of 

living cells.  The research hypotheses for this work state that multifunctional 

nanoconstructs can be fabricated and used effectively in conjunction with SERS 

spectroscopy and other photonics-based methods to make intracellular measurements in 

and deliver treatment to single cells.  The specific research aims of this experimental 

work are to: 1) establish temporal and spatial parameters of nanoprobe uptake and 

modulation, 2) demonstrate targeting of functionalized nanoparticles to the cytoplasm 

and nucleus of single cells, 3) deliver to and activate drug treatment in cells using a 

multifunctional nanosystem, and 4) make intracellular measurements in normal and 

disease cells using external nanoprobes. 

Raman spectroscopy and two-dimensional Raman imaging were used to identify 

and locate labeled silver nanoparticles in single cells using SERS detection. To study the 

efficiency of cellular uptake, silver nanoparticles were functionalized with three 

differently charged SERS/Raman labels and co-incubated with J774 mouse macrophage 

cell cultures for internalization via normal cellular processes. The surface charge on the 

nanoparticles was observed to modulate uptake efficiency, demonstrating a dual 
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function of the surface modifications as tracking labels and as modulators of cell 

uptake.  

To demonstrate delivery of functionalized nanoparticles to specific locations 

within the cell, silver nanoparticles were co-functionalized with the HIV-1 TAT (49-57) 

peptide for cell-penetrating and nuclear-targeting ability and p-mercaptobenzoic acid 

(pMBA) molecules as a SERS label for tracking and imaging.  Two-dimensional SERS 

mapping was used to track the spatial and temporal progress of nanoparticle uptake in 

PC-3 human prostate cells and to characterize localization at various time points, 

demonstrating the potential for an intracellularly-targeted multiplexed nanosystem. 

Silver nanoparticles co-functionalized with the TAT peptide showed greatly enhanced 

cellular uptake and nuclear localization as compared with the control nanoparticles 

lacking the targeting moiety.  

The efficacy of targeted nanoparticles as a drug delivery vehicle was 

demonstrated with development and testing of an anti-cancer treatment in which novel 

scintillating nanoparticles functionalized with HIV-1 TAT (49-57) for cell-penetrating 

and nuclear-targeting ability were loaded with tethered psoralen molecules as cargo.  

The experiments were designed to investigate a nanodrug system consisting of psoralen 

tethered to a nuclear targeting peptide anchored to UVA-emitting, X-ray luminescent 

yttrium oxide nanoparticles. Absorption of the emitted UVA photons by nanoparticle-

tethered psoralen has the potential to cross-link adenine and thymine residues in DNA 

located in the nucleus.  Such cross-linking by free psoralen following activation with 

UVA light has previously been shown to cause apoptosis in vitro and an immunogenic 

response in vivo.  Experimental results using the PC-3 human prostate cancer cell line 

demonstrate that X-ray excitation of these psoralen-functionalized Y2O3 
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nanoscintillators yields concentration-dependent reductions in cell number density when 

compared to control cultures containing psoralen-free Y2O3 nanoscintillators.  

The development and demonstration of a small molecule-sensitive SERS-active 

fiber-optic nanoprobe suitable for intracellular bioanalysis was demonstrated using pH 

measurements in single living human cells.  The proof-of-concept for the SERS-based 

fiber-optic nanoprobes was illustrated by measurements of intracellular pH in MCF-7 

human breast cancer, HMEC-15/hTERT immortalized normal human mammary 

epithelial, and PC-3 human prostate cancer cells.  Clinical relevance was demonstrated 

by pH measurements in patient biopsy cell samples.  The results indicated that fiber-

optic nanoprobe insertion and interrogation provide a sensitive and selective means to 

monitor biologically relevant small molecules at the single-cell level.  
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1. Introduction  
Recent advances in nanotechnology, including recent improvements in 

instrumentation technologies and nanofabrication methods, have stimulated great 

interest in biological applications of functionalized nanostructures for intracellular 

measurement, detection of early markers of disease, and multifunctional drug delivery 

substrates. The introduction of nanomaterials to the biomedical sciences has made it 

possible to design, produce, and utilize nanotools that are small enough to probe the 

inner workings of and deliver cargo to single living cells and their intracellular 

compartments. At the same time, biology offers nanotechnology a rich nanoscale system 

ripe for exploration and characterization.  Miniaturization via nanomaterials has also 

improved the speed and efficiency of existing biosensing and assay techniques, requiring 

smaller samples, smaller amounts of reagents, and less processing, resulting in rapid 

interrogation and lower limits of detection[1].  

Nanobased methods take advantage of the special characteristics of 

nanostructures, which exhibit unique properties not present in bulk matter.  Many 

nanostructures used in biological applications contain a central core that gives a 

particular fluorescence, electronic, optical, or magnetic signal that can be detected via 

spectroscopic methods, which are generally noninvasive and non-ionizing.  

Developments in fluorescence techniques have allowed researchers to track and study 

the paths taken by individual targets within tissues and even inside single living cells. 

Fluorescence techniques, however, have intrinsic limitations, such as emission with broad 

spectral bandwidths (which limits the potential for multiplexed detection and tracking), 

photobleaching with repeated interrogation, and an inability to differentiate 

fluorophores from intrinsic cellular fluorescence.  
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An alternative approach centers on the use of surface-enhanced Raman 

spectroscopy (SERS) in conjunction with SERS-active nanostructures. These techniques 

offer detection with enhanced specificity and sensitivity and the ability for increased 

multiplexing with a single excitation source. The width of the well defined peaks in a 

SERS spectrum is typically less than 1 nm[2], and chemical modifications to SERS 

substrates can be leveraged to give different types of nanostructures unique 

spectroscopic signatures.  In addition, the SERS “fingerprint” spectrum is well suited to 

multiplexed sensing applications using nanoprobes functionalized with a biosensor 

modality designed to interact with or measure multiple intracellular targets. 

For the reasons given above, SERS-active nanoconstructs with biosensitive 

functionality show much promise for exploration of the inner workings of single living 

cells in basic science research, for detection of early disease markers in diagnosis, and 

selective delivery of treatment in the emerging area of nanomedicine.  In the case of 

chemotherapy, targeting of nanoparticle carriers to cancer cells or to specific intracellular 

compartments (e.g., mitochondria or cell nuclei) has demonstrated potential to improve 

treatment efficacy while reducing side effects[3-7]. Targeted drug delivery to tumor cells, 

localized activation, and monitoring of drug effects will enable optimization of targeted 

treatment for individual patients as part of personalized medicine. Additionally, 

controlled nanoparticle uptake and release of cargo can serve as a means of modulating 

treatment dose and timing, avoiding many of the disadvantages, and enhancing some of 

the advantages of conventional systemic chemotherapy and disease treatments[8-13]. 

1.1 Significance and motivation 

Cancer is the second leading cause of death in North America, second only to 

heart disease, with prostate, lung, breast, and colon cancer as the top causes of 

mortality[14-16].  More than one million individuals are diagnosed with cancer in the 
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United States each year, and annual cancer diagnoses worldwide are estimated at over 

ten million [17], with cancer as the second largest cause of death in developing 

countries[16]. Although it was once considered to be an incurable disease, most patients 

diagnosed with cancer today will benefit from treatment as measured by short and long-

term survival rates. Although developments in cancer screening, diagnostics, and 

treatment have resulted in improved five-year survival rates, from 51% in 1975-77 to 

66% in 2002, the aging population in the United States and other nations will result in a 

growing number of people who will live long enough to develop cancer, thus increasing 

the total number of cases[18].   

The diagnosis and treatment of cancer currently takes place in an advanced stage 

of the disease. Traditional screening techniques are able to detect cancer only after a 

mass of tumor cells has developed and many rely on invasive methods such as biopsy 

and subsequent microscopic examination of the cell morphology of tissue samples, often 

after fixation and staining.  Imaging methods, such as mammography, can result in 

exposure to potentially harmful ionizing radiation, and highly trained radiology 

personnel must subjectively interpret these images. Molecular biology techniques such as 

immunoassays (e.g., the enzyme-linked immunosorbent assay or ELISA) can be used to 

screen for cancer biomarkers, but although these tests are sensitive and selective, they 

must be carried out in hospitals and laboratories, are time-consuming and expensive, 

and may not be able to detect the low levels of biomarkers that may exist at the early 

stages of cancer [16].  The traditional treatments of surgery, chemotherapy, radiation 

therapy, and more recent advances such as photodynamic and hyperthermia therapies 

have demonstrated some success in treating certain types of cancer, but although these 

therapies are less invasive than surgery, they have limited efficacy and are applied only 

after cancer has progressed to the tumor stage, when metastasis may have already 

occurred. Early detection and treatment of cancers are correlated with better patient 
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outcomes, and approaches that are noninvasive and non-systemic are more attractive to 

both patients and clinicians as well as potentially less costly and less risky.  

1.1.1 Nanobiomeasurement 

Future technologies envision point-of-care diagnostic devices that yield rapid, 

sensitive, and multiplexed methods to analyze an array of biomarkers in blood, urine, 

and saliva and that can leverage the wealth of information from genomic and proteomic 

profiling.  Such biomarkers include proteins, peptides, over/underexpression of gene 

markers, gene mutations, and enzyme activity. The levels of these markers in biological 

samples can be extremely low, however, or can vary widely depending on disease stage.   

Additionally, identification of a specific and sensitive marker associated with 

only one type of disease may not be feasible, and therefore arrays of biomarkers must be 

analyzed using bioinformatics approaches.  The causes of cancer include genetic 

variability (e.g., the BRCA1 and BRCA2 breast cancer-associated genes), exposure to 

environmental influences (e.g., chemicals or radiation), and biological vectors such as 

viruses (e.g., cervical cancer) and microbes (e.g., stomach cancer)[16].  In general, there 

are over 200 distinct cancer-associated diseases that affect many different parts of the 

body. No single gene is responsible for the cellular changes that signal the onset of 

cancer, and patterns of change differ in tumors from different locations or within tumors 

from the same location in the body[19]. In addition to the genetic components of cancer, 

epigenetic changes such as inactivation of tumor suppressor genes or activation of 

oncogenes also may play a part in disease development. Molecular biology tools like 

reverse transcription polymerase chain reaction (RT-PCR), Southern blotting, DNA 

sequencing, and ELISA that can examine DNA mutations/methylation and changes in 

gene expression are lab-based, slow, and require labor-intensive protocols performed by 
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skilled personnel[16].  Additionally, many of these techniques lack the precision 

required for clinical applications. 

Established techniques for detection of biomarkers located inside cells (e.g., PSA, 

BRCA1/2, oncogenes, immune system molecules, proteins, hormones, etc.) involve 

collection of cells from affected tissue followed by concentration via lysing of the cells 

and subsequent immunoseparation, centrifugation, and other sample treatment methods. 

Mechanical manipulation such as cell lysis can lead to cell disruption prior to the time of 

measurement and may interfere with measurements of cellular biochemistry that are 

dependent on cell viability. Additionally, assays and measurement techniques that rely 

on bulk measurements yield an average value based on an aggregate of cellular material 

and lack the ability to capture the heterogeneity inherent in a population of cells, which 

are known to respond asynchronously to external stimuli. With optical nanobiosensors 

that can enter a living cell, the absence of cell manipulation prior to measurement greatly 

reduces the possibility of unforeseen effects on the cell at the time of sampling, and 

single-cell analysis allows analysis of cellular components in their native forms and 

environments.  

For these reasons, development of nano-based methods for multiplexed early 

detection and targeted treatment of cancer and other diseases at the single cell and even 

single-molecule level is a priority in biomedical research.  Identification of key prognostic 

markers with a new generation of biosensors is necessary to better classify and treat 

newly diagnosed cancers and to develop personalized intervention methods for 

individual patients based on genetic profiles as well as family history of disease.  These 

methods should ideally be easy to use, inexpensive, rapid, robust, applicable to single 

cells, and should contain multi-analyte screening ability.  
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1.1.2 Nanobiodelivery 

Combining targeted drug delivery and controlled release of conventional and 

newly developed therapies has the potential to provide more effective and less harmful 

intervention than conventional chemotherapy and radiation[18].  In recent years, 

development of therapeutic drugs such as those intended for chemotherapy and cancer 

treatment has been evolving away from high-throughput screening of large libraries of 

candidate compounds in cultured cells and animal models and towards molecular 

mechanism-based drug design.  Identification of possible drug targets in metabolic and 

signaling pathways using nanoassays and nano-packaging of current treatment 

compounds have driven interest in the area of biomedical research known as 

nanomedicine.  Nanocarriers for drug compounds can enable increased stability in 

circulation, improved efficacy, and decreased side effects.  Many of these advantages 

are due to the effect of nanopackaging on the pharmacokinetics of the treatment 

compounds, which include delayed drug absorption, more controlled biodistribution, 

decrease in blood concentration, delayed drug clearance, slowed drug metabolism, and 

longer circulation times[20, 21], the latter of which can result in significant accumulation 

in leaky tumor vasculature.   

Attempts to use nanomaterials to treat cancer have typically taken one of three 

approaches.  In the first approach, nanoparticles have been used to aid in transport and 

delivery of chemotherapeutic agents[22-25].  Such methodologies have shown some 

potential, particularly in reducing the unpleasant side effects associated with 

chemotherapy[7]. Several uses of nanodelivery have already found applications in 

clinical practice. In one example, doxorubicin formulated using a liposomal delivery 

system has been shown to be effective in cancer therapy, while limiting cardiac side 

effects that may occur in traditional use of doxorubicin[26, 22]. This treatment has been 
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specifically approved for ovarian cancer and Kaposi's sarcoma.  A generally similar 

application using Paclitaxel bound to albumin in a nanoparticle formulation is currently 

used to treat metastatic breast cancer[26], and this method of packaging and delivery 

may help to circumvent drug resistance to traditional methods of dosing[22, 27].  

In the second approach, the nanoparticles themselves have been used as a means 

of enhancing the normal effects of some more traditional treatment techniques[25, 8-13].  

Two promising techniques that fall into this category are induction of hyperthermia by 

illuminating gold nanoshells with infrared light [12, 13] or enhanced reactive oxygen 

species (ROS) generation using solid gold nanoshells and X-ray radiation[11, 28-30].   

The third use of nanomaterials for cancer therapy is a combination of ROS-

generating photodynamic therapy drugs with nanomaterials that emit visible light when 

excited by X-ray radiation, also referred to as scintillators[31-34]. 

1.2 Biosensing and Raman methods 

In general terms, biosensing involves a target of interest in a biological 

environment that must be located, captured, and measured or detected. The locating, 

capture, or measurement event must be translated into a recognizable signal by a 

transducer, which then sends the signal to a detector for data collection and display. 

Figure 1 illustrates the conceptual principles of the biosensing process. 
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Figure 1: Principles of biosensing 

A biosensor can be generally defined as a device that consists of two basic 

components connected in series: (1) a biological recognition system, often called a 

bioreceptor or molecular recognition element, and (2) a transducer[35, 36]. The 

recognition system is aimed at providing the sensor with a high degree of selectivity for 

the analyte of interest. The interaction of the analyte with the bioreceptor is designed to 

produce an effect that can be measured by the transducer, such as a change in emission 

or scattering, a change in absorption, a change in mass, etc. The role of the transducer is 

to convert this information into a measurable quantity, such as an electrical signal, which 

can be displayed, stored, and processed. Bioreceptors may take many forms, but 

generally fall into one of five different major categories: (1) antibody/antigen, (2) 

enzymes, (3) nucleic acids/DNA, (4) cellular structures/cells, and (5) biomimetics.  

Various transduction methods are used with biosensors, including optical detection 

methods, electrochemical detection, and mass-based detection methods.  

Antibodies have been a popular choice as bioreceptors due to their selectivity 

and have been used both in diagnostic tests for disease[37] and targeting to disease 

tissue for therapy[38]. Their lack of stability, tendency towards non-specific binding, 

and the difficulties involved in producing and maintaining them, however, have led to 
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the development of artificial receptors and biomimics.  For example, the screening of 

biological libraries[39-42] to identify specific peptide sequences that can target analytes 

of interest via phase display techniques [43, 44] has resulted in identification of ligands 

for the HER2/neuroreceptor and ErbB2 markers[45, 46].  Aptamers, synthetic nucleic 

acid ligands that can be assembled combinatorially into large libraries, can also be 

screened for affinity for target biomarkers, and have shown a specificity that is superior 

to that of antibodies[47-50].  Detection of activity by the caspase enzyme family can be 

used to detect and monitor the effectivity of chemotherapy treatment designed to trigger 

apoptosis in disease cells[51-55]. 

Historically, labelling of bioprobes with radioactive isotopes was used to 

provide signals detected with and imaged on X-ray film.  Modern transducer 

mechanisms convert optical (fluorescence, interferometry, scattering spectroscopy, 

surface plasmon resonance), electrochemical (amperometry, potentiometry, 

conductimetry, impedimetry), and mechanical (mass change, piezoelectric, magnetic) 

signals into electrical signals.  Optical transducers are among the most widely used in 

biosensing due their noninvasive and nonionizing nature. With the discovery of 

fluorescent proteins, a variety of fluorescence labels were developed for biosensing in 

addition to chemiluminescence techniques. Over the past ten years, the development of 

fluorescence techniques has accelerated, and advanced technologies that use 

fluorescence probes have been widely applied with much success[1]. At the same time, 

the need for more sensitive/selective tracking and imaging assays has induced 

researchers to explore alternative optical detection technologies for diagnostic 

applications.   

Applications of nanotechnology to biosensor design and development involve the 

use of nanomaterials as transducers, recognition devices, and optical labels.  The 

miniaturization made possible by current nanofabrication methods has enabled the 



 

10 

possibility for new sensing techniques combined with micro- and nanofluidics in small 

devices for point-of-care analysis on the cellular scale.  The signal enhancement by 

nanoparticle labels in conjunction with Raman methods allows multiplexed detection 

ability, due to the high surface-to-volume ratio of nanostructures, and increased 

sensitivity down to the single molecule level via physical phenomena such as surface-

enhanced Raman scattering (SERS).   

1.2.1 Raman spectroscopy  

Raman spectroscopy is an optical technique that measures the intensity of 

inelastically scattered light upon interaction with molecular structures.  This scattered 

light occurs at frequencies that are shifted from that of the incident light by the energies 

of molecular vibrations. The vibrational information provided by Raman spectroscopy is 

highly specific for chemical bonds and thus for characteristic structures in molecules; it 

provides an “optical fingerprint” that can be used to identify a molecule or verify its 

presence in a sample, cell, or cellular compartment. In conventional Raman 

spectroscopy, a single point location is interrogated and the signal collected at a range of 

wavelengths, giving a one-dimensional spectrum for a particular location in the sample. 

 The peaks in a Raman spectrum are sharp and distinct, as opposed to the broad 

emission peaks generally observed in a fluorescence spectrum. These narrow Raman 

peaks allow for simultaneous detection of several different analytes in the same sample, 

thus providing an important multiplex advantage in sensing, especially in the complex 

cellular environment.  In addition, as the Raman effect is based on scattering rather than 

absorption and emission, a single excitation source can be used for a wide variety of 

analytes.  

Raman spectroscopy is similar to infrared (IR) spectroscopy in that it is a 

vibrational technique that produces information regarding the chemical structure of 
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molecular targets. Unfortunately, the usefulness of IR spectroscopy in biosensing 

applications is hampered by water absorption in the biologically useful range as well as 

tissue penetration limitations.  Raman spectroscopy is not limited by interference from 

water signal in the biological range and provides unique chemical signatures, which can 

be separated into vibrational and chemical information, that can be monitored during 

reactions. 

1.2.2 Surface-enhanced Raman scattering (SERS) 

Due to the extremely weak Raman signal intensity, Raman spectroscopy has not 

been widely used for trace analysis in the past.  Nevertheless, there has been a renewed 

interest in Raman techniques due to the discovery of the SERS effect, which results from 

the adsorption of molecules on specially textured metallic surfaces[56, 57].  Via the 

SERS effect, Raman scattering efficiency can be enhanced by up to 15 orders of 

magnitude if the analyte is located near the surface of a noble metal nanostructure, thus 

amplifying the detected signal[58, 59].  

This scattering enhancement arises from intense, localized surface plasmon fields 

in silver, gold, copper, and other “coin metal” nanostructures[60].  According to 

classical electromagnetic theory, molecules on or near metal nanostructures experience an 

enhanced field relative to that of the incident radiation.  When a metallic nanostructure 

surface (with major dimension smaller than the excitation wavelength) is irradiated by 

an incident electromagnetic field (e.g., a laser beam), conduction electrons are displaced 

into oscillation with a frequency equal to that of the incident light.  These oscillating 

electrons, called “surface plasmons,” produce a secondary electric field, which is added 

to the incident field.  When these oscillating electrons become spatially confined, as is 

the case for isolated metallic nanostructures or otherwise roughened metallic surfaces 

(nanostructures), a characteristic frequency (the plasmon frequency) exists at which 
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there is a resonance response of the collective oscillations to the incident field.  This 

condition yields intense localized fields that can interact with molecules in contact with 

or within several nanometers of the metal surface.  In an effect analogous to the 

“lightning rod” effect, the secondary fields can become concentrated at high curvature 

points on the nanostructured surface.  Surface plasmons have been associated with 

important practical applications in SERS, and reports have cited SERS enhancements on 

the order of 1013 for specific structures and analytes, thus demonstrating the potential 

for single-molecule SERS detection[61, 62]. 

SERS-active nanomaterials with biosensitive functionality are well suited for use 

as intracellular probes that can be used to examine the inner workings of single living 

cells in the interest of basic science research, to detect markers of disease in early 

diagnosis, and to selectively deliver treatments in nanomedicine applications. The SERS 

effect combines a wealth of molecular structural information of vibrational spectroscopy 

with ultrasensitive detection limits[63]. SERS-based optical nanobiosensors therefore 

have the potential to provide a highly miniaturized, hands-on, nanoscale system that 

can make measurements and facilitate cell-based analysis at the single cell and even 

single-molecule level.  

1.2.3 Surface-enhanced Raman Spectroscopy (SERS) for biosensing 

SERS detection offers many advantages and potential improvements over 

traditional fluorescence methods. Although fluorescent reporter molecules conjugated to 

biological probes and delivered to cells are widely in use, fluorophores generally have 

specific excitation bands, which require multiple sources for multiplexed detection, and 

exhibit broad featureless emission peaks (~75 nm in width)[64], which can produce 

spectral overlap and mixing of signals. Photobleaching and chemical degradation, 

especially in the crowded interior of the cell, also limit the useful lifetime of these 
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reporters. In contrast, a SERS spectrum contains a characteristic array of well defined 

peaks with ultra-narrow widths (typically around 1 nm or less)[2], allowing the 

potential for multiplexed sensing and detection with a single excitation source. 

Nanostructures used in biological applications are produced from materials that 

give a particular optical (e.g., fluorescence, electronic, or magnetic) signal that can be 

detected using noninvasive and nonionizing photonics methods.  Noble metals such as 

silver and gold are well suited as either solid particles or surface coatings in SERS 

methods because they are known to be biologically well tolerated and non-reactive[65, 

66]. Additionally, these metals exhibit particular optical properties that make them 

relatively simple to track via spectroscopic techniques.  For example, the size and shape 

of silver or gold nanostructures can be altered for the purpose of “tuning” the surface 

plasmon resonance phenomena[59] that arise from a combination of chemical and 

electromagnetic effects inherent in the electron structure of these materials.  

