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INTRODUCTION:   
The goal of this study is to develop nanosensors to detect pre-cancerous changes in the breast and figure out 
which pre-cancerous breast changes have the highest chance of progressing to become invasive breast cancer. 
In particular, we are developing targeted nanobiosensors to test real-time signaling in live RPFNA cells. In this 
study, we have designed and fabricated fiber-optic nanoprobes for optical detection in single living cells from 
breast cancer patient. The nanoprobes were fabricated with well-controlled nanoapertures for optimal spatial 
resolution and optical transmission. The nanoprobes were characterized with scanning electron microscope and 
near-field scanning optical microscope. Theoretical analysis determined the probing depth and volume of the 
nanoprobe. The nanoprobes have been demonstrated for detection of biologically significant species in single 
living cells. 
 
BODY:   
There is a critical need to develop nanoprobes capable of sensing biotargets and molecular signaling processes 
within single living cells, thus providing the important information for biomedical research and clinical 
applications. Fiber-optic nanosensors are suitable for sensing intracellular/intercellular physiological and 
biological parameters in submicron environments. Optical fibers having nanoscale tips were developed initially to 
serve as scanning probes in near-field optical microscopes (NSOM) (1). The development of one such probe 
capable of obtaining measurements with a spatial sub-wavelength resolution was then reported (2). Due to its 
high spatial resolution (sub-wavelength), near-field microscopy has received great interest and has been used in 
many applications (3, 4). Over the last two decades our laboratory has been interested in the investigation and 
development of fiberoptic chemical sensors and biosensors for environmental and biochemical monitoring 
(5-11). The combination of NSOM and Raman spectroscopy was used to achieve sub-wavelength 100-nm 
spatial resolution (12, 13). Single-molecule detection and imaging schemes using nanofibers could open new 
capabilities in the investigation of the complex biochemical reactions and pathways in biological systems at the 
single cell level leading to important applications in medicine and health effect studies. 
 
A. Development of Optical Nanoprobes for Single-cell Monitoring 

A.1 Design and Fabrication of Fiber-optic Nanoprobes 

Fiber-optic nanoprobes can be fabricated with the laser pulling method, which consists of local heating of an 
optical fiber using a laser and subsequently pulling the fiber apart. Fabrication of nanosensors requires 
techniques capable of making reproducible optical fibers with submicron-size diameter core. As the laser pulling 
process is a time-dependent heating effect, a variety of factors like laser power, timing of pulling, velocity setting 
and pulling force are all contribute to the taper shape and tip size. Since transmission efficiency is highly 
dependent on the taper shape, it is crucial to control the tip shape in the fabrication of high-quality nanoprobes. 
Figure 1 illustrates the experimental procedures for the fabrication of nanofibers using the micropipette puller 
(Sutter Instruments P-2000). A scanning election microscopy (SEM) photograph of one of the fiber probes 
fabricated for studies is shown in Figure 2. The distal end of the nanofiber is approximately 40 nm (14, 15).  
 
The sidewall of the tapered end is then coated with a thin layer of metal, such as silver, aluminum or gold to 
prevent light leakage of the excitation light on the tapered side of the fiber. Such a coating system is illustrated in 
Figure 3. An array of fiber probes is attached on a rotating motor inside a thermal evaporation chamber. While 
the probes are rotated, the metal is allowed to evaporate onto the tapered side of the fiber tip to form a thin 
coating. The fiber is pointing away from the evaporation source with an angle of approximately 25°. The tapered 
end was coated with ~75-100 nm of metal in a thermal evaporator (Quorum Technologies E6700). With the metal 
coating, the size of the probe tip is approximately 200-250 nm. Due to the inclination angle, the tip ends are 
shadowed from evaporation when the fiber tips are tilted away from the source. A nano-aperture was formed on 
the tip end for optical excitation and subsequent binding with bioreceptors. The size of the nanoaperture is 
related to the angle between fiber axis and evaporation direction. It was found that nanoaperture diameters of 
approximately 50 nm can be achieved using a 25° tilt angle (Figure 4B). However, if the angle is less than 20°, 
most of the fibers are fully covered with metal and no aperture is visible using SEM (Figure 4A). On the contrary, 
if the angle is higher than 30°, a larger area of the distal end of the fiber tip will be exposed (Figure 4C). It is 
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critical to control the inclination angle to obtain fiber-optic nanoprobes. The inclination angle is affected by the 
fiber taper angle and the setup in the coating system. 
 
The metallic coating process is a critical step in nanoprobe fabrication. A thin film of an opaque metal such as 
aluminum, silver or gold is coated along the outside walls of the tapered optical fiber tip to form an optical light 
pipe free of defects, which would permit photons to escape from the tapered sides of the optical fiber. An optical 
aperture to allow evanescent wave excitation is formed at the tip's apex by angled evaporation. Gold has higher 
melting temperature (660°C for Al, 960°C for Ag and 1060°C for Au) and better thermal resistance. The thermal 
stress generated during metallic film deposition damages the aperture due to very different thermal expansion 
coefficients of metal and quartz. Gold coating has the lowest thermal expansion coefficient (23.1×10-6 /°C for Al, 
18.9×10-6 /°C for Ag, 14.2×10-6 /°C for Au, 0.55×10-6 /°C for SiO2) which will reduce the thermal destruction of the 
fiber tip. Further, gold coatings are more stable in ambient conditions. Silver coating gives the strongest 
enhancement in surface-enhanced Raman scattering (SERS) nanoprobe, which has been applied in our 
plasmonic nanobiosensing (16). However, silver is susceptible to attack by oxygen and constituents of 
atmospheric pollution, such as chlorine, sulfur and ozone. When these substances react with the silver layer, it 
becomes tarnished so that the required optical properties are lost. Aluminum is a desirable material to use in 
NSOM-type optical nanoprobe because it has the highest extinction coefficient of all metals. Aluminum also 
adheres to fibers more firmly than silver or gold so that no adhesion layer is required and general cleaning does 
not affect the coating. However, it is difficult to evaporate aluminum as a thin film while maintaining smooth films 
with small grain sizes. The grainy feature not only causes light leaking but also blocks the nanoaperture. The 
grain diameter is highly and sensitively dependent on the deposition pressure. Below 5×10-6 torr, the size of the 
individual grains is smaller than 100 nm. There was a relationship between rate of metallic deposition and 
subsequent surface roughness, and studies revealed that a slower coating rate (<5 Å/s) resulted in better 
smoothness and the film opacity required for our intended sensor applications.  
 
Fiber-optic nanoprobe with nanoscale aperture at the tapered end of the fiber involves carefully coating a metal 
layer without blocking the optical throughput. The nanoaperture only forms under optimized tilt angle during 
shadow evaporation of metal coating onto the fiber tip (14, 15, 17). It is critical to fabricate probes with 
well-controlled nanoapertures for optimal spatial resolution and optical transmission. Traditional manufacturing 
processes still limit the quality of metal coated fiber probes. Optical throughput of pulled nanoprobes is limited by 
the sharp taper angle. Another method of fabrication nanoprobes involves chemical etching. Chemical etched 
tips have higher throughput; however, they do not have a flat distal end as the laser pulled ones which are difficult 
to form well-defined nano-apertures in shadow evaporation. Moreover, shadow evaporation often leads to either 
complete or irregular coated tips. Grainy structures of metal thin film increase the distance between the aperture 
and the sample which reduce the resolution and intensity. It is easy to form pin holes at the taper region that 
causes leaking. The aperture also deviates from ideal circular shape because of grains. A quantitative analysis of 
probe transmission efficiency becomes difficult.  
 
The detection sensitivity of fiber optic nanoprobe depends mainly on the extremely small excitation volume which 
is determined by the aperture sizes and penetration depths. The size of nanoaperture is difficult to control as the 
metal grains can easily block the aperture. Using focused ion beam (FIB) milling, we have demonstrated that 
optical nanoprobes with well-defined aperture size as small as 200 nm can be fabricated (Figure 5). In order to 
fabricate well defined fiber-optic nanoprobe tips, we employed focused ion beam (FIB) milling of nanoapertures 
in the metallic films deposited on tapered tips of optical fibers. Before carrying out FIB milling, the optical fibers 
were coated with metallic films (aluminum, silver or gold) using electron beam evaporation (CHA Industries 
Solution E-Beam) or thermal evaporation. During the evaporation process, the fiber-optic tips faced the metal 
source to ensure that the fiber side walls and the tips were completely covered with a thin metallic layer (100-150 
nm). The sample mount was rotated to improve uniformity and the thickness of the metallic film was monitored by 
a quartz crystal monitor. The deposition rate was varied between 0.05 nm s-1 and 0.2 nm s-1 at a chamber 
pressure of ~3 × 10-6 Torr for the electron beam evaporated films. A Hitachi FB2100 Focused Ion Beam milling 
machine with a gallium ion source was used to fabricate the nanoapertures on the fiber tips. Beam currents and 
accelerating voltages of 0.01 nA and 40 keV energy were typically used. The desired nanostructures were milled 
by rastering the ion beam and employing a beam blanker. The beam blanker shuts on and off according to a 8-bit 
grayscale, 512 by 512 pixel image file. Tapered optical fiber tips with nanoapertures were fabricated by 
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employing FIB milling at magnifications varying between 3000x and 18000x depending on the desired minimum 
aperture size. To form metallic nanostructures on the tips of optical fibers, a special fiber holder that could fit in 
the FIB stage was fabricated. The angle of evaporation is not necessary in FIB, therefore reducing the chance of 
pin-hole formation. Milling of the nanoapertures using this process has an advantage that it is not time 
consuming as several tips placed adjacent to each other can be cut with the same beam raster, it gives reliable 
nanoprobes with well-defined nanoapertures of circular geometry, and the length of the optical fiber nanoprobes 
can be longer which can make coupling of light into the optical fibers easier. A clean aperture free from grains 
also facilitates the subsequent functionalization of bioreceptor molecules on the fiber distal end for biosensing 
applications. FIB processing is a promising technique in nanoprobe fabrication in addition to laser pulling and 
chemical etching. 
 
