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ANALYSIS OF PLASMONIC GOLD NANOSTAR ARRAYS WITH THE OPTIMUM
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We analyze the performance of the surface-enhanced Raman spectroscopy (SERS) substrate based on
high-density gold nanostar nanoparticle (GNS) arrays assembled on the gold film and embedded in the hu-
man skin tissue as a surrounding medium. A self-assembled monolayer (SAM) of 3-aminopropyltriethoxy-
silane (APTES) is used for immobilizing GNSs on the Au film. The GNS-Au film and GNS-GNS coupling in
the gap regions and also the GNSs interparticle coupling at their branches are observed, so the GNS arrays
show more field enhancements and the sensitivity of the GNS sensor can be increased further. When the
SERS substrate based on the GNS arrays is excited by a 785 nm laser line, a maximum enhancement factor
(EF) of 10° is observed. It is demonstrated that the normalized EF depends on the geometry of the GNSs,
the thickness of the Au film, and the separation distance between the cores of the GNSs.

Keywords: nanostars, biomaterials, thin films, surface plasmons, plasmonics, spectroscopy, tissue diag-
ROSHCS.
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Memodom noeepxHOCMHO-YCUEHHOU CNEeKMPOCKONUU KOMOUHAYUOHHO20 paccesnus ceema (SERS)
HPOAHATUZUPOBAHBI CEOUCMEA NOONOJNCEK, 0OPA3Z0BAHHBIX MACCUBAMU HAHOYACMUY 300MdA 8 6ude 38e30
(GNS), accambaupo8anubix Ha nieHKe 3010Ma U HeOPEHHbIX 8 MKAHU KOJCU Yenoeera. [[ist ummodburuzayuu
GNS na naenxe Au ucnoawb308an camoaccamOIUpOBAHHBIL MOHOCAOU 3-AMUHONPORUTMPUITNOKCUCUTIAHA.
Obnapysicena c6s3b Hanowacmuy ¢ NIEHKOU u mexcdy cobotl, ecredcmaue ueeo maccusvl GNS npodemon-
cmpupoeanu bonvuiee ycunenue nos, npuvem 4yecmeumenbHocmy cencopos Ha ochose GNS' 6 danvHeliuiem
Mmooicem Ovimb yeenuuena. Ilpu 8030yacoenuu noonodicku na ocnose mampuy GNS nazepuvim usnyuenuem c
A = 785 um nabmodanca maxcumanvuuiil kosgguyuenm ycunenus SERS EF = 10°. ITokazano, umo nopmu-
posannviil EF 3asucum om ceomempuu GNS, monwunvl nienku Au u paccmosanus mexncoy yeumpamu GNS.

Knrwouesvle cnosa: nano3zgeszovl, buomamepuai, MoHKASL NIEHKA, NOBEPXHOCHbIL NAA3MOH, NAAZMOHU-
Kd, CNeKmpoCcKonusi, OUAZHOCMUKA MKAHell.

Introduction. Surface-enhanced Raman spectroscopy (SERS) is a highly sensitive technique. There-
fore, SERS is widely used for chemical and biological applications [1]. When the surface of metal nanopar-
ticles (NPs) is excited by light, localized surface plasmon resonances (LSPRs) are produced [2]. LSPRs
strongly depend on the size, shape, and dielectric properties of both the substrates and the environment [3].

** Full text is published in JAS V. 86, No. 5 (http://springer.com/10812) and in electronic version of ZhPS V. 86,
No. 5 (http://www.elibrary.ru/title_about.asp?id=7318; sales@elibrary.ru).
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Gold NPs have demonstrated less cellular damage as compared with silver [4-6]. Gold nanostructures with
different shapes such as nanospheres [6, 7], nanorods [8], nanocubes [9], nanobipyramids [10], nanocres-
cent [11], and nanostars [12] have been studied for SERS applications; however, there is special interest in
nanoparticles with sharp branches due to their unique tunable optical plasmonic properties. For optical imag-
ing applications, the least spectral range is from 650 to 1350 nm. This region is known as the NIR where
light exhibits minimal absorption and deep penetration in the tissue [13—16]. The gold nanostars have shown
a strong tunable LSPR peak in the NIR region, which can be changed by tuning the size and shape of the
branches [17—19]. The LSPR of the gold nanostar is characterized by the great amplification of the electric
field in sharp tips, known as hot spots [20].

