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Abstract Plasmon-resonant gold nanorods (GNRs) are
demonstrated as strong absorption contrast agents for
optical coherence tomography (OCT). OCT imaging of
tissue phantoms doped with GNRs of different resonant
wavelengths and concentrations is studied. To utilize the
high absorption property of GNRs, a differential absorp-
tion OCT imaging is introduced to retrieve the absorption
information of GNRs from conventional backscattered
signals. It is shown that the contrast of the OCT image can
be enhanced significantly when the plasmon resonant
wavelength of the GNRs matches the central wavelength
of the OCT source.

Keywords optical coherence tomography (OCT), plas-
mon resonance, gold nanorod (GNR), differential absorption

1 Introduction

Optical coherence tomography (OCT) is a non-invasive
biomedical imaging technique that provides real-time
(superior to such as computed tomography) and depth-
resolved (superior to such as photoacoustic tomography)
structural images with reasonable penetration depth (about
2mm) and high spatial resolution (about 10 pm) [1].
Highly scattering microbubbles [2] and microspheres [3]
have been developed as contrast agents to enhance the
OCT signals for potential applications in such as specific
targeting of molecular markers [4].

Gold nanoparticles are especially appealing as OCT
contrast agents because they are less toxic [5], easier to
synthesize, and more cost-effective [6] compared with other
molecular markers such as fluorescent molecules and
quantum dots. Besides many other advantages, nanoparticles
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with small sizes (typically < 100 nm) like gold nanorods
(GNRs) with sharp spectral linewidths [7] (the spectral
response of gold nanoshells [8] is too broad, full width at
half maximum (FWHM) > 200 nm) and small sizes (much
smaller than some other nanoparticles, such as nanoshells
[8] or nanocages [9], etc.) are more desirable for spectro-
scopic OCT (SOCT) [10] as biomedical contrast agents.
The longitudinal plasmon resonances of GNRs can be
conveniently tuned (by adjusting their aspect ratio of
length to diameter) to cover a large range from 525 to more
than 1400nm [11,12], which are excellent working
wavelengths for OCT sources. Recently, GNRs have
been developed as contrast agents for OCT [13], and
gold nanoparticles are detected by photothermal methods
[14,15]. As contrast agents, however, most of these GNRs
are of highly scattering type, and they are difficult to
synthesize near infrared spectrum and must be used with a
large dosage (to get a high enough contrast) in highly
scattering medium like tissues. For smaller-size GNRs,
absorption contributes much more to the extinction loss
than scattering. For instance, the scattering magnitude is
less than 10% of the absorption for GNRs with effective
radius 7. = 11.43 nm and various aspect ratios (length-to-
diameter) [16]. These high-absorption GNRs are about five
times smaller (in volume) than highly scattering GNRs
[13] and more than 10 times smaller than gold nanoshells
[8]. Thus, they are easier to penetrate into tissues and
greater dosages can be allowed (if needed) [17] for in vivo
applications. These GNRs also have the potential for
photothermal therapy [18] due to their strong absorption.
Primarily, the depth-dependent OCT signal is dictated by
the tissue with optical backscattering and extinction
coefficients. However, when these high-absorption GNRs
are used to target molecular markers of interest, like some
specific tumors, it is difficult to clearly discriminate them
from the targeted part. To take advantage of the high
absorption of GNRs, a fundamental question is how to
retrieve the strong absorption information of GNRs. In this
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article, we use small-sized GNRs (effective radius < 13 nm)
as strong absorption contrast agents (instead of scattering
contrast agents) to greatly enhance the contrast of OCT
images. Furthermore, we introduce a mechanism called
differential absorption OCT imaging, to retrieve the
absorption information from conventional OCT signals.

2 Experiment and discussion

Cylindrical GNRs of various aspect ratios were synthe-
sized in a manner similar to that reported by El-Sayed et al.
[19]. Transmission electron microscope (TEM) images
were taken by a JEOL JEM-1200EX transmission electron
microscope for as-synthesized GNRs with a longitudinal
resonant peak at 945 nm [Fig. 1(a)] and 666 nm [Fig. 1(b)].
Absorption spectra of the obtained nanorods were
measured using ocean Optics S2000 miniature fiber optic
spectrometer and are shown in Fig. 1(c).
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A time-domain OCT system (shown in Fig. 2) was used
in our experiment. A super-luminescence diode (SLD)
centered at 1030 nm (with a bandwidth of about 80 nm)
was used as the light source and its maximum output
power was 5SmW. The axial in-focus and transverse
resolutions were 8 and 12 um, respectively.

