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Abstract

Nanomaterials with luminescence in the short-wave infrared (SWIR) region are of special interest 

for biological research and medical diagnostics because of favorable tissue transparency and low 

autofluorescence backgrounds in that region. Single-walled carbon nanotubes (SWCNTs) show 

well-known sharp SWIR spectral signatures and therefore have the potential for noninvasive 

detection and imaging of cancer tumours, when linked to selective targeting agents such as 

antibodies. However, such applications face the challenge of sensitively detecting and localizing 

the source of SWIR emission from inside tissues. A new method, called spectral triangulation, is 

presented for three dimensional (3D) localization using sparse optical measurements made at the 

specimen surface. Structurally unsorted SWCNT samples emitting over a range of wavelengths are 

excited inside tissue phantoms by an LED matrix. The resulting SWIR emission is sampled at 

points on the surface by a scanning fibre optic probe leading to an InGaAs spectrometer or a 

spectrally filtered InGaAs avalanche photodiode detector. Because of water absorption, attenuation 

of the SWCNT fluorescence in tissues is strongly wavelength-dependent. We therefore gauge the 

SWCNT-probe distance by analysing differential changes in the measured SWCNT emission 

spectra. SWCNT fluorescence can be clearly detected through at least 20 mm of tissue phantom, 

and the 3D locations of embedded SWCNT test samples are found with sub-millimeter accuracy at 

depths up to 10 mm. Our method can also distinguish and locate two embedded SWCNT sources 

at distinct positions.

Introduction

The unique optical properties of single-walled carbon nanotubes (SWCNTs) suggest a 

number of intriguing applications in biological research and medical diagnostics.1–3 

SWCNTs are tubular nanoparticles composed of carbon atoms covalently bonded into 
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various well defined crystalline structures. Each possible structure can be labelled by a pair 

of integers, (n,m), that specify its diameter, roll-up angle, metallicity, and (for 

semiconducting species) band gap. Semiconducting SWCNTs with diameters near 1 nm, 

such as those grown by the HiPco process, can fluoresce at specific short-wave infrared 

(SWIR or NIR-II) wavelengths from approximately 850 to 1600 nm when excited with red 

light.

Fluorescence imaging in biological tissues is greatly hampered by absorption, scattering, and 

autofluorescence backgrounds. Absorption of excitation and emission light passing through 

tissues decreases the detectable fluorescence intensity. Light scattering is also a severe 

problem for two reasons: it degrades image sharpness by spatially diffusing light emitted 

from a fluorescent centre (see Fig. S6), and it also increases absorption losses because the 

detected light can travel through indirect diffusional paths that are significantly longer than 

direct unscattered paths. Furthermore, autofluorescent emission from endogenous 

fluorophores in tissues gives diffuse backgrounds that can degrade image contrast or entirely 

mask weak signals. Scattering and autofluorescence generally decrease at longer 

wavelengths of excitation and emission, and the spectral window for minimal tissue 

absorption (between the haemoglobin and water maxima) lies in the SWIR,4 matching the 

fluorescence wavelengths of many SWCNT species. The use of SWCNT fluorescent 

markers is therefore promising despite their limited emissive quantum yields.5–7 Research 

on fluorescence detection and imaging of SWCNTs in biological environments began with 

cell cultures,3, 8 insects,9 and tissue specimens,10, 11 and has recently been extended to in 
vivo studies.12

An important goal for in vivo imaging is the non-invasive diagnosis and monitoring of 

cancer through optical detection of tumour nodules.13, 14 One strategy is to link fluorescent 

agents to antibodies that target cancer-specific cell markers.15, 16 To avoid the fluorescence 

quenching that can result from covalent bonding to SWCNT sidewalls, Dai and co-workers 

developed a method for noncovalent conjugation of SWCNTs to phospholipid surfactants 

that are covalently bonded to antibodies.12 By injecting SWCNTs into the bloodstream of 

small animals such as mice, two dimensional (2D) in vivo SWIR fluorescence images of 

vasculature could be obtained, sometimes at video rates.6, 17–29 However, optical detection 

of cancer nodules located more than a few millimetres under the skin is very challenging 

because concentrations of emissive probes may be quite low and their emission is strongly 

attenuated passing through tissues. These factors may prevent the detection of SWCNT 

fluorescence even when backgrounds are very weak. Another limitation is that 2D images 

acquired from a single observation axis do not reveal the depths of emissive objects. There is 

thus a need for in vivo methods to detect SWIR fluorescent agents deeper inside tissues and 

to locate them in three dimensions.