To leverage this surface plasmon effect, nanoparticles can be synthesized in a 

variety of shapes such as nanospheres[67], nanorods[67, 68], nanocubes[69], 

nanoprisms[70], and nanostars[71, 72], from a variety of materials, typically gold and 

silver[26]. Gold and silver nanoparticles provide several known advantages, including 

straightforward processes for added functionalization with surface coatings and non-

toxicity to cells and higher organisms[65, 66, 73]. Advances in nanotechnology and 

nanofabrication methods have stimulated interest in the use of functionalized 

nanoparticles as biosensors and bioprobes to detect early markers of disease and use as 

multifunctional substrates for drug delivery. Additionally, surface modifications can be 

easily applied to the nanoparticles to give to each different version of similar particles a 

unique “spectroscopic fingerprint” that can be separated from other signals in a 

heterogeneous environment. SERS-based biosensing methods also provide the capability 

of quick signal acquisition with a single excitation source. 
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SERS methods are especially suited to biosensing applications because of their 

capability for multiplex detection, or simultaneous detection and identification of the 

spectral fingerprint of several distinct SERS labels.  The theoretical limit for SERS 

multiplexing has been estimated at 10-100, while 10-30 is realistic for microscope 

applications at the present time[74].  This feature of SERS methods presents a great 

advantage over that of electronic absorption dyes and fluorescence emission labels, 

whose multiplexing capability is limited to 1-3 signals by the aforementioned broad 

electronic absorption bands and spectral overlap.  The narrower emission peaks of 

quantum dots (~30 nm in width)[75] provide some improved multiplexing ability at 3-

10 signals, but still well below the threshold offered by SERS labels[74].  Although the 

SERS effect yields a signal with an inherently high signal-to-noise ratio for single 

detection event, multiplexed signal acquisition often necessitates further data processing 

and signal deconvolution before imaging or display.  In this case, mathematical 

algorithms may be employed for signal decomposition[76]. 

Limitations and unknown factors also exist in SERS-based sensing. They include 

the inability to directly quantitate signal intensity with number or concentration of 

nanoparticles due to aggregation once the particles are introduced into the cellular 

interior; this aggregation can be exploited and used as a decided advantage in that it 

creates SERS “hot spots” that increase the signal enhancement factor. Although some 

research groups have demonstrated proportional correlation of SERS signal response 

with the amount of SERS label in solution, this is not possible in the heterogeneous and 

complex biological environment. Other limitations include possible shuttling of foreign 

particles to the lysosomal or other disposal pathways and the amount of time required 

for cellular uptake of nanoparticles, which typically occurs over several hours.  

Additionally, the two-dimensional SERS mapping approach used in the experiments 

described in this work requires several hours to collect data with enough resolution over 
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a single-cell area to distinguish the location of SERS-active nanoparticles in discrete 

compartments of the cell. This limitation, however, may be diminished by the rapid 

evolution of computing and optics technologies.  At the clinical level, therapeutic 

delivery of nano-based sensors or treatment to organismal subjects and the immediate 

and long-term effects of nanoparticles on living subjects are areas of concern in current 

research. 

1.3 Previous work  

Acquisition of Raman spectra of molecules on an electrochemically roughened 

surface was reported in 1977[58], but the utility and power of the surface enhancement 

effect remained limited due to the irreproducibility of SERS substrates.  At that time, 

substrates mainly consisted of metal island films whose properties could be controlled 

only to a limited extent and could change over time due to oxidation, surface annealing, 

and other phenomena. The analytical potential of SERS spectroscopy for trace organic 

analysis was reported for the first time in 1984, with limits of detection in the nanogram 

range [77]. In 1997, reports of single-molecule limits of detection using SERS 

methods[62, 78, 79] reinvigorated interest in the field of Raman and SERS spectroscopy 

at the same time as new nanofabrication methods were becoming available for 

production of more precise and robust substrates.  The ability to control the size, shape, 

material, and surface properties of nanosubstrates quickly made SERS spectroscopy an 

effective, attractive, and powerful analytical technique.  In a 2008 review article, Stiles 

and VanDuyne summarized the explosion of research in this area, saying that in the time 

between 2000 and 2008, “Over 5000 research articles, 100 review articles, and several 

books on SERS have appeared in the literature.  Such a large research database provides 

simple testimony of the impact of SERS on both fundamental and applied studies in 
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fields as diverse as chemistry, physics, materials science, surface science, nanoscience, 

and the life sciences.”[80].   

SERS methods have been applied to environmental monitoring[81-84], biological 

and chemical warfare detection[85-87], in vitro and in vivo biomedical monitoring and 

diagnosis[88-93, 64, 94-98], monitoring of chemical and catalytic reactions[99, 100], 

detection of disease in tissues[101, 102], explosives detection[103], hyperthermia 

therapy, and contrast agents and imaging[104]. 

Together, the advances in nanosubstrate fabrication and demonstration of 

applications propelled SERS spectroscopy from a theoretically interesting physical 

phenomenon to a highly effective analytical technique.  In the past, nanofabrication 

methods for SERS substrates mainly consisted of a) randomly deposited metal films 

(Ag, Au, and Cu) with limited capacity for tuning via film thickness and solvent 

annealing[105, 106], and b) electrochemically roughened surfaces via metal oxidation-

reduction cycling.  Modern nanofabrication methods offer more control over size, shape, 

material, orientation, and surface properties as well as a reduced number and 

complexity of variables that affect the enhancement factor.  These new methods include 

nanosphere lithography (NSL)[107], atomic layer deposition (ALD)[108], focused ion 

beam (FIB) milling[109], and self-assembly of organic/inorganic components.  

Functionalization methods for nanostructures now include the addition of coatings, 

secondary layers/materials, and self-assembled monolayers of organic and inorganic 

molecules, and materials for nanostructures have been extended from the traditional 

coin metals to transition metals[110-114] and rare-earth oxides, including the synthesis 

of multi-material subtrates including core-shell and silica coatings. 

Metal colloid solutions, mainly gold and silver, have been one of the most 

common nanosubstrates used in solution or in biological systems such as cells and 

tissues.  These colloids can be coated and functionalized much like solid substrates, but 
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are known to aggregrate under the effects of pH, changes in ionic strength in solution, 

and changes in electrolyte/chemical/target concentration, all of which occur in the 

biological environment of the cell.  Within certain limits, the aggregation of colloidal 

nanoparticles is known to produce “hot spots” where dimers, trimers, and other 

geometrical arrangements concentrate the SERS effect to boost signal enhancement 

significantly. 

Since the first report on the use of SERS for trace analysis[77], the Vo-Dinh 

laboratory has devoted extensive efforts to developing SERS techniques and probes for 

chemical and biological sensing[115] as well as medical diagnostics[116, 117, 95, 94, 

92]. Raman techniques can be used without sample labeling, and Raman imaging has 

been demonstrated for examination of DNA[118] and protein distributions in 

apoptotic[119] and mitotic cells[120].  The majority of these studies have focused on 

Stokes-shifted Raman scattering, but coherent anti-Stokes Raman scattering has also 

been used in cellular imaging [121].  

Raman/SERS spectroscopy has successfully been applied to discrimination of 

cancerous cells from noncancerous[122].  Resonance Raman spectroscopy can provide 

subtle details regarding protein folding, hydration, and ligand binding, especially for 

heme proteins[123, 124], tryptophan[125-127], and tyrosine[123, 125-128].  Unlabeled 

silver or gold nanoparticles have only limited use in SERS-based biochemical analyses 

due to their lack of molecular specificity, but the addition of biochemically-responsive 

labels or ligands to SERS-active nanoparticles or nanoshells has shown significant 

potential for intracellular and extracellular biodetection[129, 130, 92, 131-137].  SERS-

active plasmonic nanostructures have also been used for photothermal treatment of 

shallow tumors[138, 12, 139].  

Applications of SERS-based technique for biosensing can be loosely classified 

into the following categories: nucleic acid-based detection, immunoassay-based 
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detection, and cell-based detection.  Nucleic acid-based detection involves the use of 

SERS-active molecules attached to DNA that come into contact with a metal surface, 

resulting in a gain of signal[140], or are separated from contact with the metal surface 

for a loss of signal[92, 95, 94, 141].  Immunoassay-based sensor designs rely on 

detection of the interactions between antigens and antibodies bound to 

nanostructures[131, 142-144].  Cell-based detection is aimed at gathering information 

regarding events occurring at the molecular level on the surface[145] or in the interior of 

living cells[146-148, 93, 149] 

A large body of previous research in Raman/SERS spectroscopy has focused on 

nanofabrication methods and measurement/optimization of the resultant SERS signal 

for different types of nanosubstrates[150, 80, 151, 152, 61, 153-155].  Simultaneously, a 

number of researchers have focused on development of SERS-based bioassays in 

aqueous solution[156, 135, 94, 95, 157] or on demonstrating the cellular uptake of 

untargeted nanomaterials[147, 149, 61]. In the latter case, researchers have successfully 

detected SERS from nonspecific DNA/RNA and protein interactions with noble metal 

nanoparticles, and SERS from specific labels (such as the pH-sensitive label pMBA) 

attached to gold or silver nanomaterials[134, 132].  Although no individual research 

group has yet been able to integrate these various proof-of-concept elements into a single 

targeted means of performing SERS-based bioanalysis in living tissue, cells, or individual 

subcellular compartments, the broader research community is moving closer to achieving 

this long-term goal[158]. In one example, researchers described the fabrication of SERS-

active substrates functionalized with antibodies for eventual detection and tracking of 

proteins in the intracellular environment, as well as optimization of the SERS signal 

enhancement for such nanosystems[156].  As with many or most bioassays, however, 

these studies in aqueous solution have yet to be extended to application in cells or 

tissue. 
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1.4 Nanomaterial effects and safety  

As a direct result of the growth of nanotechnology, there has been a proliferation 

of nanoparticle- and nanotechnology-based products introduced not only in medical 

applications[159] but also in the consumer market. Still, the understanding of the short- 

and long-term safety effects of nanoparticles on humans and the environment is limited.  

A defining characteristic of nanoscale materials is that they exhibit unique properties 

that are a direct function of their size and composition, and the toxicity of various types 

of nanoparticles appears to vary broadly according to material, size, concentration, 

surface modification, and surface charge [65, 160, 66]. Although the cytotoxicity of 

nanomaterials is often tested and characterized in vitro, the conjugation of these 

materials to other cargo and their introduction into in vivo systems may result in 

unforeseen and adverse effects, as these nanoconstructs may be carried throughout the 

organism, may be metabolized or degraded, and may accumulate in cells and tissues, 

and eventually excreted into the environment[161, 160]. Because of the novelty and 

experimental nature of nanomaterials, regulatory policies and testing protocols for 

nanomaterials have not been developed, although questions and concerns have been 

raised both by researchers/clinicians and the general public.  

  One early study of titanium dioxide/zinc oxide nanoparticles contained in 

sunscreen demonstrated that these particles can catalyze oxidative DNA damage in 

vitro, as seen in experiments with human fibroblast cells[162]. Carbon nanotubes and 

other nanocarbon structures have been the subject of several studies showing possible 

dangers due to oxidative stress from external (dermal, inhalation)[163] and internal 

exposure[164, 165, 161].  Although noble metals such as gold and silver have been 

traditionally considered to be biologically well tolerated, their effects on biological 

systems appear to be vary with size[166, 65] and crystalline properties[73, 167] as well. 



 

20 

A recent review of the characterization of inorganic nanoparticles posits that 

“Although nanoparticles may be more easily taken up by organisms through ingestion, 

respiration or both, which potentially increases their residence time and exposure in 

environmental systems, these effects typically result from their small size (an extrinsic 

property) rather than a unique nanoscale property (an intrinsic property).  New 

fundamental physics or theories beyond those encompassed by colloidal chemistry are 

not necessarily needed to describe the interactions of particles in the 1-100-nm size 

range with other materials in the biosphere.  However, the ‘non-bulk’ properties of 

nanoparticles, their atypical surface structure, and their reactivity may enhance 

processes such as dissolution, redox reactions or the generation of reactive oxygen 

species (ROS)”[66].  

As one example, although silver ions are known to be toxic to many types of 

bacteria, it has long been established that silver nanoparticles are not toxic to eukaryotic 

cells.  In fact, a variety of products containing silver nanoparticles have been approved 

by the FDA for use in a wide variety of consumer and medical products (i.e., silver 

sulfadiazine cream for burn treatment, cosmetics, dietary supplements, deodorizing 

products and fabrics, wound dressings, dental alloys, acne creams, etc.).  This is 

specifically relevant to the experiments reported here, which make use of ~50 nm 

diameter silver nanoparticle, a size accepted as noncytotoxic[66].  Additionally, the 

method used to synthesize these particles[168] does not result in production of silver 

ions or reactive groups on the nanoparticle surface.  
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2. Research Hypotheses and Aims 

2.1 Statement of problem 

Although various proof-of-concept studies have demonstrated the eventual 

potential of a multifunctional SERS-active metallic nanostructures for biological 

applications such as single-cell analysis/measurement and drug delivery, the actual 

development and testing of such a system in vitro and in vivo has remained 

challenging[158]. This is not surprising to those with experience developing in vitro or in 

vivo bioassays, as one key point at which many potentially useful bioassays encounter 

difficulty lies in the translation of early proof-of-concept experiments in a clean, 

aqueous solution to complex, crowded, biologically-active environments such as the 

interior of living cells.  Another significant challenge is posed by combining several 

separately developed and characterized subcomponents into a multifunctional 

nanosystem containing several modules that maintain their integrity and retain their 

ability to exert their respective functions once introduced into the biological environment 

of cells, tissues, and whole organisms.  By and large, this transition is difficult because 

the wide variety of biomolecules (enzymes, proteins, metabolities, and other cellular 

components) and the presence of dynamic cellular processes encountered in living cells 

and tissue simply cannot be fully reproduced in aqueous solution.   

2.2 Purpose of study 

The research hypotheses for this work state that multifunctional nanoconstructs 

can be fabricated and used effectively in conjunction SERS spectroscopy and other 

photonics-based methods to make intracellular measurements in and deliver treatment 

to single cells.  The results of experimental work address the specific research aims, to 1) 

establish temporal and spatial parameters of nanoprobe uptake and modulation, 2) 
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demonstrate targeting of functionalized nanoparticles to the cytoplasm and nucleus of 

single cells, 3) make intracellular measurements in normal and disease cells using 

external nanoprobes, and 4) deliver to and activate drug treatment in cells using a 

multifunctional nanosystem. 

2.3 Hypothesis 1 

Hypothesis 1: Cellular uptake of plasmonics-active nanoparticles can be 

modulated, tracked, and targeted using SERS methods.  The investigation of this 

hypothesis has two underlying specific aims. 

2.3.1 Specific aim 1: Establish temporal and spatial parameters of 
nanoparticle uptake and modulation 

The ability to modulate cellular uptake of SERS-labeled nanoparticles and track 

the intracellular distribution spatially and temporally using one- and two-dimensional 

Raman spectroscopy has been demonstrated. Widespread uptake of nanoparticles takes 

place after two to four hours of incubation in the mammalian and human cell cultures 

employed in these experiments. In general, uptake of nanoparticles via normal cellular 

processes requires several hours and results in trafficking of nanoparticles to several 

intracellular locations.The use of SERS for monitoring and tracking of biosensors is a 

relatively new field motivated by the potential of SERS spectroscopy to yield higher 

sensitivity and specificity in conjunction with multianalyte detection.   

2.3.2 Specific aim 2: Demonstrate selective targeting of nanoparticles 
to the cytoplasm and to the nucleus of single cells.  

The ability to preferentially target nanoprobes to the nucleus and visualize the 

resulting intracellular distribution has been demonstrated.  This research represents one 

of the first studies showing SERS labeling and detection of multi-functional 

nanoparticles targeted to a subcellular compartment.  The use of cell-penetrating 
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peptides (CPP) and nuclear targeting peptides (NTP), such as the HIV-derived TAT 

sequence, allows for 1) enhanced uptake of nanoparticles through the cellular membrane, 

and 2) preferential shuttling of cargo to the nuclear location. Although nuclear-targeted 

nanoparticles are expected to penetrate the nuclear membrane and enter the cell nucleus, 

cytoplasmic accumulation may still be significant.  The ability to successfully accumulate 

nanoparticles within the nucleus has been verified by confocal fluorescence studies 

showing co-localization of the targeted nanoparticles and the nucleus.  

2.4 Hypothesis 2  

Hypothesis: SERS-active nanoconstructs can be used to make measurements in 

and deliver treatment to the cellular interior.  Investigation of this hypothesis involves 

two specific aims. 

2.4.1 Specific aim 3: Deliver cargo/drug treatment in the cell via 
plasmonics-active nanoparticles 

The ability to use nanoparticles to deliver treatment to the cellular interior will be 

demonstrated by measuring the cellular effects of a drug system based on psoralen-

linked nanoparticles designed to operate through X-ray activation. In this formulation, 

X-ray radiation is absorbed by scintillating nanoparticles that subsequently emit 

ultraviolet A (UVA) light.  Absorption of the emitted ultraviolet UVA photons by 

nanoparticle-tethered psoralen has the potential to cause DNA intercalation, which has 

previously been shown to result in apoptosis in vitro. Reduction in gross cell density and 

cellular proliferation was measured against untreated controls and untethered 

drug/nanoparticle treatment. 
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2.4.2 Specific aim 4: Measure intracellular pH of normal and cancer 
cells using SERS-active fiber optic-based nanoprobes 

The ability to obtain intracellular measurements from single living cells has been 

demonstrated with a fiber optic-based SERS-active nanoprobe. As proof-of-concept, 

one such SERS-based nanoprobe was developed to simultaneously determine 

intracellular and extracellular pH and was tested on MCF-7 and DKAT human breast 

cancer cells, HMEC-15/hTERT immortalized normal human breast cells, and PC-3 

prostate cancer cells. The results of these pH measurements were compared with known 

literature values and with values determined by other techniques in both normal/cancer 

cells lines. Additionally, intracellular pH measurements were obtained from clinical 

patient biopsy samples. The studies demonstrated a tendency for the cell to quickly 

equilibrate its inner pH with that of the surrounding media. This tendency is a 

complicating factor in all cases in addition to the presence of red bloods cells (and other 

biological components) and the short duration of patient biopsy cell viability. 
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3. Materials, Methods, and Instrumentation 

3.1 Raman spectral data acquisition 

Experimental spectroscopic data was collected using a Renishaw InVia scanning 

confocal micro-Raman spectrometer system (Renishaw, Glouchestershire, UK), as shown 

in the schematic of Figure 2.  This instrumentation and data collection process is quite 

similar to that of confocal fluorescence microscopy except that the wavelength-resolved 

signal is transmitted to a spectrometer. 

 

Figure 2: Schematic of Raman microscope system used in experiments 

  A microscope objective is used for illumination and collection for spatially 

resolved detection of Raman spectra from a sample with optical resolution. To collect 

data, a laser light is focused on a small location on the sample surface, and scattered 

light is collected through a high numerical-aperature objective. The scattered light is 

notch-filtered to remove Rayleigh-scattered light, then focused and directed to a 

spectrometer and detector[169]. Either a single diffraction-limited spot can be 

interrogated or an area of the sample can be scanned with the laser in a series of steps. 

Point mapping of a defined spatial area on a sample allows true confocality, and 

usually involves raster scanning via an x-y translational stage and grating-based 
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monochromators.  Line mapping perpendicular to the direction of line focus can 

decrease the number of scanning steps and thus the data acquisition time, but this 

approach removes confocality in the direction of line focus. The x-y resolution is 

diffraction limited to half of the excitation wavelength (633 nm, in this case) and the z-

resolution is dependent on the size of the pinhole[74, 170].  The smallest possible step 

size for the SERS mapping used in the experiments described here was 1 micron. 

3.2 SERS mapping of spectral data 

By plotting the intensity of single Raman peak at each x-y location in the sample, 

an image can be produced from the collected spectral data, with a color bar typically 

coding for signal intensity.  For samples containing SERS-active constructs or SERS-

labels, a characteristic signal from the SERS label spectrum can be visualized to build 

image contrast.  The characteristic peak intensity from the collected spectrum at each 

spatial location is displayed on false color scale to permit direct visualization of the 

distribution and concentration of the corresponding SERS-labeled material, as illustrated 

in Figure 3. 
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Figure 3: SERS mapping process 

Because the SERS signal levels are orders of magnitude higher than conventional Raman 

scattering from the biological components of cells or tissues, there is no need for filtering 

or processing the collected data.  The narrow and complex Raman signals from SERS 

labels/probes can be clearly discriminated from background autofluorescence, which is 

advantageous for detection of low-abundance analytes and low-intensity signals.  For 

example, in several of the experiments described herein, p-mercaptobenzoic acid 

(pMBA) was used as a SERS-label molecule.  The SERS spectrum of pMBA has a stable 

and strong characteristic peak at 1586 cm-1.  From the SERS spectra collected at each 

location on a 2D area of interrogation, the intensity of the collected signal at 1586 cm-1 

can be displayed according to a color map, and thus the location and strength of the 

pMBA label indicates the presence of the labeled nanoparticles and their distribution 

throughout the area of interrogation. 
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3.3 Nanofabrication methods 

SERS-active substrates, nanoparticles, and nanoprobes used in these 

experiments were prepared according to the detailed methods described in each section.  

A brief background on each of the nanostructures is provided here. 

3.3.1 Silver colloidal nanoparticles 

Silver colloidal nanoparticles were prepared by reduction of silver nitrate with 

hydroxylamine hydrochloride, as previously described[168]. The average diameter of the 

resulting silver nanoparticles was measured at approximately 50 nm by transmission 

electron microscopy (TEM). Silver colloidal nanoparticles were subsequently: a) SERS-

labeled with self-assembled monolayers of thiol-derived molecules[171] as described in 

Section 4.2.1 and publications from this work[172, 173]; or b) fluorescence-labeled  

using NHS chemistry, as described in Section 5.2.4 and publications from this work[110, 

174, 172]. Functionalization with nuclear targeting peptides (such as HIV-1 TAT) is 

described in Sec. 5.2.1 and in publications from this work[175, 172, 110, 174]. 

3.3.2 Development of novel nanoparticles  

Synthesis of novel yttrium oxide and gold-coated yttrium oxide nanoparticles is 

described in Sections 6.2, 6.3.1, and 6.4.1 and in publications[176, 110]. 

Functionalization of yttrium oxide and gold-coated yttrium oxide nanoparticles with 

both nuclear targeting peptide and tethered drug cargo is described in Sections 6.3.1 and 

6.4.1, as well as in publications from this work[174, 110]. 

3.3.3 Fiber optic-based AgIF-coated nanoprobes 

Nanoprobes were fabricated by tapering of fiber optic cable sections using laser-

heating and force/velocity-controlled pulling.  The resulting nanoprobes were prepared 

as a SERS substrate by application of a statistically controlled silver island film (AgIF) 

using a thermal evaporation unit, as described in detail in Sec. 7.2.1. SERS-labeling and 
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pH-sensitivity was added by thiol-tethering of p-mercaptobenzoic acid (pMBA) 

molecules, as described in Section 7.2.2 and publications from this work[177, 148, 93]. 

3.4 In vitro model systems and mechanisms 

3.4.1 Cell lines  

Several mammalian and human cell lines, both normal and disease types, were 

used for in vitro experiments. Cancer cell lines in particular are a convenient model 

biological system because they provide a convenient source of continuously renewable 

material that is relatively easy to culture in standard media using well-characterized 

protocols[178].  Additionally, for testing of potential treatments that affect cell 

proliferation and/or cause cell death (such as chemotherapy drugs), cancer cells are not 

only a logical choice for testing overall efficacy, but also provide a variety of specific 

properties, such as differing receptor status, over/underexpression of selected cellular 

products, and presence or absence of pathways that can be targeted and compared.  