In this regard, nanostar particles are one of the most useful nanostructures to be placed on imaging
probe tips because of their strong electromagnetic hot spots that are able to improve the imaging resolu-
tion [21]. When the size of the GNSs increases, the plasmon resonance peak is enhanced. But GNSs with
sizes less than 100 nm can be accumulated selectively in tumors via the well-known enhanced permeability
and retention effect owing to the increased leakiness of blood vasculature in tumors [16]. NPs with very
large diameters are potentially hazardous to human health. Therefore, the best and regular size of the GNSs
for optical imaging applications is around 80 nm [17, 20].

One of the important characteristics of SERS is the chemical enhancement factor (EF). EF is the magni-
tude of increasing the Raman scattering cross section when the molecule is adsorbed on a SERS active sub-
strate [22]. The EF maximum for the single nanosphere is about six orders of magnitude (10°) [22—24]. For
a single nanostar with the branch shape located on the tips, a SERS EF of the 7" order of magnitude (107)
has been demonstrated, and it is better than the other NPs (for example, nanospheres [6, 25]). The SERS EF
increases in nanoclusters such as dimer and trimer, and a number of studies on the SERS of NPs aggregated
in the form of nanoclusters have been reported [26—30]. For a single dimer or trimer, the EF is reported to be
up to eight orders of magnitude (10%) under 785 nm illumination [31]. The aggregated solution typically con-
tains an ensemble of monomers and multimers. Therefore, control of the NPs aggregation remains difficult
[32, 33]. In the absence of clusters and aggregats, the morphology and density of the GNSs play a more im-
portant role in the SERS EF [1, 20, 34].

We represent a GNS array assembled on the Au film and embedded in the human skin tissue. As we know,
the metallic NPs and the plasmonic surface can produce LSPR. When these objects are very close to each
other, the E-fields are strongly affected by the particle-substrate plasmon coupling and interparticle coupling
of high-density NPs [35-37]. The positive interference between their surface plasmons can create a huge
field intensity in the hot spot inside the gap [20, 38]. The typical size of the gap is a few nanometers or even
less. We have employed a finite difference time domain (FDTD) calculation for the analysis of the optical
properties of the structures. Calculation of the SERS EF of the GNS array shows that the normalized EF is
strongly affected by the GNSs morphologies, thickness of the Au substrate, and distance between the GNSs.

Simulation details. We simulate the GNSs arrays embedded in the human skin tissue using the FDTD
method. The GNS dielectric constant is taken from the paper of Johnson and Christy [39]. The GNS array is
excited by a linearly polarized plane wave of 785 nm wavelength having a 1 V/m intensity. This choice is
due to the achievement of the best signal-to-noise ratio for the GNS array at 785 nm [40, 41]. The refractive
index of the human skin tissue nys is modeled by the Cornu dispersion equation [42, 43]:

nhs = 1.2573 + 4.5383x10%/(% — 2.8745x10%), (1)

where A is the incident light wavelength, nm. For the assembly of GNSs on the Au substrate, we use the self-
assembled monolayer of APTES. The refractive index of APTES is assumed as [44, 45] naptes = 1.465.

As previously mentioned, the interaction between the GNS array and nanostar branches creates a strong
local field enhancement in the hot spot inside the gap. To resolve such a tiny gap, we use a mesh size of
0.4 nm around and inside the GNSs. Symmetric and antisymmetric boundaries reused in the y and x direc-
tions and a perfectly matched layer (PML) boundary condition for the z direction are used to reduce the sim-
ulation time.

Theoretical background. The incident laser beam with a frequency of ®; excites the NPs surface:

Einc = Eqcos(2mt/w;), (2)

where Ej is the incident laser beam electric field amplitude and the local electric field; Eioc is the sum of the
incident and dipole fields:

Eioc = Einc + Ea. (3)
Here the dipole field can be represented as
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P i OCiEd, (4)
where the oc; is the polarizability operator and P; is the dipole moment. EFs depend on the local and incident
electric field as described in [46]:

EF = EF(0))EF(0r), ©)
where or is the frequency of the Raman light. The enhancement of the excitation of the Raman active sur-
face at the incident frequency ; is given as

EF(;) = Etoc( )%/ Eo(®:)?, (6)
and the emitted Raman radiation enhancement at the frequency of Raman light is given as follows:
EF(0R) = Eloc(®@r)*Eo(®R)>. (7
When o; and wr are very close to each other, Eq. (5) can be rewritten as
EF = Eoo(:)*/Eo(®:)*, (8)

which brings us back to the well-known fourth-power relationship between the EF and the electric field.
Similarly, the ratio between the SERS and the Raman signal intensities can be expressed as

Isers/IRaman o Eloc(®;)*/Eo(07)*. )