We report here a novel spectral triangulation approach that is designed to noninvasively 

locate small tumours marked by SWCNT fluorescent immunoprobes. In this method, the 

subject is diffusely illuminated with visible light from an LED matrix and the resulting 

SWIR emission from nanotubes at the tumour site is sampled at a coarse grid of discrete 

positions on the skin, rather than being imaged by a SWIR-sensitive camera. At each 

sampled position, the fluorescence intensity is measured through two alternating SWIR 
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spectral filters by a sensitive single-channel detector, a photon-counting InGaAs avalanche 

photodiode (APD). Because the two filtered spectral channels correspond to weak and 

strong optical absorption by water in tissues,30 the ratio of their intensities can be interpreted 

with the help of an empirical calibration curve to deduce the distance between the sampling 

position and the emission source. By numerically analysing the full grid set of intensities, 

we can triangulate the three dimensional coordinates of the nanotube source with high 

precision and accuracy at depths in tissue phantoms to 10 mm. Our method can also be 

extended to recognise spatially extended emission sources and to detect without 

triangulation at depths beyond 20 mm.

RESULTS AND DISCUSSION

SWCNT-scanner design

Our SWCNT-scanner, described in detail in Materials and Methods, is designed to capture 

and analyse very weak signals from nanotubes inside tissues. A key feature is the use of an 

LED matrix for excitation. In clear optical media, lasers are more effective excitation 

sources than LEDs because their spatial coherence allows tight focusing. However, strong 

scattering in turbid media removes this advantage, and the LED matrix provides higher total 

optical power, good illumination uniformity at the specimen surface, and lower cost. We use 

a trans-illumination geometry, placing the LED matrix on the opposite side of the specimen 

from the detection probe. Compared to epi-illumination, this gives more uniform sensitivity 

through the specimen’s depth, because regions far from the probe position receive more 

intense excitation. However, trans-illumination will not be effective for specimens more than 

a few centimetres thick. SWCNT fluorescence emerging at the surface is quite weak after 

passing through millimetres of highly scattering tissue. We therefore detect using a cooled 

InGaAs APD designed for photon counting. Although this single-channel configuration 

limits spectral resolution, it gives much greater sensitivity than is available from InGaAs-

array modular spectrometers, even with spectral integration of their signals (Fig. S7).

In order to increase the optical efficiency, we collect fluorescence using an optical fibre 

positioned directly at the specimen surface, avoiding losses from surface reflections and 

chromatic aberration that a transfer lens would introduce. The optical fibre leads either to a 

multichannel InGaAs spectrometer to measure full SWCNT spectra during method 

development, or through a filter wheel to the APD for method implementation. This 

computer-controlled filter wheel passes SWIR fluorescence in two wavelength bands chosen 

to have distinct H2O absorption coefficients.

Fig. 1 shows a schematic diagram of the scanner apparatus. Tissue phantoms shaped as 

rectangular sheets or mice were placed on the water-cooled fused silica specimen platform 

located over a short-pass filter and the excitation matrix containing 500 LEDs emitting near 

630 nm. The optical probe was moved to the desired x- and y-coordinates and then lowered, 

stopping when its small mechanical switch sensed contact with the specimen surface. Light 

entering the optical probe fibre was long-pass filtered to remove scattered excitation light 

before transmission either to the SWIR spectrometer or to the filter wheel/APD detector. 

Although our system cannot generate images as well or quickly as SWIR camera-based 

devices, it does provide spectral information (using the spectrometer) or highly sensitive 
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detection (using the APD). Irradiation of the specimen is minimized by switching on the 

LED matrix only during fluorescence acquisition. All instrument control, data acquisition, 

and data analysis are automated with custom LabVIEW software.

