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We propose the use of branched gold nanoparticles (B-GNPs) as a contrast agent for optical coherence tomography (OCT)
imaging. Our results show that even when the central source of our OCT (1325 nm) is too far from the maximum peak of the
plasmon resonance, branched nanoparticles scatter light very efficiently at this wavelength. B-GNPs were tested as a contrast
agent in water and agarose-TiO2 tissue phantoms; the estimated increments in contrast were 9.19 dB and 15.07 dB for branched
nanoparticles in water with concentrations of 2.2× 109 NPs/mL and 6.6× 109 NPs/mL, respectively, while for agarose-TiO2 tissue
phantoms the estimated value was 3.17 dB. These results show the promising application of B-GNPs as a contrast agent for tissue
imaging using OCT, not only for sources at 1325 nm but also at other central wavelengths located between 800 and 1000 nm.

1. Introduction

Different endogenous materials have been investigated as
contrast agents in optical coherence tomography imaging
of tissue structure [1–5]; however, they are very expensive,
exhibit low photostability values, introduce poor contrast
enhancement, and are difficult to tune in the NIR region. In
the last decade, new materials, such as metallic and polymeric
nanoparticles (NPs), have been designed to have very inter-
esting optical properties [6–8], but few have been explored as
contrast agents [9–14]. Metallic NPs have many advantages
over dyes and polymeric nanomaterials; they show high pho-
tostability and their plasmon band is easily tuned from visible
to NIR by controlling their size and morphology [15–17].
The electric field near the nanoparticle surface can be highly
amplified by the plasmon resonance, which is principally
used in surface-enhanced Raman scattering (SERS). Reso-
nant excitation of plasmons also contributes to the strong
sensitivity of plasmon resonance to the local dielectric
environment, which is exploited in localized surface plasmon
resonance (LSPR) sensing [18]. Nonlinear optical effects are

also present, such as second harmonic generation (SHG)
[19, 20]. Additionally, gold NPs are biocompatible and non-
toxic, and they can be functionalized to target specific bio-
markers of tissue and cells [21–23].

Nanoparticles of different morphologies, such as nano-
spheres, nanocages, or nanorods, have been used to increase
the contrast of OCT images; however, the reports show that
those geometries and sizes do not significantly improve con-
trast when the central wavelength of the OCT does not per-
fectly match the plasmon band of NPs. For example, Agrawal
et al. [24] tested core/shell NPs of silica/gold with different
sizes of core and shell; their NPs were tested in water and
turbid tissue phantoms, getting the maximum enhancement
for those NPs with a core of 291 nm and a shell of 25 nm
(1.0× 109 nanoshells/mL) for an OCT system with a central
wavelength at 1300 nm. Cang et al. [12] fabricated gold nano-
cages of 35 nm with a plasmon band located at 716 nm,
which match the spectrum of their OCT system; they tested
the nanocages in a gelatin phantom embedded with TiO2,
and the tissue phantom was well contrasted due to strong
light absorption by the nanocages. Another interesting work
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was reported by Troutman et al. [11], who used gold nano-
rods of 80 and 120 nm in length with longitudinal plasmon
bands located at 750 and 912 nm, respectively, they tested the
gold nanorods in polyacrylamide tissue phantoms embedded
with polystyrene nanospheres, and found that nanorods,
which match the central wavelength of the OCT (890 nm),
allow getting maximum enhancement of backscattered light,
although out of this wavelength, enhancement is very low.

Recently, new exotic morphologies of metallic NPs have
been synthesized; particularly those with tips, such as nanos-
tars or branched nanoparticles [26–28], concave nanocubes
[29], or nanoflowers [30]. These intricate morphologies
exhibit strong light scattering at longer wavelengths (NIR)
and have relatively small sizes. New synthesis methodologies
open the viability of producing them with high reproducibil-
ity, thus making them suitable as contrast agents for OCT
imaging.