Since we consider the high-density GNS square array assemblies on the Au film, the SERS EFs are strongly
affected by the GNS-substrate interaction and GNS-GNS coupling in the gap regions. In the square array
four hot spots from the GNS-Au film coupling and one hot spot from the GNS-GNS coupling participate in
the normalized EF of the GNS arrays. Therefore, in order to calculate the EF of the GNS arrays, we use the
Jiwon et al. normalized EF formula [20]:

EF = [4|E100/Eo|4G1\15.substrate + |E100/E0|4GNS.GNSQ),~)2]><GNS surface density. (10)

SERS substrate synthesis and assemblies. To investigate the effects of the GNS morphology on the EF
and the detection sensitivity, GNS substrates with different sizes and shapes are simulated. The GNS synthe-
sis is difficult and for some cases impractical. Due to the use of the surfactant-free synthesis model, our
GNSs can be synthesized by experimental methods. We have simulated GNSs synthesized by the surfactant-
free nanostar synthesis model presented by Vo-Dinh et al. [17]. Briefly, 1 M of HCI, 1 mM of HAuCls, and
6.25 uL of 12 nm citrate-capped spheres (absorbance 4 = 3.21) are mixed by stirring at room temperature
and then 50 uL of 100 mM ascorbic acid and 200 uL of 3 mM are added simultaneously and stirred for 5 min.
Then a centrifugal wash at 3000-5000 rcf for 15 min is performed, and GNS-3 is filtered by a 0.22 uM ni-
trocellulose membrane and then refrigerated until further use. To obtain GNSs of similar sizes but of differ-
ent geometries, we can utilize multiple methods, including different concentration ratios of AgNO,, HAuCly,
and seed, so GNSs with different AR and plasmonic properties are obtained. In particular, the same proce-
dure is followed with 25 pL of seeds to synthesize GNS-2 and with 10 mL of 0.5 mM HAuCl4 to synthesize
GNS-1. GNSs are attached on the Au film with APTES amine and silane groups (as can be seen in Fig. 1),
so silanization with amino functional groups is carried out by vertically soaking the slides in 5% APTES
solution in ethanol at 40°C for 6 h to form a self-assembled monolayer (SAM) followed by thorough rinsing
and air drying.

GNSs
NH> NH: NH> NH:

APTES
SAM
Si Si¢ Si

N/ AN
n/!1 0 ll,\“/\!:\ﬁ 00
1 . | 1l

An film

Fig. 1. Scheme of GNSs assembly on the Au film by SAM of APTES. The GNSs are attached
on Au film by amine and silane groups of APTES.
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Results and discussion. Figure 2a shows a scheme of GNS array assemblies on the 50 nm Au film on
top of the Si substrate, embedded in the human skin tissue. The GNSs are attached on the Au film with
APTES amine and silane groups with SAM. The separation distance between the GNSs was set to be
d ~ 100 nm. This wide gap is chosen in order to decrease the strong near-field interaction between the GNSs.
GNSs assemble on the Au film with a surface density of ~38 nanoparticles per um?. We utilize Si substrates
with a higher permittivity, which produce a large field enhancement and exhibit a larger SERS EF [20, 47].
The enhanced Raman signal strength of the GNSs is dependent on multiple factors, such as the GNS concen-
tration on the substrate, the shape, the permittivity of substrates, and the properties of the surrounding medi-
um. In this paper, to investigate the effect of the GNS morphology on the EF and thereby on the detection
sensitivity, GNSs with different sizes are simulated. Under 785 nm laser illumination, a strong SERS signal
from the GNS array is detected. Figure 2b illustrates a 3D 12-branch GNS schematically. Here R, L, H, and
W show the core diameter, the base length, the branch height, and the branch base width, respectively. The
aspect ratio is defined as AR = H/W. For achieving different ARs, we fix R =32 nm and /' =11 nm as con-
stants and vary H from 14.4 to 33 nm with a 2.2 nm step, so, the value of the AR varies from 1.4 to 3 and L
varies from 62.8 nm for AR = 1.4 to 98 nm for AR =3 with a 4.4 nm step.

The GNS arrays with maximum absorbance peaks at 590 (GNS-1), 700 (GNS-2), and 800 nm (GNS-3)
are simulated. Figure 3a shows these GNSs having a difference in the core diameter, the branch number, and
the branch aspect ratio (sharpness of the branches). In Fig. 3b the absorption spectra for three different GNS
arrays embedded in the human skin tissue are shown.

:/ .