A.2 Characterization of Fiber-optic Nanoprobe by NSOM 

The optimal angle of inclination can be determined through characterization of nanoapertures under SEM. The 
SEM can determine the actual size of the tip aperture. However, having a nanometer-sized aperture does not 
guarantee a good near-field probe. The tip aperture, even though it may appear small on the SEM, could be a 
result of over-coating, and hence not be a functional light aperture at all. Therefore, a functional scan is 
necessary to reveal the near-field effect from the probe. NSOM enables functional analysis of the nanosensor 
probe by performing an NSOM scan on a standard sample, e.g. a Fischer pattern (Figure 6A). The standard 
sample usually consists of patterns with size less than the diffraction limits (0.5λ) that can be determined by an 
atomic force microscope. The nanosensor probe was attached to an NSOM system working as an NSOM probe. 
Typically, the aperture of the probe roughly determines the resolution of the image. In other word, the image 
quality thus represents the quality of the probe. The figures show that a good-quality probe yields an NSOM 
image that resolves clearly the hexagonal pattern (Figure 6B) while a slightly broken probe results in a blurry 
image (Figure 6C). For subsequent nanosensor detection, only the good quality probes were used. 
 
A.3 Theoretical Modeling of the Probing Depth of a Typical Optical Nanoprobe  

We analytically characterized the exponentially decaying near-field laser excitation through the subwavelength 
aperture. The power calculation was performed in two steps. First, the mode matching theory was used to 
investigate the relationship between the transmitted power out of a nano-sized aperture in front of a tapered fiber 
and the fiber’s parameters. Figure 7A shows the transmitted power relative to the incident power as a function of 
the half cone angle for various aperture sizes.  It is evident from Figure 7A that the transmitted power increases 
with bigger aperture size; furthermore, the larger the cone angle is, the greater the transmitted power. Therefore 
it is desirable to use a fiber with a large cone angle to maximize the transmitted power. The second step was to 
estimate the near-field light distribution in the vicinity of the fiber aperture using the Bethe-Bouwkamp’s solution 
(as in an infinite metal screen). Figure 7B shows the averaged electric field intensity as a function of the distance 
from the aperture for various aperture sizes. The laser wavelength was 325 nm. Figure 7C shows the distribution 
of averaged electric field intensity on a plane that passes through the central axis of the fiber. It can be seen that 
the field intensity drops more quickly when the aperture size becomes smaller. For example, the probing depth of 
a nanoprobe with a 50-nm aperture using a HeCd laser (325 nm) will reach ~200 nm, hence all the molecules in 
that 200 nm region beyond the aperture (Figure 7C) should be sufficiently excited upon laser illumination to be 
detected by the fluorescence measurements. 
 
A.4 Functionalization of Fiber-optic Nanoprobe  

We have investigated several approaches for antibody immobilization. These include physical absorption, 
layer-by-layer (LBL) assembly, and covalent attachment, and eventually chose the covalent attachment as the 
optimal method. The tapered end of the optical fiber was first activated for antibody immobilization. Specifically, a 
probe, which was determined to be of good quality by an NSOM functional scan of a standard sample, was 
submerged in 3-Aminopropyltriethoxysilane (APTS) (1% pH 5.5) solution for 1 h. Afterward the probe was rinsed 
with water and cured at 110 ºC for 30 min. The amine-surface can be modified to contain carboxylate groups 
involving the reaction with glutaric anhydride (saturation in DMF) for 2 h. The probe was rinsed with DMF and 
then with water. To active the carboxyl groups to NHS esters for coupling with amine-containing biomolecules, 
the probe was immersed in N-hydroxysuccinimide (NHS) (1 M) and N,N9-dicyclohexylcarbodiimide (DCC) (1 M) 



 4 

solution for 2 h and rinse with DMF. The activated fiber was incubated for 3 h, at room temperature, in 
monoclonal antibody (Mab) (0.05 mg/ml in PBS) and rinsed with PBS several times. Nonspecific binding sites on 
the optical fiber were blocked afterwards, by treating the tapered end with PBS/Bovine serum albumin (BSA) (~2 
mg/ml) for 2 h. The fiber was stored in PBS at 4°C. 
 
C. Investigation of Fiber-optic Nanoprobe in Single Living Cell 

C.1 Fiber-optic Nanoprobe for Detection of Chemical Species in Single Living Cell 

Prior to developing nanobiosensors for testing real-time signaling in live breast cancer cells, it is important to 
evaluate the nanosensors to monitor fluorescent compounds in single cells. Chemical analysis of polynuclear 
aromatic hydrocarbons (PAHs) is of great environmental and toxicological interest because many of them have 
been shown to be mutagens and/or potent carcinogens in laboratory animal assays. Benzo[a]pyrene (BaP), 
which has been extensively investigated, is one of the more potent carcinogens among PAHs and is a 
fundamental indicator of exposure and carcinogenic activity of all PAHs. In order to facilitate the study of 
intracellular dynamics of benzo[a]pyrene tetrol (BPT),  the related biomarker under BaP exposure, a quantitative 
estimation of the numbers BPT molecules detected using fiber optic nanoprobes for solutions containing different 
BPT concentrations was performed. Our results demonstrated the feasibility of antibody-functionalized 
nanobiosensors for the sensitive detection of a biologically significant species (e.g. benzo[a]pyrene tetrol or BPT) 
used as the model system in single cells (17). 
 
The optical measurement system used for nanoprobe is schematically illustrated in Figure 8. For nanoprobe 
measurements, the 325 nm line of a HeCd laser (CVI Melles Griot, 15 mW laser power) was focused onto a 400 
μm delivery fiber. A tapered fiber was coupled to the delivery fiber through a capillary tubing and was secured to 
the micromanipulators (Narishige MLW-3) on a Zeiss Axiovert 200M microscope (Zeiss). The fluorescence 
emitted from the region beyond the aperture was collected by the microscope objective and passed through a 
bandpass filter (386 nm) and then focused onto a photomultiplier tube (PMT, Hamamatsu, HC125-2) for 
detection. The output from the PMT was recorded on a universal counter (Agilent 53131A), and a personal 
computer (PC) was used for further data treatment. Nanoprobes were also used to investigate BPT in single cells. 
PC3 human prostate cancer cells were incubated with 1 μM BPT in PBS for 2 h. Control cells are treated with 
PBS only. All dishes were rinsed with PBS prior to measurement. Nanoprobes were controlled by the 
micromanipulator to puncture the cell and keep inside while taking the measurement. Figure 9 shows the 
intracellular measurement of BPT in PC3 human prostate cancer cells. The cells were incubated with 1e-6 M BPT 
in PBS for 2 h. Control cells are treated with PBS only. All dishes were rinsed with PBS prior to measurement. It 
was apparent that treated cells had higher fluorescence readings than thise in the control group. The limit of 
detection was determined to be less than 100 molecules for BPT from the calibration curve (17). Although in our 
preliminary experiments the living cells were directly incubated with BPT, the results illustrate that the 
nanoprobes can be employed to detect very low concentrations of fluorescent species such as BPT molecules 
that are important biomarkers of exposure and carcinogenic activity of related PAHs, inside living cells. We 
expect the above configuration can be applied for protein phosphorylation measurement by immobilizing 
corresponding antibodies on the nanoprobe and choosing the right light sources and filters with respect to the 
fluorophores. 
 