To our knowledge, this is the first time that B-GNPs are
reported to be used as a contrast agent for OCT imaging.
Here, we present some results of the evaluation of B-GNPs
in water and turbid tissue phantoms of agarose with TiO2.
Our results show several advantages of the B-GNPs over
those previously reported: our nanoparticles are smaller, and
the plasmon band is easily tuned in the NIR. The Vis-NIR
extinction spectra shows that B-GNPs still scatter light very
efficiently at 1325 nm, enhancing the contrast of the OCT
images, and could be used for different central wavelengths.

2. Experimental Section

2.1. Synthesis of Nanoparticles

2.1.1. Branched Gold Nanoparticles. B-GNPs were fabricated
following a process that is slightly different to the typical
synthesis of concave gold nanocubes [29]. Before initiating
the synthesis, all glassware was cleaned in aqua regia and
rinsed with plenty of water. First, a cetyltrimethylammonium
chloride (CTAC) solution of 10 mL at 0.1 M was prepared, to
which, once it was well dissolved in Millipore water, 250 µL
of HAuCl4 (0.01 M) and 600 µL of freshly solution of NaBH4

(0.01 M, prepared in an ice bath) were added; the colloid
was prepared under continuous magnetic stirring. After
NaBH4 was added, the solution took a pale brown color. We
continued the stirring for a couple of minutes, and then the
colloid was left to stand for three hours. According to the
transmission electron microscopy (TEM) images, the seed
colloid consisted of spherical particles with a mean size of
4 ± 0.8 nm and with a typical concentration of ≈7.2 × 1013

NPs/mL; see Table 1 for more details.
Once the gold seeds were ready, branched nanoparticles

were prepared in the following way: solutions of 10 mL
CTAC (0.1 M) were prepared under magnetic stirring, and,
successively, 500 µL of HAuCl4 (0.01 M), 100 µL of AgNO3

(0.01 M), 200 µL of HCl (1 M), and 100 µL of ascorbic
acid (0.1 M) were added. Finally, to initiate the growth of
branched nanoparticles, 10 µL of diluted seeds at a rate of
1 : 100 in CTAC (0.1 M) were added. Magnetic stirring con-

tinued for 90 more minutes, and then the solution was left to
stand undisturbed overnight.

2.1.2. Gold Nanospheres. Gold nanospheres were prepared
following the Turkevich method reported elsewhere [31].
In a typical synthesis, 20 mL of water and 40 µL of HAuCl4
(0.25 M) were added to a glass flask of 50 mL. The solution
was heated to boiling point; then 300 µL of sodium citrate
at 1% were added under continuous magnetic stirring. The
solution changed from being transparent to violet, and
finally it became ruby red.

2.1.3. Gold Nanorods. Gold nanorods were prepared using a
seed-mediated method [32, 33]. First, the growth solution
was prepared as follows: 5 mL of CTAB (0.2 M), 5 mL of
HAuCl4 (0.5 mM), and 600 µL of NaBH4 (0.01 M) were
mixed to get the growth solution, which was used as seeds
within 1-2 hours after preparation; once the seeds were ready,
we proceeded to prepare the gold nanorods. In a typical syn-
thesis procedure, 10 mL of CTAB (0.2 M) and 10 mL of
HAuCl4 (0.5 mM) were added to a 50 mL glass flask, all under
magnetic stirring; then, 220 µL of AgNO3 (1 mM) and 95 µL
of ascorbic acid (0.1 M) were added to get a transparent
solution. Finally, 12 µL of the seed solution were added. Mag-
netic stirring continued for five more minutes, and, then, the
solution remained undisturbed overnight.

