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Abstract

This study demonstrates the use of diffuse optical spectroscopy (DOS) for the noninvasive
measurement of gold nanoshell concentrations in tumors of live mice. We measured the diffuse
optical spectra (500-800 nm) using an optical fiber probe placed in contact with the tissue surface.
We performed /n vitro studies on tissue phantoms illustrating an accurate measurement of gold—
silica nanoshell concentration within 12.6% of the known concentration. /n vivo studies were
performed on a mouse xenograft tumor model. DOS spectra were measured at preinjection,
immediately postinjection, 1 and 24 h postinjection times, and the nanoshell concentrations were
verified using neutron activation analysis.
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Introduction

GOLD nanoshells have recently been demonstrated for use in a new type of laser-induced
thermal therapy of tumors [1], [2] and cancerous cell lines [3]. Gold nanoshells are
biologically inert and optically tunable nanoparticles composed of silica cores coated with
an ultrathin gold layer [4]. The optical properties can be tuned by varying the relative size of
the core and the thickness of the shell. In particular, these particles can be designed to absorb
near-infrared light, and when irradiated by a laser, provide an exogenous vehicle to convert
optical energy into heat. In addition, the particles passively extravasate through the leaky and
aberrant blood vessels within tumors, a process known as the enhanced permeability and
retention (EPR) effect [5]. Thus, intravenous administration of gold nanoshells leads to
nanoparticle accumulation within the tumor, and the illumination of these areas with near-
infrared light leads to hyperthermia [2].

The optimum lethal dose is achieved when nanoparticles accumulate with maximum affinity
to the tumor site. While targeting of macromolecular anticancer drugs has been studied in
great detail, less is known about the dynamics of EPR for metal nanoparticles in vivo
primarily due to the lack of techniques to noninvasively monitor them in a tissue. For
example, the current standard method to measure gold nanoshell concentrations in tissue is
neutron activation analysis (NAA) [6]. This method requires tissue excision, dehydration,
and irradiation within a nuclear reactor. While extremely sensitive, this method is invasive,
and thus, does not allow for longitudinal monitoring of metal nanoparticles in living
systems.

Therefore, we have developed a noninvasive optical technique [diffuse optical spectroscopy
(DOS)] for monitoring gold nanoshell concentrations in bulk tissue. The goal of this study
was to demonstrate the use of DOS to measure gold nanoshell concentration in tumors of
live mice. Our approach involved the testing of the optical spectroscopic system /n vitro
(tissue phantoms) and /n vivo (small animal model).

Various DOS measurements have been used /7 vivoto quantify the hemoglobin
concentration and blood oxygen saturation, the amount of scattering (i.e., the reduced
scattering coefficient), water content, and melanin [7]-[9]. As nanoshells are optical devices
with specific reflectance spectra [10], DOS also enables /n vivo measurement of gold
nanoshell concentrations. In DOS, light is delivered to and collected from tissue via an
optical fiber probe, allowing specificity of the area interrogated as well as ease of use.
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[I. Materials and Methods
A. DOS System

Fig. 1 illustrates the DOS system consisting of three main components: light source (LS-1
Tungsten Halogen lamp, Ocean Optics), optical fiber probe (custom built prototype), and
spectrometer (USB4000, Ocean Optics). The tungsten halogen lamp was connected to the
optical probe through a Subminiature version A (SMA) connector. The sample was
illuminated with one optical fiber (the source fiber), and the reflected light was collected
with a separate optical fiber (the detector fiber) that was 2.15 mm from the source fiber. The
detector fiber was coupled to the spectrometer, and the reflectance spectrum was collected
over a wavelength range of 500-800 nm. Each reflectance spectrum was collected in a
fraction of a second. Prior to spectral analysis, recorded signals were corrected for system
response. We subtracted the detector dark current and normalized the sample reflectance by
the reflectance of a Lambertian reflector (Spectralon, Labsphere, Inc.; 20% reflector).

B. Diffusion Model

We measured diffuse reflectance using an optical fiber probe with the geometry described
before. The source fiber delivers light to the tissue surface where the light enters the tissue
and undergoes multiple scattering events. Part of this light is absorbed, while the remaining
light exits the tissue surface as diffuse reflectance. The detector fiber, also in contact with the
tissue surface, collects part of this emerging diffuse reflectance, while light not incident on
the detector fiber exits the tissue undetected. The collected diffuse reflectance depends on
the tissue optical properties and the geometry of the optical fiber probe.