Two of the most prevalent cancers in the U.S. are breast cancer and prostate 

cancer.  Many funding agencies and research programs are aimed at gaining a better 

understanding of the cellular changes and biomarkers associated with the development 

of these cancers as well as design and testing of treatment methods that are effective 

against them. In breast cancer cell lines, estrogen and progesterone sensitivity, estrogen 

receptor (ER+ or ER-) status, and HER2/ErbB2 receptor status (+/-) are considered 

markers of interest.  For prostate cancer cells, androgen dependence (AD) or 

independence (AI) and p53 tumor suppressor status (+/-) are important characteristics. 

The “epithelial-mesenchymal transition (EMT)” hypothesis of breast cancer 

development suggests that in the progression of cancer from normal cells to atypical 

overproliferation to metastatic disease, breast cancer cells may undergo shifts in 

phenotype possibly associated with genetic changes.  These changes can result in a 

gradual shift from epithelial cell traits to more aggressive, invasive mesenchymal cell-like 
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traits, accompanied by possible loss of hormonal (estrogen/progesterone) receptors.  

Breast cancer cell lines can be loosely classified on this continuum ‘luminal epithelial-

like”, “weakly luminal epithelial-like”, and “mesencyhmal-like.” 

 Established cancer cell lines used in these experiments included the MCF-7 

(luminal epithelial-like), SKBR3 (weakly luminal epithelial-like), and MDA-MB-231 

(mesenchymal-like) breast cancer cell lines as well as the PC-3 prostate cancer cell line.  

J774 mouse macrophage cells and HMEC-15/hTERT immortalized breast epithelial cells 

were used as “normal” model cell lines.  Additionally, the DKAT breast cancer cell line 

identified, isolated, and cultured by Dr. Victoria Seewaldt from a cohort of high-risk 

breast cancer patients was also used in selected experiments.  The cell lines and brief 

descriptions of these cell lines are listed in Table 1, and experimental details regarding 

cell culture and experimental protocols appear in the appropriate sections: J774, Section 

4.2.2; MCF-7, Section 7.2.3; PC-3, Sections 5.2.3, 6.3.1.3, 6.4.1.2, and 7.2.3; MDA-MB-

231, Section 7.2.3; HMEC-15/hTERT, Section 7.2.3; SK-BR-3, Section 6.5; and DKAT, 

Section 7.2.3. 

Table 1: Summary and descriptions of cell lines used in experiments 

Cell line 
[Refs] 

Cell type Characteristics Selected uses in research 

J774 
[179, 180] 

Mouse macrophage 
 

Expresses cell 
receptors for Ig; high 
levels of NO2 
synthase enzyme,  

 

Used in NO2 signaling 
studies; used in bioassays to 
detect M-CSF (monocyte 
colony stimulating factor) 

MCF-7 
[181, 182] 

Human breast cancer Estrogen and anti-
estrogen sensitive, 
ER(+), PR(+) 

First hormone-responsive cell 
line; exhibits estrogen/anti-
estrogen sensitivity and 
differential expression of 
estrogen and progesterone 
receptors (positive control); in 
vitro model of 
tumorigenicity/proliferation 
rates and malignant 
progression; in vitro model for 
study of mechanisms of 
chemoresistance due to 
susceptibility to apoptosis; 
therapeutic studies on agents 
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that prevent synthesis and 
activity of estrogens 

 
PC-3 
[183-186] 

Human prostate 
cancer 

Androgen 
independent (AI), 
p53 deletion 
mutation 

Cell signaling and 
communication; expression of 
cytokines and growth factors 
(VEG-F, fibroblast GF, 
neurotrophic factors); 
androgen insensitivity 

 
MDA-MB-
231 
[182, 187] 
[188] 

Human breast cancer Estrogen insensitive, 
ER(-), PR(-), 
HER2(-) 

In vitro model for study of the 
role of TNK2 in cancer cell 
invasion, study of acetylation 
and Hsp90α in tumor cell 
invasion, in vitro model for 
study of mechanisms of 
chemoresistance 

 
HMEC-15/ 
hTERT 
[189, 190] 

Human mammary 
epithelial 
(immortalized) 

 

 In vitro model of “normal” 
breast tissue;  

SK-BR-3 
[191, 182] 

Human breast cancer ER(-), PR(-), 
HER2(+) 

Overexpresses the HER2/c-
erb-2 gene product. 

 
DKAT Human breast cancer  Isolated from high-risk 

patient cohort; 
   

 

3.4.2 Cellular introduction of nanomaterial 

Because mammalian and human cells have diameters in the 10-20 µm range, 

nano-sized particles in a variety of shapes and materials are well suited for use in 

cellular and subcellular spaces.  Nanoparticle-based biosensing and biomedical 

application of nanodelivery vectors rely on the ability to introduce nanomaterials into 

the interior of individual cells without damaging the cells or disrupting normal cellular 

activity. The phospholipid bilayer surrounding the cell is extremely hydrophobic and 

lipophilic in nature and is designed to restrict the entry of foreign materials. For this 

reason, the ability for nanomaterials to bypass the cell membrane is an important first 

step. Nanomaterials can be introduced into the cells by a variety of methods, including 

biological delivery by viral vectors, mechanical delivery by microinjection[192], cell 
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membrane disruption and subsequent diffusion via electroporation[193] and sonication, 

synthesis inside the cellular interior via intracellularly grown nanoparticles[194], and 

uptake by the normal cellular endocytotic and other processes, either by encapsulation 

within lipsomes or micelles, or free nanoparticles co-incubated in the cell medium.  The 

uptake efficiency and localization of these nanomaterials depend on several 

factors[195], including size and shape of the nanomaterial[196], the surface charge [197, 

198], and the particular uptake mechanism or blended mechanisms (e.g., phagocytosis, 

receptor-mediated endocytosis, pinocytosis, etc.[198] [199]) as well as the particular 

cell line. 

Once inside the cell, “foreign” materials are often recognized as such and 

shuttled into the various degradation and disposal mechanisms, often involving the 

lysomal pathway.  In particular, nanomaterials taken up via endocytotic mechanisms 

are often shuttled inside the cell via endosomes, and endosomal escape may be 

necessary for the nanomaterial to exert its function or find its target.   

Viral delivery has shown some promise for DNA and gene delivery but 

difficulties have also been reported, including immunogenicity and risk of virus-related 

complications, nonspecificity, and problems due to interference with tissue-specific 

promoters[200]. Electroporation and microinjection methods can be effective but are 

invasive in nature, can damage the cell membrane[193], and may cause perturbation and 

stresses that have unknown effects on the normal workings of the cell.   Liposomal 

delivery is much less efficient than viral delivery and shares the same lack of specificity 

as well as some reports of toxic reactions, and inactivation by surfactant and serum 

proteins[200]. Micellular packaging has been helpful for encapsulation and delivery of 

hydrophobic and/or water-insoluble compounds, but the ability to deliver these 

compounds at concentrations high enough to have the desired effect[201] without 

adverse effects on the cell is an open concern. The ideal cellular delivery vector would 

have characteristics such as efficiency, nontoxicity, ability to bypass the lysosomal and 
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other degredation pathways, and in the case of DNA/gene delivery, would be able to 

bypass the endocytotic pathway to minimize DNA degradation[200]. 

Fortunately, nanoparticles can be taken up via normal cellular processes 

involving endocytosis during co-incubation in the cell medium.  Furthermore, they can be 

functionalized with surface molecules, such as labels for tracking and detection, drug 

molecules, biosensing modules, and cell-penetrating and organelle-targeting peptide 

“delivery tags”.  Although the use of cell-penetrating peptides and organelle-targeting 

peptides with metallic nanoparticles is a relatively new area of research, active targeting 

of nanoparticles has been demonstrated in the literature with antibodies, genes and gene 

products, small proteins, adenoviruses, oligonucleotides, liposomes, and 

macromolecules[202]. In particular, several classes of cell-penetrating peptides (CPP) 

and nuclear targeting peptides (NTP) have demonstrated the ability to successfully 

carry cargo with total particle sizes up to 200 nm through the cell membrane and shuttle 

it to specific intracellular compartments[203, 204, 202, 18, 205]. One example of this 

dual CPP/NTP class of peptides is the HIV-derived “Trans-Activator of Transcription” 

(TAT) peptide used in the work described herein. 

3.4.3 Cell-penetrating peptides and nuclear targeting peptides 

To fully exploit the potential of nanotechnology in biological applications, such 

as nanobiosensing, basic science research on the inner workings of cellular systems, and 

delivery of drugs and genes in research and nanomedicine applications, nanoconstructs 

with cargo such as proteins[206, 207], genetic material (DNA/RNA)[208, 202, 209], 

antibodies, imaging agents, and drug compounds must pass intact through the cell 

membrane efficiently, avoid the cellular disposal mechanisms, and be delivered to a 

specific location, such as the cytoplasm like the nuclei (e.g., gene therapy, cell 

transfection and antisense agents) or mitochondria (e.g., apoptosis-promoting anticancer 

drugs)[21].  
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Cargo for cellular delivery can be generally described by two main categories: 

biological components such as nucleic acids, gene products, peptides, antibodies, 

proteins, oligonucleotides, etc. and inorganic constituents such as pharmaceutical 

compounds, small molecules, image/contrast agents, and nanoparticles. In the case of 

pharmaceutical delivery, drug research and therapy development has historically 

involved screening of small molecule candidate compounds in cultured cells and animal 

models, but this approach suffers from inefficiency, side effects, and toxicity issues, as 

well as a lack of correlation between in vitro and in vivo results.   

An emerging approach to drug design is based on molecular mechanisms and 

identification of possible targets in specific metabolic or signaling pathways[210, 21]. 

The use of nanocarriers for drug delivery offers the possible advantages of increased 

stability of the therapeutic compound, improved efficacy, and decreased side effects[20, 

21]. Encapsulation via liposomes (approximately 50-1000 nm in diameter), including 

pH and laser-induced release[211], has been used for delivery of water-soluble 

compounds, while micellular packaging (approximately 5-100 nm in diameter) has been 

used for poorly soluble drugs[212, 213]. These methods, along with nanoparticle-

tethering of drug molecules, are attractive because of their positive effects on 

pharmacokinetics.  These positive effects include delayed drug absorption, increased 

solubility/bioavailability, restricted biodistribution, delayed drug clearance, retarded 

drug metabolism, longer circulation times, and accumulation in tumor tissues due to 

leaky vasculature in these areas. 

As a result, intracellular delivery not only to the cellular interior (cytoplasm) but 

also to subcellular compartments is an area of active biomedical research because 

organelles such as nuclei (gene and antisense therapies, pro-apoptotic drugs that interact 

with DNA) and mitochondria (pro-apopotic drug treatments) contain targets of interest 

for drug delivery as well as biosensing and exploration of cellular processes.  

Nanoparticles and other cell entry vehicles tagged with cell-penetrating peptides (CPPs) 
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and/or nuclear-targeting peptides (NTPs) have been shown to escape endosome 

trapping[214] and subsequent delivery to the lysosome, therefore avoiding active 

degradation via acidic environment and enzymatic activity. 

 CPPs are proteins or peptides, generally less than 20 amino acids in length, that 

have the ability to translocate across the plasma membrane[215]. Several cell-

penetrating peptides also act as nuclear-targeting peptides, with the ability to also 

transfer across the nuclear membrane and accumulate preferentially in the nucleus.  

Because these peptide sequences are often sections of larger protein structures, they are 

also known as protein transduction domains (or PTDs).  Many CPPs are rich in basic 

residues such as arginine or lysine and have been shown to enable intracellular delivery 

of cargo much larger in size than the CPPs themselves. The HIV-derived “Trans-

Activator of Transcription” (TAT) peptide is a cation-rich sequence that has been 

repeatedly shown to improve cellular uptake efficiency while effectively localizing a 

wide variety of cargo to the cell nucleus[216] in over 50 different cell lines. Depending on 

the cargo and the portion of the TAT sequence used, uptake and localization can be 

enhanced up to 100-fold vs. cargo functionalized with control peptides[202, 205]. In 

their 2005 review, Brooks et al stated, “…it is unlikely that the efficiency of the TAT-

mediated uptake could be disputed, due to the high number of examples of biological 

activity that have been provided upon TAT peptide-mediated delivery of peptides, 

proteins or nucleic acids to name but a few”[205]. Furthermore, the TAT peptide has 

been shown to be relatively non-toxic and nondamaging to cell membranes[202, 200, 

217, 218].  The amino acid sequence of TAT (47-59) and that of several other important 

CPPs/NTPs are shown in Table 2. 

 

Table 2: Commonly used cell-penetrating peptides (CPPs) 

Name Sequence Description 
[Refs] 

HIV-1 TAT RKKRRRGRC-amide (C-terminal modified with a Viral 
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(49-57) 
peptide 

cysteine and amide group) transcription 
factor 
[216, 219] 

Antp 
(Penetratin) 
peptide 

RQIKIWFQNRRMKWKK D. 
melanogaster 
transcription 
factor 
[220] 
 

HSV-1 
VP22 
peptide  

 

DAATATRGRSAASRPTERPRAPARSASRPRRVD Viral protein 
domain 
[221] 

Arg-7 (R7) 
peptide 

 

RRRRRRR Synthetic 
peptide 
[222] 
 

MAP 
(model 
amphipathic 
peptide) 

 

KLALKLALKALKAALKLA-amide Synthetic 
peptide 
[223] 

Transportan 
peptide 

GWTLNSAGYLLGKINLKALAALAKKIL-amide Chimeric 
engineered 
protein 
[224] 
 

 

Several other naturally occurring peptides and proteins have been isolated and 

demonstrated to confer cell penetrating ability.  Shortly after the TAT peptide was 

discovered in 1988[216, 219], another sequence with cell-penetrating ability was 

discovered in the Antennapedia transcription factor of Drosophila (Antp)[220] in 1991.  

The homeodomain of Antp, a 16-mer (residues 43-58) is now well known as the 

penetratin peptide. Similarly, in 1997, a subdomain of the Herpes Simplex Virus Type I 

(HSV-1) known as Virus Protein 22 (VP22)[221] was shown to confer the cell-

penetrating function as well. Study of the structure and function of these peptides soon 

led to engineered or designed peptides that also demonstrated the ability to carry cargo 

through the cell membrane, such as the model amphipathic peptide (MAP)[223], the 

chimeric Transportan peptide[224], and several poly-arginine peptides such as R7[222].   
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The detailed mechanism of cellular uptake for TAT and its tethered cargo is a 

matter of some debate and the subject of ongoing research.  It is generally accepted that 

the transduction mechanism does not involve the canonical ligand-receptor interaction, 

is independent of cell type[210], and varies with carrier/cargo size[195].  At present, it 

is believed to entail a mixed endocytotic mechanism[214, 225] involving clathrin-

mediated endocytosis (<50 nm), lipid raft-mediated caveolae endocytosis (50-70 nm) 

and macropinocytosis, a lesser known, non-specific, fluid-phase endocytotic mechanism 

in which large vesicles known as macropinosomes engulf foreign particles (>100 nm) in 

the surrounding medium [21].  This latter mechanism is thought to dominate the 

internalization of TAT-mediated nanocarrier constructs.  In macropinocytosis, actin 

protrusions on the cell surface act to fold in on the cell membrane and encirculate the 

surrounding medium in a circular shape. Once inside the cell, TAT-stimulated 

macropinocytotic vesicles may be trafficked along microtubules and in this way, avoid 

the lysosomal pathway[226, 195]. Alternatively, the contents may be directly released 

from the macropinosomal/endosomal compartments and transported through the 

cytoplasm to the nucleus, as illustrated in Figure 4 (adapted from [195]). 

This process occurs in all cell types and is capable of taking large extracellular 

substances into the cell[227, 210], although other mechanisms may also occur at the 

same time, as shown by experiments in which the TAT peptide retain its ability to enter 

cells even when macropinocytosis was inhibited[195].   
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Figure 4: TAT-mediated delivery to the nucleus via macro-pinocytosis  

Although the macropinocytotic-dominated uptake mechanism occurs in all cell 

types, entry to the cell can be influenced by the size and shape of the nanoparticle[228], 

the nature of the cargo, the type of cell-penetrating peptide, the attachment chemistry, 

the particular cell line, and incubation conditions[195, 229, 20].  The general uptake 

mechanism is thought to proceed through three steps: 1) binding of TAT to the cell 

surface via electrostatic interactions between the positively charged TAT side chains 

and the negatively charged phospho-lipid groups of the cell membrane, 2) stimulation of 

endocytosis (macropinocytosis or receptor-mediated endocytosis or both), and 3) 

escape from the endosome to the cytosol once inside the cell.  The binding step may 

involve glycan chains on the cell surface and formation of bidentate hydrogen bonds 

between guanidinium groups on the arginine side chains and negative charges on the cell 

[210]. 

Over the last decade, many research groups have endeavored to exploit the 

discovery of CPPs/NTPs for use in targeted therapy delivery in nanomedicine 

applications[230]. TAT-mediated delivery of nanoparticles to the cellular interior was 
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first demonstrated in 1999 with iron-oxide nanoparticles intended as contrast 

agents/paramagnetic labels for MRI imaging[231].   The TAT-tagged nanoparticles (~40 

nm in diameter) were taken up by the cells at a rate greater than 100 times that of the 

untargeted nanoparticles.  Further studies with fluorescently tagged versions of these 

particles showed trafficking to the lysosomes and also to the nuclei of cells. Several 

thorough reviews of intracellular delivery of large molecules and small particles using 

CPPs exist in the literature[21, 200, 210, 232]. 

In vivo applications of TAT- and other CPP-mediated delivery are areas of great 

interest in current research but have been limited by lack of cell specificity, wide 

dispersal regardless of the methods of administration, and unknown systemic and long-

term effects[20]. Although CPPs provide more efficient delivery of cargo to the interior 

of cells in culture, the lack of cell specificity and control of the rate of accumulation 

remain a challenge.  The lack of specificity of the cell-penetrating action means that the 

cargo is delivered widely regardless of how it is administered, and long-term cellular and 

organismal effects are still much in question. 

As an example, CPP-mediated delivery of antibodies has been used to improve 

the uptake of antibodies (which have difficulty in penetrating the cell membrane and 

tumor tissues on their own) for therapy, sensing, and tumor targeting. In reported 

studies, overall antibody uptake was enhanced via CPP-mediated delivery, but 

antibody specificity was reduced, ostensibly because the CPP-driving force 

predominated over antigen binding.  In a 2008 review, Vives et al. summed up this 

difficulty: “CPPs can introduce a strong non-specific binding by sticking any molecule 

attached to them to non-targeted cells, leading to a dramatic loss of very ‘precious’ 

material”[20].  This statement points to the observation that design and testing of 

nanoconstructs in vitro and in vivo is quite complicated. Modules that have been 

successfully demonstrated individually may have unforeseen collective effects when 

combined into a multifunctional system. 
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4. Uptake, Tracking, and Modulation 
A fundamental aspect for use of nanoprobes in biomedical research and clinical 

applications involves fundamental spatial and temporal characterization of their uptake 

and distribution in cells.  In the experiments described here, Raman spectroscopy and 

two-dimensional Raman imaging were used to identify and locate labeled silver 

nanoparticles in single cells using SERS detection.  To study the efficiency of cellular 

uptake, silver nanoparticles prepared by a common method were functionalized with 

three different positively, negatively, and neutrally charged SERS/Raman labels and co-

incubated with J774 mouse macrophage cell cultures, where they were internalized via 

normal cellular processes. The differing surface charge on the nanoparticles was 

observed to modulate uptake efficiency, demonstrating a dual function of the surface 

modifications as tracking labels and as modulators of cell uptake. These results indicate 

that the functionalized nanoprobe construct has potential for sensing and delivery in 

single living cells, and that use of SERS for tracking and detection is a practical and 

advantageous alternative to traditional fluorescence methods. 

4.1 Introduction 

Because optimization of nanoprobe design requires a thorough understanding of 

the efficiency with which the nanoparticles enter cells, this study was designed to 

characterize and optimize this process as part of the development of a broad platform 

of plasmonics-active nanoprobes. In order to specifically target nanoprobes to a 

particular biochemical target, it is critical to first ensure that the nanoprobes are 

effectively delivered into the interior of the cell.  Furthermore, an understanding of the 

spatio-temporal scales for uptake can yield additional insight regarding fundamental 

cellular processes and the time window available for targeted treatment or delivery of 

cargo.  
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The experiments described in this section were designed to initially characterize 

and optimize this process as part of the development of a broader platform of 

plasmonics-active nanoprobes. 

4.2 Materials and methods 

The mapping approach used in this study applies the Raman spectroscopic 

technique in two dimensions by recording a full SERS spectrum at discrete grid points 

over a 2-D region of a cellular sample. The intensity of any particular Raman band in the 

spectrum, e.g., a selected peak in the plasmonics-active label spectrum, can be plotted in 

two dimensions using a color gradient or a series of contours, resulting in an “image 

map” that shows the location of the nanobiosensors over a selected physical area as a 

function of SERS intensity (as described in Section 3.2).  Sequential collection of these 

maps as a function of time provides important spatial and temporal information that 

can be used to monitor the uptake and localization of nanoprobes in single cells.   

4.2.1 Nanoparticle synthesis and functionalization 

All chemicals were purchased from Sigma-Aldrich unless otherwise noted and 

used as received. Cell culture media and supplements (DMEM, fetal bovine serum, etc.) 

were purchased from Gibco/Invitrogen (Carlsbad, CA). Silver colloidal nanoparticles 

were prepared by reduction of silver nitrate with hydroxylamine hydrochloride, as 

previously described[168].  Briefly, 10 mL silver nitrate solution at 10-2 M was rapidly 

added to 90 mL hydroxylamine hydrochloride solution (1.67 x 10-3 M) containing 2.0 x 

10-3 M sodium hydroxide.  The average diameter of the silver nanoparticles was 

measured at approximately 50 nm by transmission electron microscopy (TEM). For 

preparation of the SERS-label molecules, 10 mM stock solutions of p-mercaptobenzoic 

acid (pMBA), p-aminothiophenol (pATP, VWR), and p-thiocresol (pTC), were 

prepared in ethanol.  The conjugation of these three label molecules (all thiol derivatives) 

to silver colloids was carried out following a standard chemical process whereby self-



 

42 

assembled monolayers form via spontaneous adsorption of thiols onto a silver metal 

surface[171]. In brief, the thiols form a dense monolayer on the silver surface with the 

thiols packing in a trans-zigzag extended structure.  The strong silver-sulfur interactions 

are highly stable in liquid environments, and the ability to add surface attachment of 

specific functional groups with distinct Raman spectra make this process well suited for 

nanoparticle labeling. 

Figure 5 shows the chemical structure of each label molecule and its SERS 

spectrum in liquid.  The three chemical labels chosen--pMBA (Fig. 5A), pATP (Fig. 5B), 

and pTC (Fig. 5C)--all have Raman signatures showing sharp, distinct spectral peaks, 

which allow detection and identification in an inhomogenous environment. 
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Figure 5: Chemical structure and SERS spectra of molecular labels conjugated 
to silver nanoparticles: A) pMBA, B) pATP, and C) pTC. 