C.2 Investigation of Fiber-optic Nanoprobe in Breast Cancer Cells 

We have developed SERS-active fiber-optic nanoprobes for real-time intracellular biosensing (16, 18). 
Fiber-optic nanoprobes circumvent all concerns regarding inhomogeneous dye diffusion, slow rates of 
nanoparticle uptake, and difficulty defining intracellular nanoparticle trajectories. In addition, because the SERS 
substrate is physically anchored to the nanoprobes as a statistically-random silver island film (AgIF), we can 
avoid concerns regarding the dynamic nanoparticle aggregation effects which typically prevent use of SERS for 
quantitative intracellular bioanalysis. We have used SERS-active fiber-optic nanoprobes to measure the 
intracellular pH of HMEC-15/hTERT immortalized human mammary epithelial cells, PC-3 human prostate cancer 
cells, MCF-7 human breast cancer cells and breast cancer cells acquired from the Duke High-Risk Cohort via 
Random Periareolar Fine Needle Aspiration (RPFNA) (16, 18). Briefly, the SERS-based nanoprobes are 
produced by tapering 400-µm diameter optical fibers using a pipette puller, yielding fiber tips which are typically 
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~50 nm in diameter (Figure 10a, inset).  The tapered optical fibers are then coated with a 6-nm mass thickness of 
silver, producing a film of nanoscopic silver islands (e.g. a “silver island film” or “AgIF”) which enhances the 
Raman scattering intensity of nearby molecules. In our proof-of-concept studies, the nanoprobes were made 
pH-sensitive across the physiological range via silver-thiol attachment of para-mercaptobenzoic acid (pMBA).  
The SERS spectrum of pMBA between 1350 and 1450 cm-1 changes with pH (Figures 10b and 10c).  Below pH 
6, the SERS intensity in this region is weak and the band profile is broad.  Deprotonation above pH 6 increases 
the SERS intensity (Figure 10c) and shifts the peak maximum from ~1405 cm-1 to ~1425 cm-1.  The location and 
intensity of this SERS band relative to the ~1587 cm-1 combination band are established indicators of intracellular 
pH (19). After functionalization with pMBA, we use micromanipulators to insert these SERS-active, pH-sensitive 
nanoprobes into cells adhered to fibronectin-coated fused silica microscope slides or embedded in MatrigelTM.  
The time required for insertion and interrogation is typically < 1 minute and, as with in vitro fertilization, the cells 
generally show no visible signs of stress (e.g. blebbing, detachment from the microscope slide, decrease in pH, 
etc.). Figure 10d shows SERS spectra from a pH-sensitive nanoprobe inside (blue) and outside (red) a MCF-7 
human BC cell in pH 7.4 phosphate buffered saline (PBS). The spectra are essentially identical, except for the 
pH-sensitive region between 1350 and 1450 cm-1. The intracellular pH of the cell shown in Figure 10a is 6.8 ± 
0.1 based on the calibration curve in Figure 10c. This agrees with the known average pH of MCF-7 cells (20). 
The extracellular pH is 7.3 ±0.1, matching the pH of the PBS. 
 
Following up on our initial studies, we have most recently applied our pH-sensitive SERS-based nanoprobes to 
intracellular pH determination of breast cells acquired from the Duke High-Risk Cohort via RPFNA, a research 
procedure developed to test for the presence of a “high-risk field” in women at risk for breast cancer and to 
monitor cellular response to prevention (21, 22). Figure 11a shows a white-light image of a SERS-based, 
pH-sensitive nanoprobe inserted in one of these patient cells, and highlights the ease with which fiber-optic 
nanoprobes can be used to selectively interrogate cells of interest in a complex matrix (e.g., a mixture of 
MatrigelTM and RPFNA aspirate containing lipid, red blood cells, etc.).  Figure 11b shows single spectra collected 
for 10 sec from a nanoprobe in MatrigelTM (top trace), using the same nanoprobe inside the patient cell shown in 
Figure 11a (middle trace) and the same cell in the absence of the nanoprobe (bottom trace). Unlike the cultured 
cells used in our initial proof-of-concept work, the complex RPFNA aspirate matrix can have a strong, 
well-defined Raman signature (Figure 11b, bottom trace) characterized by Raman scatter from nucleic acids, 
proteins, lipids, etc.  The spectrum of the nanoprobe within the cell (Figure 11b, middle trace) is a convolution of 
this intrinsic background and the pH-sensitive SERS spectrum of pMBA (Figure 11b, top trace). Simple 
one-to-one subtraction of the intrinsic Raman background associated with the patient cells from the combined 
cell + FON spectrum yields a recognizable (albeit noisy) pMBA spectrum (Figure 11c).  The SNR can be further 
improved by extending the acquisition time from 10 seconds to a few minutes or, alternatively, by improving the 
SERS enhancement of the nanoprobes. 
 
Our results to date have been promising in that we have consistently detected intracellular pH values similar to 
the expected pH of ~7.2 – 7.3.  This data confirms that nanoprobe insertion and interrogation in patient cells, as 
in cultured cells, (A) produces no significant lysosomal response or (B) can be performed rapidly enough that 
highly-acidic lysosomes are unable to seek out and attack the SERS-based nanoprobes.  In either case, the 
potential to use more biochemically- and biomedically-relevant sensing chemistries is clear. In addition, we have 
demonstrated that insertion and interrogation of the pH-sensitive, SERS-active nanoprobe induces neither 
apoptosis nor an aggressive lysosomal response from either of these cell lines. These results demonstrate the 
robustness of the SERS-active pH nanoprobe for intracellular pH measurements and point toward the potential 
utility of additional biochemically specific fiber-optic nanoprobes. 
 
C3. Multiplex Detection of Breast Cancer Biomarker Using Plasmonic Nanoprobes 

The ability to simultaneously detect multiple oligonucleotide sequences is critical for many medical applications 
such as early diagnosis, high-throughput screening and systems biology research. In particular, the development 
of practical and sensitive detection techniques with multiplexing capability can lead to improved accuracy for 
cancer diagnosis, since a variety of molecular alterations in multiple genes are usually involved in tumorigenesis 
and progression of various cancers. Nanoparticle-based SERS nanoprobes have great potential for multiplexed 
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DNA detection for medical diagnostics and high-throughput bioassays. These nanoprobes can be attached to 
nanofiber tips for biosensing. 
 
We have demonstrated the feasibility of multiplex detection using the SERS-based molecular sentinel (MS) 
technology in a homogeneous solution (23). Figure 12 schematically illustrates the operating principle of the MS 
nanoprobe. The MS nanoprobe is composed of a DNA hairpin probe (∼30–45 nucleotides (nt) in length) and a 
metal (e.g., silver) nanoparticle. One end of the hairpin probe is tagged with a SERS-active label as a signal 
reporter. At the other end, the probe is modified with a thiol group, which is designed to conjugate covalently to 
the silver nanoparticle via thiol–metal interaction. The sequence within the loop region of the hairpin probe is 
complementary to a specific target gene sequence of interest. In the absence of the target, the Raman label is in 
close proximity to the metal surface due to the stem-loop configuration (‘closed’ state), and a strong SERS signal 
is produced upon laser excitation. The metal nanoparticle is used as a signal enhancing platform for the SERS 
signal associated with the label. The enhancement is due to a nanostructured metal surface scattering process 
(nano-enhancers) which increases the intrinsically weak normal Raman scattering. The enhancement 
mechanism for SERS comes from intense localized fields arising from surface plasmon resonance in metallic 
(e.g. Ag, Au, Cu) nanostructures with sizes in the order of tens of nanometers and from chemical effects at the 
metal surface (24).  
 
Two MS nanoprobes tagged with different Raman labels were used to detect the presence of the erbB-2 and 
ki-67 breast cancer biomarkers. The multiplexing capability of the MS technique was demonstrated by mixing the 
two MS nanoprobes and tested in the presence of single or multiple DNA targets. To further demonstrate the 
specificity and selectivity of the composite MS nanoprobes, the hybridization assays were then performed in the 
presence of individual complementary DNA target (i.e. only one of the two complementary targets). The middle 
and lower spectra in Figure 13 show the resulted SERS signal from the composite MS nanoprobes targeted to 
0.5 μM target DNA complementary to ERBB2-MS and KI67-MS nanoprobes, respectively. The result indicates 
that only the SERS peaks associated with the complementary MS nanoprobes was significantly quenched 
(indicated by arrows) when in the presence of its target DNA.  
 
The results of this study demonstrate the specificity and selectivity of the MS nanoprobes, as well as the ability to 
use multiple MS nanoprobes for multiplexed DNA detection. Furthermore, the SERS measurements were 
performed immediately following the hybridization reactions using a homogeneous assay without washing steps, 
which greatly simplifies the assay procedures. The results of this study demonstrate that the MS nanoprobe 
technique can provide a useful tool for multiplexed DNA detection in a homogeneous solution for medical 
diagnostics and high-throughput bioassays. The MS nanoprobe technology can be integrated with nanofibers for 
biosensing applications in breast cancer monitoring and diagnostics. 
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KEY RESEARCH ACCOMPLISHMENTS: 

• Optimized fabrication of optical nanoprobe by angled evaporation and FIB milling to improve spatial 
resolution and optical transmission 

• Characterized fiber-optic nanoprobes with SEM and NSOM to insure best performance 
• Determined the probing depth and volume of the nanoprobe through theoretical modeling  
• Demonstrated fiber-optic nanoprobes in the sensitive detection of biologically significant species in single 

living cells 
• Demonstrated SERS-active fiber optic nanoprobe for intracellular pH measurement in human breast 

cancer cells 
• Demonstrated multiplex detection of breast cancer biomarker using plasmonic nanoprobes 

 
REPORTABLE OUTCOMES:  
 
Journal paper   
1. T. Vo-Dinh, Y. Zhang, Single-cell monitoring using fiberoptic nanosensors. Wiley Interdiscip Rev 

Nanomed Nanobiotechnol 3, 79 (Jan-Feb, 2011). 
2. Y. Zhang, A. Dhawan, T. Vo-Dinh, Design and Fabrication of Fiber-Optic Nanoprobes for Optical Sensing. 