SWCNT spectra through tissue phantoms

Fig. 2 compares three spectra acquired from the instrument with no specimen in place, with 

a tissue phantom specimen free of SWCNTs, and with a tissue phantom containing unsorted 

SWCNTs. The first of these confirms a very low instrumental background above 900 nm. 

The second shows autofluorescence from the tissue phantom that is significant at shorter 

emission wavelengths, decreases markedly above 950 nm, and is negligible above 1150 nm. 

This observation is consistent with recent bio-imaging research focused on eliminating 

tissue background signals by using longer wavelength fluorophores.24, 31 Comparison of the 

second and third traces in Fig. 2 suggests that spectral subtraction is an effective method to 

correct for autofluorescence backgrounds and deduce net spectra of SWCNTs inside tissue 

specimens. Preliminary data from a live mouse show autofluorescence backgrounds 

comparable to those from our tissue phantom.

We have used this correction method to measure fluorescence spectra from planar SWCNT 

samples through different depths of tissue phantoms. Fig. 3a shows these results for depths 

of 1 to 10 mm, with major peaks labelled by the corresponding (n,m) structures. As expected 

for light propagating through turbid media, the SWCNT emission is attenuated by both 

absorption and scattering.32 To clarify the wavelength dependence of this attenuation, Fig. 

3b shows semi-logarithmic plots of detected emission intensity vs. phantom thickness for the 

five labelled peaks representing the (6,5), (7,5), (7,6), (8,6), and (10,3) SWCNT species. It 

can be seen that the attenuation for each peak is rather well described by a linear fit 

corresponding to a simple exponential relation

where d is the emitter-to-probe distance, μ is the wavelength-dependent attenuation 

coefficient, and Aplanar(λ) is proportional to the source emission spectrum before attenuation 

by the medium.33 In Fig. 3c we plot attenuation through 10 mm of tissue phantom as a 

function of wavelength and, for comparison, through the same thickness of water. The 

similarity in shape of the two traces indicates that attenuation in the tissue phantom at these 

wavelengths arises from water absorption enhanced by the longer effective photon path 

lengths from scattering.30 Fig. 3d shows the same data inverted to give penetration depth vs. 
wavelength, or the thickness of tissue phantom that causes a factor of 10 attenuation. For a 

planar emission source, as used in this experiment, the penetration depth lies between 4 and 

12 mm for SWIR wavelengths between 900 and 1350 nm. Our penetration depth spectrum is 

consistent with a prior report for human mucous tissue.34

We note that penetration depth depends on the source geometry, and a planar source gives 

the maximum values.33 Our use of a large matrix of 630 nm LEDs provides a quasi-planar 

excitation geometry with a penetration depth we measure as ~9.1 mm (Fig. 3d). Detecting 
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SWCNT emission sources of lower dimension (point or line shapes) will involve a steeper 

drop in detected signal with increasing source depth below the specimen surface than is 

suggested by Fig. 3b or 3c.

Spectral depth gauging

Our method of spectral triangulation is based on wavelength-dependent differences in 

SWCNT fluorescence attenuation arising from the water absorption spectrum intrinsic to 

tissues. This differs from the spectral triangulation reported by Yang et al., in which the 

absorption spectrum of a contrast agent (indocyanine green) is used to profile the spatial 

distribution of the contrast agent in optical coherence tomography imaging.35 Fig. 4a shows 

the SWCNT spectra of Fig. 3a normalized to the peak near 1120 nm. It can be seen that 

wavelengths longer than 1200 nm are attenuated much more strongly with tissue path length 

compared to those near 1120 nm. However, an obstacle to using this differential absorption 

effect for deducing the three dimensional positions of local SWCNT sources (e.g. in an 

antibody-targeted tumour) is the dependence of optical collection efficiency on angle θ 

between the source direction and the probe axis (Fig. 4b). We suppress this strong angular 

dependence (see Fig. S8 and S9) by mounting a thin Teflon scatter plate at the end of the 

collection fibre, as shown. During in vivo measurements, strong scattering by the skin 