4.2.2 Cell culture and nanoparticle co-incubation 

J774 mouse macrophage cells were obtained from the American Type Culture 

Collection (ATCC, Manassas, VA) and grown in T-75 flasks using DMEM medium 

containing 4 mM l-glutamine, 1.5 g/L sodium bicarbonate, 4.5 g/L glucose, 1.0 mM 

sodium pyruvate, and additionally supplemented with 10% fetal bovine serum. The 

stock cultures were kept in a 5% CO2 incubator at 37ºC.  Cells were grown to 80% 

confluence, and subcultured at a 1:6 split ratio.  For experiments, cells were harvested 

via cell scraping and seeded into 60-mm culture dishes containing 6 ml fresh DMEM 

medium and a mica substrate.  The mica substrate was previously soaked in 0.01% 

poly-l-lysine overnight to promote cell adhesion and washed three times with cold 
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phosphate buffered saline (“PBS”, Gibco/Invitrogen, Carlsbad, CA) prior to cell 

seeding.    

Cells were incubated with 100 µl of labeled silver nanoparticle solution seeded 

into the cell medium, orthogonally mixed, and incubated at 37ºC for two- and four-hour 

periods.  Cultures of cells alone and cells incubated with unlabelled silver nanoparticles 

were also prepared as controls. After incubation, cell culture media was removed via 

aspiration.  Adhered cells were washed three times in cold PBS buffer, then fixed in cold 

methanol for ten minutes at 4ºC, and washed three more times after fixation.  The mica 

substrate containing the fixed cells was removed from the cell culture dish after 

fixation/washing and mounted to a standard glass microscope slide for data collection. 

4.2.3 Raman spectroscopy 

Raman spectra and Raman maps were acquired using a Renishaw InVia confocal 

Raman system coupled to a Leica DM-IRB microscope, as shown in the schematic of 

Figure 6.  A 632.8-nm HeNe laser with a maximum power of 50 mW was used for 

excitation.  WiRE 2.0 software was used to control the system and to acquire all data.  

Spectra were collected from 1000 to 1800 cm-1 during a 10-sec acquisition.   
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Figure 6: Schematic of Raman microscope system 

Image maps were constructed by collecting Raman spectra over the previously 

defined range at each point on a grid with 1-µm spacing (smallest possible based on the 

limitations of the instrumentation) defined over a 2D area of an entire cell (or cells) using 

an automated microscope stage. The detected intensity of a characteristic peak shift in 

the label spectrum was then displayed at each of the points in the grid according to a 

color code to show signal intensity variation over the spatial area of the cell, creating an 

image map.  The display scheme chosen for the image maps shows a range of SERS 

signal intensities on a rainbow-colored continuum: from black (little or no signal 

intensity) through violet, indigo, blue, green, yellow, orange, and red (highest signal 

intensity). 

4.3 Experimental results 

As a baseline, Figure 7A shows SERS spectra collected from J774 cells on a mica 

substrate in the absence of nanoparticles. The spectra were taken from three sampled 

point locations (i, ii, iii) in a single cell and are shown stacked on a single set of axes for 

comparison purposes.  The mica substrate was chosen because it exhibits little or no 



 

46 

background fluorescence (as opposed to glass or plastic) and because its Raman 

spectrum does not closely overlap that of the cells or SERS labels.  The Raman peaks 

from the mica substrate (seen between 600 and 800 cm-1 in Fig. 7A) are the most 

pronounced feature in the spectrum of the nanoparticle-free cells, with several smaller 

peaks associated with cellular components (DNA, RNA, proteins, etc.) occurring 

between ~1000 and 1700 cm-1 [158]. 

 

Figure 7: Control spectra taken from cells in the a) absence and b) presence 
of unlabeled silver nanoparticles.   

Raman spectra taken from three sampled locations in a J774 cell incubated 
for two hours without or with unlabeled silver nanoparticles.  

In contrast, Figure 7B shows the Raman spectra collected from three different 

locations (iv, v, vi) in a single J774 cell after incubation with unlabelled silver 

nanoparticles for two hours. The Raman peaks from the mica between 600 and 800 cm-1 

remain visible, but the presence of the silver nanoparticles within the cells is observed to 

enhance the Raman signals from the intracellular DNA, RNA, and proteins in close 

proximity to the particle surfaces, as seen by the more pronounced peaks in the 1000-

1700 cm-1 range of the spectrum taken from location iv).  Although these molecules are 

present in cells under all conditions, their Raman scattering intensity can be greatly 

enhanced by randomly occurring proximity to the plasmonically active nanoparticles 

due to the SERS effect. 
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Figure 8: Incubation for two hours with pMBA-labeled Ag nanoparticles. 

SERS spectra (A) taken from three sampled locations in a J774 cell; only 
location G shows pMBA spectrum signaling the presence of labeled 
nanoparticles. SERS map (B) showing cellular distribution of 1586 cm-1 
peak intensity from pMBA spectrum. 

SERS spectra and maps from J774 cells incubated for two hours with 4-MBA-

labeled silver nanoparticles are shown in Figure 8A.  Spectra from three different 

locations (vii, viii, ix) in a sampled cell show that only one location exhibits a pMBA 

signal from the labeled nanoparticles (location vii).  This indicates that the extent of 

nanoparticle uptake likely remains limited two hours after introduction, as SERS-labeled 

nanoparticles were not detected in other sampled intracellular locations (locations viii 

and ix). This observation is further supported by the 2-D Raman map in Fig. 8B, which 

shows the intensity of the characteristic pMBA peak at 1586 cm-1. At this time point, 

Raman signals are present at some locations due to labeled particles that have entered 

the cells, though only to a limited degree. 

 

Figure 9: Incubation for four hours with pMBA-labeled Ag nanoparticles. 

SERS spectra (A) taken from three sampled locations in a J774 cell; all 
three locations show pMBA spectrum signaling the presence of labeled 
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nanoparticles. SERS map (B) showing cellular distribution of 1586 cm-1 
peak intensity from pMBA spectrum.  

After four hours of incubation, both the SERS spectra (Fig. 9A) and SERS map 

(Fig. 9B) collected from cells incubated with pMBA-labeled silver nanoparticles indicate 

that cellular uptake has progressed, resulting in greater accumulation of nanoparticles 

throughout the cell interior during the additional two-hour time period. SERS signals 

from particle-bound pMBA are visible in all three locations sampled (as shown in the 

spectra) in a single cell, and the Raman map also illustrates the presence of more intense 

signals coming from locations that correspond to the bulk of the intracellular volume. 

When the same experiment was repeated with pATP-labeled nanoparticles, both 

the SERS spectra (Fig. 10A) and the SERS map (Fig. 10B) from cells incubated for two 

hours with pATP-labeled silver nanoparticles indicate that the pATP particles are taken 

up into the cells more efficiently than particles functionalized with pMBA.  

 

Figure 10: Incubation for two hours with pATP-labeled Ag nanoparticles. 

SERS spectra (A) taken from three sampled locations in a J774 cell; all 
three locations show pATP spectrum signaling the presence of labeled 
nanoparticles. SERS map (B) showing cellular distribution of 1075 cm-1 
peak intensity from pATP spectrum.  

 The spectra collected from three locations in a single cell all show intense SERS 

signals from the pATP-label as soon as after two hours of co-incubation.  In addition, 

extensive pATP signals can be seen throughout the cells in the Raman map, where the 

intensity of the 1075 cm-1 characteristic peak of pATP is plotted.   
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Figure 11: Incubation for four hours with pATP-labeled Ag nanoparticles. 

SERS spectra (A) taken from three sampled locations in a J774 cell; all 
three locations show pATP spectrum signaling the presence of labeled 
nanoparticles. SERS map (B) showing cellular distribution of 1075 cm-1 
peak intensity from pATP spectrum. 

Similar to the observation for pMBA–functionalized nanoparticles, the signal 

intensity from particles functionalized with pATP appears to be stronger and more 

widely distributed throughout the cellular interior after four hours (Figure 11A and B) 

than at the two-hour time point.  Furthermore, the 2D SERS maps indicate that the 

label-associated SERS signals are more widely distributed within the cells in the four-

hour map than in the two-hour map, suggesting that more labeled nanoparticles have 

entered the cells over the additional two hours. 

   In contrast, Figure 12 shows the results of two- and four-hour incubations for 

silver nanoparticles labeled with neutrally charged pTC.  After two hours, the spectra in 

Fig. 112A show that labeled nanoparticles are not detected in the three sampled 

locations, since the spectra are similar to the cell-only control spectra shown in Figure 

7A.  Similarly, the SERS map (not shown) also showed an absence of SERS signal from 

the labeled particles.   
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Figure 12: Incubation with pTC-labeled Ag nanoparticles.  

SERS spectra taken from three sampled locations in a J774 cell after 
incubation for (A) two and (B) four hours showing absence of pTC 
spectrum in all sampled locations at both time points. SERS map (C) 
showing limited cellular distribution of 1075 cm-1 peak intensity from 
pTC spectrum after four hours.  

After four hours, the spectra in Fig. 12B still do not indicate an appreciable 

amount of pTC-associated signals visible in data collection taken at three locations, 

comparable to the “absence of nanoparticles” results seen in Figure 7A. The SERS map 

plotting the intensity of the 1075 cm-1 pTC peak in Figure 12C shows only minor traces 

of signal from the labeled particles after four hours.   

It is worth noting that the two- and four-hour incubations with pTC labeled 

nanoparticles appear to have resulted not only in limited particle uptake as compared 

to the case of the pMBA- and pATP-labeled particles, but possibly also in reduced 

cellular uptake over that of the unlabeled particles, which exhibit a slight residual 
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negative charge due to the silver metal surface itself.  This reduced uptake efficiency of 

the pTC-labeled nanoparticles likely results from lack of electrostatic interaction with 

the cell membrane due to the absence of a positive or negative surface charge.  

4.4 Discussion 

For sensing and tracking of biomedically important cellular markers, effective 

design and use of nanobiosensors require confirmation of their uptake into cells, as well 

as an awareness of the temporal and spatial scales on which these processes occur. 

In this study, we have demonstrated the use of surface-enhanced Raman 

scattering spectroscopy with three different SERS-active labels used to track nanoprobe 

uptake in mammalian cells. Previous research has indicated that free nanoparticles are 

removed from the cell surface after incubation by repeated washing[233], and that any 

remaining particles are either adhered to the cell membrane or reside within the cell itself.  

Additionally, all spectroscopic data were collected from a z-slice located in the center of 

the cell, as selected by our confocal Raman spectrometer system, thus ensuring that the 

signals collected on this plane represent nanoparticles distributed in the interior of the 

cell.  If the nanoparticles were simply adhered to the cell surface (and not internalized), 

the 2D SERS map of a slice through the center of the cell would show a ring of signal 

around the edge of the cell indicating the cell membrane and an absence of SERS signal in 

the interior of the cell.  Additionally, the amplified Raman signals from intracellular 

components (nucleic acids, proteins, etc.) seen between ~1000 and 1700 cm-1 in 

spectrum D of Fig. 7B display the SERS effect stemming from proximity of these 

components to the unlabeled silver nanoparticles that have entered the interior of the 

cell. 

Spatial and temporal variation in uptake efficiency was observed in this study 

as a function of particle charge. Specifically, negatively charged pMBA-labeled particles 

and positively charged pATP-labeled particles were taken up more readily by the cells 

than were neutrally charged pTC-labeled particles.  Additionally, the silver 



 

52 

nanoparticles functionalized with pTC were taken up even more slowly than the 

“unlabeled” silver nanoparticles, which exhibit a slight residual negative charge due to 

the silver metal surface. 

These observations, taken together, suggest the ability to modulate cellular 

uptake of nanoparticles by functionalization with selected “label modulators” having a 

combination of appropriate charge, chemical structure, and nanoparticle size. Therefore, 

uptake of plasmonically active nanodelivery vehicles may be designed to occur over a 

particular time window after treatment with a cell-modifying agent or drug treatment. 

The results of these experiments are summarized in Table 3. 

Table 3: Summary experimental results for SERS monitoring of labeled and 
nanoparticle uptake in J774 cells after four-hour incubation 

 

Our results confirm previous studies regarding the effect of charged functional 

groups in which cellular uptake of unlabeled nanoparticles has been reported to vary 

with particle size, shape, and surface coatings [158, 196-199, 234, 235].   More 

generally, our results show that it is possible to monitor the uptake efficiency of 

nanoprobes in single cells via SERS imaging and to simultaneously modulate uptake 

efficiency via surface modification with charged or uncharged molecular labels. These 

applications demonstrate a proof-of-concept step in potential use of plasmonics-active 

nanobiosensors as an important tool in the detection of cellular disease or cellular 
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changes due to exposure to chemical and biological agents and/or delivery of treatments 

to individual cells. Subsequent experiments will focus on further characterization of 

nanoprobe uptake and tracking in clinically relevant human cell lines as well as further 

functionalization of SERS-labeled nanoparticles for multiplexed sensing, co-

functionalization with multiple labels, and targeted delivery and localization inside the 

cell. More generally, future research will extend this work to addition of biochemical 

functionalities for cellular targets such as DNA/RNA sequences, antibodies, or proteins, 

and the use of targeting peptides for selective delivery of sensors and cargo to selected 

compartments.
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5. Nuclear Targeting and Tracking 
To deliver functionalized nanoparticles to specific locations within the cell, the 

development and application of a co-functionalized nanoprobe and biodelivery 

platform combined a nuclear targeting peptide (NTP) for improved cellular uptake and 

intracellular targeting with p-mercaptobenzoic acid (pMBA) as a surface-enhanced 

Raman scattering (SERS) reporter for tracking and imaging. The nuclear targeting 

peptide, an HIV-1 protein-derived TAT sequence, has been previously shown to aid 

entry of cargo through the cell membrane via normal cellular processes, and furthermore, 

to localize small cargo to the nucleus of the cell. Previous work in our lab has verified cell 

uptake and distribution of the nanoprobes in clinically relevant mouse and human cell 

lines.  In this work, two-dimensional SERS mapping was used to track the spatial and 

temporal progress of nanoparticle uptake in PC-3 human prostate cells and to 

characterize localization at various time points, demonstrating the potential for an 

intracellularly-targeted multiplexed nanobiosensing system with excellent sensitivity and 

specificity. Silver nanoparticles co-functionalized with the TAT peptide showed greatly 

enhanced cellular uptake over the control nanoparticles lacking the targeting moiety. The 

ability to detect and monitor nanoprobe trafficking using SERS spectroscopy offers an 

improved alternative over previous tracking and detection methods such as light 

microscopy and fluorescence methods.  The development of multifunctional 

nanoconstructs for intracellular delivery has potential clinical applications in early 

detection and selective treatment of disease in affected cells. Other applications include 

use in basic research aimed at understanding the inner workings of living cells and how 

they respond to chemical and biological stimuli. 
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5.1 Introduction 

Development of a targeted nanoparticle construct that maintains its structural 

integrity, retains its specific SERS label or labels in the cellular environment, and can be 

directed to a subcellular compartment is a crucial step toward use of SERS-based 

nanoconstructs for biosensing in living cells or tissue. The effectiveness and safety of 

nano-based treatments depend heavily on the ability to steer the nanoparticles to the 

necessary location while avoiding the body’s cellular disposal mechanisms. In particular, 

the ability to avoid the lysosomal and other disposal pathways in the cell via targeted 

delivery is an important challenge in translating laboratory results to application in 

biological environments for biosensing/diagnosis, drug delivery, and probing of 

intracellular compartments. Although the use of targeting peptides with metallic 

nanoparticles is a relatively new area of research[209], active targeting of nanoparticles 

has been demonstrated in the literature with antibodies, small proteins, adenoviruses, 

oligonucleotides, liposomes, and peptides[202]. In particular, several classes of cell-

penetrating peptides and nuclear targeting peptides have demonstrated the ability to 

carry a variety of cargo through the cell membrane and shuttle it to specific intracellular 

compartments[203,204,202,18,205]. The HIV-derived “Trans-Activator of 

Transcription” (TAT) peptide was chosen as the cellular/nuclear delivery peptide used 

in these experiments because of its well characterized ability to increase cellular uptake 

and confer nuclear localization in over 50 different cell lines, with cargo up to 200 nm in 

size[202].  

The multifunctional SERS-active nanoconstruct developed in this work combines 

access to the cellular interior due to its nanoscale dimensions, with a highly sensitive and 

specific detection and tracking method via the SERS-label anchored to the silver 

nanoparticles and the ability to preferentially deliver the nanoconstruct to the cell 
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nucleus (vs. the cytosol) via the nuclear targeting functionality of the TAT peptide.  This 

last factor is important in that it avoids cellular digestion and disposal mechanisms 

(such as lysosomes) to increase the residence time of the construct inside the cell and to 

enable delivery of drug-functionalized nanoparticles and biosensors to the nucleus. 

5.2 Materials and methods 

5.2.1 Nanoparticle synthesis and functionalization 

Chemicals were sourced from Sigma-Aldrich and used as received unless noted 

otherwise. Silver colloidal nanoparticles were prepared by reduction of silver nitrate 

with hydroxylamine hydrochloride, as described previously[171].  In brief, 10 mL of 100 

mM silver nitrate solution was rapidly added to 90 mL hydroxylamine hydrochloride 

solution (1.67x10-3 M) containing 2.22x10-2 M sodium hydroxide. The solution was 

stirred for 30 minutes, then stored at 4°C for later use.  The nanoparticles produced by 

this method yielded spheres with an approximate diameter of 50 nm, as measured by 

transmission election microscopy (TEM).  

Two sets of nanoparticles were prepared for use in cell uptake experiments and 

schematics of the two formulations are shown in Figure 13B and 13D. 
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Figure 13: SERS label molecule structure and spectrum; schematic of HIV TAT (49-
57) peptide and targeted/untargeted SERS-labeled Ag nanoparticles. 

SERS spectrum (A) and chemical structure (inset) of p-mercaptobenzoic 
acid (pMBA). Schematics of Ag nanoparticle tagged with pMBA (B), HIV-
1 TAT peptide sequence for nuclear localization (C), Ag nanoparticle co-
functionalized with pMBA and TAT peptide (D). 

Control particles were tagged with the para-mercaptobenzoic acid (pMBA) 

molecule, which has been previously shown to act as a SERS-active label.  Test particles 

were co-functionalized with pMBA as a SERS-label (Fig 13A) and a cysteine-modified 

cell-penetrating peptide (Fig. 13C) derived from the HIV-1 TAT peptide (residues 49-57, 

sequence Arg-Lys-Lys-Arg-Arg-Arg-Gln-Arg-Cys-CONH2, molecular weight 1442 

g/mol, hereafter referred to as "TAT"; SynBioSci, Livermore, CA).  Although pMBA has 

also been used as a pH indicator in previous research[134, 132, 93], it is more generally 

employed as a SERS-label due to its strong and distinctive Raman spectrum, as shown 

in Fig. 13A. Silver-thiol linkages were used to anchor both the TAT peptide (via the 

cysteine residue) and the pMBA (via a terminal thiol group) to the silver surface. 
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Both the singly functionalized  (nanoparticles+pMBA) and the co-functionalized 

nanoparticles (nanoparticles+pMBA+TAT peptide) were prepared following a 

standard chemical process whereby self-assembled monolayers form via spontaneous 

adsorption of the thiols onto a silver metallic surface.  The thiols form a dense 

monolayer on the metal surface with the hydrocarbon chains packing in a trans-zigzag 

structure.  The strong metal-sulfur interactions are highly stable in biologically-relevant 

liquid environments and the ability to attach specific molecules with distinct Raman 

spectra make this thiol functionalization well-suited for labeling of gold or silver 

nanoparticles.  

A stock solution of 10 mM pMBA was prepared in ethanol, and a 1 mg/mL 

stock solution of TAT peptide was prepared in sterile water for injection (SWFI, EMD 

Chemicals, Gibbstown, NJ) and sterile-filtered at 0.22 um.  The chemical structure of 

pMBA and the resulting SERS spectrum when conjugated to silver nanoparticles are 

shown in Figure 13A.  Singly functionalized silver particles (Fig. 11B) were produced by 

adding the stock pMBA solution to the silver colloid solution at a 1:100 volumetric ratio, 

mixing briefly, and allowing the resulting solution to react for five minutes.  Co-

functionalized nanoparticles (Fig. 13D) were prepared by adding equal parts stock 

pMBA solution and stock TAT solution to the silver colloids.  This solution was allowed 

to react at room temperature for two hours under moderate mixing prior to addition to 

cell cultures. 

5.2.2 Cell culture and nanoparticle co-incubation 

The PC-3 human prostate cancer cell line was chosen for its future clinical 

applicability. The cells were obtained from American Tissue Culture Collection (ATCC; 

Manassas, Virginia) and cultured in F-12 Kaighn's medium (Gibco/Invitrogen, Carlsbad, 

CA) supplemented with 10% fetal bovine serum (Gibco/Invitrogen, Carlsbad, CA) in a 
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5% CO2 atmosphere at 37°C.  Cultures were grown to 85-95% confluence in T-75 flasks 

and harvested via trypsinization.  Cells were then seeded into Petri dishes containing 25 

x 75 mm quartz microscope slides (Chemglass, Vineland, NJ) and growth medium. Cells 

were allowed to attach to the quartz surface for approximately 24-48 hours before 

nanoparticle co-incubation and uptake.  Quartz slides were chosen as the cell adhesion 

substrate due to their weak fluorescence during spectroscopic acquisition. 

For co-incubation, 300 µL of singly- or co-functionalized nanoparticle solution 

was added to each test culture followed by orthogonal mixing.  Test cultures were then 

incubated in a 5% CO2 atmosphere at 37°C for 1, 2, 3, or 4 hours to allow uptake via 

normal cellular processes.  When cultures reached the appropriate time point, the 

incubation medium was removed via aspiration, adhered cells on quartz slides were 

washed three times in cold phosphate-buffered saline (Gibco/Invitrogen, Carlsbad, CA), 

and samples were fixed in 4°C methanol for 10 min at 4°C to halt cellular processes.  

After fixation, samples were removed from the Petri dishes and allowed to dry in air for 

approximately one hour.  All fixed and dried cell samples were stored in a closed 

container until spectroscopic examination. 

5.2.3 Raman spectroscopy 

SERS spectra and SERS mapping data were acquired using a Renishaw inVia 

confocal microscopy system (Renishaw) as described in Section 3.1 and Section 4.2.3.  A 

632.8 nm HeNe laser with a maximum power of 50mW was used for excitation.  Wire 

2.0 software was used to control the spectrometer and acquire, process, and display 

data.  

Previous work on J774 mouse macrophage and CHO Chinese hamster ovary cell 

lines have confirmed our ability to monitor nanoparticle uptake and spatio-temporal 

intracellular transport using Raman spectroscopy[173]. Raman mapping over the area of 
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a single cell was performed by collection of spectra over a two-dimensional grid with 1 

µm point-to-point spacing using a 40x objective.  Spectra were collected during a 10-sec 

acquisition from 1000 to 1800 cm-1, which is the range corresponding to major features 

of the characteristic spectrum of the pMBA label.   The color maps were used to display 

the intensity of the 1586 cm-1 characteristic peak at each grid point according to a color 

scheme ranging from black (lowest intensity) through red, orange, yellow, and white 

(highest intensity), described in Section 3.2. 

5.2.4. Confocal fluorescence experiments for verification of nuclear 
transport 

To verify cellular uptake and localization using confocal fluorescence, two sets of 

silver nanoparticles analogous to the singly (untargeted) and doubly (targeted) 

functionalized nanoparticles used in the SERS experiments were prepared with a 

fluorescent dye label.   Silver colloid solution was prepared as described in the 

Experimental section.  A stock solution of 10 mM p-aminothiophenol (“pATP”, VWR) 

was prepared in ethanol, and a 1 mg/mL stock solution of TAT peptide was prepared 

in sterile water for injection (SWFI, EMD Chemicals, Gibbstown, NJ) and sterile-filtered 

at 0.22 um. Untargeted silver particles were produced by addition of the stock pATP 

solution to the silver colloid solution at a 1:100 volumetric ratio, mixing briefly, and 

allowing the resulting solution to react for five minutes. Targeted nanoparticles were 

prepared by adding the TAT solution to the silver colloids as described in the Sec. 

section.  This solution was allowed to react at room temperature for two hours under 

moderate mixing prior to addition to cell cultures. 