2.2. Vis-NIR Spectroscopy and TEM Analysis. The B-GNPs,
nanospheres, and nanorods that were obtained were analyzed
by means of Vis-NIR spectroscopy and transmission electron
microscopy. Extinction spectra of the colloids were acquired
using a Perkin Elmer lambda 900 spectrometer, with a
spectral resolution of ±0.08 nm for UV/Vis and ±0.30 nm
for NIR. The top graph of Figure 1 shows the Vis-NIR
optical extinction spectrum of B-GNPs recorded with a con-
centration of ≈6.6 × 109 NPs/mL; the spectrum is repre-
sented by the continuous line. The maximum peak of the
extinction spectrum is located at 765 nm, but a deconvolu-
tion analysis shows that it can be described by four Gaussian
peaks represented by the symbols �, �, + and ◦ (see
Figure 1). The first peak (�) is located at 555 nm and
corresponds to the size of the core of the B-GNPs, while the
other three peaks may correspond to the plasmon hybridiza-
tion of the tips with the core [18]. In fact, the last two peaks
are located in the NIR, and the central wavelength of the
source of the OCT is close to resonance with the last peak at
1198 nm. The bottom graph of Figure 1 shows the absorption
spectra corresponding to nanospheres (continuous line) and
nanorods (dotted line); the maximum absorption peak for
nanospheres is located at 570 nm, while the absorption peaks
for nanorods are, respectively, located at 519 and 764 nm for
the transversal and longitudinal plasmon bands.

Several authors, like Kumar et al. [34] and Trigari et al.
[35], have reported the modeling of gold nanostars with
tunable morphology. NPs with large tips display a significant
shift of the plasmon band to the NIR region.

For our case, the mean size and the geometrical shape
of B-GNPs, nanospheres, and nanorods were determined by



Journal of Nanomaterials 3

0.3

0.6

0.9

1.2

1.5

1.8

2.1
A

bs
or

ba
n

ce

B-GNPs
First peak of Gaussian
deconvolution

Third peak of Gaussian
deconvolution

Fourth Peak of Gaussian
deconvolutionSecond peak of Gaussian

deconvolution Sum of the first
two Gaussian peaks

555

765

747

958
1198 1325

Wavelength (nm)

600 750 900 1050 1200 1350

(a)

0

0.2

0.4

0.6

0.8

1

A
bs

or
ba

n
ce

Nanospheres
Nanorods

519

570
764

Wavelength (nm)

600 750 900 1050 1200 1350

(b)

Figure 1: (a) corresponds to the absorption spectrum of B-GNPs and their Gaussian deconvolution. The continuous line corresponds to
the Vis-NIR extinction spectrum of branched gold nanoparticles, while the next four curves correspond to the Gaussian deconvolution. The
last curve represented by� symbols corresponds to the sum of peaks one and two (� and �). (b) corresponds to the absorption spectra of
nanospheres and nanorods.

Table 1: Summary of gold seeds and B-GNPs.

Seed concentration
(no. of seeds/mL)

Mean core size of B-GNPs
(nm)

Mean tip length of B-GNPs
(nm)

Concentrationa (no. of B-GNPs/mL)

7.2× 1013 78± 13 40± 15 6.6× 109

a
NP concentration was calculated in a manner similar to that in reference [25].

TEM (Philips, MORGAGNI 268); Figure 2 shows the chara-
cteristic TEM images of branched NPs, nanospheres, and
nanorods. After a careful analysis carried out in several TEM
images using the ImageJ software 1.42q (Wayne Rasband
National Institutes of Health, USA), for B-GNPs we mea-
sured a mean core size of 78± 13 nm and a mean length size
of 40±15 nm for their tips; nonetheless, it is possible to find a
few B-GNPs with tips of 120 nm of length. For nanospheres,
the mean diameter was 64 ± 12 nm, and for nanorods the
mean length and diameter were 44 ± 5 nm and 11 ± 1 nm,
respectively. Additional information related to the seeds and
B-GNPs is shown in Table 1.