(typical reduced scattering coefficient μs′=3 to 16 cm−1, with anisotropy g = 0.9)36 may play 

the role of our scatter plate. With the Teflon scatter plate in place, we measured fluorescence 

signals from a 1 μL SWCNT emission source that was sandwiched between two layers of 

tissue phantom. The bottom layer (between the SWCNTs and the LED excitation matrix) 

was 10 mm thick, while the top layer (between the SWCNTs and the detection probe) was 

varied from 1 to 9 mm, allowing us to obtain optical path lengths up to 20 mm by increasing 

the angle θ in Fig. 4b. For each thickness of the top layer, our APD detected emission signals 

through either a band pass filter centred at 1120 nm or a 1200 nm long pass filter. These two 

spectral segments are marked by the coloured rectangles in Fig. 4a and were chosen to select 

regions that have significant SWCNT emission and low autofluorescence, but very different 

amounts of absorption from water.

The results from these measurements are plotted in Fig. 4c, which shows the fluorescence 

attenuation from a sample containing ~34 ng of unsorted SWCNTs. The measured intensity 

decreases smoothly with path length but remains clearly detectable through at least 20 mm 

of tissue phantom. To our knowledge, this is the deepest reported detection of fluorescent 

markers inside tissues or tissue phantoms.37 We also note that 20 mm gives sufficient range 

to probe internal organs of laboratory mice (see Fig. S9). Except at the shortest distances, the 

observed attenuation of SWCNT fluorescence with path length agrees with the following 

expression obtained from photon diffusion theory:33

Here, Aspherical(λ) is related to the source intensity and the absorption coefficient and μ(λ) is 

the attenuation coefficient. We find empirical attenuation coefficients of 0.243 mm−1 and 
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0.432 mm−1 for the 1120 nm band-pass and 1200 nm long-pass signals, respectively. These 

are similar to the μ value of 0.26 mm−1 reported by Nishimura et al. for attenuation of 1300 

nm light through human forearm tissue.38 We also note that the isotropic scattering 

coefficient for 1% Intralipid tissue phantom was estimated to be ~0.85 mm−1 with an 

anisotropy factor g near 0.9. The absorption coefficient was estimated to be 0.12 mm−1 at 

1200 nm, leading to an effective attenuation coefficient of 0.59 mm−1 (see Supplementary 

Information).32, 34, 39

SWCNT source triangulation

Using the results in Fig. 4c for calibration, one can deduce the location of a SWCNT 

emission source based on signals collected at three or more positions on the surface of the 

specimen. Fig. 5a illustrates the concept of this spectral triangulation. Suppose there is a 

localized SWCNT source fluorescing inside a tissue that gives fluorescence signals Si 

measured at positions i on the specimen surface. For each Si, the corresponding distance di 

to the source can be calculated from the intensity ratio in the two spectral bands, using the 

normalized ratio curve of Fig. 4c scaled by the ratio with no tissue present. Given three 

known measurement positions and their corresponding di values, one can geometrically 

compute a unique solution for the 3D coordinates of the SWCNT source. In practice, we 

implement the triangulation calculation using a more general mathematical method that can 

give improved accuracy by analysing over-determined data sets with an arbitrary number of 

measurement positions and spectral bands (see Supplementary Information for details). To 

test our approach, we examined the precision and accuracy of locating a ~1 μL SWCNT 

source sandwiched between a 10 mm tissue phantom bottom layer and a top layer of tissue 

phantoms of three different thicknesses. For each top layer thickness, we measured signals at 

20 grid points, accumulating for 2 s at each point for each spectral filter. Fig. 5b shows a plot 

of errors in the triangulated SWCNT source x and y coordinates vs. thickness of the top 

layer. Statistical uncertainties in the deduced coordinates (represented as error bars) tended 

to increase with depth of the source but were less than 0.12 mm, and the averaged deduced 

coordinates were accurate to approximately 0.1 mm, or only 10% of the source diameter. 

The source depths deduced by triangulation are plotted in Fig. 5c vs. actual depth, with 

dashed lines marking the dimension of the source. Although these deduced z-axis 

coordinates are somewhat less accurate than the x- and y-values, they show errors below 0.4 

mm (less than half of the source diameter) even at a depth of 9.7 mm. This demonstrates the 

capability for accurate three-dimensional triangulation in highly scattering media based on 

pairs of spectral readings at only a few surface locations. In these tests, the entire spectral 

triangulation process including probe positioning, signal acquisition, and data processing 

was completed within 3 minutes.