Nanoscale Res Lett 6,  (2011). 
3. J. P. Scaffidi, M. K. Gregas, B. Lauly, S. DeVience, V. Seewaldt, T. Vo-Dinh, Minimally invasive 

intracellular pH measurement in cultured and patient-derived cells using plasmonic fiber-optic 
nanoprobes. (Manuscript to be submitted). 

 
Patent application 
1. T. Vo-Dinh, H. Wang, Nanonetwork plasmonics coupling interface and methods of use. 61/497,315 

(2011). 
 
CONCLUSION: 
Fiber-optic nanoprobes provide important tools for minimal invasive analysis at single cellular or sub-cellular 
level. In this study, we have optimized fabrication of fiber-optic nanoprobes through angled evaporation and FIB 
milling. Because transmission efficiency is highly related to the aperture size, control of the nanoaperture size is 
essential in the fabrication of high-quality nanoprobes. Subtle changes in the tilt angle during metal evaporation 
can greatly affect the size or even the existence of the aperture. A much more rational fabrication process would 
involve a nanofabrication technique such as FIB, in which aperture size could be independently controlled from 
evaporation. Metallic coating process is an essential step to prevent photons to escape from the tapered side of 
the optical fiber. Coating conditions such as air pressure and coating rate need to be carefully controlled to form 
metal layers with less defects. Nanoprobes can be characterized with SEM and NSOM to reveal their 
performance. Theoretical modeling is useful to optimize the shape and size of the nanoprobe. Our research has 
led to successful designing and fabrication of fiber-optic nanoprobes having optimized performance. We have 
demonstrated the fiber-optic nanoprobes in the sensitive detection of biologically significant species in single 
living cells and intracellular pH measurement in human breast cancer cells from the Duke High-Risk Cohort via 
RPFNA. Monitoring single cells with fiber-optic nanoprobes have opened up new applications in molecular 
biology and medical diagnostics in breast cancer. Nanoparticle-based SERS nanoprobes have great potential for 
multiplexed DNA detection for medical diagnostics and high-throughput bioassays. These nanotools can be 
used to study intracellular signaling processes and to investigate gene expression inside single living cells. 
Probing sub-cellular architecture and dynamic processes is essential in understanding the fundamental 
biological processes such as cell signaling pathways in a systems biology approach. Single-cell monitoring is 
also important in studies where the amount of cells obtained is limited, which could not be analyzed with other 
techniques. Future development of this nanosensor technology will lead to multi-analyte detection and 
high-throughput screening at the single-cell level.  
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SUPPORTING DATA: 
 

 
 
Figure1. The fabrication of nanofibers through laser pulling. (A)-(C) represent the course of pull in time. In (C) a 

nanotip has been formed. 
 
 
 
 

 
 

Figure 2. Scanning electron photograph of an uncoated nanofiber 
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Figure 3. Angle evaporation of nanofibers in a thermal evaporator. 
 
 
 

     
    A          B          C       

 
Figure 4. Nanofibers coated with silver at different inclination angles A) 20° B) 25° C) 30°. 

 
 
 

 
 

Figure 5. FIB-etched nanoprobe with aperture diameter of 200 nm. 
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A                                               B                                                   C 

Figure 6. A) An AFM image (2x2um) of a Fischer pattern of 453nm pitch and 150nm-sided triangles, and NSOM 
images (5 µm × 5µm) of a Fischer pattern using Witec alpha300s with a standard 100nm-aperture probe (in a 
transmission mode) from B) a good tip, and C) a broken tip.  
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Figure 7. A) Output power as a function of the half cone angle for various aperture sizes of a tapered fiber, B) 
The averaged electric field intensity as a function of the distance from the aperture for various aperture sizes 
calculated by Bethe-Bouwkamp’s solution, and  C) Distribution of averaged electric field intensity across the 
plane y = 0. The horizontal axis is x-axis. The intensity has been processed by log10 function to enhance 
contrast.  The laser wavelength used for simulation: 325 nm. 
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Figure 8. Instrumental system for fluorescence measurements using nanoprobes. 
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Figure 9. Intracellular measurement of Benzopyrene tetrol with nanosensor. PC3 human prostate cancer cells 
were incubated with 1e-6M BPT in PBS for 2 h. Control cells are treated with PBS only. All dishes were rinsed 

with PBS prior to measurement. Insert picture is a nanosensor inside a human cancer cell. 
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Figure 10. Intracellular pH sensing in single living cultured cells using SERS-based fiber-optic nanoprobes 
(FON).  (A) image of a pH-sensitive, SERS-active FON interrogating a MCF-7 breast cancer cell; (B) illustration 
of the pH dependence of the SERS spectrum from the pH-sensitive FONs; (C) pH calibration curve acquired 
from ten individual pH-sensitive FONs; (D) single ten-second SERS spectra acquired from points inside (blue) 
and outside (red) the cell shown in (A).  The buffer pH is 7.4, and the intracellular pH is ~6.8.   
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Figure 11. Intracellular pH sensing with patient cells acquired via RPFNA.  (A) White-light image of a 
pH-sensitive fiber-optic nanoprobe (FON) interrogating a patient cell embedded in MatrigelTM.  (B) Top: SERS 
spectrum of a FON in MatrigelTM at pH ~7.3; Middle: Spectrum of the same FON in the patient cell shown in (A); 
Bottom: Intrinsic Raman spectrum of the patient cell in (A).  (C) Green:  Unsmoothed, untreated difference 
spectrum produced by direct one-to-one subtraction of the cell’s intrinsic Raman spectrum (B, bottom) from the 
FON + cell spectrum (B, middle).  Black: SERS spectrum of the pH-sensitive FON at pH 7.3 (B, top), included to 
guide the eye. 
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Figure 12. The operating principle of the SERS-based molecular sentinel (MS) nanoprobes. The MS nanoprobe 
is composed of a Raman-labeled DNA hairpin probe and a silver nanoparticle. In the absence of the 
complementary target DNA, a strong SERS signal is observed due to the hairpin conformation adopted by the 
MS nanoprobe (left: closed state). In the presence of the complementary target DNA, the hairpin conformation of 
the MS nanoprobe is disrupted and the SERS signal is quenched due to the physical separation of the Raman 
label from the surface of the silver nanoparticle (right: open state). 
 

 
Figure 13. SERS spectra of the composite MS nanoprobes (ERBB2-MS + KI-67-MS) in the presence or 
absence of single target DNA. The major Raman bands from ERBB2-MS are marked with black number, and the 
major Raman bands from KI-67-MS are marked with red number with (∗) sign. Upper spectrum: blank (in the 
absence of any target DNA). Middle spectrum: in the presence of single target DNA complementary to the 
ERBB2-MS nanoprobes. Lower spectrum: in the presence of single target DNA complementary to the KI-67-MS 
nanoprobes. The arrow signs illustrate the decreased SERS intensity of the major Raman bands in the presence 
of corresponding target DNA. 



 15

APPENDICES: 
 
Please see attached papers. 
 
 
 
 



NANO EXPRESS Open Access

Design and Fabrication of Fiber-Optic
Nanoprobes for Optical Sensing
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Abstract

This paper describes the design and fabrication of fiber-optic nanoprobes developed for optical detection in single
living cells. It is critical to fabricate probes with well-controlled nanoapertures for optimized spatial resolution and
optical transmission. The detection sensitivity of fiber-optic nanoprobe depends mainly on the extremely small
excitation volume that is determined by the aperture sizes and penetration depths. We investigate the angle
dependence of the aperture in shadow evaporation of the metal coating onto the tip wall. It was found that
nanoaperture diameters of approximately 50 nm can be achieved using a 25° tilt angle. On the other hand, the
aperture size is sensitive to the subtle change of the metal evaporation angle and could be blocked by irregular
metal grains. Through focused ion beam (FIB) milling, optical nanoprobes with well-defined aperture size as small
as 200 nm can be obtained. Finally, we illustrate the use of the nanoprobes by detecting a fluorescent species,
benzo[a] pyrene tetrol (BPT), in single living cells. A quantitative estimation of the numbers of BPT molecules
detected using fiber-optic nanoprobes for BPT solutions shows that the limit of detection was approximately
100 molecules.