Both sets of nanoparticles were labeled with Alexa Fluor 546 fluorescent dye 

(“Alexa 546”, Invitrogen, Carlsbad, CA) via NHS chemistry.  Briefly, both sets of silver 

nanoparticles were mixed with a solution of the Alexa 546 dye to allow attachment to 

the lysine side-chains and N-terminus of the TAT sequence and with the amine group of 
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pATP. Both fluorescently labeled nanoparticle solutions were purified by triplicate 

centrifugation to eliminate unbound dye molecules, and finally re-dispersed in a sterile-

filtered solution of 5 wt% dextrose in deionized water.  Cuvette-based fluorescence 

measurements indicated that both the targeted and untargeted dye-functionalized 

particles were highly fluorescent upon excitation and ~546 nm.  

It should be noted that although pATP is a positively charged molecule at 

biological pH due to its amine group, Alexa 546 is negatively charged.  Like the 

untargeted, pMBA-functionalized silver nanoparticles used for the SERS mapping 

experiments, the untargeted, pATP-functionalized, Alexa 546-labeled particles have a 

negative surface charge. 

For uptake and intracellular localization experiments, PC-3 cells were grown in 

Petri dishes as described in the Section 5.2.2, with the exception that cells were allowed 

to adhere to glass cover slips instead of quartz slides. 300 µL of solution containing 

either targeted or untargeted dye-functionalized nanoparticles was added to sample cell 

cultures, followed by orthogonal mixing.  Samples were then incubated in a 5% CO2 

atmosphere at 37°C for 1, 2, 3, or 4 hours to allow uptake via normal cellular processes.  

When cultures reached the appropriate time point, the incubation medium was removed 

via aspiration, the cells adhered to the glass cover slips were washed three times in cold 

PBS buffer, and the samples were fixed in 4°C methanol for 10 min at 4°C to halt 

cellular processes.  After fixation, the cover slips and their adhered cells were removed 

from the Petri dishes and allowed to dry in air prior to mounting on glass slides using 

mounting media containing DAPI nuclear stain (“ProLong Gold”, Invitrogen, Carlsbad, 

CA).  The prepared samples were sealed and stored in a dark container until 

examination via confocal microscopy. 

The prepared samples were examined using a Zeiss LSM 510 upright confocal 

microscope with a 25x water immersion objective, a 543 nm HeNe laser able to 
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efficiently excite Alexa 546, and a coherent Enterprise UV (351/364 nm) laser able to 

excite the DAPI nuclear stain. All images were collected using Zeiss LSM 510 software 

under identical imaging parameters, as listed in Table 4, to enable direct comparison of 

signal intensities when determining the relative efficiency of nanoparticle uptake and 

localization.  All images were taken from a slice through the center of the cell (as 

determined by sequential acquisition of multiple vertically-offset images using the 

confocal fluorescence microscope). 

Table 4: Confocal fluorescence imaging parameters 

 Red channel Blue channel 
Fluorophore AlexaFluor 546  

(ex/em = 554/570 nm) 
DAPI  
(ex/em = 345/458 nm) 

Laser HeNe 543 nm  
(100% transmittance) 

Enterprise UV 351/364 
nm (5% transmittance) 

Filter LP 560 BP 385-470 
Pinhole 74 Airy (1.7 µm slice) 80 Airy (1.7 µm slice) 
Detector gain 1049 886 
Amplifier offset 0.075 -0.073 
Image averaging 8 8 

 

5.3 Experimental results 

Our previous nanoparticle uptake and tracking experiments with PC-3 cells (and 

several other relevant human and mammalian cell lines) with a range of surface 

functionalizations and nanoparticle sizes have shown that in every case, widespread 

intracellular uptake of these constructs generally was observed within two to four 

hours[173]. Some variability was observed with regard to uptake efficiency as a function 

of cellular activity, cell line doubling time, and, particularly, of nanoparticle size and 

surface charge following the order neutral < negatively-charged < positively-

charged[198, 197, 196, 173].  Based on these observations, the cell cultures were 

incubated with singly functionalized and co-functionalized nanoparticles over time 

points from one to four hours.  Nanoparticle uptake was monitored as a function of time 
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by collecting SERS spectra at three sample point locations within a single fixed cell in a 

PC-3 culture at a given time point.  

As a particle-free baseline, Figure 14A shows 1-D Raman spectra taken from 

three point locations in a single cell that was incubated in the absence of silver 

nanoparticles. The collected spectra are shown stacked on a single set of axes for 

comparison purposes; they show few distinctive features and the signals are of low 

intensity. 

 

Figure 14: Raman spectra taken from control cells in the absence and 
presence of unlabeled and labeled Ag nanoparticles.  

Raman/SERS spectra taken from three sampled locations in a single cell 
incubated in the absence (A) and presence (B) of unlabeled silver 
nanoparticles. SERS spectra taken from three sampled locations in a 
single cell after incubation with pMBA-labeled silver nanoparticles for 
two hours (C) and four hours (D). 

When cells are allowed to take up untagged (bare) silver nanoparticles, spectral 

features related to intracellular proteins, lipids, and nucleic acids become visible in the 



 

64 

700 to 900 cm-1 range, as seen in Figure 14B (indicated by the rectangle). Although these 

molecules are present in cells under all conditions, their Raman scattering intensity is 

greatly enhanced by random proximity to the plasmonically active nanoparticles due to 

the SERS effect. When silver nanoparticles tagged with pMBA are taken up by the cells, 

the pMBA signal is observed in some sampled locations after two hours of incubation 

(Fig. 14C) and in all sampled locations after four hours (Fig. 14D), demonstrating the 

progress of cellular uptake of the particles and widespread intracellular distribution 

after a period of four hours. 

SERS spectra from these control cell cultures incubated in the absence of 

nanoparticles and in the presence of unlabeled (bare) nanoparticles were mapped as a 

function of the 1586 cm-1 peak intensity and are shown in Figure 15. Figure 15 shows 

representative Raman maps for control and test cultures, including colorbar legends 

indicating the distribution and range of SERS signal displayed in the maps.  

 

Figure 15: Raman/SERS intensity mapping of control cultures.  

Raman/SERS mapping of the 1586 cm-1 pMBA peak intensity in the 
absence (A, D) of nanoparticles, in the presence (B,E)  of unlabeled 
nanoparticles, in the presence (C, F)  of pMBA-labeled and NTP-targeted 
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nanoparticles. D2) and E2) display remapping of D) and E) with the same 
intensity scale used in F). 

Figure 15A shows an image of a true control cell (absence of nanoparticles) 

overlaid with the 1-µm-resolution mapping grid. The Raman signal intensity at 1586 cm-1 

(the major peak of the pMBA spectrum used to detect the tagged nanoparticles in all of 

the experiments) has been mapped at each grid point for this cell. The resulting map 

shown in Fig. 15D indicates a distribution of low-intensity signals spread across the 

general cellular area.  These signals are associated with Raman scatter from inherent 

cellular components such as nucleic acids, proteins, biomolecules, etc. The signal 

intensity ranges from 0 to 200 in this particular image, with black indicating minimum 

signal intensity and red to yellow to white indicating increasing intensity.  Figures 15B 

and 15E show the mapping grid and the signal intensity at 1586 cm-1 from a control cell 

incubated with untagged silver nanoparticles. In this map, limited signal enhancement 

from cellular components in close proximity to the silver nanoparticles results in 

somewhat increased intensity over inherent background signals, with an intensity range 

of 0 to 9500 needed to display the data.  Figures 15C and 15F show the mapping grid 

and collected Raman intensities at 1586 cm-1 from a sample test cell incubated with co-

functionalized (pMBA + NTP) silver nanoparticles.  In this case, the tethered pMBA 

molecules in close proximity to the silver surface result in greatly enhanced signal 

intensity via the SERS effect, and the presence of the pMBA-tagged nanoparticles is 

detected throughout the cellular area.  The intensity range required to display this set of 

signals ranges from 0 to 150000, demonstrating the large amplification of the Raman 

signal from the pMBA molecules tethered to the silver nanoparticles 

The maps in Figures 15D2 and 15E2 show the same data set shown in Figures 

15D and 15E, respectively, but re-plotted using the intensity scale required to display 

the distribution of SERS signals from a cell with internalized pMBA-tagged 
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nanoparticles (Fig. 15F, intensities from 0 to 150000). With this intensity scale, the 

control cell maps become featureless black rectangles because the background signals 

from inherent cellular components are dwarfed by the high-intensity SERS signals from 

pMBA attached to the silver nanoparticles.  These control experiments demonstrate that 

a) the SERS reporter molecules remain linked to the silver nanoparticles during entry into 

the cell, and b) the SERS signals from the controls were of such low intensity in 

comparison with that of the pMBA label from the samples containing functionalized 

nanoparticles that the background signals from cellular components could be considered 

insignificant. 

  The lack of background signal from inherent cellular components is an 

advantage of SERS-based sensing over traditional fluorescence sensing as background 

fluorescence from inherent cellular components is often an issue (as seen in Figure 20A 

from the confocal fluorescence verification experiments). 

When the SERS intensity of the 1586 cm-1 peak is mapped at each grid point on a 

given cell, the resulting SERS maps in Figures 16-18 show the distribution over the 

cellular area. The tethered pMBA molecules in close proximity to the silver surface result 

in greatly enhanced signal intensity via the SERS effect in comparison to the control cell 

cultures (see Fig. 15), and the presence of the pMBA-tagged nanoparticles are thus 

detected throughout the cellular area. These data demonstrate that a) the SERS reporter 

molecules remain linked to the silver nanoparticles during entry into the cell, and b) that 

the reporter signals are essentially unaffected by weak background signals from cellular 

molecules. 

The SERS maps in Figure 16 show the typical progression of uptake of pMBA-

tagged silver nanoparticles (control) as a function of time, and Figure 17 shows the same 

results for the co-functionalized (pMBA+TAT) nanoparticles (test).  When pMBA-

tagged and co-functionalized silver nanoparticles were incubated with PC-3 cell 
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cultures, uptake of the co-functionalized nanoparticles (Figure 17) was enhanced relative 

to that of the nanoparticles functionalized only with pMBA (Figure 16) at all time 

points, as seen by more widespread signals from the SERS tags in Figure 17 as compared 

to Figure 16.   

 

Figure 16: SERS intensity mapping of sample cells incubated with singly 
functionalized pMBA-tagged nanoparticles. 

SERS mapping of the 1586 cm-1 peak intensity for cells incubated with 
singly functionalized nanoparticles for A) one hour, B) two hours, C) 
three hours, and D) four hours.  

 

Figure 17: SERS intensity mapping of sample cells incubated with co-
functionalized (pMBA+ TAT) nanoparticles through four hours. 

SERS mapping of the 1586 cm-1 peak intensity for cells incubated with co-
functionalized nanoparticles for A) one hour, B) two hours, C) three 
hours, and D) four hours.  

In addition, there appears to be some difference in the spatial distribution of the 

SERS signals.  Possible nuclear location is suggested by the TAT-bearing particles, as 

seen in Figure 17, in which SERS signals appear to be more selectively clustered. As 

predicted by the literature, the presence of the TAT peptide seems to provide two 
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functions: it enhances the uptake efficiency of nanoparticles by more readily shuttling 

them through the cell membrane, and further, particle localization occurs in a sub-area of 

the cell that appears to coincide with the nucleus; at minimum, the functionalized 

nanoparticles are not excluded from the nucleus.  

The 3-hr time point was chosen as representative of widespread and possible 

peak uptake/internalization for both singly- and co-functionalized silver nanoparticles 

based on results from preliminary experiments with PC-3 cells and several other 

clinically relevant human and mammalian cell lines.  SERS maps from four different 

sample cells at the t=3 hour time point are shown in Figure 18 for the pMBA-only 

nanoparticles while Figure 19 shows results for nanoparticles co-functionalized with 

pMBA+TAT.  

 

Figure 18: SERS intensity mapping of sample cells incubated with untargeted 
nanoparticles for three hours. 

SERS intensity mapping of 1586 cm-1 peak intensity for four different cells 
(A, B, C, D) incubated with singly functionalized pMBA-tagged 
nanoparticles for three hours. 
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Figure 19: SERS intensity mapping of sample cells incubated with targeted 
nanoparticles for three hours. 

SERS intensity mapping of 1586 cm-1 peak intensity for four different cells 
(A, B, C, D) incubated with co-functionalized (pMBA+NTP) nanoparticles 
for three hours. 

There is an observable increase in the distribution and intensities of the signals 

from the internalized co-functionalized nanoparticles in Figure 19 as compared to those 

in Figure 18. In agreement with previous studies, TAT-functionalized nanoparticles are 

more efficiently taken up into the cellular interior, and also may possibly be more 

discretely localized within the cell.  A detailed understanding of the entry pathway of 

TAT-functionalized cargo has not yet been reported but is currently hypothesized as a 

energy-dependent mixed endocytotic process preceded by electrostatic interactions with 

the cell membrane via the cationic residues[205] (see Section 3.4.3). 

Confocal fluorescence experiments using nanoparticles functionalized with a 

fluorophore-derivatized version of TAT (residues 49-57) also show evidence of nuclear 

localization, thereby supporting this conclusion. 

Figure 20A shows a representative confocal fluorescence co-location image of 

control cells incubated in the absence of either targeted or untargeted nanoparticles.  The 

blue channel displays the nuclei of the cells stained with DAPI, and the red channel 

shows the presence of inherent low-level fluorescence associated with intrinsic biological 

components.   
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Figure 20: Confocal fluorescence co-localization images for verification of 
nuclear localization of targeted nanoparticles 

DAPI-stained cells incubated for three hours in the absence (A, top) of 
nanoparticles, in the presence (B, middle) of Alexa546-labeled untargeted 
nanoparticles, and in the presence C, bottom) of Alexa546-labeled 
targeted nanoparticles. 

Figure 20B shows a representative co-localization image of cells incubated in the 

presence of untargeted (pATP-functionalized) silver nanoparticles labeled with 

Alexa546 dye (red) for three hours.  As noted above, these untargeted, dye-

functionalized particles are analogous to the untargeted (pMBA-functionalized) 

nanoparticles used in the SERS experiments.  The presence of the nanoparticles can be 
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seen through much of the cellular interior (with slightly greater fluorescence intensity than 

that of the inherent biological fluorescence seen in Figure 20A), with a region of nuclear 

exclusion coinciding with the location of the nuclei (blue).  

Figure 20C shows a representative co-localization image of cells incubated for 3 

hours in the presence of silver nanoparticles functionalized with TAT 49-57 and tagged 

with Alexa546 dye.  These particles are analogous to the targeted nanoparticles in the 

SERS experiments.  Unlike the untargeted nanoparticles, the targeted nanoparticles are 

able to penetrate the cell nuclei quite effectively.  In addition, greatly enhanced cellular 

uptake (indicated by the intensity of the red channel in Figure 20C relative to that in 

Figures 20A and 20B) occurs when the silver nanoparticles are functionalized with the 

TAT nuclear targeting / cell-penetrating peptide.  As noted previously, all three sets of 

fluorescence images in Figure 20 were captured using identical imaging parameters so 

that the intensities of the red channel signals can be directly compared as a measure of 

intracellular particle concentration. 

The data from the SERS mapping of nanoparticle uptake and intracellular 

localization at progressive time points shows that functionalization with the TAT 

nuclear targeting peptide enhances uptake efficiency relative to nanoparticles lacking a 

cell penetrating/nuclear localization peptide.  Both sets of nanoparticles are clearly able 

to enter the interior of the cell and possibly the cell nucleus (and at minimum are not 

excluded from the nucleus), as opposed to simply attaching to the outside of the cell or 

the nuclear membrane based on two observations: 1) the confocal Raman 

microscope/spectrometer was focused on a plane located in the center of the cell during 

spectroscopic data acquisition, and b) if the nanoparticles were simply attached to the 

surface of the cell or to the nuclear membrane, the maps collected at this “slice” through 

the center of the cell would show a ring of SERS signals around the exterior of the cell 

and/or a set of concentric rings showing the location of the cell and nuclear membranes 



 

72 

and an absence of SERS signal in the middle of the cell plane.  Since our results show the 

presence of tagged particles distributed throughout the interior of the cell as well as 

possible concentration in the nuclear location, we conclude that the particles have 

entered the cell and nucleus.  These SERS imaging results agree with the large body of 

evidence from the literature showing that the TAT peptide is able to translocate a 

variety of biological and nonbiological cargo through the cell membrane and through the 

nuclear membrane, as demonstrated with over 50 different cell lines and cargo with sizes 

up to 200 nm. We find no reason to believe that this capability would fail in this 

particular case.   

5.4 Discussion 

These experiments describe the development of a nanoparticulate platform 

combining a cell penetrating/nuclear targeting peptide, a SERS reporter molecule, and a 

silver nanoparticle.  The cell penetrating/nuclear targeting peptide improves cellular 

uptake and intracellular targeting, and the surface enhanced Raman scattering reporter 

co-functionalized to the silver nanoparticles allows detection and tracking of particle 

uptake efficiency and localization.  Based on our observations, the pMBA molecule used 

for SERS sensing and the TAT peptide used for targeting both remain intact and 

attached to the silver nanoparticles as they are taken up through the cell and nuclear 

membranes and do not appear to affect each other’s functions. The ability to detect and 

monitor nanoparticle trafficking using SERS spectroscopy yields advantages over 

previous nanoparticle tracking and detection methods such as light microscopy and 

fluorescence methods, including better sensitivity and specificity as well as the potential 

for multiplexed sensing with a single excitation and collection source.  This method 

represents a more generally applicable tracking and delivery approach for use in single 

living cells, with applications to nanomedicine, biosensing, and drug delivery. 
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6. Drug Delivery and Activation 
In order to exploit the potential for targeted nanoparticles as drug delivery 

vehicles, these studies focused on development of an anti-cancer treatment in which 

novel scintillating nanoparticles functionalized with HIV-1 TAT (49-57) for cell-

penetrating and nuclear-targeting ability were loaded with tethered drug molecule cargo.  

The experiments were designed to investigate a drug system consisting of psoralen 

tethered to a nuclear targeting peptide anchored to UVA-emitting, X-ray luminescent 

yttrium oxide nanoparticles. Absorption of the emitted UVA photons by nanoparticle-

tethered psoralen has the potential to cross-link adenine and thymine residues in DNA 

located in the nucleus.  Such cross-linking by free psoralen following activation with 

UVA light has previously been shown to cause apoptosis in vitro and an immunogenic 

response in vivo.  Experimental results using the PC-3 human prostate cancer cell line 

demonstrate that X-ray excitation of these psoralen-functionalized Y2O3 

nanoscintillators yields concentration-dependent reductions in cell number density when 

compared to control cultures containing psoralen-free Y2O3 nanoscintillators.  

6.1 Introduction 

These experiments represent the first demonstration of in vitro cellular activity of 

a novel drug system based on psoralen-linked nanoparticles designed to operate through 

X-ray activation. This approach is based on a non-invasive method being developed in 

the Vo-Dinh lab in collaboration with Immunolight, LLC using X-ray radiation and 

downconversion to activate the drug psoralen for cancer treatment.  Psoralen is an anti-

cancer agent and is known to intercalate DNA by a non-reactive oxygen species (ROS)-

dependent mechanism.  In this formulation, X-ray radiation is absorbed by nanoparticles 

made of scintillating material (“nanoscintilators”), causing the nanoparticles to 



 

74 

subsequently emit ultraviolet A (UVA) light.  Absorption of the emitted ultraviolet UVA 

photons by the nanoparticle-tethered psoralen (“nanodrug”) is expected to cause DNA 

intercalation, which has previously been shown to result in apoptosis and a thus 

reduction in cell proliferation.  

Ideally, treatment using a combination of targeted drug delivery and localized X-

ray activation would kill only those cells that both take up the nanodrug and are 

exposed to X-ray radiation.  As a result, the negative side effects associated with non-

specific administration of chemotherapeutic drugs could be greatly reduced.  At the 

same time, radiation doses could potentially be reduced to the point where systemic 

effects became relatively minor or nonexistent.  Unfortunately, while such an approach 

with traditional photodynamic drug treatment (PDT) has potential in well-oxygenated 

tissue, reduced ROS generation in the hypoxic environments[236, 237] associated with 

many tumors is likely to limit the broader utility of ROS-dependent locally activated 

therapies.  The experiments described here document an effort to circumvent the 

limitations inherent to ROS-dependent therapies and to take advantage of psoralen’s 

demonstrated therapeutic potential.  

In the most effective drug-nanoscintillator configuration tested to date, psoralen 

was bound to a fragment of the HIV-1 TAT cell-penetrating / nuclear trafficking peptide 

anchored to UVA-emitting Y2O3 nanoscintillators. Experiments with this particular 

nano-drug formulation demonstrated: 1) non-toxicity to PC-3 human prostate cancer 

cells at concentrations approaching 100 µg/mL in the absence of X-ray radiation, and 2) 

gross reductions in cell density for human cancer cells treated with psoralen tethered to 

scintillating nanoparticles and exposed to X-ray radiation.  
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6.2. Nanoparticle design and material selection  

This work required the development of a new class of core-shell nanoparticles 

based on rare earth oxide cores, with and without noble metal shells, using a simple and 

unique photochemical procedure.  The rare earth oxide core material is well suited to 

doping for either upconversion- or downconversion-based fluorescence[238-241] and the 

plasmonically active metal shells can be easily functionalized with targeting peptides, 

fluorophores, or SERS-active molecules using well-established techniques.   As an 

example, one such hybrid nanoparticle system used in these experiments was fabricated 

with a yttrium oxide (Y2O3) core, a gold (Au) shell and a nuclear targeting peptide (HIV-

1 TAT, residues 49-57) functionalized with various fluorescent dyes using NHS coupling 

chemistry (as described in Section 5.2.4).  As with more traditional light-activated 

therapies based on energy transfer, it is essential that the X-ray-excited nanoparticle 

luminescence spectrum at least partially overlaps the psoralen absorption spectrum, as 

shown in Figure 21A.  This fundamental requirement indicates that many scintillators 

will be inappropriate for psoralen activation, in large part because most of them have 

been developed for optimal detection by silicon-based detectors whose greatest 

sensitivity is in the green and red portions of the visible spectrum (Figure 21B)[242].   
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Figure 21: Nanoparticle material selection based on spectral overlap and 
material characteristics 

Left: X-ray excited luminescence spectrum from Y2O3 nanoparticles (blue) 
and absorption spectrum of psoralen (red); green rectangle indicates 
useful spectral overlap. Right: UVA-emitting scintillators; light yield 
(photons per MeV of absorbed X-ray radiation) at 662 keV describes how 
efficiently each material converts X-ray photons into UVA photons; 
WS=water soluble, NCN=not commercially available as nanoparticles, 
TX=toxic (values from [242]). 
 
The range of suitable materials for in vitro and in vivo use is further limited by the 

requirement that the scintillating nanoparticles not be water-soluble, as scintillators lose 

their X-ray optical luminescence upon dissolution.  Lack of toxicity is also desirable, but 

is not necessarily critical if the scintillating nanoparticles are only slightly toxic. 