We also tested spectral triangulation on a tissue phantom moulded in the shape of a mouse’s 

ventral surface (see inset of Fig. 6). An emission source consisting of a capillary tube with 

~1 μL of aqueous SWCNT suspension was placed on top of a 10 mm thick tissue phantom 

sheet and then covered with the mouse phantom, ventral side up. This positioned the 

SWCNT source 7 to 10 mm beneath the phantom’s contoured surface. This “sandwich” 

specimen was excited from below with the LED matrix while emission was probed at a grid 

of 25 positions on the curved ventral surface. The acquisition time was again 2 s per point 
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per filter. Fig. 6 shows the experimental geometry and the surface contour measured by the 

contact sensor. Red dots on the surface plot mark the probe positions used for data 

acquisition and the surface colours show SWIR intensities simulated from the analysis 

results. As displayed in Table 1, spectral triangulation revealed the position of the embedded 

emission source to an accuracy better than 0.3 mm in all three axes.

Localization with multiple emission sources

In practical applications of SWCNT-labelled antibodies for non-invasive diagnosis of cancer 

nodules, one must be able to distinguish distinct emission sources arising from multiple 

tumour sites or accumulations of immunoprobes in non-targeted organs such as the liver. As 

a first step toward this goal, we have tested our method with a pair of localized SWCNT 

emission sources, 1.0 and 1.4 μL in volume and approximately 6 mm deep inside a 15 mm 

thick tissue phantom. The two sources were separated by 5.51 mm along the x-axis and had 

slightly different y and z coordinates. We acquired fluorescence data from a grid of 35 

surface points and then performed triangulation calculations assuming the presence of two 

localized emission sources, using a variable parameter for the separation between them. Fit 

quality was assessed from the sum of squared residuals (SSR) between measured and 

simulated emission data optimized at each value of the separation parameter. Fig. 7b shows 

that the SSR reaches a distinct minimum for a separation parameter of 5.47 mm, indicating 

that the spectral triangulation analysis clearly deduced the presence of two emission centres 

and found their separation to an accuracy of 0.04 mm. This was achieved even though the 

fluorescence profile at the specimen surface has a single maximum and only slight 

elongation in shape, as shown in Fig. 7a by the colour-mapped surface contour reconstructed 

from the triangulated solution. Here, the purple dots mark the deduced source locations, with 

the dot diameters proportional to emission intensities. Table 2 shows errors and uncertainties 

in the deduced three-dimensional coordinates of the two emission sources. It can be seen 

these average errors are generally less than 0.1 mm, or only a small fraction of the source 

dimensions. Of course, accurate determinations of complex emission sources require 

photometric data of high enough quality to allow weak minima in curves such as Fig. 7b to 

be clearly discerned. Feasibility will vary with the separation between emission centres, their 

depths inside the tissue, the concentration of SWCNT emitters in the sources, the excitation 

intensity, the locations and number of probe positions, the data acquisition time per position, 

and the detector noise level. When analysing the emission data, it is also necessary to find 

best fits that are global rather than local.

Given the availability of high quality data, our method could be generalized to systems with 

unknown numbers of emission centres. For this, the triangulation model would initially fit 

the data set assuming a large number of centres. If the actual number is smaller, then some 

of the deduced source intensities will be found to be negligible compared to the others. 

Those can then be omitted from subsequent rounds of fitting until the minimum set of 

sources needed to adequately fit the data has been determined. We verified that this approach 

is successful for the simplest case: applying a two-source model to fit single source data. 

The analysis initially deduced one intense centre very near the correct position and a second 

separated centre having an intensity 25 times lower. After the weak apparent centre was 

Lin et al. Page 7

Nanoscale. Author manuscript; available in PMC 2017 May 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



neglected, re-triangulation with the single-source model accurately found the actual 

emission centre.