Introduction
The emergence of nanotechnology opens new horizons
for nanosensors and nanoprobes that are suitable for
intracellular measurements. Nanosensors provide critical
information for monitoring biomolecular processes
within a single living cell, thus could provide great
advances in biomedical research and clinical applica-
tions. Fiber-optic nanosensors with nanoscale dimen-
sions are capable of sensing intracellular/intercellular
physiological and biological parameters in submicron
environments. Tapered fibers with distal diameters
between 20 and 500 nm have been demonstrated for
near-field scanning optical microscopy (NSOM) [1,2].
Chemical nanosensors were developed for monitoring
calcium and nitric oxide, among other physico-chemi-
cals in single cells [3,4]. Vo-Dinh and coworkers have
developed nanobiosensors to detect biochemical targets
inside living single cells [5-12]. Fiber-optic nanoprobe
promises to be an area of growing research that could
potentially provide an imaging tool for monitoring
individual cells and even biological molecules. Single-
molecule detection and imaging schemes using nanofibers

could open new possibilities in the investigation of the
complex biochemical reactions and pathways in biological
and cellular systems leading to important applications in
medicine and health effect studies.
Optical nanotips were first developed as scanning probes

in near-field optical microscopes [2]. Such nanoprobes can
achieve resolution as high as l/50, where l is the wave-
length of light [1]. It is important to control aperture size,
taper shape, and metal coating to achieve a better perfor-
mance [13]. The fiber-optic probes were fabricated by
laser-heated pulling or chemical etching [14-16]. Laser-
pulled fiber tips can achieve diameters smaller than 50 nm
with small cone angles [14]. Chemical etching tips have
larger cone angles and similar apex sizes [15]. However, it
is often difficult to control the etching process. The side of
the fiber was further coated with silver, aluminum, or gold
films to confine the light [9,14,17]. Traditional manufac-
turing processes still limit the quality of metal-coated fiber
probes. Optical throughput of pulled nanoprobes is limited
by the sharp taper angle. Chemical-etched tips have higher
throughput; however, they do not have a flat distal end as
laser-pulled ones which are difficult to form well-defined
nanoapertures in shadow evaporation. Moreover, shadow
evaporation often leads to either complete or irregular
coated tip. Grainy structures of metal thin film increase
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the distance between the aperture and the sample, which
reduce the resolution and intensity. It is also easy to form
pin holes at the tapered region that could cause light-
leaking. The aperture deviates from ideal circular shape
because of grains. A quantitative analysis of probe trans-
mission efficiency becomes difficult. Focused ion beam
(FIB) fabrication of nanostructures has been applied on
optical fibers for chemical sensing [18]. FIB milling for
nanostructure formation allows precise control of size and
shape in nanometer accuracy. This paper deals specifically
with the metal coating on the formation of nanoaperture
at the tip end. Coating materials and angles greatly affect
the quality of the nanoprobe. By combining with focused
ion beam milling, nanoprobes with well-defined aperture
as small as 200 nm have been obtained. We investigate the
capacity of the nanoprobes by detect benzo[a]pyrene tetrol
in living cells.

Experimental Procedures
Nanoprobe Fabrication
Optical nanoprobes were fabricated through laser
pulling method, which consists of local heating of an
optical fiber (Polymicro Technologies FVP400440480)
using a laser and subsequently pulling the fiber apart.
Fabrication of nanosensors requires techniques capable
of making reproducible optical fibers with submicron-
size-diameter core. Figure 1 illustrates the experimental
setup for the fabrication of nanofibers using the micro-
pipette puller (Sutter Instruments P-2000) [9]. As the
laser pulling process is a time-dependent heating effect,
laser power, timing of pulling, velocity setting, and pull-
ing force all contribute to the taper shape and tip size.
Since transmission efficiency is highly dependent on the
taper shape, it is crucial to control the tip shape in the
fabrication of high-quality nanoprobes.
The sidewall of the tapered end was then coated with a

thin layer of metal, such as silver, aluminum, or gold to
prevent light leakage of the excitation light on the
tapered side of the fiber. An array of fiber probes was
attached on a rotating motor inside a thermal evapora-
tion chamber (Quorum Technologies E6700). The rota-
tion rate was controlled by a microcontroller board
(Parallax). While the probes were rotating, the metal was
allowed to evaporate onto the tapered side of the fiber tip
to form a thin coating. The nanoaperture was formed

through shadowed evaporation as the fibers were tilting
away from the source. The nanoprobes were character-
ized with scanning electron microscopy (FEI XL30).
In order to fabricate well-defined fiber-optic nano-

probe tips, we employed focused ion beam (FIB) milling
of nanoapertures in the metallic films deposited on
tapered tips of optical fibers. Before carrying out FIB
milling, the optical fibers were coated with metallic
films (aluminum, silver or gold) using electron beam
evaporation (CHA Industries Solution E-Beam). During
the evaporation process, the fiber-optic tips faced the
metal source to ensure that the fiber side walls and the
tips were completely covered with a thin metallic layer
(100–150 nm). The sample mount was rotated to
improve uniformity and the thickness of the metallic
film was monitored by a quartz crystal monitor. The
deposition rate was varied between 0.05 and 0.2 nm s-1

at a chamber pressure of ~3 × 10-6 Torr for the electron
beam evaporated films.
A Hitachi FB2100 focused ion beam milling machine

with a gallium ion source was used to fabricate the
nanoapertures on the fiber tips. Beam currents and
accelerating voltages of 0.01 nA and 40 keV energy were
typically used. The desired nanostructures were milled
by rastering the ion beam and employing a beam blan-
ker. The beam blanker shuts on and off according to a
8-bit grayscale, 512 by 512 pixel image file. Tapered
optical fiber tips with nanoapertures were fabricated by
employing FIB milling at magnifications varying between
3000× and 18000× depending on the desired minimum
aperture size. To form metallic nanostructures on the
tips of optical fibers, a special fiber holder that could fit
in the FIB stage was fabricated.

Optical Measurement
The optical measurement system used for nanoprobe is
schematically illustrated in Figure 2. For nanoprobe
measurements, the 325 nm line of a HeCd laser

Figure 1 Fabrication of nanofibers by laser pulling.
Figure 2 Instrumental system for fluorescence measurements
using nanoprobes.
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(CVI Melles Griot, 15 mW laser power) was focused
onto a 400 μm delivery fiber. A tapered fiber was
coupled to the delivery fiber through a capillary tubing
and was secured to the micromanipulators (Narishige
MLW-3) on a Zeiss Axiovert 200M microscope (Zeiss).
The fluorescence emitted from the region beyond the
aperture was collected by the microscope objective and
passed through a bandpass filter (386 nm) and then
focused onto a photomultiplier tube (PMT, Hamamatsu,
HC125-2) for detection. The output from the PMT was
recorded on a universal counter (Agilent 53131A), and a
personal computer (PC) was used for further data
treatment.
Nanoprobes were also used to investigate BPT in sin-

gle cells. PC3 human prostate cancer cells were incu-
bated with 1 μM BPT in PBS for 2 h. Control cells are
treated with PBS only. All dishes were rinsed with PBS
prior to measurement. Nanoprobes were controlled by
the micromanipulator to puncture the cell and keep
inside while taking the measurement.

Results and Discussion
Effect of the Metal Evaporation Angle
A scanning election microscopy (SEM) photograph of
one of the nanofibers fabricated by the laser pulling
method is shown in Figure 3a. The distal end of the
nanofiber is approximately 40 nm. The fiber was point-
ing away from the evaporation source with an angle of
approximately 25°. The tapered end was coated
with ~75–100 nm of metal in the thermal evaporator.
With the metal coating, the size of the probe tip is
approximately 200–250 nm (Figure 3b).
Due to the inclination angle, the tip ends are shadowed

from evaporation when the fiber tips are tilted away from
the source. The effect of shadow evaporation angle is illu-
strated in Figure 4. A nanoaperture was formed on the tip
end for optical excitation. The size of the nanoaperture is
related to the angle between fiber axis and evaporation
direction. For example, if the angle is less than 20°, most
of the fibers are fully covered with metal and no aperture
is visible using SEM. On the contrary, if the angle is higher
than 30°, a larger area of the distal end of the fiber tip will
be exposed (Figure 5). The optimal angle of inclination
can be determined through characterization of nanoaper-
tures under SEM. The SEM can determine the actual size
of the tip aperture. However, having a nanometer-sized
aperture does not guarantee a good near-field probe. The
tip aperture, even though it may appear small on the SEM,
could be a result of aluminum over-coating, and hence
not be a functional light aperture for actual measurements.
Therefore, a functional scan is necessary to reveal the
near-field effect from the probe. Near-field scanning opti-
cal microscope (NSOM) enables functional analysis of the
nanosensor probe by performing a scan on a standard

sample, e.g., a Fischer pattern. The standard sample
usually consists of patterns with size less than the diffrac-
tion limits (0.5 l) that can be determined by an atomic
force microscope. The nanosensor probe was attached to
an NSOM system working as an NSOM probe. Typically,
the aperture of the probe roughly determines the resolu-
tion of the image. In other word, the image quality thus
represents the quality of the probe.