2.3. Gel Samples Preparation and OCT System. To evaluate
the efficiency of B-GNPs as a contrast agent for OCT imag-
ing, our NPs were tested in water and agarose-TiO2 tissue
phantoms. Agarose-TiO2 phantoms were prepared in the fol-
lowing way: 0.1 g of agarose and 10 mg of TiO2 were added to
10 mL of water at boiling point, all under magnetic stirring.
Previously, 20 µL of concentrated NPs had been obtained
from the centrifugation (1500 rpm, 10 min) of 1.5 mL of NPs
solution; the NPs were then sonicated for ten minutes, and,
afterwards, 30 µL of agarose gel were added. A three-layer

phantom was prepared as follows: first, one layer was pre-
pared with agarose-TiO2 solution; after that layer gelled, the
agarose solution with NPs (1.9 × 1011 NPs/mL) was poured
over it, and, finally, the solution of agarose-TiO2 was poured
to form the last layer. The tissue phantom was analyzed with
a Swept Source Optical Coherence Tomography Imaging
System (Thorlabs OCS1300SS) at a central wavelength of
1325 nm, with a spectral bandwidth of 100 nm.

3. Results and Discussion

B-GNPs were studied as a contrast agent for OCT imaging
in water and agarose-TiO2 tissue phantom. To show the
efficiency of our B-GNPs, we compared them with other
morphologies, such as nanorods and nanospheres. Figure 3
shows the OCT B-scan images corresponding to water
samples with nanospheres, nanorods, and B-GNPs, while
Figure 4 shows the OCT B-scan image of the agarose-TiO2

tissue phantom with B-GNPs; in both cases, the air-water
and air-phantom interfaces can be identified because the
border of the interface looks very bright at the top of each
image. Also, for all water images, a white line, a little below
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Figure 2: TEM images of (a) B-GNPs with mean core diameter of 78 ± 13 nm and mean tip length of 40 ± 15 nm, (b) nanospheres with
mean diameter of 64± 12 nm, and (c) nanorods with mean length and diameter of 44± 5 and 11± 1 nm, respectively.

the interface, was drawn as reference for future calculations
of the average A-scan profiles and for quantitative contrast
enhancement calculations.

Figure 3(a) shows the OCT B-scan image for the case
of Millipore water (18.2 MΩcm and <10 ppb total organic
carbon). The OCT image of water is poorly contrasted due
to the low intensity of the scattered light; it is difficult to
appreciate any bright spot from water molecules, and except-
ing the interface, the image is almost totally black. Something
similar happens in the case of nanorods (2.1× 1012 NPs/mL)
(see Figure 3(b)): contrast is very poor, except for a few bright
spots which can be attributed to big nanoparticles. On the
other hand, in the case of nanospheres (see Figure 3(c)), con-
trast is notably improved, but it still shows weak contrast
enhancement of the image, in spite of the concentration of
nanospheres (3.7 × 1010 NPs/mL) being higher than that of
the diluted B-GNPs. These results can be explained from
the absorption spectra of nanorods and nanospheres; optical
extinction around 1325 nm is almost zero, so we cannot
expect high contrast enhancement due to low scattering
intensity. However, for B-GNPs prepared at a concentration
of ≈ 2.2 × 109 NPs/mL, the intensity due to scattering
becomes very strong (see Figure 3(d)). The cross-sectional

image of water with B-GNPs shows spots of similar sizes
but with significant differences in intensity. These changes in
intensity mean that some of these particles scatter light more
efficiently at the central wavelength of the OCT source. In
theory, each spot corresponds to one nanoparticle, although
we do not discard the possibility of a low degree of aggrega-
tion which also produces a very efficient process of scattering.
As a matter of fact, we expect that the brightest spots
correspond to B-GNPs with larger tips. In fact, OCT images
of water with B-GNPs were acquired with a concentration
of 6.6× 109 NPs/mL (see Figure 3(e)), but this time we could
not see the isolated spots corresponding to each nanoparticle,
and we only appreciate a bright continuous background, due
to the high concentration of NPs. The characteristic mean A-
scan was calculated averaging a total of 512 A-scans for the
different cases: water without NPs, nanospheres in water,
nanorods in water, and diluted and nondiluted B-GNPs in
water (see Figure 3(f)). Again, from these profiles, we can
more clearly see the high efficiency of B-GNPs to enhance
the contrast of OCT images. The profile corresponding to
water is very flat, as is the nanorods profile, while the profile
for nanospheres has a similar intensity of diluted B-GNPs,



Journal of Nanomaterials 5

(a) (b) (c)