Fig. 2. Schematic description of the simulation of GNS array substrate. (a) Schematic representation of GNS
array assemblies on the 50 nm Au film and the Si substrate; (b) schematic diagram of the GNS with morpho-
logical parameters: core diameter (R), base length (L), branch height (H), and branch base width ().
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Fig. 3. GNSs with different morphology and characteristic absorption spectra. (a)
Simulated scheme and (b) FDTD-simulated absorption spectra
of the GNSs excited with 785 nm incident radiation.
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TABLE 1. Structural Parameters of GNS-1, GNS-2, and GNS-3

Gold nanostar| Branch number | Core diameter R, nm | Branch height H, nm | Branch base width W, nm
GNS-1 10 36 21 18
GNS-2 14 40 20 14
GNS-3 20 45 18 10

The GNSs with different morphologies are simulated (see Table 1). GNS-3 possesses more branches
with high sharpness, while GNS-1 has relatively few branches and less sharp branches. It should be noted
that the three cited GNS sizes are equal to ~80£3 nm. GNS hot spots increase by increasing the branch num-
ber of GNSs, and a large field enhancement occurs at these points. Figure 4 shows the FDTD simulation re-
sults for the E-field distribution of GNS assemblies on the Au film. Because of the higher density of the
GNS array assemblies on the Au film, the SERS EF is strongly affected by the GNS-Au film interaction, the
GNS-GNS coupling in the gap regions, and the GNSs interparticle coupling at their branches.

-500 300 -100 O 100 300 500 x, nm

Fig. 4. FDTD simulation of E-field of the GNS arrays assembled on Au film and embedded in human skin.
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Fig. 5. Comparison between the EF of the GNS array with different morphologies embedded
in the human skin tissue. The xz-EF of the GNS-3 (a), GNS-2 (b), and GNS-1 (c).
The wavelength of excited laser beam is 785 nm.
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The SERS EFs for GNS substrates with different morphologies are calculated by Eq. (9). For substrates
GNS-1, GNS-2, and GNS-3 the average SERS EFs are 6.8x10%. 2.1x10°, and 5.6x10°, respectively. Figure 5
shows a comparison between the SERS EF for GNSs with different morphologies. GNS-3 shows a higher
EF in comparison with GNS-2 and GNS-1. The reason for this is that GNS-3 (Fig. 5a) possesses more and
sharper branches than GNS-2 and GNS-1 (Fig. 5b,c). In addition, the maximum absorbance peak of GNS-3
(800 nm) is very close to the laser excitation wavelength (785 nm), so this resonance causes a significant EF
for GNS-3 [17, 34].

Figure 6 shows the normalized EF as a function of the GNS-3's branch AR, the core diameter, and the
branch number. As previously mentioned, AR is the ratio of the branch height to the branch base width, so
branches of the GNSs become longer and sharper by increasing the AR. As can be seen in Fig. 6a, the LSPR
peak of the GNSs is red-shifted. However, the intensity of the LSPR peak is decreased. Since the plasmon
peak position is red-shifted for larger ARGNSs, the sharper branches interact less intensely with the NIR
laser excitation (785 nm) [17, 34], and this can cause less enhancement of the normalized EF (Fig. 6b).

As shown in Fig. 6¢c, by increasing the core diameter of GNS, the plasmon peak intensity increases in
the NIR region, and the LSPR peak is shifted to the shorter wavelengths (a blue shift occurs) [17], and mul-
tiple LSPRs with respect to the tips and core-tip interactions are monitored. At first, for a core diameter be-
low ~65 nm, with increasing the core diameter the normalized EF of the GNSs increases (Fig. 6d). For a core
diameter much larger than the branch height, GNS becomes like a nanosphere, and core-tip interactions de-
crease; the normalized EF decreases (Fig. 6d).
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Fig. 6. Calculated absorption spectra (a) and normalized EF (b) of the GNS-3 array embedded in the human
skin tissue as a function of the branch AR; calculated absorption spectra (c) and the normalized EF (d)
of the GNS-3 array embedded in the human skin tissue as a function of the core diameter; calculated
absorption spectra (e) and normalized EF (f) of the GNS-3 array embedded in the human skin tissue
as a function of the branch number.
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With increasing the GNS branch number, the number of hot spots increases, too [16, 17]. As can be
seen in Fig. 6e, the LSPR peak increases and is shifted to the NIR region. Thus, the resonance between the
plasmon peak of the GNSs, the laser excitation wavelength, and the branch hot spots cause more enhance-
ment in the normalized EF (Fig. 6f).