Effect of the Different Metal Coatings on the Nanoprobes
The metallic coating process is a critical step in nano-
probe fabrication. A thin film of an optically opaque
metal such as aluminum, silver, or gold is coated along
the outside walls of the tapered optical fiber tip to form
an optical light pipe free of defects, which would permit
photons to escape from the tapered sides of the optical
fiber. An optical aperture to allow evanescent wave exci-
tation is formed at the tip’s apex by angled evaporation.
Silver has been used in nanoprobe fabrication [9]. It has
high reflectivity in the visible and IR range and very
stable in aqueous solutions as long as oxidizing agents

Figure 3 SEM images of a an uncoated nanofiber and b a
gold-coated nanofiber.
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or complexing agents are not present. But a silver layer
will oxidize rapidly under ordinary atmospheric condi-
tions and will not exhibit a high reflectance below
400 nm. Therefore, it is desirable to use the nanoprobe
right after metal evaporation. Otherwise, the light
shielding will deteriorate or even the coating will peel
off after a few days in air.
Gold thin film was demonstrated to be a very stable

coating under environmental conditions although it

does not have high reflectance in visible range. An inter-
face layer such as Cr is required to increase adhesion
between gold and the fiber silica surface. Gold has a
high melting temperature (660°C for Al, 960°C for Ag,
and 1,060°C for Au) and a good thermal resistance. The
thermal stress generated during metallic film deposition
damages the aperture due to very different thermal
expansion coefficients of metal and quartz. Gold coating
has the lowest thermal expansion coefficient (23.1 ×
10-6/°C for Al, 18.9 × 10-6/°C for Ag, 14.2 × 10-6/°C for
Au, 0.55 × 10-6/°C for SiO2), which will reduce the
thermal destruction of the fiber tip.
Aluminum is a desirable material to use because it has

the highest extinction coefficient of all metals. Alumi-
num adheres to fibers more firmly than silver or gold so
that no interface layer is required and general cleaning
does not affect the coating. Figure 6 compares the nano-
fibers after argon plasma cleaning (Emitech K-1050X,
100 W, 5 min). Silver coatings are easily peeled off
while aluminum coatings exhibit no changes under the
same condition. Aluminum is inert toward corrosive
agents since a protective oxide layer is formed readily
upon contact to the air. However, it is difficult to evapo-
rate aluminum as a thin film while maintaining smooth
films with small grain sizes [19]. Grainy films contribute
to the high background in near-field sensing. The grain
diameter is highly and sensitively dependent on the
deposition pressure. Below 5 × 10-6 torr, the size of the
individual grains is smaller than 100 nm. There was a
relationship between rate of metallic deposition and
subsequent surface roughness, and studies revealed that
higher coating rate (>10 nm/s) resulted in better
smoothness and the film opacity required for our
intended sensor applications.

Nanoprobe Fabrication using Focus Ion Beam
(FIB) Milling
The first FIB milling process involved placing the metal-
coated optical fiber tips horizontally, i.e., orthogonal to
the focused ion beam and then cutting the tips (both
the tapered silica fiber and the metal over-coating) such

Figure 4 Nanoaperture formation by shadow evaporation with a high angle (>25°), b medium angle (~25°), and c low angle (<25°).

Figure 5 SEM images of silver-coated nanofibers under
different angles: a 40° and b 20°.
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that an aperture could be developed at the tip. Milling
of the nanoapertures using this process has an advan-
tage that it is not time-consuming as several tips placed
adjacent to each other can be cut with the same beam
raster, it gives reliable nanoprobes with well-defined
nanoapertures of circular geometry, and the length of
the optical fiber nanoprobes can be longer, which can
make coupling of light into the optical fibers easier. The
second process involved positioning the fiber tips such
that they faced the focused ion beam and then carrying
out the milling of the nanoapertures at the tip. Although
this process enables fabrication of nanoapertures of dif-
ferent geometries and sizes in a very controllable man-
ner, it limits the length of the fiber-optic probe as only
a certain length of the optical fiber probe can be placed
vertically in the Hitachi FB2100 focused ion beam
milling machine. By milling with a focused ion beam, an
aperture with controllable shape and diameter as small
as 200 nm was achieved (Figure 7). The angle of eva-
poration is not necessary in FIB, therefore reducing the
chance of pin-hole formation. A clean aperture free

from grains also facilitates the subsequent functionaliza-
tion of bioreceptor molecules on the fiber distal end for
biosensing applications. FIB processing is a promising
technique in nanoprobe fabrication in addition to laser
pulling and chemical etching.

Fluorescence Measurement of Benzo[a]Pyrene Tetrol
(BPT) Using Nanoprobes
Chemical analysis of polynuclear aromatic hydrocarbons
(PAHs) is of great environmental and toxicological
interest because many of them have been shown to be
mutagens and/or potent carcinogens in laboratory
animal assays. Benzo[a]pyrene (BaP), which has been
extensively investigated, is one of the more potent carci-
nogens among PAHs and is a fundamental indicator of
exposure and carcinogenic activity of all PAHs. In order
to facilitate the study of intracellular dynamics of benzo
[a]pyrene tetrol (BPT), the related biomarker under BaP
exposure, a quantitative estimation of the numbers BPT
molecules detected using fiber-optic nanoprobes for
solutions containing different BPT concentrations was
performed and shown in Figure 8. The limit of detection
that corresponds to the amount of analyte emitting a
signal 3 times the standard deviation of the noise was
determined to be 1 μM for BPT. Under 1 μM, the dark
count noise from PMT was stronger than the signal.
The detection volume can be estimated as 17 aL for
200 nm aperture probe based on Bethe–Bouwkamp the-
ory. Therefore, the limit of detection was approximately
100 BPT molecules. Figure 9 shows the intracellular
measurement of BPT in PC3 human prostate cancer
cells. The cells were incubated with 1 μM BPT in PBS
for 2 h at 37°C. Control cells are PC3 cells treated with
PBS only. All dishes were rinsed with PBS prior to mea-
surement. It is apparent that the treated cells exhibited
higher fluorescence reading than the control group.
Although in our preliminary experiments the living cells
were directly incubated with BPT, the results illustrate

Figure 6 SEM images of a silver- and b aluminum-coated
nanofibers after plasma cleaning.

Figure 7 FIB-etched nanoprobe with aperture diameter of
200 nm.
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that the nanoprobes can be employed to detect very low
concentrations of fluorescent species such as BPT mole-
cules that are important biomarkers of exposure and
carcinogenic activity of related PAHs, inside living cells.

Conclusion
Fiber-optic nanoprobes have opened up new applica-
tions in molecular biology and medical diagnostics. Due
to their small sizes, nanosensor provides important tools
for minimal invasive analysis at single cellular or sub-
cellular level. Because transmission efficiency is highly
related to the aperture size, control the nanoaperture
size is essential in the fabrication of high-quality nanop-
robes. Subtle changes in the tilt angle during metal

evaporation can greatly affect the size or even the exis-
tence of the aperture. A much more rational fabrication
process would involve a nanofabrication technique such
as FIB, in which aperture size could be independently
controlled from evaporation. The detection sensitivity of
fiber-optic nanoprobes depends mainly on the extremely
small excitation or detection volume set by the aperture
sizes and penetration depths. This effectively reduces
background fluorescence, thereby enhance detection
sensitivity. Nanofabrication would also greatly improve
the reproducibility of aperture shapes and hence the
optical performance of near-field probes.
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Focus Article

Single-cell monitoring using
fiberoptic nanosensors
Tuan Vo-Dinh∗ and Yan Zhang

This article is a review on the design, fabrication, and applications of fiberoptic
nanosensors for in vivo monitoring of individual living cells. The nanosensors
were fabricated with tapered optical fibers with distal ends having nanometer-
sized diameters. Bioreceptors, such as antibody, peptides, and nucleic acids, are
immobilized on the fiber tips and designed to be selective to target analyte
molecules of interest. A laser beam is transmitted into the fiber, producing
an evanescent field at the tip of the nanofiber that is used to excite target
molecules bound to the bioreceptor molecules. The fluorescence originated from
the analyte molecules is detected by a photo-detection system. The advantages
and limitations of nanosensors in providing minimally invasive tools to probe
subcellular compartments inside individual living cells for health effect studies
and medical applications are discussed in detail.  2010 John Wiley & Sons, Inc. WIREs
Nanomed Nanobiotechnol 2011 3 79–85 DOI: 10.1002/wnan.112

INTRODUCTION

Rapid progress in measurement technology has
made it possible to characterize the intracellular

components and understand the function of a
single cell under heterogeneous environments. For
instance, capillary electrophoresis (CE) can detect
single cell compounds by electrochemistry and
laser-induced fluorescence.1 Matrix-assisted laser
desorption/ionization mass spectrometry (MALDI-
MS) has been used in detecting peptides and
proteins from single cells.2 Whole-cell sampling
allows simultaneous detection of multiple species
while sacrificing the spatial information. Cellular
imaging based on Raman spectroscopy is powerful in
visualizing the molecular composition of subcellular
compartments without the need for labeling.3 Atomic
force microscopy (AFM) offers fascinating possibilities
to resolve biological surface structures with molecular
resolution on living cells.4 Fiber optic nanosensor
has achieved great success in sensing biotargets and
molecular signaling processes inside single living cells
with faster detection than Raman mapping.5–21

Fiberoptic nanosensors are suitable for sensing
intracellular/intercellular physiological and biological
parameters in submicron environments. Over the last