Furthermore, toxic nanoparticles can be covered with some optically transparent 

biocompatible coatings that are inert and impermeable to toxins. 

6.3 Qualitative experiments 

Comparison of cell number density in treated + irradiated cell cultures and 

control cultures several days after treatment provided a qualitative measure of the 

extent to which drug activation reduced cell growth rates or, in the ideal case, induced 

cell death. Similar techniques (such as cell density measurement following MTT or WST 
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staining or other proliferation assays) are routinely used as a “first pass” when 

examining toxicity or chemotherapeutic efficacy.   Figure 23 shows representative images 

demonstrating the difference in cell density for drug-functionalized Y2O3 nanoparticles 

exposed to X-ray radiation versus positive and negative control cultures; Figure 24 

shows representative images for the case of gold-coated Y2O3 nanoparticles 

functionalized with psoralen attached to the particle surface via TAT.  While qualitative 

in nature, these in vitro results provided a clear indication of the potential for psoralen 

activation by X-ray radiation. 

6.3.1 Materials and methods 

6.3.1.1 Nanoparticle formulation 

Figure 22 shows two examples of experimental structures used in the preliminary 

studies. The first has no shell because the X-ray luminescent nanoparticles are either 

minimally toxic or inherently non-toxic.  The second has an inert shell (e.g., gold) to 

improve biological compatibility and/or reduce toxicity in the case of intrinsically toxic 

scintillating nanomaterials.  

 

Figure 22: Preparation of psoralen-functionalized UVA-emitting scintillating 
nanoparticles 

Intrinsically non-toxic UVA-emitting scintillating Y2O3 nanoparticles can 
be functionalized with psoralen by modification with surface-binding 
group such as tri-arginine (Arg-3) or 2-aminoethylphosphonic acid (2-
AEP), followed by reaction with psoralen (SPB). Addition of a thin gold 
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coating can provide further nontoxicity while providing a surface that can 
be easily functionalized with a thiolated targeting peptide (TAT) and 
primary amines can then be functionalized with psoralen (SPB). 
 
 This particular work utilized commercially available Y2O3 nanoparticles 

modified with psoralen-functionalized Arg-Arg-Arg-OH (tri-arginine/Arg-3), and Y2O3 

coated with a nanometers-thick gold shell modified with a psoralen-functionalized, 

thiolated version of the HIV TAT peptide (residues 49–57, sequence Arg-Lys-Lys-Arg-

Arg-Arg-Gln-Arg-Arg-Cys-CONH2, molecular weight 1442 g/mol, hereafter referred to 

as “TAT”).  Both Y2O3[243-245] and this particular segment of TAT[218, 217, 200] 

have been shown to be non-toxic, thereby making this specific nanomaterial-peptide-

psoralen formulation interesting as a potential first-generation drug for further proof-of-

concept studies. 

6.3.1.2 Psoralen and NTP functionalization 

Fabrication of Y2O3 nanoparticles functionalized with psoralen is a relatively 

straightforward process.  As discussed in the literature, the surface-associated CO2 

typically present on commercially-available, cubic-phase, ~12 nm diameter Y2O3 

nanoscintillators (Meliorum Technologies, Rochester, NY) after annealing can be 

displaced by both carboxylic and phosphonic acids[246].  The proper choice of surface 

modifier depends on the next step in the particle functionalization process.  If strong, 

semi-permanent bonds with the Y2O3 surface are required, then phosphonic acids 

appear to be suitable.  If the particle surface is to be further coated with SiO2, Au, Ag, 

etc., however, carboxylic acids (such as short peptides, for example) are preferable to 

phosphonic acids due to the weaker nature of the carboxylic acid-Y2O3 interaction and 

the ease with which carboxylic acids can be displaced from the Y2O3 surface.  As an 

added benefit, a carefully chosen carboxylic acid can actively assist in formation of 

gold, silver, silica, and other shells on the Y2O3 core particles. 
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As an example, these experiments required the development of a photochemical 

procedure in which tri-arginine acts as both a nanoparticle dispersant and a reactant 

when coating gold shells on Y2O3[176, 110]. This nanoshell-containing solution is 

characterized by strong absorption at ~546 nm, which is indicative of the presence of 

gold nanoshells or an array of gold nano-islands around Y2O3 cores. Combination of tri-

arginine and AuBr3 in the absence of Y2O3 also produces a pale yellow initial solution, 

but the final solution remains clear and colorless after exposure to fluorescent light at 

room temperature.   

Following attachment of gold nanoshells to the Y2O3 cores, the core/shell 

particles were further functionalized with the thiol-modified nuclear trafficking peptide. 

These psoralen-free, TAT-functionalized particles were used as a control to ensure that 

enhanced ROS generation due to X-ray interaction with the gold nanoshells does not 

result in visibly increased cell death.  Such increases in ROS-induced cell death can 

partially or completely mask cell death due to psoralen activation by the UVA-emitting 

Y2O3 nanoparticles and, if present, would lead to significant artifacts during qualitative 

examination of drug activation. 

Psoralen can be added to the TAT-functionalized gold-coated Y2O3 

nanoparticles by reacting succinimidyl-[4-(psoralen-8-yloxy)] butyrate (“SPB”, VWR, 

West Chester, PA) with the thiol-tethered targeting peptide.  SPB is a N-

hydroxysuccinimide ester of psoralen that efficiently attaches psoralen to primary 

amines such as the lysine side-chains and N-terminus of TAT.  Typical NHS ester 

functionalization conditions were used when conjugating psoralen to the nanoparticle-

TAT complex.  In the final step, the drug-functionalized (PsTAT) and TAT-only 

functionalized (TAT) nanoparticles were centrifugally cleaned three times with sterile 

water for injection (“SWFI”, EMD Chemicals, Gibbstown, NJ) and finally redispersed in 
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sterile-filtered 5 wt% dextrose (“D5W”, Mallinckrodt Baker Inc., Phillipsburg, NJ) for 

addition to cell cultures.   

Synthesis and functionalization of Y2O3 particles with psoralen attached via 

reaction of SPB with either amine-terminated phosphonic acids or tri-arginine uses a 

procedure similar to that described in detail in [174].  The primary differences are that 

the particles lack a gold shell, and they do not have a targeting peptide attached to their 

surface.    

6.3.1.3 Cell culture and nanoparticle co-incubation 

During in vitro testing, PC-3 human prostate cancer cells (American Type Culture 

Collection, Rockville, MD) were grown to ~70% confluence in F12-K cell culture media 

(Gibco, Grand Island, NY) supplemented with 10% fetal bovine serum (“FBS”, Gibco, 

Grand Island, NY), harvested by trypsinization (Gibco, Grand Island, NY), and seeded 

in six-well cell culture plates (Corning, Lowell, MA) at 104 cells per well.  The cells were 

allowed ~24 hours to attach, then 100 µL of D5W, D5W containing TAT-functionalized 

Y2O3, or D5W containing PsTAT-functionalized Y2O3 was added to each well and 

distributed by orthogonal mixing.  After incubation for 3-4 hours under standard 

conditions to allow nanoscintillator uptake and intracellular transport, test cultures 

were exposed to UVA light (Stratagene, Garden Grove, CA) or to two Gy X-ray 

radiation at 160, 240, or 320 kVp, with the dose hardened using a 2 mm Al filter 

(Model: X-RAD 320, Precision X-ray Inc., North Branford, CT).  Control cultures were 

treated with D5W, D5W containing TAT-functionalized Y2O3, or D5W containing Ps-

TAT-functionalized Y2O3 prior to X-ray or UVA exposure, and additional control 

cultures were treated in the absence of X-ray or UVA radiation.  The culture media for 

all plates was removed by aspiration immediately after X-ray or UVA exposure of the 

test plates and replaced with 2 mL F12-K supplemented with 10% FBS.  The cell 
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cultures were then incubated under standard conditions for 7-8 days.   After this 

incubation and growth period, the cell cultures were photographed under microscope 

magnification, and examination of treated and control cultures was conducted by visual 

examination, manual cell counting, and image recognition software. 

Statistical analysis of treatment effect was performed using a one-tailed 

Student’s t-test with a p=0.05 level of significance.  Calculations were performed using 

the Excel statistical functions. 

6.3.2 Experimental results 

As shown in the qualitative photographic data of Figures 23A through 23C, the 

presence of Y2O3 or psoralen-functionalized Y2O3 alone does not appear to affect cell 

density in the absence of UVA or X-ray radiation.  This finding is consistent with the use 

of Y2O3 in digestive studies[245] and with past reports indicating that this material is 

intrinsically non-toxic.  Some decrease in cell density was evident when cells were 

treated with Y2O3 nanoparticles and exposed to either UVA or X-ray radiation (Figures 

23E and 23H, respectively).  Experiments using lower concentrations of Y2O3 

nanoparticles showed no appreciable increases in cell death due to UV or X-ray 

exposure in the absence of psoralen.  These results suggest that the reduced cell densities 

in the UV and X-ray control cultures were a result of direct UV and X-ray interaction 

with the large amount of Y2O3 nanoparticles used in our initial experiments (100 

µg/mL). 
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Figure 23: Experimental results from uncoated Y2O3 particles 

Representative images in the absence of Y2O3 nanoparticles or psoralen 
(A, D, G), the presence of psoralen-free Y2O3 nanoparticles (B, E, H), or 
the presence of psoralen-functionalized Y2O3 nanoparticles (C, F, I).  The 
cells shown in images A-C received neither UVA light nor X-ray 
radiation, the cells in images D-F received UVA light, and the cells in 
images in G-I received X-ray radiation. 
 

When PC-3 cell cultures containing psoralen-functionalized Y2O3 nanoparticles were 

exposed to UVA or X-ray radiation, an additional reduction in cell density became 

apparent (Figures 23F and 23I, respectively; circled in red).  As noted above, the source 

of these reductions in cell density cannot be definitively determined by the qualitative 

experiments, but it seemed reasonable to conclude that the lack of direct toxicity 

associated with the psoralen-functionalized Y2O3 nanoparticles themselves remained 

self-consistent, as would any activity associated with direct interactions of Y2O3 and 

UVA or X-ray radiation.  As a result, the observed reductions in cell density may be 

related to the combined effects of UV or X-ray exposure and activation of psoralen 

tethered to Y2O3. 
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The distinction between UV/particle or X-ray/particle interactions and psoralen 

activation was much more clear-cut for the case of gold-coated Y2O3 nanoparticles 

functionalized with psoralen via the TAT peptide.  Figures 24A through 24C show 

representative images of PC-3 cells not exposed to nanoparticles or psoralen (A), PC-3 

cells treated with gold-coated Y2O3 nanoparticles lacking tethered psoralen (B), and PC-

3 cells treated with psoralen-functionalized gold-coated Y2O3 (C).   

 

Figure 24: Experimental results from Au-coated Y2O3 particles 

Representative images in the absence of Au-coated Y2O3 nanoparticles or 
psoralen (A, D, G), the presence of psoralen-free Au-coated Y2O3 
nanoparticles (B, E, H), or the presence of psoralen-functionalized Au-
coated Y2O3 nanoparticles (C, F, I).  The cells shown in images A-C 
received neither UVA light nor X-ray radiation, the cells in images D-F 
received UVA light, and the cells in images in G-I received X-ray 
radiation. 
 

No appreciable reduction in cell density was visible when these control cultures were 

compared, indicating a lack of intrinsic toxicity in the absence of UVA or X-ray 

radiation.  Cell density remained self-consistent for cell cultures illuminated with UV 
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light in the presence and absence of psoralen-free gold-coated Y2O3 nanoparticles 

(Figures 24D and 24E).    

Cell density fell precipitously in PC-3 cultures treated with psoralen-

functionalized gold-coated Y2O3 exposed to UV light, a finding that is consistent with 

psoralen activation in the normal manner.  Cell exposure to X-ray radiation appeared to 

cause minor reductions in cell density in both the presence (Figure 24G) and absence 

(Figure 24H) of gold-coated Y2O3 nanoparticles as compared to control cultures (Figures 

24A and 24B).  Cell cultures treated with psoralen-functionalized gold-coated Y2O3 

nanoparticles showed an additional decrease in cell density upon exposure to UVA or 

X-ray radiation (Figures 24F and 24I, respectively; circled in red) as compared to 

controls.  Given that the psoralen-functionalized nanoparticles themselves display no 

toxicity in the absence of UV or X-ray activation (Figure 24C, circled in green), given that 

the Y2O3 cores emit UVA light, and given that UVA light is known to be the means of 

psoralen activation, it appears possible that UVA photons emitted by the gold-coated 

Y2O3 nanoparticles may be activating psoralen.   

In order to obtain a rough quantitative estimate of the effect of the nanodrug 

treatment on cell proliferation, manual cell counting and image recognition software were 

used to count the number of cells in each photo sample and statistical analysis was 

done using Excel statistical functions.  The results are shown in Figure 25 below.  
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Figure 25: Rough quantification of cell proliferation as a function of treatment 

Error bars represent standard deviation for n=10 replicates. Green = 
controls, blue = UV light exposure, red= X-ray exposure.  

6.3.3 Discussion 

The initial qualitative set of experiments was focused on simple cell number 

density measurements, and the results shown in Figures 23-25 give a clear indication 

that treatment with psoralen-functionalized, UVA-scintillating nanoparticles may hold 

promise as a potential anti-cancer therapy. These cell density results, although 

qualitative in nature, provided preliminary evidence that psoralen tethered to 

scintillating nanoparticles has potential for selective treatment of tumor cells.  The 

ability to delivery psoralen to the nucleus of the cell, where it can exert its DNA 

intercalating action upon activation, in addition to the ability to activate this mechanism 

by selectively targeting a spatial or volumetric area with X-ray radiation, is an important 

step in the development of next-generation chemotherapy treatment.  
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The semi-quantitative results derived from cell counting in the sample images 

suggest that X-ray excitation appears to be more effective at 160 kVp than at 240kVp or 

320 kVP for overall reduction in cell density. 

6.4 Quantitative experiments 

Further experiments were designed and carried out to better quantify the ability 

of this psoralen-functionalized nanoscintillator system to inhibit cell growth.   Cell 

proliferation in the presence and absence of radiation for treated and control cultures 

was measured via methylene blue staining after cell fixation, with subsequent desorption 

and colorimetric readout, followed by statistical data analysis. 

In many drug studies, quantitative in vitro bioassays of treatment effects on cell 

cultures are measured by cell proliferation assays.  Potential assays for cell proliferation 

considered include dye/exclusion assays (such as trypan blue, calcein, methylene blue, 

etc.)[243, 247-249], metabolic activity assays (such as WST and MTT)[247], gene or 

protein expression assays (e.g., caspase-3 and caspase-7 for detection of 

apoptosis)[250], and the clonogenic assay[251, 252, 249].  Although all of these are 

accepted assays that produce numerical measures of cell proliferation through different 

measures, the results are not directly comparable to each other for many reasons.  For 

one, sufficient time must elapse between treatment and measurement for damaged cells 

to lose their membrane integrity.  Damaged cells may not completely or immediately lose 

metabolic activity, and thus may be counted as viable cells if an assay is performed 

before the damage becomes fully lethal. Additionally, drugs that inhibit cell growth by 

affecting the cell cycle may not be detected with a method based on cell viability, since 

the lethal damage may not manifest itself until several generations after initial treatment. 

These factors argue against dye exclusion and metabolism-based assays and appear to 

favor long-term clonogenic assays, but the sparse cell density required for clonogenic 
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measurements is known to place nontypical stress on cells that normally rely on contact 

and communication with neighboring cells to regulate growth and proliferation[253, 

254].  Also, research suggests that monodispersed cells are more sensitive to radiation 

than cells in contact with other cells[255].  For these and many other reasons, different 

assays cannot be directly compared with each other, but can be collectively used to 

show a significant difference between the treatment and control groups. 

After exploratory experiments and consideration of costs (time, personnel, 

reagents, supplies) and strengths/weaknesses of the various cell proliferation assays, 

the quantitative data collection was carried out using methylene blue staining of fixed 

cells with subsequent desorption and colorimetric readout of data. This is a well-

established and straightforward assay for estimating the number of adherent cells 

present in a culture.  The accepted protocol and experiments that established the 

robustness and utility of this assay were published in 1989[256] as a modification of the 

original methylene blue assay for cytotoxicity first established in 1977[257]. This assay 

is a colorimetric technique used to assess numbers of cells as a measurement of cell 

proliferation, especially for studies of the effects of cytotoxic drugs on tumor cells.  

After treatment and after a post-treatment growth period, cell culture medium is 

removed and cells are fixed with methanol. After fixation, the cultures are stained with 

methylene blue, a basic dye that is positively charged at pH 8.5. The dye binds to 

negatively charged moieties, such as the phosphate backbone and nucleic acids.  

Lowering pH below 2 with an HCl/ethanol elution solvent protonates the acidic groups 

and releases the methylene blue dye into the elution solvent, and the absorption at 650 

nm can be read out by a plate reader. This method produces a linear relationship 

between cell number and absorbance after dye desorption in acidified ethanol, as 

described in the literature[256]. This assay is specifically described as suitable for large 

batches of samples, reproducible, rapid, inexpensive, and easy to perform.  
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Additionally, cultures can be stored after fixation and staining but before desorption 

and readout, a feature that allows for flexibility in scheduling and carrying out data 

collection. 

6.4.1 Materials and methods 

6.4.1.1 Nanodrug preparation 

An uncoated functionalized nanoscintillator configuration was chosen for these 

experiments.  In brief, uncoated Y2O3 nanoparticles were surface-modified with 

chloroethyl phosphonic acid and then reacted with either the HIV-1 TAT (49-57) 

peptide (“TAT”) or a version of the HIV-1 TAT (49-57) peptide pre-functionalized with 

psoralen molecule on the N-termini (PsTAT), as shown in Figure 26. This formulation 

was chosen for ease of synthesis and efficacy in cell testing based on preliminary 

experiments.   

 

Figure 26: Schematic of TAT and PsTAT-functionalized nanoscintillators 
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Commercially available ~12 nm diameter cubic-phase Y2O3 nanoscintillators 

(Meliorum Technologies, Rochester, NY) were weighed, autoclaved, and dispersed by tip 

sonication at 1 mg/mL in sterile-filtered 5 mg/mL 2-chloroethyl phosphonic acid (Fisher 

Scientific, Fairlawn, NJ) dissolved in 100 mM pH ~7 sodium bicarbonate buffer (VWR, 

West Chester, PA) prepared using sterile water for injection (“SWFI”, EMD Chemicals, 

Gibbstown, NJ).  The dispersed nanoscintillators were then vigorously mixed for 48 

hours on a bench-top shaker at room temperature to allow attachment of the 2-

chloroethyl phosphonic acid to the surface of the Y2O3 nanoscintillators, and purified by 

triplicate centrifugation at ~15,500 RCF for 30 minutes.  Following the third 

centrifugation, the particles were redispersed in sterile-filtered TAT or PsTAT solution 

(RS Synthesis LLC, Lexington, KY) prepared at 1 mg/mL in pH ~6.5 SWFI.  The 

nanoscintillators were then vigorously mixed for an additional 48 hours on a bench-top 

shaker at room temperature to allow attachment of the TAT or PsTAT peptide to the 

surface-associated phosphonic acid via thio-ester formation.  Afterward, the peptide-

nanoscintillator conjugates were again purified by triplicate centrifugation, with final re-

dispersion by brief tip sonication in sterile-filtered 5wt% dextrose (“D5W”, 

Mallinckrodt Baker Inc., Phillipsburg, NJ) prepared with SWFI. Typically, these TAT- 

and PsTAT-functionalized nanoscintillators were added to cell culture within ~3 hours 

of preparation. 

6.4.1.2 Cell culture, treatment, and radiation exposure 

During in vitro testing, PC-3 human prostate cancer cells (American Type Culture 

Collection, Rockville, MD) were grown to ~70% confluence in F12-K cell culture media 

(Gibco, Grand Island, NY) supplemented with 10% fetal bovine serum (“FBS”, Gibco, 

Grand Island, NY), harvested by trypsinization (Gibco, Grand Island, NY), and seeded 

in six-well cell culture plates (Corning, Lowell, MA) at 104 cells per well.  The cells were 
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allowed ~24 hours to attach, then 100 µL of D5W, D5W containing TAT-functionalized 

Y2O3, or D5W containing PsTAT-functionalized Y2O3 was added to each well, as shown 

in Figure X, and distributed by orthogonal mixing.  The Y2O3 concentration, and thus the 

tethered psoralen concentration, was varied according to four levels: 0.06 mg/mL, 0.2 

mg/mL, 0.6 mg/mL, and 2 mg/mL.  It should be noted that when a 100-µL aliquot of a 

given Y2O3 concentration was added to each well, the resulting concentration in the cell 

culture was diluted by a factor of 21. 

 

Figure 27: Loading of each six-well plate for quantitation experiments 

 After incubation for 3-4 hours under standard conditions to allow 

nanoscintillator uptake and intracellular transport, one set of plates was exposed to 

two Gy X-ray radiation at 160 or 320 kVp, with the dose hardened using a 2-mm Al 

filter (Model: X-RAD 320, Precision X-ray Inc., North Branford, CT). The other set of 

plates was not exposed to X-ray radiation. The culture media for all plates was 

removed by aspiration immediately after X-ray exposure of the test plates and replaced 



 

91 

with 2 mL F12-K supplemented with 10% FBS.  The cell cultures were then incubated 

under standard conditions for 7-8 days prior to staining.  

6.4.1.3 Data collection and analysis 

After incubation under standard conditions for 7-8 days, the cell culture media 

was removed by aspiration and replaced with 1 mL 0.5% (w/v) methylene blue hydrate 

(Sigma-Aldrich, Milwaukee, WI) dissolved in 50:50 (v/v) methanol:water.  The cells 

were simultaneously fixed and stained for 10 minutes, after which the methylene blue 

solution was poured off and the six-well plates were gently rinsed with DI water.  After 

drying in air for >48 hours, 1 mL 0.1 M HCl in 50:50 (v/v) ethanol:water was added to 

each well and the six-well plates were gently agitated on a laboratory shaker for 10 

minutes to ensure full dye elution and mixing.  Finally, the UV-visible absorption 

spectrum was measured from 400-800 nm using a plate reader (Model: Fluostar Omega, 

BMG Labtech, Cary, NC), and the absorption at ~660 nm was used to determine 

relative cell number densities.  

Each absorption readout on a given row on a given plate was normalized against 

the internal control (“no cells”) measurement from that same row on the plate (also 

referred to as the “local control”), as shown in Figure 26. This was done in order to 

eliminate any variability introduced from differences in handling or exposure from plate 

to plate within a set of experiments or between replications of the experiments, and to 

maximize the amount of data collected from each experimental run.  For example, if a 

single well was observed as contaminated (e.g., with bacteria) or compromised, then 

that entire row was eliminated from data collection, but data from the remaining row 

could still be included.  CTRL/CTRL yielded the benchmark value of 1.  The ratio of the 

readout from a TAT or PsTAT well to the readout from the CTRL well yielded 

TAT/CTRL (with and without X-ray exposure) and PsTAT/CTRL (with and without 
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X-ray exposure) numbers.  As a result, a potential treatment effect was expected to give 

a ratio smaller than 1 as a result of a hypothesized increase in cell killing and thus lower 

cell number density than controls. To summarize the overall efficacy and test the 

statistical significance of the psoralen-functionalized nanoscintillators, 

PsTAT/CTRL:TAT/CTRL ratios were calculated, resulting in the PsTAT/TAT ratio.  