To demonstrate the potential of GNRs as contrast agents,
we performed OCT imaging on a tissue phantom of
gelatin/TiO,/India ink [20]. Unlike intralipid suspensions,
a gelatin-based phantom allows for independent adjust-
ment of optical properties by adjusting the ratio of TiO,
and India ink amounts. Gelatin phantom with a back-
scattering coefficient u, of 12.5c¢cm™ and an absorption
coefficient u, of 0.6 cm™ was prepared by mixing 50 g
gelatin powder, 450 mL. water, 0.4 g TiO,, and 0.2 mL
India ink together.

Cross-sectional images of the tissue phantom doped
with different concentrations of GNRs were obtained, and
the influence of GNRs on the OCT imaging is shown in
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Fig. 1 TEM pictures of GNRs with longitudinal resonant peak at (a) 945 nm and (b) 666 nm (scale bars are 100 nm), and (c) extinction
spectra of these two GNRs samples [solid line: GNRs shown in (a); dashed line: GNRs shown in (b)]
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Fig. 2 Setup of time-domain OCT system
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Fig. 3(a). Herein the longitudinal resonant peak of GNRs is
at 945 nm, which matches well with the central wavelength
of the OCT light source. The concentrations of GNRs in
the phantom were 8 pmol/mL (Part 1), 5 pmol/mL (Part 2),
and 0 pmol/mL (Part 3), respectively. We use the following
expression for the total extinction coefficient et totar Of the
medium (assuming the independent scattering approxima-
tion [21] holds):

Hexttotal = (Ms,Ti0, + Ha,TiO, )fTiO,
+ (ts,GNRs + HaGNrs fonRss (1)

where fisrio, and p,rio, are the backscattering and
absorption coefficients of the phantom with TiO, only,
and usgNrs and u,onrs are the backscattering and
absorption coefficients of the GNRs, respectively; frio,
and fgnrs are the fractional volumes of TiO, and GNRs,
respectively.
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Fig. 3 (a) Cross-sectional OCT images of tissue phantom doped
with GNRs with resonance at 945 nm. Concentrations of GNRs in
different parts of phantom (from left to right) are: 8 pmol/mL (Part
1), 5Spmol/mL (Part 2), and 0O (Part 3); (b) cross-sectional OCT
images of tissue phantom doped with GNRs with resonance at 666

nm. Concentrations of GNRs are the same as those in (a), vertical
scale bars are 200 pm; (c) demodulated OCT intensities decay with
their best-fit lines (dashed lines) for different concentrations of
GNRs used in (a)

The demodulated OCT signal Soc is proportional to the
electric field magnitude scattered from the medium at a
depth of z below the surface of the phantom. It can be
written as [22]

SOCT (Z) = SO V Hbs (Z) eXp [_U’ext,total (Z)Z]h(z),

@
h(z) = 1/[1+ (z—2)*/(azo)’]'"%,

where S, is a system parameter determined by the
sensitivity of the OCT system; u4(z) is the 180 degree
backscattering coefficient [23], A(z) is the point spread
function describing the focusing effect of a Gaussian beam
(zr represents the focus position, zg is the Rayleigh range,
and a accounts for the influence of scattering in the
Rayleigh range). A typical backscattered intensity profile
and the corresponding fitting curve are shown in Fig. 3(c)
according to Eq. (2). The fitted gexiiorar are 1.285 mm'
(Part 3), 1.782mm™" (Part 2), and 2.196 mm' (Part 1),
respectively. It is clear that the demodulated OCT signals
decay faster (i.e., Hexttotar DECOme larger) when the
concentrations of GNRs increase, owing to the strong
absorption by GNRs according to Eq. (1). In Fig. 3(b),
however, unlike Fig. 3(a), the penetration depth does not
change much for different concentrations of GNRs with
resonance at 666 nm. This is because the resonant
wavelength of the GNRs used in Fig. 3(b) is outside the
spectral envelope of the OCT source, and consequently the
absorption effect is not obvious.

Next we used a two-layered tissue phantom as a sample.
Figure 4(a) shows conventional OCT signals of the
backscattering intensity inside the measured phantom.
The two layers are separated by a red solid line. The part
inside the square corresponds to the part of the phantom
doped with 2 pmol/mL concentration of GNRs resonant at
945 nm, and the rest part corresponds to the phantom part
without GNRs. It can be seen that the penetration depth of
the left part is less than that of the right part. However, if
the layer inside the square is very thin, we can hardly see
any difference between phantoms with and without GNRs,
because the measurement of backscattering alone does not
permit the discrimination of high-absorption GNRs.