To model the diffuse reflectance, we employed the steady-state spatially resolved diffusion
approximation described by Farrell et al. [11]. This model describes the diffuse reflectance
at a distance rfrom the point of incidence as a function of two parameters: the reduced
scattering coefficient u'4(1) and the absorption coefficient g, (1) (A is the wavelength of

light). Assuming a narrow beam of light incident on the surface of a semi-infinite medium,
Farrell et al. obtained the following analytical solution for the diffuse reflectance in the
diffusion approximation [11]:
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The parameter A depends on the refractive index of the medium and is assumed to be 3.2 for
the tissue [11]. This model assumes the biological tissue to have homogeneous optical
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properties. Therefore, optical properties represent volumetric averages over the sampling
volume of the probe.

We constrained the reduced scattering coefficient to the following form:

o) =G4 @

where A is the wavelength in nanometers, A¢ = 630 nm, and B is the power law slope that is
related to the average size of scatterers [12].

We assumed that absorption within the 500-800 nm spectral region was due only to oxy-
and deoxy-hemoglobin and gold nanoshells. Therefore, we expressed the absorption
coefficient /1, as a linear combination of the nanoshell and blood absorption coefficients,

Hans and £i Blood, respectively:
Ha = HaNS + Ma Blood = ENSONS + Chb(@0Hb0, + (1 — @)opp) ®)

where ¢ys is the nanoshell concentration, ¢y, is the total hemoglobin (Hb) concentration,
ons is the nanoshell absorption cross section, a is the O, saturation, oyy0, is the absorption

cross section of oxygenated Hb, and ony, is the absorption cross section of deoxygenated Hb.
We applied a nonlinear constrained optimization fitting algorithm (Optimization Toolbox,
MatLab, Mathworks) to extract five fit parameters: cqp, tns, @, B, and u'y(Ag). The
constraints for the fit parameters were chosen to include the expected physiologically
relevant range (Gup : 0-25.0; cns : 0-3 x 10%; @ : 0-1.0; B: 0-2; u's(40): 0.5 — 25.0.

C. Tissue Phantoms

The goal of the tissue phantom study was to determine the accuracy of DOS to detect gold
nanoshells under physiologically relevant values of scattering and absorption. Tissue
phantoms allowed for a controlled system with a priori knowledge of the quantities of
scatters and absorbers. The tissue phantoms were fabricated from 10% intralipid

(u's = 1mm~1), without and with (3 mg/mL) Hb and varying nanoshell concentrations (1.03

x 108-15.4 x 108 particle/mL) obtained from Nanospectra Biosciences, Inc. These “known”
nanoshell concentrations are estimated to be within 20% of the actual concentration and
represent the physiological range shown to accumulate in murine tumors [6], [13].

D. Gold-Silica Nanoshells

Gold-silica nanoshells were synthesized using the seed-mediated method. Colloidal silica
(120 nm diameter) was used as the core of the particle (Precision Colloids). Very small gold
colloid (1-3 nm) was grown by using the method of Duff et a/. [14]. This colloid was aged
for 2 weeks at 4 C. Aminated silica particles were then added to the gold colloid suspension
[15]. Gold colloid adsorbs to the amine groups on the silica surface, resulting in a silica
particle covered with gold colloid as nucleating sites. Gold-silica nanoshells were then
grown by reacting HAuUCI, with the silica—colloid particles in the presence of formaldehyde.
This process reduces additional gold onto the adsorbed colloid, which act as nucleation sites,
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causing the surface colloid to grow and coalesce with neighboring colloid, forming a
complete metal shell. Particle formation was assessed using a UV-Vis spectrophotometer.
Fig. 2 illustrates the extinction spectrum of the particles used in this study. Particles for this
study were designed to have a 120-nm-core-diameter and a 14-nm-thick shell resulting in an
absorption peak between 780 and 800 nm. For passive targeting, a Thiolated Polyethylene
glycol (SH-PEG) (Laysan Bio, Huntsville, AL) is assembled onto nanoshell surfaces by
combining 5 £M SH-PEG and 1.5 x 1010 particles/mL in deionized water (3.2 x 10° SH-
PEG molecules/particle) for 12 h, followed by diafiltration to remove the excess SH-PEG.
Before injection, nanoshells were suspended in 10% trehalose solution to create an isosmotic
solution for injection.