(d) (e)

0

10

20

30

40

50

60

70

80

90

100

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Depth (mm)

In
te

n
si

ty

Water
Nanorods Nanospheres

Diluted B-GNPs

B-GNPs

(f)

Figure 3: OCT B-scan images of (a) water without NPs, (b) nanorods in water, (c) nanospheres in water, (d) diluted B-GNPs in water, (e)
B-GNPs in water, and (f) average A-scan profiles of the water samples. Water without NPs is represented by the black continuous line, nano-
rods in water by the light gray continuous line, nanospheres in water by •, diluted B-GNPs by ♦, and B-GNPs by the gray continuous line.

showing that B-GNPs are more efficient than nanospheres to
enhance the contrast of OCT images. On the other hand, B-
GNPs without dilution show a very high intensity increment
in comparison with the other nanoparticles; indeed, the

reflected light intensity at 0.2 mm of depth is around four
times higher than that for nanospheres.

The main goal of the present work is to show the useful-
ness of the B-GNPs as a contrast agent for tissue analysis
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Figure 4: (a) Characteristic OCT B-scan image of tissue phantom with and without B-GNPs. (b) OCT B-scan image of tissue phantom
showing the corresponding zones used to calculate contrast enhancement (white squares). (c) Average A-scan of tissue phantom without
B-GNPs is represented by the dotted line, while average A-scan of tissue phantom with B-GNPs is represented by the continuous line.
Inset: zoom of the profile corresponding to the depth of the layer with nanoparticles (signaled by the arrow) showing the enhancement of
backscattered light.

(enhancing the contrast of OCT images of tissue layers); for
this reason, we analyzed the simulated turbid tissue phan-
toms of agarose-TiO2 with and without B-GNPs. Figure 4(a)
shows the OCT B-scan image of the turbid tissue phantom;
remember that our phantom was prepared with B-GNPs
(1.9×1011 NPs/mL) on the left, but without NPs on the right.

At the bottom of the right side of Figure 4(a), the OCT
image shows the tissue phantom without B-GNPs; the con-
trast of the image in this zone is very poor due to the fact that
the intensity of backscattered light is very low at this depth,
≈1.5 mm. On the other hand, at the bottom of the left side,
at the same depth, a thin bright layer can be noticed, which
corresponds to a thin layer of agarose with B-GNPs. The
arrows in Figure 4(b) show the location of the B-GNPs.

After careful visual inspection, it can be observed that
the OCT image displays significant variation in intensity
of backscattered light along the layer of B-GNPs, since the
upper layer of agarose-TiO2 on the left side is thinner than
on the right side; indeed, the left side shows the presence of
an air bubble in the phantom, and the air bubble sent the
NPs outside. Then, the NPs around the bubble show good
contrast enhancement when compared to the area inside the
bubble. Figure 4(c) shows the average profile of the tissue
phantom for both cases: the dotted line represents the phan-
tom without B-GNPs, while the continuous line represents
the profile of the phantom with branched NPs. The average
profile of the tissue phantom without B-GNPs shows a rela-
tively smooth curve. In fact, no abrupt changes of intensity
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Table 2: Summary of average pixel intensities and contrast enhancement values.

Sample Average pixel intensity Contrast enhancement (dB)

Water without NPs 1.30 —

B-GNPs in water 41.91 15.07

Diluted B-GNPs in water 10.81 9.19

Nanospheres in water 9.72 8.72

Nanorods in water 1.51 0.65

Gel with TiO2 with B-GNPs 0.91 3.17

Gel with TiO2 without B-GNPs 0.44 —

can be appreciated, as it was observed in the profile of
water with NPs, which means that the TiO2 in the phantom
was distributed very homogeneously. Also, it can be noticed
that the backscattering light decreases continuously as a
function of depth. A similar behavior is observed for the case
where B-GNPs were used, except at the depth of 1.52 mm,
where a sharp peak of backscattered light is observed. This
peak shows that even though our nanoparticles are smaller
than the TiO2 particles, they are more efficient at backscat-
tering light.