The number of samples in each treatment group ranged from 14 to 33, and the entire 

experiment was replicated four times over a four-month period (March to June 2010).  

Statistical analysis of treatment effect was performed using a one-tailed 

Student’s t-test with a p=0.05 level of significance.  Calculations were performed using 

absorbance readout data exported in Excel spreadsheet form using the Excel statistical 

functions. 

6.4.2 Experimental results  

The results of these experiments show all cell number densities normalized 

against “cells only” (no nanoscintillators added) internal controls plotted against the log 

of nanoscintillator concentration. Figure 28A displays the data from samples that were 

treated with TAT-functionalized or PsTAT-functionalized nanoscintillators in the 

absence of X-ray radiation as a function of nanoscintillator concentration.  
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Figure 28: Cell number density from samples treated with TAT- (green) 
or PsTAT- (black) functionalized nanoscintillators in the absence of X-

ray radiation. 
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Figure 28B shows these same data summarized using mean values and standard 

error of the mean.  In the absence of X-ray radiation, there is little difference between the 

effect on cell number density of the PsTAT-NP and the TAT-NP treatments except for 

the highest concentration, in which the outliers clearly visible in the raw data of Figure 

28A have a biasing effect on the mean and standard error. 

In contrast, Figure 29A displays the raw data from cultures exposed to X-ray 

radiation after treatment with TAT-functionalized or PsTAT-functionalized 

nanoscintillators (both normalized against “cell only” internal controls also exposed to 

X-rays).  In the presence of X-ray radiation, both treatments appear to have an effect, 

with cell number densities decreasing with increasing nanoscintillator concentration.   
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Figure 29: Cell number density from samples treated with TAT- (purple) 
or PsTAT- (orange) functionalized nanoscintillators in the presence of X-

ray radiation. 

Summarizing this data with mean and standard error value highlights this effect, 

as seen in Figure 29B.  The cell number density decreases with nanoscintillator 

concentration in the presence of X-ray radiation, but the decrease is more pronounced in 

cultures treated with PsTAT-functionalized NPs, presumably because the X-ray 

radiation results in nanoscintillator emission of UV light and subsequent activation of 

psoralen’s DNA intercalation effect. 

In order to compare the effect of PsTAT vs. TAT functionalized nanoscintillators 

in the presence and absence of X-ray radiation, Figure 30A shows the ratios of the 

normalized PsTAT data (PsTAT/CTRL) to the normalized TAT data (TAT/CTRL), 

resulting in a PsTAT/TAT ratio for cell cultures in the presence (red) or absence (blue) 

of X-ray radiation. 
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Figure 30: Summary results: Cell number density for PsTAT/TAT in the 
presence (red) and absence (blue) of X-ray radiation. 

T-statistics and p-values shown for each concentration 

Figure 30B shows an overall summary of the data displayed as mean and 

standard error, as well as the results of statistical analysis using Student’s t-test at the 

0.05 level of significance.  Each point is labeled with the mean value of the PsTAT/TAT 

ratio and the t-statistic and p-value from the significance test are given for each 

concentration.  The difference between the treatments (PsTAT vs. TAT) is statistically 

significant except for at the lowest nanoscintillator concentration. 

6.4.3 Discussion 

Like clonogenic, trypan blue staining, and mitochondrial activity assays, cell 

number density measurement does not in and of itself allow explicit identification of the 

biochemical pathway by which a drug candidate acts.  Careful experimental design, 
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however, does let us determine the extent to which the presence of psoralen at the N 

terminus of the PsTAT peptide affects the propagation of cell cultures incubated with 

Y2O3 nanoscintillators functionalized with PsTAT vs. TAT alone.  Any differences 

between these two versions of nanodrug in the presence or absence of X-ray exposure 

can be logically attributed to the presence of the psoralen moiety. 

Experiments with this particular nano-drug formulation indicate that it is 

essentially non-toxic to PC-3 human prostate cancer cells at concentrations approaching 

100 µg/mL in the absence of X-ray radiation.  Approximately one week after X-ray 

exposure, however, the cell number density of cultures incubated with Y2O3 

nanoscintillators functionalized with the HIV-1 TAT fragment but lacking psoralen 

(hereafter referred to as “TAT”) was 48.8 +/- 2.8% (1 standard deviation) lower than 

that of cultures exposed to an equal dose of X-ray radiation, but lacking Y2O3 

nanoscintillators.  The cell number density for cell cultures exposed to X-ray radiation 

following incubation with Y2O3 nanoscintillators functionalized with the HIV-1 TAT 

fragment with a single psoralen molecule bound to the N terminus (hereafter referred to 

as “PsTAT”) was 59.3 +/- 2.2% versus cells exposed to X-ray alone.  This represents an 

absolute difference of 10.5 +/- 3.4% and a relative difference of 20.6 +/- 1.6% when 

compared to PC-3 cell cultures exposed to X-ray radiation following incubation with 

TAT-functionalized Y2O3 nanoscintillators.  The relative cell number density of cultures 

exposed to X-ray radiation following incubation with PsTAT-functionalized Y2O3 

nanoscintillators is therefore statistically distinguishable from that of control cultures 

incubated with TAT-functionalized nanoscintillators at Y2O3 concentrations from ~2.8 

µg/mL to ~95 µg/mL, and shows clear concentration dependence.  

Ideally, treatment using a combination of targeted drug delivery and localized X-

ray activation would kill only those cells that both took up the nanodrug and were 

exposed to X-ray radiation.  As a result, the negative side effects associated with non-
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specific uptake of chemotherapeutic drugs should be greatly reduced.  At the same time, 

radiation doses could potentially be reduced to the point where systemic effects became 

relatively minor or nonexistent. 

6.5 Conclusions 

Taken together, the results of this research indicate that treatment with this 

nanodrug formulation (psoralen-functionalized, UVA-scintillating nanoparticles) may 

hold promise as a potential anti-cancer therapy. These cell density results, both 

qualitative and quantitative, provide strong evidence that psoralen tethered to 

scintillating nanoparticles and activated via X-ray exposure has potential for selective 

treatment of tumor cells.  The ability to delivery psoralen to the nucleus of the cell, where 

it can exert its DNA intercalating action upon activation, in addition to the ability to 

trigger the drug mechanism by selectively targeting a spatial or volumetric area with X-

ray radiation is an important step in the development of next-generation chemotherapy 

treatment.  

In particular, if psoralen retains its activity via a non-ROS-dependent mechanism 

after attachment to scintillating nanoparticles, such a particle-psoralen configuration 

may have unique potential as an anti-cancer treatment modality for deep-seated tumors 

in hypoxic environments.  Instead of flooding the body with systemic treatment, the 

therapy could be widely administered yet activated only at the location of a previously 

identified tumor or affected area of the body.  Radiotherapy is a mature technology that 

can deliver X-rays carefully calculated to deliver a known radiation dose to a delimited 

tissue volume at a specific depth, and according to our preliminary results, the dosage 

required to activate the nanodrug formulation tested in these experiments may be lower 

than that of radiation therapy alone.  This implies that treatment of cancer with the 

nanodrug may reduce the negative side effects of systemic chemotherapy as well as 
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reduce the radiation dosage needed for adjuvant radiotherapy, with the potential to 

improve patient outcomes.   

 Additionally, psoralen has been shown to initiate an immune response in vivo.  If 

the nanodrug has the ability to stimulate the body’s immune response in the targeted 

area, in addition to the direct cell killing effect, the net effectivity of this treatment may 

be significantly amplified. Further study entailing in vivo experiments and assays for 

immunogenicity will be needed to test for this possibility.  Repetition of the quantitative 

experiments with this nanodrug is currently underway with the SKBR3 human breast 

cancer cell line to test efficacy on a different type of cancer line with different 

characteristics.
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7. Sensing and Measurement 
This section describes a set of studies conducted to demonstrate the 

development of a small molecule-sensitive plasmonics-active fiber-optic nanoprobe 

suitable for intracellular bioanalysis in single living human cells using surface-enhanced 

Raman scattering (SERS) detection.  The proof-of-concept for the SERS-based fiber-

optic nanoprobes was illustrated by measurements of intracellular pH in MCF-7 human 

breast cancer, HMEC-15/hTERT immortalized normal human mammary epithelial, and 

PC-3 human prostate cancer cells. Clinical relevance of the methodology was 

demonstrated by pH measurements in patient biopsy cell samples.  The results 

indicated that that fiber-optic nanoprobe insertion and interrogation provide a sensitive 

and selective means to monitor biologically relevant small molecules and cellular 

processes at the single cell level.  

7.1 Introduction 

In spite of the low cross-sections exhibited by most molecules, normal Raman 

spectroscopy has been successfully used for discrimination of cancerous cells from non-

cancerous cells[258, 122, 259].  Resonance Raman spectroscopy has been able to 

provide subtle detail regarding protein folding, hydration and ligand binding, especially 

for heme proteins[124, 260, 123, 261], tryptophan[127, 126, 125, 260], and 

tyrosine[128, 127, 126, 125, 260, 123]. Although unlabeled silver or gold nanoparticles 

have limited use in SERS-based biochemical analyses due to their lack of molecular 

specificity, addition of biochemically-responsive labels or ligands to SERS-active silver 

or gold nanoparticles or nanoshells has demonstrated great potential for intracellular 

bioanalysis and extracellular labeling [136, 262, 135, 134, 263, 264, 132, 143, 131, 265, 

92, 130, 64, 266, 129].  SERS-active plasmonic nanostructures have also been used for 

photothermal treatment of shallow tumors[139, 12, 138]. 
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Every analytical technique, however, has its limitations.  Normal Raman 

spectroscopy generally has great difficulty discriminating any specific protein or gene 

product from another in vivo or in vitro because the underlying building blocks are so 

similar.  The utility of resonance Raman spectroscopy is limited to those cases where an 

electronic absorption band overlaps a laser line [267, 268].  Unfortunately, such an 

overlap can result in rapid photodegradation of the analyte [269-271]. Nanoparticle- or 

nanoshell-based SERS analyses, while theoretically able to provide single-molecule 

sensitivity, can be limited by the time required for cellular uptake of the SERS-active 

plasmonic particles, cellular digestion of the biochemically-specific labels or ligands 

anchored to the nanoparticles, and the rate at which the nanoparticles are ejected from 

the cells.  In addition, cellular uptake can shuttle nanoparticles directly into the 

lysosomal pathway, and intracellular transport can be quite inhomogeneous, thereby 

limiting the amount and nature of the biochemical information that can be collected 

while the SERS-active nanoparticles reside within the cells[194, 272, 196, 273, 132].  

Plasmonic nanoparticles designed to bind to antigens on the cell membrane can avoid 

some of these limitations, but such an approach is inherently unable to provide 

information regarding intracellular processes that are not reflected by changes in the cell 

membrane. Several research groups have experimented with the use of pH-sensitive 

molecules as a surface tag for different types of nanoparticles[134, 132, 274], but as 

previously mentioned, the time required for uptake of particle-based sensors and the 

lack of control over targeting are a limitation of this method. 

These experiments describe the development of a submicron, pH-sensitive fiber-

optic SERS nanoprobe that is able to circumvent many of the limitations described 

above.  The nanoprobe is functionalized with thiolated ligands or labels, thereby 

imparting the molecular specificity required for intracellular bioanalysis while 

incorporating both positive and negative controls in a single experiment.  Since the fiber-
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optic nanoprobe is physically inserted into cells using micromanipulators as shown in 

Figure 31, concerns regarding rates of nanoparticle uptake and ejection are entirely 

avoided.  The speed of SERS-active nanoprobe insertion, interrogation and subsequent 

removal from a cell (often less than 30 seconds) also decreases the potential for 

intracellular digestion of the biochemically-responsive functionality anchored to the 

silver island film (AgIF).  

 

Figure 31: Insertion of fiber optic-based nanoprobe into a single MCF-7 cell.  

In this study, the fiber-optic SERS-active nanoprobe was used in conjunction 

with a confocal Raman microscope to measure the intracellular pH of tens of MCF-7 

human breast cancer cells, PC-3 human prostate cancer cells, HMEC-15/hTERT human 

mammary epithelial cells, as well as breast cells from clinical patient biopsy samples.  

The native intracellular pH of both PC-3 and HMEC-15/hTERT cell lines was measured 

as ~7.3 + 0.2 / - 0.1. The pH of the MCF-7 cell line was measured at 6.8 +/- 0.1, 

consistent with literature reports for this particular cell line, which is known to be more 

acidic than many other normal and cancerous cells.  The high signal-to-noise ratio of 

these results and the lack of an aggressive cellular response to nanoprobe insertion and 

interrogation highlight the broader potential of the SERS nanoprobe technique as 

additional biochemically responsive functionalities are incorporated onto the nanoprobe 

for detection of specific pathway products, reactive oxygen species, etc. 



 

104 

7.2 Materials and methods 

7.2.1 Nanoprobe fabrication and functionalization 

The submicron-diameter fiber-optic probes used in this work were fabricated by 

tapering 400-micron core-diameter optical fibers (CeramOptec Industries Inc., East 

Longmeadow, MA) using a commercially available pipette puller (P-2000, Sutter 

Instrument Company, Novato, CA), producing nanoprobes smaller than 100 nm in 

diameter, as shown in Figure 32.  These tapered optical fibers were then coated with a 6-

nm mass thickness of 99.99% silver (Kamis, Mahopac Falls, NY) at ~10-7 torr 

atmospheric pressure using an electron beam evaporator (CVE301EB, Cooke Vacuum 

Products, South Norwalk, CT), which produces a highly SERS-active silver island film 

(AgIF)[275-278, 106, 279, 280]. 

 

Figure 32: Fabrication and functionalization of pH-sensitive fiber optic-based 
nanoprobe 

Following AgIF deposition, the nanoprobes were functionalized for 15 seconds in 

10 mM p-mercaptobenzoic acid (pMBA; Sigma, Milwaukee, WI) dissolved in ethanol, 

which anchored pMBA molecules to the AgIF via a silver-thiol covalent bond.  The 

carboxyl group of pMBA is pH sensitive across the physiologically relevant range [134, 

132], thereby rendering the nanoprobe sensitive across that pH range as well. 
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7.2.2 Nanoprobe calibration 

Standard solutions were prepared at pH values from 6.0 to 7.5 using phosphate 

buffered saline (PBS; Invitrogen, Carlsbad, CA), nitric acid and sodium hydroxide.  

Solution pH was measured using a calibrated digital pH meter with an Ag/AgCl probe 

(Symphony, VWR, West Chester, PA).  Nanoprobes were prepared and functionalized 

as described above, then immersed in pH-adjusted PBS deposited on a fused silica 

microscope slide.  The confocal microscope (InVia, Renishaw, Gloucestershire, UK) was 

focused on the nanoprobe tip, and SERS spectra were collected across the range from 

1000 - 1800 cm-1.  Exposure time was 10 seconds per spectrum and laser intensity was 

~35 mW at 632.8 nm.  When corrected for the surface area of the sub-micron fiber-optic 

nanoprobe, we estimate that the effective laser power is less than 0.5 mW. The volume 

examined by the fiber-optic SERS nanoprobe is approximately 0.01 x 10-2 m3 in the 

current external illumination configuration, but can be significantly reduced by through-

fiber excitation. This procedure was repeated ten times for each data point from pH 6.0 

to pH 7.5. 

7.2.3. Cell culture and testing procedure 

HMEC-15/hTERT cells were provided by Dr. Victoria Seewaldt and were grown 

in T-75 flasks using MEBM media (Lonza, Charles City IA)).  HMEC-15/hTERT cells 

are a “normal”, non-cancerous human mammary epithelial cell strain immortalized with 

hTERT, and are routinely used as a normal cell control in cancer research studies.  PC-3 

cells were obtained from the American Type Culture Collection (ATCC, Manassas, VA) 

and grown in T-75 flasks using F-12/Kaighn’s medium (Gibco/Invitrogen, Carlsbad, 

CA) supplemented with 10% fetal bovine serum (Gibco/Invitrogen, Carlsbad, CA).  PC-

3 cells are a p53-null human prostate cancer cell line, which is frequently used when 

investigating anti-cancer drugs, signaling pathways, cell death, etc.  MCF-7 cells were 
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obtained from the American Type Culture Collection (ATCC, Manassas, VA) and grown 

in T-75 flasks using MEM medium (Gibco/Invitrogen, Carlsbad, CA) supplemented with 

10% fetal bovine serum and 0.01 mg/ml bovine insulin (Gibco/Invitrogen, Carlsbad, 

CA). MCF-7 line is a human breast adenocarcinoma line that retains several 

characteristics of differentiated mammary epithelium including the ability to process 

estradiol via cytoplasmic estrogen receptors and the capability of forming domes. 

HMEC-15/hTERT cells were grown to 70% confluence while PC-3 and MCF-7 stock 

cultures were grown to 90% confluence in a 5% CO2 incubator at 37ºC prior to 

subculturing.  HMEC-15/hTERT cells were subcultured at a 1:3 split ratio, and PC-3 

and MCF-7 cells were subcultured at a 1:6 split ratio.   

Additionally, the MDA-MB-231 and DKAT cell lines were obtained from Dr. 

Victoria Seewaldt and cultured/tested in these experiments (unpublished results). 

SERS-active nanoprobes for intracellular pH measurements were prepared using 

the fabrication protocol detailed above.  Cells were harvested by trypsinization, and 

trypsinization was halted using 5% MEBM in PBS (for HMEC-15/hTERT cells), F-

12/Kaighn’s medium (for PC-3 cells), or MEM medium (for MCF-7 cells). The cells were 

then separated from the trypsinizing solution by centrifugation, resuspended in media, 

and mixed with growth factor-reduced MatrigelTM (BD Biosciences, San Jose, CA) at a 

1:1 ratio.  Between 40 and 200 µL of cell suspension were deposited on a fused silica 

microscope slide (Chemglass, Vineland, NJ) and incubated at 37°C for 90 seconds to 

partially gel the suspension.  Prior experiments optimizing the incubation time indicated 

that an incubation time of 60 seconds was not always sufficient to ensure the degree of 

gelation necessary to allow intracellular interrogation with the pH-sensitive nanoprobe. 

In contrast, an incubation time of 120 seconds yielded a gel that was too stiff for 

efficient interrogation of multiple cells within a single droplet of cell suspension.   
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Following gelation of the cell suspension on a fused silica microscope slide, the 

sample was transferred to the confocal Raman microscope for intracellular interrogation.  

The pH-sensitive nanoprobes were inserted into the cells using micromanipulators, the 

confocal microscope was focused on the portion of the nanoprobe inserted into the cell, 

and single ten-second SERS spectra were acquired.  The longer acquisition times and 

spectral smoothing algorithms often required in Raman spectroscopy were not necessary 

due to the high signal-to-noise ratio associated with the SERS nanoprobes.  The research 

described here and that of other groups’ previous work with fiber optic nanoprobes has 

indicated that careful insertion, brief interrogation, and removal do not adversely affect 

cell viability. In addition, decades of work with in vitro fertilization have demonstrated 

that cell viability can be maintained following careful intracellular insertion of small 

needles and injection of material such as DNA.  Even so, multiple spectra were not 

acquired due to literature reports of cellular heating and necrosis upon extended 

excitation of plasmonic nanoparticles in/on cells[139, 12, 138]. 

7.3 Experimental results 

7.3.1 pH calibration 

Figure 33A shows averaged, normalized SERS pH calibration spectra from 1000 

to 1800 cm-1 for pH values between 6.0 and 7.5.  The consistency of the pH-independent 

portions of the SERS spectra highlights the reproducibility of both the pH-sensitive 

pMBA layer and the underlying AgIF.  The pH-dependent intensity of the bands near 

1400 cm-1 is shown in the inset of Figure 33A.  Increasing the pH from 6.0 to 7.5 

increases the intensity of the band centered near ~1425 cm-1.  The increase in the 

normalized intensity of this SERS peak with increasing pH is consistent with previous 

work using pMBA as an indicator of pH[264, 134]. 
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Figure 33: Calibration data for the pH nanoprobe 

(A, left) pH calibration of nanoprobe via the intensity of the ~1425 cm-1 
pMBA carboxylate band (inset) relative to the intensity of the ~1586 cm-1 
combination band. (B, right) generated calibration curve. 

Figure 33B further highlights the pH dependence of the carboxylate band at 

~1425 cm-1.  At pH = 6.0, the normalized intensity of the peak at ~1425 cm-1 is ~0.07.  

As the pH of the solution surrounding nanoprobe is increased to 7.5, the normalized 

intensity of the SERS signal at ~1425 cm-1 increases to ~0.15.  Experiments using planar 

AgIF-coated substrates indicate that most of the variability present in Figure 33B is due 

to nanoprobe movement during spectral acquisition. The standard deviation of the 

normalized intensity at ~1425 cm-1 is typically smaller by a factor of three for pH 

measurements using pMBA-functionalized AgIFs deposited on glass or quartz slides.  

Improved vibrational isolation of the confocal microscope, sample stage, etc. will 

improve the reproducibility of intracellular measurements with fiber-optic SERS 

nanoprobes. 

7.3.2 pH measurements in cultured cell lines 

Figure 34A shows typical SERS spectra from the functionalized nanoprobe taken 

from inside (blue) and outside (red) of a MCF-7 human breast cancer cell in pH 7.3 
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phosphate-buffered saline (PBS), as shown in the white-light microscope image in Figure 

34B.   

 

Figure 34: pH measurements inside of and outside of an MCF-7 cell using the 
fiber optic-based SERS nanoprobe. 

Both spectra are quite similar with the exception of the pH-sensitive region between 

1350 and 1450 cm-1, illustrating the overall consistency of the SERS-active pMBA layer 

and the underlying AgIF.  The intensity of the band at ~1425 cm-1 versus that of the 

peak at ~1586 cm-1 indicates that the pH of the MCF-7 cell shown in Figure 34A is 6.8 

+/- 0.1 based on the calibration curve in Figure 33B, which agrees well with literature 

reports of the average cytoplasmic and nuclear pH of MCF-7 cells[281]. The intensity 

ratio for these same peaks outside the MCF-7 cell indicates that the extracellular pH is 

7.3 +/- 0.1, which coincides with the pH of the PBS medium as measured using a digital 

pH meter and electrode.   

We have extensively investigated the consistency of the SERS nanoprobe 

technique by repeating this measurement with more than thirty individual MCF-7 cells 

and nanoprobes, and have consistently detected more acidic conditions within the 

intracellular environment than in the extracellular pH 7.3 PBS buffer. Experiments with 

PC-3 human prostate cancer cells and HMEC-15 “normal” immortalized cells indicate 

that their pH is somewhat more basic than that of MCF-7 cells, falling near 7.2 – 7.3.  
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Since these SERS-active nanoprobes do not currently use through-fiber excitation, the 

spatial resolution of the measurement is defined by the diffraction limit of the confocal 

microscope. 

 

Figure 35: High-SNR SERS spectra acquired by interrogating pH-sensitive 
nanoprobes in (A) PC-3 and (B) HMEC-15/hTERT cells. 

Figure 35A shows the averaged, normalized pMBA spectrum from interrogation 

of fifteen HMEC-15/hTERT cells.  The pH-dependent pMBA spectrum from the 

nanoprobe is quite strong, with a signal-to-noise ratio (SNR) of ~190 for the combination 

band at ~1586 cm-1 and a SNR of ~30 for the carboxylate band at ~1425 cm-1.  The 

relative standard deviation of each band is approximately 6%.  Minor baseline elevation 

is visible due to weak fluorescence from MatrigelTM or from the cells themselves.  