CONCLUSIONS

We have developed a novel approach to detect and three-dimensionally locate very weak 

SWCNT emission sources in turbid media such as biological tissues. The system is based on 

sensitive intensity measurements made at sparse discrete positions on the specimen surface. 

At each probed position, emission is measured in two complementary spectral ranges that 

have different attenuation coefficients arising from water in tissues. With the aid of empirical 

calibration data, the ratio of those measured intensities reveals distance from probe position 

to the emission source. Triangulation calculations using data from several probe positions 

then give emission coordinates with sub-millimetre accuracy.

This method has been demonstrated using tissue phantoms mimicking laboratory mice with 

embedded single and dual SWCNT emission sources. We excited specimens with a large 

LED matrix and detected SWCNT emission with a sensitive InGaAs avalanche photodiode. 

Accurate triangulation was achieved at depths up to 10 mm, and signals could be detected 

through at least 20 mm of tissue phantom. It was also possible to deduce the separation 

between dual embedded sources.

Practical in vivo applications of our method in animal studies will require further 

refinement. One issue is optical nonuniformities in real tissues that may cause inconsistent 

estimates of emission source locations when computed from different probe positions. This 

might be addressed by enhancing the grid of probe positions and/or by more elaborate 

calibration procedures, possibly including attempts to adjust attenuation coefficients for 

local differences in water content.23, 30, 40–44 Another refinement might be the use of 

structurally enriched SWCNT samples, containing for example the (9,4) and (8,7) species. 

These could both be efficiently excited at 730 nm, allowing somewhat improved penetration 

of the excitation light. In addition, their distinct emissions near 1110 and 1270 nm would 

have well-defined attenuation coefficients and would avoid the 1200 nm absorption band of 

lipids and collagen. The use of sorted SWCNT samples may also allow compensation for 

autofluorescence backgrounds. If the SWCNT emission occurs only in narrow spectral 

range, signals from an adjacent range could be used for background subtraction. Finally, we 

note that trans-illumination is suitable only for exciting relatively thin specimens, so a more 

direct excitation path will be needed for clinical applications. We view the apparatus and 

method described here as complementary to camera-based SWIR in vivo imaging 

approaches. It offers advantages in terms of sensitivity, equipment cost, depth range, and 

depth measurement, but requires longer acquisition times and cannot capture detailed 

images. In the future, it may be possible to combine some capabilities of the two approaches 

by pixel-level processing of spectrally filtered camera data to obtain depth-resolved SWIR 

images. We hope that spectral triangulation will prove a useful tool for enhancing the value 

of SWCNT-based immunoprobes in biomedical research.
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MATERIALS AND METHODS

SWCNT samples and tissue phantoms

SWCNTs used in this work were grown in the Rice University HiPco reactor (batch 195.1). 

A dispersion was prepared by mixing raw SWCNTs with a 0.5% (w/v) solution of sodium 

deoxycholate (DOC) in HPLC-grade water at a ratio of 0.5 mg SWNCTs per mL of solution 

and then applying 10 min of active tip ultrasonication at a power level of ~7 W. To remove 

aggregates, the resulting dispersion was ultracentrifuged at 25 °C for 4 h at 50,000 rpm 

(268,000g maximum, Beckman Coulter Optima Max), after which the supernatant was 

extracted and stored. Absorption and fluorescence spectra of this material are shown in Fig. 

S5. The SWCNT mass concentration was estimated as ~34 μg/mL using a base-10 mass 

extinction coefficient for unsorted HiPco dispersions of 0.043 (mg/L)−1 cm−1 at 763 nm.45 A 

1 μL sample therefore contains ~34 ng of SWCNT material, or on the order of 1010 

nanotubes.

We prepared a quasi-planar emission source used for measurements of spectra through tissue 

phantoms by injecting the SWCNT solution into a 15 × 15 × 0.05 mm channel on a fused 

silica slide. An emission source used to mimic small spherical nodules was made by 

injecting 1 μL of the SWCNT solution into a 1 mm ID fused silica capillary tube and then 

sealing it with epoxy glue.