E. Animal Model

The goal of the animal model was to demonstrate the feasibility of an /n vivo quantification
of nanoshells using DOS. Six-to eight-week-old Swiss athymic mice (7= 7) were
subcutaneously injected with rat C6-glioma cells (1 x 108cells/zL) on the right flank. Tumor
growth was monitored until the tumor diameters reached approximately 1 cm. All mice were
systemically administered nanoshells through the tail vein.

Preinjection DOS measurements were acquired from the tumor sites of all the animals prior
to the injection (tail vein) of nanoshells (8 x 108 nanoshells/g), and the subsequent DOS
were measured immediately postinjection, and at 1 and 24 h postinjection times. The distal
end of the optical fiber probe was placed in gentle contact with the skin surface near the
center of the tumor site. The nanoshell concentrations were estimated as in the tissue
phantoms. The DOS estimated nanoshell concentrations were compared with NAA of the
tissue samples extracted at the time points mentioned earlier. NAA is the “gold standard”
method for trace gold quantification in biological samples, with sensitivities down to 70 pg
[6]. NAA requires extraction of the whole tumor-containing gold nanoshells for accurate
measurement. The tissues were dehydrated completely before irradiating them inside the
reactor. The concentrations of nanoshells were calculated based on the half-life of the metal
particles according to James et al. [6].

Results and Discussion

A. Tissue Phantoms

Fig. 3(a) illustrates the reflectance of tissue phantoms with Hb and various concentrations of
nanoshells. The dips in the reflectance at 540 and 570 nm are due to the absorption by the Q-
bands of Hb [16], [17]. The phantom without nanoshells resulted in the highest overall
reflectance spectrum. As the nanoshell concentration increased, the measured reflectance
spectra decreased monotonically. This trend was also observed in the tissue phantoms
without Hb (data not shown).

Experimental reflectance data were fit with the diffusion model to determine the measured
concentrations of the metal nanoshells in the tissue phantoms. The measured versus known
nanoshell concentrations are illustrated in Fig. 3(b). Also plotted is the “45°” line to
represent the ideal relationship between the measured and known concentrations. These
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functions demonstrate the ability of DOS to extract nanoshell concentrations within the
physiologically relevant range. The error in estimating nanoshell concentrations in tissue
phantoms was between 0.05-12.6% and 3.0-10.3% with and without Hb, respectively. The
error in estimating Hb concentrations and O, saturations in these tissue phantoms varied
from 15.8% to 37.5% and 21.1% to 47.3%, respectively. Our current algorithm prioritized
the weighting for fitting nanoshell concentration over the other fit parameters. The errors in
estimating the Hb concentrations and O, saturations may be improved through further
development of the inverse algorithm.

The detection range of the nanoshell concentration in tissue depends on the distance between
the source and detector fibers. The sampled optical path length increases as the source—
detector distance increases, and thus, the upper concentration limit can be adjusted. For our
experiment with a source detector separation of 2.15 mm, we were able to detect
concentrations up to 15.4 x 108 particles/mL. This upper limit could be increased by moving
the source and detector fibers closer.

B. Animal Model

Fig. 4(a) illustrates the reflectance measurements from a tumor site at the four time points
for a single animal. The reflectance of the preinjection measurement had the highest overall
reflectance with the immediately postinjection reflectance measurement slightly less.
However, for this animal, the 1 h reflectance measurement had the lowest reflectance
intensity while the 24 h reflectance was slightly higher. These large changes in the diffuse
reflectance, especially in the near infrared region, indicate the sensitivity of DOS to measure
dynamic changes in tumor nanoshell concentrations over time.

The corresponding /n vivo measured nanoparticle concentrations are shown in Fig. 4(b) with
the highest concentration of nanoshells occurring at 1 h postinjection. Previous
biodistribution studies have shown that nanoshells have a circulatory half life just under 4 h
[6]. As DOS samples nanoshells in both the blood and the tumor, the decrease in nanoshells
observed from 1 to 24 h is most likely due to nanoshell clearance from the blood. These data
demonstrate the dynamic nature of nanoshell accumulation within the tumor site of a single
animal.