To improve the contrast of the OCT image by taking
advantage of the strong absorption property of GNRs, we
introduce a contrast mechanism, differential absorption OCT
imaging. First, we gave a reference phantom which contains
the same material (but thicker) as the upper layer of the
measured phantom and then measured its fitted extinction
coefficient figy o r according to Eq. (2), and its result is
shown in Fig. 4(c). It then follows that the absorption signal
of each layer can be described as [cf. Eq. (2)]

A/j'ext,total (Z ) = Hext,phantom (Z ) — Mextref (Z )
__ 1 logSOCT (2)h(z))
zZ=2z Soct(21)h(z)
1 logSOCT,ref (2)h(z;)
2=z Soctrer(z)h(2)

1 Socr(z ,
= IOg OCT( ) — Mext0,ref»

z—z Socr(z)

where Aty oral(2) 1s the differential extinction coefficient
between the measured phantom [same as Fig. 4(a)] and the
reference phantom; ey phantom(2) and peyirer(z) are the
extinction coefficients of the measured phantom and the
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Fig. 4 Conventional OCT signals of two-layer phantom indica-
tive of (a) backscattered intensity (the two layers are separated in a
red solid line) and (b) differential absorption signal (the layer inside
the square of the image is phantom doped with GNRs resonant at
945 nm at a concentration of 2 pmol/mL, scale bars are 200 pm);
(c) demodulated OCT intensity decay with their best-fit lines
(dashed lines) of phantom with TiO, only

reference phantom, respectively; Soct(z) and Soctre(2)
are the demodulated OCT signals of the measured phantom
and the reference phantom, respectively; and z; is the depth
at the upper surface of the /th layer.

To eliminate the contribution from TiO,, we fix frjo, in
Eq. (1) the same value for all phantoms. Furthermore, as
the backscattering cross section of GNRs is several orders
of magnitude smaller than the absorption cross section, we
can ignore the contribution of scattering to the extinction
loss of GNREs. It then follows from Eq. (1) that Agtext total =
Mextphantom — Mextref ~ ,ua,GNRstNRs = A,ua,GNRSs where
the differential absorption magnitude Au, Gnrs(2) of GNRs
is proportional to the concentration (fgnrs) of GNRs in
phantom. As a result, we obtain the differential absorption
information Au,Gnrs(z) [Fig. 4(b)] from the scattering
image. Compared with Fig. 4(a), we can easily discrimi-
nate in Fig. 4(b) the part doped with GNRs from the rest
phantom. Considering the layer with GNRs as some sort of
pathological tissue whose scattering is almost the same as
the surrounding tissue but with much higher absorption,
we can still easily discriminate the part (even if this layer is
very thin) from the rest [Fig. 4(b)], much better than the
conventional OCT scattering image [Fig. 4(a)].

3 Conclusion

In summary, we experimentally demonstrated GNRs as
strong absorption contrast agents in an OCT system. The
major features of the GNRs attractive for OCT imaging are
their less toxicity, strong absorption, the large tunable
range of their longitudinal plasmon resonances, and sharp
optical resonance spectrum compared with other molecular
markers. We obtained significant enhancement of contrast
with GNRs resonant at a wavelength within the spectral
bandwidth of the OCT source. GNRs resonant at a
wavelength outside the spectral envelope contribute little
to the OCT signal. This result may be useful in multi-
spectral OCT of molecular imaging using spectrally
differential methods [24], where contributions of GNRs
resonant at various wavelengths can be resolved and GNRs
can be targeted to various markers of interest. Furthermore,
we have shown that large absorption GNRs can be used in
OCT system as absorption contrast agents. We identified a
new contrast mechanism (differential-absorption OCT
imaging) for OCT imaging based on the strong absorption
of GNRs. It can retrieve the absorption information from
conventional scattering information of OCT. By this
mechanism, we obtain both absorption and scattering
information, which can explore better the potential of OCT
imaging for some pathological tissues. It is especially
useful to discriminate objects doped with GNRs which
give pretty small scattering but high absorption. For
instance, if we target GNRs to some pathological tissues
whose scatterings are almost the same as the surrounding
tissues, we can use the present differential absorption
method to detect the location and even shape of these
tissues. For most tissues that are highly scattered but
weakly absorptive medium, this mechanism can be used
with small dosages of high-absorption GNRs as contrast
agents.
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