In order to get a more quantitative and reliable analysis
of the behavior of our B-GNPs, the quantification of the
contrast enhancement for OCT images was calculated using
the following equation 10 ∗log10 (average pixel intensity of
the area with NPs/average pixel intensity of the reference area)
[11]. In all cases (water with nanoparticles), we considered
an area of 2.00 mm × 1.98 mm for contrast enhancement
calculation; the area was selected just below the air-water
interface (white line), where our reference was a sample of
Millipore water. The estimated increments in contrast were
9.19 dB for diluted B-GNPs in water and 15.07 dB for nondi-
luted B-GNPs. As we have mentioned, a similar procedure
was carried out with the gold nanorods and nanospheres
at the concentrations given above; the results for contrast
enhancement were 0.65 and 8.72 dB, respectively. From
these results, we observed that even though nanorods show
the plasmon band at 764 nm, almost at the same position
of B-GNPs; contrast enhancement is very poor in this case.
On the other hand, gold nanospheres show good contrast
enhancement, almost the same that was obtained for diluted
B-GNPs nanoparticles; however, for nondiluted B-GNPs,
contrast enhancement is 1.7 times greater than that for nano-
spheres, which have a concentration (NPs/mL) one order of
magnitude greater than B-GNPs. These results mean that B-
GNPs work very well as a contrast agent in water, and that
their performance is better than the one seen in the other two
cases. Consequently, B-GNPs are the best option to use as a
contrast agent in tissue phantoms in order to produce good
optical contrast enhancement of OCT images.

Following a procedure similar to the one used with water
samples, the contrast enhancement of agarose-TiO2 tissue
phantoms with NPs was calculated. For this case, we selected
a rectangular area of 1.95 mm × 0.26 mm (see Figure 4(b));
the white square on the left corresponds to tissue phantom
with NPs, and the average pixel intensity of the area with NPs
was obtained from this square, while the white square on the

right corresponds to the tissue phantom without NPs, from
which we calculated the average pixel intensity of the ref-
erence area. The calculated contrast enhancement using the
above equation is equivalent to 3.17 dB. See Table 2 for more
details.

The present results show that the geometrical shape of
branched NPs, which tune the plasmon resonance band at
NIR, still enhances the backscattering light of the central
wavelength of the OCT at 1325 nm very efficiently. Addi-
tionally, the optical extinction spectrum predicts that B-
GNPs can be used as a contrast agent for OCT imaging with
central sources close to 800 and 900 nm, unlike core/shell,
nanocages, or nanorods, which generally match just one of
these central wavelength sources. The main reason is the
behavior of the spectral extinction of the B-GNPs; as it has
been shown, they exhibit three interesting peaks, located at
747, 958, and 1198 nm, that can be close to resonance with
different OCT sources.

4. Conclusions

To our knowledge, this is the first time that B-GNPs are
reported to be used as a contrast agent in OCT imaging. In
the present work, we have proposed the use of branched gold
NPs with a suitable mean core size of 78 nm and a mean tip
length of 40 nm; as it has been mentioned, they exhibit three
interesting peaks, located at 747, 958, and 1198 nm, that can
be close to resonance with different central sources used for
OCT imaging, yielding a very strong interaction with the
plasmon resonance and enhancing backscattered light,
unlike nanorods, which only match one central wavelength,
or nanospheres, which scatter light only if their size is big
(bulk effect).

Our B-GNPs were evaluated in water and agarose-TiO2

tissue phantoms, obtaining very good contrast enhancement:
9.19 dB for the case of B-GNPs diluted in water, 15.07 dB for
the non-diluted sample, and 3.17 dB for agarose-TiO2 tissue
phantoms.

In general, we obtained considerable good increments in
the contrast of images, indicating that even though the maxi-
mum peak of the plasmon band is far away from the central
wavelength of the OCT system, the peak located at 1198 nm is
an indication that B-GNPs are still very efficient at scattering
light at this wavelength. So, B-GNPs can be considered a
good contrast agent for OCT imaging.
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