Fig. 5 illustrates the correlation between the NAA and DOS methods for measuring
nanoshell concentration for all specimens (7= 7). The tumor tissue samples from three
murine specimens were collected 1 h after the nanoshell injection, and subsequently,
processed for NAA. The tumor tissue samples were collected from the rest of the four
murine specimens at 24 h after the nanoshell injection, and subsequently, processed for
NAA. The differences between the DOS and NAA methods for measuring the 1 and 24 h
post-1V-injection nanoshell concentrations were between 0.6%-7.0% and 1.5%-20.3%,
respectively. We note that generally DOS agreed with NAA within 10% with the exception
of one specimen, as indicated in Fig. 5. This agreement between NAA and DOS indicates
the highly sensitive nature of DOS for measuring nanoshell concentrations in tissue. While
NAA requires several weeks for tissue processing, DOS provides immediate results.
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These data also demonstrate considerable overlap in the nanoshell accumulation in the tumor
between the 1 and 24 h time points. It has been shown in the past using NAA that shells
accumulate steadily for 12-24 h [6]. The large overlap shown in our data may be the result
of varying tumor sizes, errors in Intravenous (V) injection efficiencies, or potentially large
amounts of nanoshell-doped blood in the tissue samples. Nevertheless, the DOS
measurements shown here agree well with the standard NAA method.

V. Conclusion

These /n vitroand in vivo studies demonstrate the sensitivity of DOS to measure nanoshell
concentrations within the tissue phantoms and tumaors of live mice. Tissue phantom
measurements demonstrated the ability of DOS to extract nanoshell concentrations within
the physiologically relevant range. The accuracy of the DOS measurement in the tissue
phantom was within 12.6%. /n vivo measurements demonstrated the sensitivity of DOS to
detect nanoshells present within the tumor at each of the time points, and these results
agreed with NAA within 20.3%. Both NAA and DOS measured nanoshell concentrations
revealed that nanoshell dosages were largely varied from specimen to specimen.

DOS represents a technique capable of real-time accurate determination of tissue
nanoparticle concentrations. While the spectra in this study were analyzed offline, DOS is
easily adaptable to a real-time analysis system. The total time for data collection was a
fraction of a second, and spectral fitting required less than a second as well. Therefore, one
could utilize DOS to monitor tumor nanoparticle concentrations longitudinally.

DOS opens new possibilities for studying the dynamics of nanoparticle accumulation in
tissue, for determining relative accumulation rates for active antibody-mediated targeting
versus passive EPR, and the effect of particle size and shape on ultimate biodistribution.
While these experiments were carried out using gold nanoshells, this method can be
extended to other metal nanoparticles such as gold nanospheres and nanorods. In addition,
because DOS measures tissue physiology (i.e., blood content and O saturation), it can be
used to simultaneously monitor tumor physiology and treatment response during
photothermal therapy.
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Schematic representation of the DOS system.

IEEE J Sel Top Quantum Electron. Author manuscript; available in PMC 2021 April 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zaman et al. Page 13

0.4

O O
N w

Optical Density (a.u.)
=

0.35 0.45 0.55 0.65 0.75 0.85
Wavelength (um)

Fig. 2.
Extinction spectrum of gold/silica nanoshells used for this study. The particles had a core

radius of 60 nm with a shell thickness of 14 nm.
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Fig. 3.

DgS measurements of gold nanoshells /n vitro. (a) DOS reflectance spectra and diffusion
theory model fits for tissue simulating phantoms with Hb and varying amounts of
nanoshells. (i) no nanoshells; (ii) 1.16 x 108 particles/mL; (iii) 6.10 x 108 particles/mL; (iv)
9.42 x 108 particles/mL; (v) 12.03 x 108 particles/mL; (vi) 15.23 x 108 particles/mL. (b)
DOS measured nanoshell concentrations compared to known nanoshell concentrations in
tissue phantoms both with (squares) and without (diamonds) Hb. Error bars were calculated
using the /1/2 goodness of fit.
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Fig. 4.
DOS measurements of gold nanoshells /n vivo. (a) DOS reflectance spectra and diffusion

theory model fits for mouse tumor with gold nanoshells at four time points: (i) preinjection;
(ii) immediately postinjection; (iii) 1 h post-1V-injection; (iv) 24 h post-1V-injection. (b) /n
vivo gold nanoshell concentrations at various post-1V-injection time points. Error bars are
calculated using /1/2 goodness of fit. All values are statistically significant (o <0.1) (Tukey—
Kramer multicomparison test).
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Fig. 5.
DOS versus NAA nanoshell concentrations in tumor tissue from three mice at 1 h (squares)

and four mice at 24 h (diamonds) post-I1V-injection of nanoshell. Error bars were calculated
with y? goodness of fit.
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