To investigate the effect of different interparticle separations between the GNSs (d in Fig. 2a) on the
normalized EF, we simulate a GNS-3 array on the 60 nm Au film. The interparticle separation distance is
considered as the distance between the cores of GNSs. Since the surface of the Au film remains unchanged
and equal to 1000x1000 nm, the surface density of the GNSs on the Au film decreases by increasing the sep-
aration distance between the GNSs. At first, for an interparticle separation below ~50 nm by increasing the
separation distance between the GNSs, the normalized EF is increased (Fig. 7a). This behavior can be ex-
plained by studying the interaction between the GNS-GNS and GNS-Au film couplings. When the interpar-
ticle separation is below ~50 nm, the GNS-GNS coupling is strong and the GNS-Au film coupling becomes
weak (Fig. 7b). Therefore, the interaction between them will increase the normalized EF.

For an interparticle separation over ~50 nm, since the GNS-GNS coupling, which depends on the in-
terparticle separation, becomes weak, the GNS-Au film coupling is more effective (Fig. 7b). Meanwhile, the
normalized EF is decreased.

When the interparticle separation between the GNSs is about ~50 nm, and the surface density of the
GNS-3 arrays is constant and equal to ~64 GNS/um?, the normalized EF is decreased by increasing the
thickness of the Au film (Fig. 7¢). By increasing the thickness of the Au film, the permittivity of this film
becomes low [48], and the GNS—Au film coupling, which depends on the Au film permittivity, is more ef-
fective than the GNS—GNS coupling for the normalized EF. For thicker Au films, the GNS—Au film cou-
pling and GNS—GNS coupling becomes low (Fig. 7d). Consequently, the normalized EF is decreased. Due to
the difficulty in synthesizing the thinner Au film, we used the 60 nm Au film as the substrate.

Normalized E a GNS-Au film, IE/EO1 b GNS-GNS, IE/EO1
5.5 GNS- OGNS
80
4'5 GMS-AU mim 40
35 70 20
2.5 60 L— . . 0
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Normalized E c
1610 8%NS—Au film, IE/EO1 d GNS-GNS, IE/EO1
3 75 45
70
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) ; . . R " 55 . ) : ; y . . . 25
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Fig. 7. Normalized EF for GNS-3 array embedded in the human skin (a) and local E-field enhancement
from GNS—Au film and GNS—-GNS plasmon coupling via interparticle separation (b) when the surface
density of the GNSs varies from 12 to 72 GNS/um?; the normalized EF for GNS-3 array embedded

in the human skin (¢) and local E-field enhancement from GNS—Au film and GNS—GNS plasmon
coupling as a function of the thickness of the Au film (d) when the interparticle separation is ~50 nm.

A strong signal from GNS-3 on the SERS substrate inside the human skin tissue is observed. In the
presence of higher density of GNSs in the human skin tissue, the electric field distribution becomes very
high inside the human skin because of the GNSs acting as the focusing points [41]. High permittivity media
also provide stronger image charges and thus larger interaction with the localized surface plasmons of the
GNSs [20]. Therefore, the human skin tissue exhibits a larger SERS EF than air (Fig. 8). The SERS sub-
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strates based on high-density GNS arrays in the human skin tissue gives a better performance in comparison
with the air. Therefore, it is suitable for intracellular sensing and imaging [49, 50].

EF
1010 T T

108
108
10
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Fig. 8. Comparison between the EF of the GNS-3 array assemblies on the 60 nm Au film
with an interparticle separation of ~50 nm and embedded in the human skin and air media.

Conclusion. We studied the performance of the SERS substrate based on high-density GNS arrays for
intracellular sensing and imaging. We analyzed the performance of the GNS arrays embedded in the human
skin tissue and air. We established that the high-density GNSs arrays on the Au film are characterized by a
high SERS EF dependent on the interactions of the GNS-Au film, GNS-GNS in the gap regions, and the
GNSs at their branches. In this paper, we compared the normalized EF for the GNSs with different morphol-
ogies and different surrounding media. As a result, we showed that the proposed SERS substrates possess
great potential in intracellular imaging, medical diagnostics, and therapy. We demonstrated that by increas-
ing the branch number of the GNSs the normalized EF of the GNS arrays on the Au film increases. Howev-
er, the normalized EF of the GNS arrays on the Au film decreases as a function of the branch aspect ratio
(AR). We also observed that for a core diameter below ~65 nm, by increasing this diameter the normalized
EF of the GNSs increased, and for a core diameter over ~65 nm by increasing this diameter the EF de-
creased. Finally, we investigated the impact of the Au film thickness and the distance between the cores of
the GNSs on the SERS EF. It is found that the normalized EF decreases by increasing the thickness of the
Au film, and for a distance of ~50 nm between GNSs cores the SERS substrate is characterized by a larger
normalized EF.
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