When corrected for the baseline elevation due to fluorescence the normalized 

intensity of the carboxylate band at ~1425 cm-1 in Figure 35A is approximately 0.16 +/- 

0.01.  Based on the calibration curve shown in Figure 33B, it is evident that the pH of the 

immortalized HMEC-15/hTERT cells is 7.3 or higher.  This result is consistent with the 

intracellular pH of cells cultured in pH 7.4 media.  In addition, since apoptosis typically 

occurs through intracellular acidification, this slightly basic pH demonstrates that the 

cells are not under enough stress to induce apoptosis. 
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Figure 35B shows the averaged, normalized SERS spectra from nanoprobe 

measurements of thirty PC-3 cells.  The SNR of the SERS peaks at ~1586 cm-1 and 

~1425 cm-1 (~175 and ~30, respectively, again with relative standard deviations of 

approximately 6%) illustrates the sensitivity and reproducibility of pH measurements 

using the SERS nanoprobe.  After correcting for the fluorescence background beneath the 

SERS spectrum and using the calibration data in Figure 33B, we conclude that the 

intracellular pH of the PC-3 cells is 7.3 or higher.  As discussed above, this value is 

consistent with the pH of cells raised in pH 7.4 growth media, and is also reasonable for 

cells that are not under significant environmental stress. 

7.3.3 pH measurements in clinical patient biopsy cells 

In order to demonstrate the clinical applicability of the SERS-active fiber-optic 

based nanoprobe, pH measurements were performed on cells from patient biopsy 

provided by Duke Medical Center collaborator Dr. Victoria Seewaldt.  Tissue samples 

from patients in a high-risk study cohort were collected via Random Periareolar Fine 

Needle Aspiration (RPFNA), a well accepted research procedure[282, 283] developed 

to 1) test for the presence of a “high-risk field” in women at risk for breast cancer and 2) 

monitor cellular response to prevention[284-286]. The presence of atypia in RPFNA cells 

is prospectively validated to predict a 5.6-fold increase in breast cancer risk[287].  

  After collection, the tissue samples were washed in buffer and resuspended in 

unsupplemented RPMI media by clinical personnel before transfer to the laboratory for 

pH testing.  The received cell suspension consisted of a suspension of red blood cells 

and breast cells, along with lipids and other biological tissue.  To prepare these patient 

biopsy cell samples for pH measurements, the samples were washed 1-3 times 

(depending on how much debris appeared in the supernatant) by centrifugation for 3-5 

minutes at 1100-1500 rpm. After centrifugation, the supernatant was carefully 
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aspirated, and the pellet was re-suspended in clean RPMI media. After final 

centrifugation, the pellet was re-suspended in ~1 mL of RMPI media.  A drop of this cell 

suspension was examined under microscope magnification to determine whether the cell 

density was appropriate for nanoprobe measurement and was further concentrated or 

diluted as necessary.   A portion of this adjusted cell suspension was mixed with cold 

MatrigelTM in a 1:1 ratio, dispensed onto quartz slides in 20-40 uL droplets, and cured 

for 90 seconds at 37°C for optimal gelation.  Less than 90 seconds of cure time resulted 

in a liquid-like gel that was not supportive enough to hold cells in place during 

nanoprobe insertion, and more than 90 seconds cure time rendered the gel too rigid, so 

that attempts at nanoprobe insertion into a selected cell simply translated the entire 

sample.  After curing, the sample was then immediately interrogated according to the 

procedure described in the previous section.   

Although the ratio of red blood cells to non-red blood cells was quite high, the 

breast cells were easily distinguishable from red blood cells under microscopic 

examination before and during nanoprobe insertion due to their larger size and irregular 

shape. Interrogation and data collection was straightforward although sample viability 

was observed to degrade more quickly (~ 1 hr) in comparison to that of cultured cells. 

 

Figure 36: Patient cell pH data 

Figure 36a shows the cell suspension/Matrigel slurry under microscope 

observation of probe insertion.  The small red blood cells are present in a dense 
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background with the larger patient cell clearly visible.  Figure 36b shows SERS spectra 

collected from the cell only (red), from the nanoprobe only at pH 7.3 (black), and the 

from the probe inside the cell (blue).  When the background (red) is subtracted from the 

probe in cell (blue), the resulting spectra are shown in Figure 36c in green with the 

spectrum from the probe only shown in black as a reference.  Although the difference 

spectra collected from the probe in cell minus the cell background spectra shows the 

presence of noise, the pH-sensitive pMBA peak at 1425 cm-1 is clearly visible, as are the 

characteristic pMBA peaks at 1090 cm-1 and 1586 cm-1.  The fact that the relevant 

measurement information in the spectra shown in Figures 36b and 36c are visible as raw 

data, without any filtering or applied data processing, shows the advantage of the 

highly amplified Raman signal via the SERS-active probe surface even in the complex 

environment of the cellular interior. 

7.4 Discussion 

The results discussed above highlight several significant factors.  First, the ease 

and speed with which the SERS-active nanoprobe can be inserted into single living cells 

demonstrate the suitability of the MatrigelTM matrix for live-cell Raman studies.  Second, 

insertion and interrogation of the SERS nanoprobe produces no immediately visible 

apoptotic response in the cell lines tested.  This second observation, combined with 

previous observations of cells undergoing mitosis following interrogation with 

nanoprobes, indicates that nanoprobe insertion, intracellular bioanalysis and nanoprobe 

removal do not critically affect cell function or result in an immediate self-destructive 

response.  Finally, and perhaps most importantly for development of biochemically-

functionalized nanoprobes, measurement of an intracellular pH near 7.3 for HMEC-

15/hTERT and PC-3 cells indicates the lack of a strong lysosomal response to 

nanoprobe insertion and interrogation.  This observation suggests that the SERS-active 
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nanoprobe specifically and fiber-optic nanoprobes in general may be effective platforms 

to bypass the inherent limitations associated with nanoparticle uptake by endocytosis 

or phagocytosis.  Fiber-optic nanoprobes also avoid the danger of SERS-active 

biosensing particles being shuttled directly into the lysosomal pathway.  
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8. Conclusions and Future Directions 

8.1 Summary of findings 

In the studies described in this dissertation research, Raman spectroscopy and 

two-dimensional Raman imaging studies were used to locate and track labeled 

nanoparticles in single mammalian cells using SERS detection. The surface charge on the 

nanoparticles was observed to modulate uptake efficiency, demonstrating a dual 

function of the surface modifications as tracking labels and as modulators of cell 

uptake. These results indicate that this functionalized nanoparticle construct can be 

used as an intracellular vehicle for sensing and delivery in biological systems, and that 

use of SERS for tracking and detection is a practical and advantageous alternative to 

traditional fluorescence methods.  

Another study demonstrated the addition of an intracellular targeting 

functionality to the proposed nanosystem. The nanostructures used in these experiments 

were surface-modified with the HIV-1 protein-derived TAT (49-57) cell-

penetrating/nuclear-targeting peptide for improved cellular uptake/delivery to the cell 

nucleus and with p-mercaptobenzoic acid (pMBA) as a SERS reporter for tracking and 

imaging.  Two-dimensional SERS mapping was used to track the spatial and temporal 

progress of nanoparticle uptake in PC-3 human prostate cells and to characterize 

localization within the cell at various time points.  Nanoparticles co-functionalized with 

the TAT peptide showed greatly enhanced cellular uptake over the control nanoparticles 

lacking the targeting moiety, and preferential localization of targeted particles in the cell 

nucleus was verified by confocal fluorescence co-localization studies.  These results 

indicate that this type of multifunctional intracellular delivery nanoconstruct has 

potential future applications in treatment of disease by attachment of chemotherapy 
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drugs that act in the nucleus cells and in early detection of disease by attachment of 

biosensing moieties that can detect biomarkers of disease. 

The in vitro cellular activity of a drug system based on psoralen-loaded 

nanoparticles designed to operate through X-ray activation was investigated to 

demonstrate the feasibility of functionalized nanoparticles for use in drug delivery and 

disease treatment. The results of these experiments showed a significant concentration-

dependent effect on cell viability as compared to control treatments. In these 

experiments, X-ray radiation was absorbed by nanoparticles made of scintillating 

material, and these psoralen-loaded nanoparticles subsequently emitted ultraviolet A 

(UVA) light.  Absorption of ultraviolet UVA photons by psoralen is known to cause 

DNA intercalation, which has previously been shown to result in apoptosis in vitro.  

Gross reductions in cell density were observed for human cancer cells treated with 

psoralen tethered to scintillating nanoparticles and exposed to X-ray radiation as 

measured by images of cell cultures taken under magnification and by visual and 

software cell counts.   Quantitative measurements of cell proliferation with and without 

treatment were collected using methylene blue staining after cell fixation followed by 

desorption and colorimetric readout.  Statistical analysis of these results showed a 

significant reduction in cell proliferation for cultures that both internalized the nanodrug 

and received activation via exposure to X-ray radiation.  This effect was observed to be 

concentration dependent and statistically differentiable from treatment with psoralen 

alone, unloaded nanoparticles alone, radiation alone, and drug-loaded nanoparticles in 

the absence of radiation.  These results illustrate the potential of this therapeutic system 

and argue in favor of further investigation of this and similar X-ray activated, non-ROS-

dependent treatment modalities. 

In addition to the nanoparticle-based work described above, this dissertation 

research also included development and demonstration of a fiber optic-based external 
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nanoprobe that can be inserted into single cells to make intra- and extra-cellular sensing 

measurements using SERS methods.  The nanoprobes were fabricated by fiber heating 

and pulling to yield sub-micron diameter tips with distal ends having nanoscale sizes. 

The nanoprobes were then functionalized on their surface with silver island films to 

enable detection and data collection via SERS spectra produced by biosensing molecules 

attached to the silver surface.  The silver-coated nanoprobes were surface coated with 

pMBA molecules to provide pH sensitivity, as measured by changes in the SERS 

spectrum with protonation state, and used for in vitro analysis of individual living 

human cells in culture. The effectiveness and usefulness of SERS-based fiber optic 

nanoprobes were illustrated by measurements of intracellular pH in MCF-7 human 

breast cancer cells, HMEC-15/hTERT immortalized “normal” human mammary 

epithelial cells, and PC-3 human prostate cancer cells as well as cells from clinical 

patient biopsy. The results of these measurements indicate that the pH value of the 

HMEC-15 and PC-3 cell lines is near the pH that would be expected for healthy cells in 

the absence of environmental stress, that the measured pH of the MCF-7 cell line is in 

agreement with the slightly more acidic values published in the literature, and that this 

same nanoprobe can be used with cell samples extracted during clinical biopsy.  These 

findings indicate that fiber-optic nanoprobe insertion and interrogation provide a 

noninvasive and sensitive means to monitor cellular microenvironments at the single cell 

level.  Further, the experimental results demonstrate that insertion and interrogation of 

the pH-sensitive, SERS-active fiber optic nanoprobe does not induce immediate 

apoptosis or an aggressive response from any of the model cell lines.  These observations 

highlight the utility of SERS-active nanoprobes for intracellular pH measurements in 

single living human cells, and further illustrate the potential for development of other 

biochemically-specific sensing modalities for the fiber-optic nanoprobes. These 

nanoprobes provide minimally invasive tools that can be used to probe the cellular 
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compartments inside individual single living cells for cellular studies, biosensing, and 

medical applications.  

8.2 Future directions 

8.2.1 Development of additional biosensing functionalities  

Several immediate and longer-term extensions to this work are feasible.  

Additional sensing modules for reactive-oxygen species (ROS) and caspase-sensing (e.g., 

caspase 3/7/9) are current projects intended for use with the fiber optic-based 

nanoprobe.  The molecular sentinel (MS) technology under development in the Vo-Dinh 

lab could also be added to the fiber-optic nanoprobe in order to search for nucleic acid 

and protein biomarkers in the interior of the cell.  The end goal of a multiplexed sensitive 

and specific nanosensing platform is therefore within reach. 

 Successful development of a caspase-sensing module for the fiber-optic 

nanoprobe could also be immediately applied to monitoring the effects of photodynamic 

therapy, such as the psoralen-tethered yttrium oxide nanodrug system described in 

Section 7. Many anticancer drugs act by initiating the onset of apoptosis. The 

programmed cell death process known as apoptosis is executed in a highly organized 

fashion, indicating the presence of well-defined molecular pathways. The activation of 

caspase-9, one of the family of cysteine proteases, is a key step in apoptosis and is 

probably one of the earlier markers that signals the apoptotic cascade.  Activation of 

caspases 2, 8, 9, and 10 leads to proteolytic activation of “downstream” caspases such 

as 3, 6, and 7.   

A previously developed fluorescence nanobiosensor has been used to monitor the 

onset of the mitochondrial pathway of apoptosis in single MCF-7 cells by detecting 

caspase-9 enzymatic activity[288]. This nanobiosensor employed a modification of an 

immunochemical assay format for the immobilization of a non-fluorescent enzyme 
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substrate (Leucine-Glutamic Acid-Histidine-Aspartic Acid-7-amino-4-methyl coumarin 

(LEHD-AMC)) covalently attached on the tip of an optical nanobiosensor. This 

substrate was cleaved during apoptosis by caspase-9, generating free AMC. An 

evanescent field generated by through-fiber laser excitation excited the cleaved AMC, 

and the resulting fluorescence signal was detected and quantitatively monitored to 

measure caspase-9 activity within single living MCF-7 cells. This same substrate could 

be thiol-modified for attachment to the silver coating of the SERS-based fiber-optic 

nanoprobe, and changes in the characteristic SERS signal upon cleavage of the substrate 

could provide a sensitive method for detection of caspase activity.  Once introduced 

into the cellular interior, the functionalized nanoprobe would provide a stable substrate 

that is able to avoid the potential aggregation effects of nanoparticle-based SERS 

sensing, and the speed of insertion and interrogation limits the possibility of sensor 

degradation by cellular activities.  For these reasons, the SERS-based fiber-optic 

nanoprobe may enable quantitative measurement in single cells. 

Similarly, another class of photodynamic therapy drugs acts by production of 

ROS; therefore, monitoring the ROS response of single cells to treatment would yield 

important information regarding the efficacy of treatment, and also the extent to which 

response to treatment and development of drug resistance can vary among individual 

cells.   Cell-to-cell signaling and communication can result in the so-called “neighborhood 

effect”, in which cells affected by disease or disease treatment can transmit these effects 

to neighboring cells, a phenomenon that is not yet well understood.  Monitoring of 

cellular changes in individual cells located within a certain radius of a disease cell or a 

disease cell which has been treated with a chemotherapy drug may produce necessary 

information at a level of detail that is not possible at present.  Although detection 

methods for ROS and apoptotic caspases/procaspases exist for aggregate samples, 

there is no existing method that can gather this information from single cells vs. an 



 

120 

average value measured from a bulk sample, an approach that fails to capture the 

variable responses of individual cells, which are known to respond heterogeneously to 

stimuli. 

 Another powerful sensing capability that could be added to the fiber optic-

based nanoprobe is the molecular sentinel (MS) sensing technology that is currently being 

developed in the Vo-Dinh lab[141].  The molecular sentinel is a nucleic acid-based 

recognition device composed of a DNA hairpin probe (30-45 nucleotides in lengths) with 

one end attached to a silver nanosurface (such as a nanoparticle or silver-coated fiber 

optic nanoprobe) via a silver-thiol bond and the other attached to a SERS-label 

molecule. The DNA sequence is designed to be complimentary to a target gene sequence, 

as demonstrated with a previous fluorescence-based hairpin probe known as the 

molecular beacon (MB)[289].  In the absence of the sensing target, the hairpin remains in 

a “closed” state, with the SERS-label in close proximity with the silver surface, yielding 

a strong SERS signal.  When the target is located and the hairpin hybridizes to the target 

sequence, the hairpin is unfolded to the “open” state, removing the SERS-label from 

close proximity to the silver surface and eliminating the surface enhancement of the 

Raman scattering signal; therefore, successful binding and sensing of the target results in 

a loss of SERS-label signal. Addition of molecular sentinels to the multifunctional 

targeted nanoparticles and fiber optic-based nanoprobes developed in this dissertation 

research could provide a multiplexed sensing tool for use in single cell analysis. 

8.2.2 Through-fiber excitation for SERS-based nanoprobe 

Excitation for SERS sensing using the fiber optic nanoprobe was accomplished in 

this work by external focusing of the laser on the tip of the nanoprobe, using visual 

guidance via the Raman microscope and spectroscopic feedback. Since these SERS-

active nanoprobes do not currently use through-fiber excitation, the spatial resolution of 
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the measurement is defined by the diffraction limit of the confocal microscope.  

Excitation energy could also be delivered through the fiber optic nanoprobe itself, as in 

the fluorescence-based optical nanosensor described in [288]. Through-fiber excitation of 

the nanoprobe would allow better measurement resolution as well as the possibility of 

probing cells and tissues in vivo for screening or minimally invasive biopsy. 

8.2.3 Nanoparticle synthesis and functionalization 

The scintillating nanoparticle system developed for the nanodrug experiments 

described in Section 6 represents a new class of multifunctional nanocarriers that not 

only provide a nanoscale vehicle to carry drug cargo into the cell but also provide the 

localized energy for selective drug activation. Therapeutic potential may also exist in 

other variations on this nanodrug formulation, such as UV-emitting scintillating 

nanoparticles made with doped oxides, fluorides, perovskites, etc.; particle-tetherable 

psoralens other than SPB; and other cell penetrating/nuclear targeting peptides such as 

penetratin, MAP, poly-arginine, Antp, VP22, transportan, etc. Additionally, further 

research is needed to confirm the mechanism of action for these particular psoralen-

functionalized nanoparticles, and to better understand and characterize their ability to 

induce apoptosis and/or generate an immune response. 

8.2.4 Targeting and retention of nanotherapeutics 

Practical applications for clinical treatment depend on the ability to target these 

nanoconstructs selectively and safely to the area of interest in vivo, such as a tumor 

location or individual cells that display biomarkers of early disease. Much previous 

work has focused on in vitro studies, in normal or disease cell cultures, but the question 

of how to administer these nanoconstructs in a whole organism and selectively target the 

area of interest (tumor mass or disease cells within a heterogeneous environment) is more 

complicated and will greatly impact the clinical transfer of these treatments. 
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Nanomedicine treatments must enter the body in some way (e.g., intravenous or 

direct injection) and then will circulate locally or widely in the bloodstream where the 

treatment must be directed to the area of interest, avoiding clearance by the 

reticuloendothelial system (RES) and unwanted side effects or toxicity in other areas of 

the body.  Systemic administration followed by selective activation in a known disease 

area or upon sensing of disease markers are possible approaches for nanotherapies, such 

as the selective activation of the psoralen cargo via the scintillating nanodrug described 

in Section 6.   Another approach is to design the nanoconstructs in such a way that they 

are localized in or targeted to the area of interest, such as tumor masses or disease cells, 

once introduced into the body.   

In passive targeting, nanopackaged macromolecules or drug compounds 

accumulate in dense tumor tissue due to the abnormally permeable vasculature of tumor 

areas and the lack of fully functional lymphatic clearance (known as the enhanced 

permeability and retention or EPR effect)[290, 291]. Active targeting of nanomaterials 

by attachment of recognition modules or “delivery tags” (CPPs/NTPs, ligands for cell 

surface receptors, (poly)peptides, aptamers, antibody/antigen pairs) is theoretically 

possible but is complicated by nonspecific binding, low concentrations of target or 

biomarkers, and the difficulty involved in the identification of highly selective and 

sensitive binding pairs associated with a single disease. Active targeting is often 

employed as a second step, after enough of the targeting nanoconstruct has accumulated 

in the tumor or disease location via passive targeting[292]. Additionally, the endocytotic 

cell uptake mechanisms themselves may be leveraged as a targeting strategy[293], 

combining nanotherapy with peptide tags that are known to traffic cargo to cells via 

particular uptake pathways and to cellular locations that are advantageous to drug 

mechanisms of action.  Overall, studies that aim to identify and develop successful and 

clinically applicable nanotargeting methods of any type will require testing in several cell 
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types as well as in animal models, using a variety of tools and validation methods to 

measure the efficacy of treatment and the overall safety of these nanomaterials in the 

whole organism. 

8.2.5 Health, safety, and environmental effects of nanoparticles 

The short- and long-term effects of nanostructures on cells, tissues, organs, 

organisms, and the environment are still relatively unknown.  The interactions of 

nanomaterials with biological systems, including humans, animal/insect/plant life, and 

the larger environment will need to be studied, classified, and evaluated for possible 

risks.  The physical properties of size and shape as well as the chemical effects of 

material, surface charge, and surface modifications of nanoscale materials are known to 

vary from bulk materials and to affect biodistribution, accumulation/aggregation, 

clearance and breakdown, concentration, and reactivity when introduced into biological 

systems[65, 163, 66, 160].  Studies on the interdependence of the effects of the high 

surface-to-volume ratio and the size/crystal structure of nanosized materials (e.g., silver 

ions vs. silver nanoparticles) will be crucial to a better understanding of nanotoxicity.  

The behavior of proteins that are adsorbed onto the surfaces of nanomaterials is another 

area of great interest, as changes in protein structure are known to affect protein 

function.  The local and systemic effects of these perturbations are unknown.  Other 

important areas for further study include elucidation of factors that allow nanomaterials 

to cross the blood-brain and placental barriers, to what extent nanomaterials promote 

an immune response in whole organisms, and creative solutions to the lack of correlation 

between in vitro and in vivo testing of nanomaterials for efficacy and safety. 

8.3 Conclusion 

The development of nano-based techniques for intracellular measurement, 

sensing/detection of biomarkers of disease, and for early diagnosis and treatment 
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delivery has opened up an exciting new area of research that is truly multidisciplinary.  

Successful design, testing, and application of nanobiosensors and nanocarriers for in 

vitro and in vivo applications require a unique blend of knowledge from biology, 

materials science, chemistry, spectroscopy, and clinical medicine as well as integration 

with emerging methods in nanofabrication and characterization techniques, surface 

modification, and testing/evaluation. The efficacy and safety of nano-based 

bioapplications depend on many mostly unknown factors.  Because of the unique 

properties of materials at the nanoscale and the inherent variability of biological 

systems, the multiplicity of variables that result when several separate nanomodules are 

combined and introduced into a complex biological system is still unknown.  Size, 

shape, surface characteristics, material properties, and reactivity of the nanostructures 

all affect their uptake, trajectory, localization, and reactivity once inside the crowded 

and dynamic interior of the cell, where a myriad of cellular processes and pathways act 

upon the nanostructure. Functionalization of these nanostructures with labels, cargo, 

and sensing modules further alters the behavior of the nanoconstruct once inside the cell, 

as well as the actions of cellular processes upon parts or the whole. Furthermore, 

differences among cell lines and cell types have illustrated that results demonstrated in 

one model system do not necessarily hold true for other cell types.  

In light of these challenges, development of nanotechnology for use in biological 

systems must begin with characterization of each building block, further testing as those 

building blocks are assembled into multifunctional units, and eventual demonstration 

both in solution and in biological environments.   

The work described here represents the achievement of several fundamental 

steps towards the eventual goal of a safe, effective, sensitive, and selective multiplexed 

nanobiosensing and delivery platform with practical applications for nanomedicine and 

novel utility for exploration and sensing in single cells.   Several immediate extensions to 
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the results described here suggest a path forward in the short term towards the end goal 

of a multifunctional SERS-based nanosensing and delivery platform. In the longer term, 

research efforts are needed to address the ongoing challenges, such as controlled 

targeting of nanomaterials within whole organisms, methods of administration and 

dosing, in vivo testing, and a better understanding of the health and environmental 

effects posed by nanomaterials. 
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