∗Correspondence to: tuan.vodinh@duke.edu

Fitzpatrick Institute for Photonics, Departments of Biomedical
Engineering and Chemistry, Duke University, Durham, NC, USA

DOI: 10.1002/wnan.112

two decades, our laboratory has been interested in
the investigation and development of fiberoptic chem-
ical sensors and biosensors for environmental and
biochemical monitoring.5–21 Initially the development
of fibers with submicron distal diameters between
20 and 500 nm has led to advances in near-field
scanning optical microscopy (NSOM).22,23 Chemical
nanosensors were developed for monitoring calcium
and nitric oxide, among other physico-chemicals in
single cells.24,25 Nanobiosensors with antibody probes
have been developed to detect biochemical targets
inside single living cells.11,13,15,18 Optical fibers hav-
ing nanoscale tips were developed initially to serve as
scanning probes in near-field optical microscopes.23

The development of such a probe capable of obtaining
measurements with a spatial subwavelength resolution
was reported.22 Due to its high spatial resolution (sub-
wavelength), near-field microscopy has received great
interest and has been used in many applications.23

The combination of NSOM and Raman spectroscopy
was used to achieve subwavelength 100-nm spatial
resolution.26,27 The silver-coated nanostructured sub-
strates are capable to induce the plasmonic effect,
which could enhance the Raman signal of the adsor-
bate molecules up to 108 times.28 Single-molecule
detection and imaging schemes using nanofibers could
open new capabilities in the investigation of the com-
plex biochemical reactions and pathways in biological
systems at the single cell level leading to important
applications in medicine and health effect studies.
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DEVELOPMENT OF OPTICAL
NANOSENSORS FOR SINGLE-CELL
MONITORING

Fabrication of Fiberoptic Nanofibers
There are several methods for fabricating nanofibers.
One method involves the laser pulling method, which
consists of local heating of an optical fiber using a laser
and subsequently pulling the fiber apart. Fabrication
of nanosensors requires techniques capable of mak-
ing reproducible optical fibers with submicron-sized
diameter core. The laser pulling process is a time-
dependent heating effect where laser power, timing of
pulling, velocity setting, and pulling force are impor-
tant parameters that contribute to the taper shape and
tip size. Since transmission efficiency is highly depen-
dent on the taper shape, it is crucial to control the tip
shape in the fabrication of high-quality nanoprobes.
Figure 1 illustrates the experimental procedures for
the fabrication of nanofibers using the micropipette
puller (Sutter Instruments P-2000).18 A scanning elec-
tron microscopy (SEM) photograph of one of the fiber
probes fabricated for studies is shown in Figure 2(a).
The distal end of the nanofiber is approximately
40 nm.

The metallic coating process is an important step
in nanoprobe fabrication. A thin film of an opaque
metal such as aluminum, silver, or gold is coated along
the outside walls of the tapered optical fiber tip to
form an optical light pipe free of defects, which would
permit photons to escape from the tapered sides of the
optical fiber. An optical aperture to allow evanescent
wave excitation is formed at the tip’s apex by metal
evaporation at an angle. Such a coating system is

Laser beam

Optical fiber Clamp Positioning stage

Pulling Pulling

(a)

(b)

(c)

FIGURE 1 | The fabrication of nanofibers through laser pulling.
(a)–(c) The course of pull in time. In (c), a nanotip has been formed.

(a)

(b)

FIGURE 2 | Scanning electron photograph of an uncoated nanofiber
(a) and a gold-coated nanofiber (b).

illustrated in Figure 3. An array of fiber probes
is attached on a rotating motor installed inside a
thermal evaporation chamber.9,18,29 While the probes
are rotated, the metal is allowed to evaporate onto the
tapered side of the fiber tip to form a thin coating. The
fiber is pointing away from the evaporation source
with an angle of approximately 25◦. The tapered
end was coated with approximately 75–150 nm of
metal in a thermal evaporator (Quorum Technologies
E6700). With the metal coating, the size of the probe
tip is approximately 200–350 nm. Figure 2(b) shows a
gold-coated probe tip with a diameter about 350 nm.
Due to the inclination angle, the distal ends of the
fiber tips are shadowed from evaporation when the
fiber tips are tilted away from the metal source. A
nanoaperture, i.e., uncoated region at the distal end,
was formed on the fiber tip that can be used for optical
excitation and subsequent binding with bioreceptors.
The size of the nanoaperture is determined by the
angle between fiber axis and evaporation direction.
The optimal angle of inclination can be determined
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Thickness Monitor Nanofibers

Motor

Source

FIGURE 3 | Angle evaporation of nanofibers in a thermal
evaporator.

through characterization of nanoapertures under
SEM. SEM measurements can analyze the actual size
of the tip aperture. However, having a nanometer-
sized aperture does not guarantee a good near-field
probe. The tip aperture, even though it may appear
small on the SEM, could be a result of aluminum
over-coating, and hence not be a functional light
aperture. Therefore, a functional scan is necessary
to reveal the near-field effect from the probe and
evaluate the effectiveness of the nanoprobe. NSOM
enables functional analysis of the nanosensor probe
by performing a scan on a standard sample, e.g., a
Fischer pattern. The standard sample usually consists
of patterns with size less than the diffraction limits
(0.5λ) that can be determined by an AFM. The
nanosensor probe was attached to an NSOM system
working as an NSOM probe. Typically, the aperture
of the probe roughly determines the resolution of the
image. In other words, the image quality obtained with
the fiber probe thus represents the quality of the probe.

The advantage of using gold instead of
aluminum or silver is its higher melting temperature
(660◦C for Al, 960◦C for Ag, and 1060◦C for Au)
and its better thermal resistance. The thermal stress
generated during metallic film deposition damages the
aperture due to the difference in thermal expansion
coefficients of metal and quartz. Gold coating has the
lowest thermal expansion coefficient (23.1 × 10−6/

◦C
for Al, 18.9 × 10−6/

◦C for Ag, 14.2 × 10−6/
◦C for

Au, 0.55 × 10−6/
◦C for SiO2), which will reduce the

thermal destruction of the fiber tip. Furthermore, gold
coatings are more stable in ambient conditions. The
grain diameter is highly and sensitively dependent on
the deposition pressure. Below 5 × 10−6 torr, the size
of the individual grains is smaller than 100 nm. There
was a relationship between rate of metallic deposition

and subsequent surface roughness, and studies
revealed that a slower coating rate (<5 Å/second)
resulted in better smoothness and the film opacity
required for our intended sensor applications.

Traditional manufacturing processes still limit
the quality of metal-coated fiber probes. Optical
throughput of pulled nanoprobes is limited by the
sharp taper angle. Another method of fabrication
nanoprobes involves chemical etching. Chemical-
etched tips have higher optical throughput; however,
they do not usually have a flat distal end as the laser
pulled ones. As discussed previously, it is difficult to
form well-defined nanoapertures in shadow evapora-
tion. Moreover, shadow evaporation often leads to
either complete or irregular coated tips. Grainy struc-
tures of metal thin film could also increase the distance
between the aperture and the sample, which reduces
the resolution and intensity of the measurements. It is
easy to form pin holes at the tapered region, which
could lead to light leaking out of the fiber side walls.
The aperture also deviates from ideal circular shape
because of grains. A quantitative analysis of probe
transmission efficiency becomes difficult. In spite of
these challenges, nanofibers can be fabricated with
good reproducibility by careful control of the experi-
mental parameters during the fabrication process.

Design of Nanobioprobes
The next step in the preparation of the nanobiosensor
probes involves covalent immobilization of biorecep-
tor molecules such as antibodies and peptides onto
the fiber tip. Silane modification techniques elimi-
nate the nonspecific binding potential of silica for
biomolecules. Modification of silica surface provides
sites for coupling affinity ligands through covalent
derivatization with a functional silane containing a
functional group. Fiber nanoprobes were first silanized
with 3-aminopropyltriethoxysilane (APTES), whereas
carboxylic acid-functionalized probes were prepared
by reaction of the amine functions with glutaric
anhydride. N-hydroxysuccinimide (NHS) was used
to modify a carboxyl group to an amine-reactive
ester. This was accomplished by mixing NHS with
a carboxyl-containing molecule and a dehydrating
reagent 1-ethyl-3-[3-dimethylaminopropyl] carbodi-
imide hydrochloride (EDC). The addition of EDC
induced a dehydration reaction between the carboxyl
and the NHS hydroxyl group, giving rise to an NHS-
ester-activated molecule. The NHS-ester-containing
molecule was then reacted spontaneously with a pri-
mary amine groups present on the side chains of
amino acids present in biomolecules. The reaction
is much more efficient with NHS present because a
stable intermediate is produced.
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DISCUSSION ON SINGLE-CELL
MONITORING

Detecting Fluorescent Biomarkers in Single
Living Cells
Fiberoptic nanosensors are powerful tools for mea-
surements in submicron environments and for prob-
ing individual chemical species in specific locations
throughout a living cell due to their small nanoscale
sizes. The experimental procedures for growing cell
cultures for analysis using the nanosensors were
described previously9,18,30,31 and the optical measure-
ment system used for monitoring single cells using the
nanosensors is schematically illustrated in Figure 4.
Traditional cell measurements usually use fluores-
cence microscopy, where fluorescent dye molecules
were delivered into a cell and allowed to diffuse
throughout. Depending upon the particular fluores-
cent dye molecules that were chosen, changes in
the fluorescence properties of the dye could then be
monitored using an imaging modality, as the dye
came in contact with the analyte of interest. As this
microscopy-based technique relies on imaging the flu-
orescent dyes, it requires the homogenous dispersion
of the dye molecules through the various locations in
the cell, which is limited by intracellular conditions
(i.e., pH, etc.) or often does not even occur due to
compartmentalization by the cell. Fiberoptic nanosen-
sors provide an alternative cell monitoring modality
that offers significant improvements over traditional
methods, which are limited by the problems associated
with cellular diffusion.