We prepared tissue optical phantoms from a standard mixture of agar, Intralipid, and 

haemoglobin (see Supplementary Information). These were cast in the shape of rectangular 

plates using custom-fabricated aluminium moulds with defined thicknesses between 1 and 

10 mm. The actual final thickness of each tissue phantom plate was measured using the 

contact sensor on the computer-positioned optical probe. To form mouse-shaped tissue 

phantoms, we used a silicone rubber mould that was custom-formed from the carcass of a 

nude laboratory mouse lying on its ventral surface (see Supplementary Information). 

Phantom mice were made by filling the mould with the same material used to make the 

tissue phantom plates.

SWCNT scanner

Our lens-free SWCNT-scanner contains the following components: a specimen platform 

with illuminator, an optical probe with contact sensor, a probe positioner, a SWIR 

spectrometer, and a SWIR single photon counter (SPC) with motorized filter wheel. 

Specimens are trans-illuminated to excite internal SWCNTs with a 50 × 50 mm LED matrix 

mounted under the specimen platform. This matrix contains 500 LEDs (20 × 25), each with 

maximum electrical input of 1 W and a peak emission wavelength of 630 nm (spectrum 

shown in Fig. S4). It can generate light intensities at the specimen of up to ~500 mW/cm2 

with ~230 W of electrical input. Power to the matrix is switched by a computer-generated 

TTL signal through a Darlington transistor. Above the LED matrix is a 4 mm thick Schott 

KG5 filter that blocks lamp emission in the SWIR region. The excitation source, filter, and 

specimen support plate are cooled by circulating water (see Supplementary Information). 

The probe, which consists of a custom touch-sensing electrical switch attached to a step-

index optical fibre with a 400 μm, low-OH core, detects contact with the specimen surface 
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and collects SWCNT emission for analysis by the detectors. An 800 nm long-pass dielectric 

filter mounted onto the end of the fibre prevents entry of stray excitation light, and a thin 

Teflon scatter film on the filter greatly reduces the angular dependence of collection 

efficiency. We control the position of the probe assembly by mounting it in place of the print 

head holder on a modified commercial 3D printer (Printrbot Simple Metal), which provides 

lateral resolution of 0.1 mm and vertical resolution of 0.01 mm. The other end of the optical 

fibre is attached either to a SWIR spectrometer with a 512-channel InGaAs array, or a 

single-channel InGaAs avalanche photodiode (APD). The spectrometer (B&WTek model 

Sol 1.7, 850–1600 nm, cooled to −15 °C) was calibrated for wavelength-dependent absolute 

sensitivity and contained an internal RG-830 long-pass filter. Acquisition times ranged from 

0.2 to 25 s depending on signal intensity, and we sometimes averaged multiple acquisitions 

to improve signal-to-noise ratios. When detecting with the single-channel APD (ID 

Quantique model ID220, 600 s−1 dark count, −50 °C), collected light was first passed 

through a motorized filter wheel containing 1120 nm band-pass and 1200 nm long-pass 

filters. More detailed descriptions of the components are provided in Supplementary 

Information.

Spectral triangulation procedure

Spectral triangulation fluorescence data were measured with an average excitation intensity 

of ~250 mW/cm2. We acquired SWCNT fluorescence at 20 to 35 positions on an x–y grid 

with the probe lowered to make contact with the specimen surface at each position. Then 

signals were recorded with the APD detector for 2 s through each of the two spectral filters. 

After correction for dark counts, the set of signals was analysed with the aid of attenuation 

coefficients (Fig. 4c) to deduce coordinates and intensities of the emission source(s). In this 

analysis, described in Supplementary Information, we minimized the sum of squared 

residuals (SSR) between experimental and modelled signals using the Simplex method.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Schematic diagram of the SWCNT optical scanner. Specimens such as mouse-shaped optical 

phantoms are placed on a transparent platform above a matrix of excitation LEDs. SWIR 

fluorescence emission from SWCNTs is sampled at the specimen top surface by an optical 

probe mounted on a three dimensional positioning system. Fluorescence passes through an 

optical fibre for detection either by a multichannel InGaAs spectrometer, or by an InGaAs 

avalanche photodiode behind a computer-controlled filter wheel. A computer running a 

custom LabVIEW program controls data acquisition and processing.
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Fig. 2. 
SWIR spectra (as power entering the optical fibre probe) measured with the same parameters 

using the apparatus shown in Fig. 1. The lowest (black) curve shows the instrumental 

background with no specimen. The middle (red) curve shows signals (including instrumental 

background) measured from a 10 mm thick tissue phantom containing no SWCNTs. 

Autofluorescence is evident here below 1100 nm. The upper (blue) curve was measured 

from a tissue phantom containing a small embedded SWCNT sample.
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Fig. 3. 
Wavelength-dependent attenuation of fluorescence from a planar SWCNT emission source. 

(a) SWCNT fluorescence spectra measured through 1 to 10 mm thicknesses of tissue 

phantoms (as labelled). (b) Normalized fluorescence intensity vs. phantom thickness for the 

five (n,m) emission peaks marked in (a), with points in each data set fit to the exponential 

relation I(λ,d) = Aplanar(λ) μ(λ) e−μ(λ) d. (c) Fluorescence attenuation spectra in tissue 

phantom and in pure water shown as optical density through a 1 cm path length. (d) 

Fluorescence attenuation spectrum through tissue phantom shown as the 10% penetration 

depth. The penetration depth measured for the 630 nm excitation wavelength is shown by 

the red circle.
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Fig. 4. 
Wavelength-dependent attenuation of fluorescence from SWCNT emission source through 

tissue phantoms. (a) Normalized fluorescence spectra from Fig. 3a, illustrating spectral 

shape changes with path length. The two shaded spectral regions are selected for APD 

acquisition by an 1120 nm band-pass filter and a 1200 nm long-pass filter. (b) Illustration of 

fluorescence collection geometry for two positions of the emission probe. For the position 

on the right, light travelling directly from the source falls outside the fibber’s collection cone 

but is sampled by diffuse scattering in a thin Teflon scatter plate. (c) Normalized intensity 

from a small spherical SWCNT source measured in the two spectral bands vs. SWCNT-

probe distance. The data were acquired by proving at various positions on the surfaces of 

tissue phantoms ranging in thickness from 1 to 10 mm. Solid lines show fits using the 

relation I(λ,d) = Aspherical(λ) μ2(λ) e−μ(λ) d/d. No dependence on angle θ was observed.

Lin et al. Page 16

Nanoscale. Author manuscript; available in PMC 2017 May 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 5. 
Spectral triangulation scheme and results. (a) Measured spectral shapes depend on probe 

position, reflecting different average path lengths from source to probe through tissue. 

Analysis of spectral ratios from several probe positions gives coordinates of source. (b) 

Errors in the x- and y-coordinates deduced by spectral triangulation of an emission source at 

three different source depths. The separation between horizontal dashed lines indicates the 

diameter of the source, and error bars show standard deviations of replicate determinations. 

For each triangulation, twenty grid points were measured with 2 filters at each point and 2 s 

acquisitions, giving a total measurement time below 3 min including probe positioning. (c) 

Source depth coordinates deduced from spectral triangulation are plotted vs. actual depth. 

Dashed lines mark the boundaries of the source, and error bars show standard deviations.
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Fig. 6. 
Spectral triangulation of a localized SWCNT source in a mouse-shaped phantom. A side 

view of the setup is shown in the top left diagram. The SWCNT emission source was 

inserted between the lower surface of a mouse phantom and a 10 mm thick tissue phantom 

bottom plate. Data acquisition was performed with the probe at locations marked by red dots 

on the contour plot representing the mouse phantom ventral surface. Colours on the plot 

code for SWCNT fluorescence intensities predicted from the deduced source position.
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Fig. 7. 
Spectral triangulation of two SWCNT sources separated along the x-axis. (a) Slightly 

elongated contour plot of fluorescence intensities at the surface, as predicted from spectrally 

triangulated SWCNT source positions (purple dots). Dot diameters indicate relative 

fluorescence intensities of the sources. (b) Sum of squared residuals (SSR) in fits to 

measured set of intensities vs. the fitting parameter of SWCNT source separation. Other 

parameters including source y- and z-coordinates and intensities were floated during the fits. 

The minimum in SSR is found for a deduced source separation of 5.47 mm.
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