Nanosensors provide the appropriate tools for
monitoring the transport of chemicals into cells,

Micromanipulator

Laser

PMTFilter

Nanosensor
Cell culture

Dichroic mirror

FIGURE 4 | Instrumental system for fluorescence measurements of
single cells using nanosensors.

leading to improved understanding of the health
effects associated with these species. Use of antibody-
based nanoprobes to detect fluorescing chemicals
inside a single cell has been demonstrated.9,18,30,31 In
a previous work,18 the antibody probe was targeted
against benzopyrene tetrol (BPT), an important
biological compound, which was used as a biomarker
of human exposure to the carcinogen benzo[a]pyrene
(BaP), a polycyclic aromatic hydrocarbon of great
environmental and toxicological interest because
of its mutagenic/carcinogenic properties and its
ubiquitous presence in the environment. Nanosensors
have been developed for in situ measurements of
the carcinogen BaP.13 Detection of BaP transport
inside single cells is of great biomedical interest
as it can serve as a means for monitoring BaP
exposure, which can lead to DNA damage.32 To
perform these measurements, polyclonal antibodies
targeted to BaP were used as bioreceptors. The
fluorescent BaP molecules are bound by interaction
with the immobilized antibody receptor, forming a
receptor–ligand complex. Following laser excitation
of this complex, a fluorescence signal from BaP
allows quantification of BaP concentration in the
cell being monitored. The fluorescence method can
achieve high sensitivity of detection. The intracellular
measurements of BaP depend on the antibody–antigen
reaction times involved. The success of single-cell
measurements depends on several factors, including
the sensitivity of the measurement system, the
selectivity of the probe, and the small size of the
nanofiber probes because the sizes of individual cells
are generally small (1–10 µm). The small size of the
probe allowed manipulation of the nanosensor at
specific locations within the cells. Figure 5 depicts a
fiberoptic nanoprobe inserted into a single cell.24

FIGURE 5 | Picture of a fiberoptic nanoprobe inserted into a single
cell.
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In another study, nanosensors were developed
and used for the measurement of intracellular
concentrations of BPT in the cytoplasm of two
different cell lines: (1) human mammary carcinoma
cells and (2) rat liver epithelial cells, following
treatment of the culturing media with an excess
of BPT. The measurements were performed on rat
liver epithelial cells (Clone 9) used as the model cell
system. The cells were first incubated with BPT prior
to measurements using the experimental procedures
described previously.18 Detection of BPT in single cells
was then performed using antibody nanoprobes for
excitation and a photometric system for fluorescence
signal detection. The results demonstrated the
possibility of in situ measurements of BPT inside
a single cell. We have performed calibration
measurements of solutions containing different BPT
concentrations ranging from 1.56 × 10−10 to 1.56 ×
10−8 M in order to obtain a quantitative estimation
of the amount of BPT molecules detected. By plotting
the increase in fluorescence from one concentration to
the next versus the concentration of BPT, and fitting
these data with an exponential function in order to
simulate a saturated condition, a concentration of (9.6
± 0.2) × 10−11 M has been determined for BPT in the
individual cell investigated.9,18,30,31,33 In this study,
the nanosensors used single-use bioprobes because the
probes were used to obtain only one measurement at
a specific time and could not be reused due to the
strong association constant of the antibody–antigen
binding process. The antibody probes, however,
could be regenerated using ultrasound methods.
Our laboratory has successfully developed a method
using ultrasound to non-invasively release antigen
molecules from the antibodies, and, therefore,
to regenerate antibody-based biosensors.34 The
ultrasound regeneration scheme is a nondestructive
approach that has the potential to be applied
to in situ monitoring systems. The application
of antibody-based nanoprobe was also limited by
its nonspecific binding and inability to directly
detect compounds without fluorescent labeling.
Although this article is focused on nanoprobes
using fluorescence detection, surface-enhanced Raman
scattering (SERS) nanoprobes offer a promising
alternative that can provide additional chemical
structure information to identify intracellular species
and physiological parameters in single living cells.14

Monitoring of Apoptotic Pathways in Single
Cells
Evaluation of the effectiveness of anticancer drugs
such as the onset of apoptosis in living cells is an

important process in drug development and therapy
assessment. The cell death process known as apoptosis
is executed in a highly organized fashion, indicating
the presence of well-defined molecular pathways. Cas-
pase activation is a hallmark of apoptosis, and proba-
bly one of the earlier markers that signals the apoptotic
cascade.35–37 These cysteine proteases are activated
during apoptosis in a self-amplifying cascade. Exper-
imental evidence suggests that caspase activation is
essential for the apoptotic process to take place,
although not all cell death is dependent upon caspase
activation. Caspases have an essential role both in the
initial signaling events of apoptosis, as well as in the
downstream processes which produce the various hall-
mark signs of apoptosis. Activation of caspases such as
caspases 2, 8, 9, and 10 leads to proteolytic activation
of ‘downstream’ caspases such as 3, 6, and 7.

Nanobiosensors have been developed for
monitoring the onset of the mitochondrial pathway of
apoptosis in a single living cell by detecting enzymatic
activities of caspase-9.10 Minimally invasive analysis
of single live MCF-7 cells for caspase-9 activity
was demonstrated using a fiberoptic nanosensor
which used a modified immunochemical assay
format of a non-fluorescent enzyme substrate,
leucine-glutamic acid-histidine-aspartic acid-7-amino-
4-methyl coumarin (LEHD-AMC). LEHD-AMC
covalently attached on the tip of an optical
nanobiosensor was cleaved during apoptosis by
caspase-9, thus generating free AMC molecules
that become fluorescent upon laser excitation. An
evanescent field was used to excite cleaved AMC
and the resulting fluorescence signal was detected. By
quantitatively monitoring the changes in fluorescence
signals, caspase-9 activity within a single living MCF-
7 cell was detected. Photodynamic therapy (PDT)
protocols using the pro-drug δ-aminolevulinic acid
(ALA) were used to induce apoptosis in MCF-7
cells. The substrate LEHD-AMC was cleaved by
caspase-9 and the released AMC molecules were
excited and emitted a fluorescence signal (Figure 6). By
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FIGURE 6 | Detection of caspase-9 activity performed with
nanosensors inserted into single live MCF-7 cells.
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comparison of the fluorescence signals from apoptotic
cells, induced by PDT treatment, and non-apoptotic
cells, we successfully detected caspase-9 activity,
which indicates the onset of apoptosis in the cells. The
results show that the fluorescence signals obtained
from the cells that were both incubated with ALA and
photoactivated by laser excitation were much higher
than the signal obtained from control groups, i.e.,
without laser activation.10 The presence and detection
of cleaved AMC in single live MCF-7 cells as a result
of these experiments reflects the presence of caspase-9
activity and the occurrence of apoptosis. These results
indicate that apoptosis can be monitored in vivo in a
single living cell using optical nanobiosensors.

CONCLUSION
Fiberoptic nanosensors for monitoring single cells
have opened up new applications in molecular biol-
ogy and medical diagnostics. Due to their small
sizes, nanosensor provides important tools for mini-
mal invasive analysis at single cellular or subcellular
level. These nanotools can be used to study intra-
cellular signaling processes and to investigate gene

expression inside single living cells. Probing subcellu-
lar architecture and dynamic processes is essential in
understanding the fundamental biological processes
such as cell signaling pathways in a systems biology
approach. Single-cell monitoring is also important in
studies where the amount of cells obtained is limited,
which could not be analyzed with other techniques.
While fiberoptic nanoprobe is not ready for clinical
use yet, there is no doubt that the current development
of the fiberoptic nanoprobe technology will allow the
quantitative analysis of chemical species involving cel-
lular pathways and communications. By combining
the nanoprobe technology with SERS-based detec-
tion, multiplexed analysis of multiple biomarkers and
physical conditions will be possible. Other optical
methods such as surface plasmon resonance (SPR) and
interferometry can also be integrated with fiberoptic
nanoprobes, thus increasing their versatility. Fiberop-
tic nanoprobe will provide unprecedented details in
single cell analysis leading to a better fundamental
understanding of cellular biology and more trans-
lational applications in medicine and health effect
studies.
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