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The limited penetration of photons in biological tissue restricts the deep-tissue detection and
imaging application. The micro-scale spatially offset Raman spectroscopy (micro-SORS) with an
optical fiber probe, colleting photons from deeper regions by offsetting the position of laser
excitation from the collection optics in a range of hundreds of microns, shows great potential to be
integrated with endoscopy for inside-body noninvasive detection by circumventing this restric-
tion, particularly with the combination of surface-enhanced Raman spectroscopy (SERS).
However, a detailed tissue penetration study of micro-SORS in combination with SERS is still
lacking. Herein, we compared the signal decay of enhanced Raman nanotags through the tissue
phantom of agarose gel and the biological tissue of porcine muscle in the near-infrared (NIR)
region using a portable Raman spectrometer with a micro-SORS probe (2.1 mm in diameter) and
a conventional hand-held probe (9.7mm in diameter). Two kinds of Raman nanotags were
prepared from gold nanorods decorated with the nonresonant (4-nitrobenzenethiol) or resonant
Raman reporter molecules (IR-780 iodide). The SERS measurements show that the penetration
depths of two Raman nanotags are both over 2 cm in agarose gel and 3 mm in porcine muscle. The
depth could be improved to over 4 cm in agarose gel and 5 mm in porcine tissue when using the
micro-SORS system. This demonstrates the superiority of optical-fiber micro-SORS system over
the conventional Raman detection for the detection of nanotags in deeper layers in the turbid
medium and biological tissue, offering the possibility of combining the micro-SORS technique
with SERS for noninvasive in vivo endoscopy-integrated clinical application.
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1. Introduction

Despite the advances of in-vivo spectroscopy-based
biomedical imaging at the near-infrared (NIR) bio-
logical window in the fields of medicine, life science
and clinical applications, the limited penetration of
photons in biological tissues still restricts the deep-
tissue detection and bioimaging application.!™ Due
to the nature of high diffusion and scattering of
photons in tissues, the loss of signal and the yield of
noise are hardly evitable. For instance, a penetra-
tion depth of only a few millimeters is reported for
fluorescence imaging at the NIR window."* There-
fore, the optical fiber-based endoscopy shows great
potential for a clinical inside-body detection.
Endoscopes have been developed for many parts of
the body, inserted through the tubular organs in-
cluding lung, colon, stomach, uterus, etc.”® Com-
pared to the large imaging modalities such as
computed tomography (CT) or magnetic resonance
imaging (MRI), the endoscopy techniques are more
effective in the diagnostics of small lesions or lesions
in tubular organs during a surgery. By using en-
doscopy, the spectroscopic signals only need to
penetrate the tube wall and/or a layer of tissues.
The requirement of photon penetration depth could
thus be shortened to millimeters to several cen-
timeters, largely benefiting the in-vivo detection
and bioimaging applications.

Raman spectroscopy that provides information
of molecular composition and structure in a non-
destructive way is a promising optical method for
bioimaging and detection.”!” However, the con-
ventional Raman measurements using the micro-
scope or the hand-held probe only allow limited
depth sensing at the NIR window with a depth
ranging from hundreds of micrometers to a few
millimeters.'! In the recent decade, the deep Raman
techniques have been developed to greatly improve
the penetration depth of Raman detection, by col-
lecting diffuse Raman photons from an area of the
subsurface.'? One of these techniques is the spatially
offset Raman spectroscopy (SORS), which collects
photons from deeper subsurface regions by off-
setting the point of laser excitation from the

collection optics.!?'* This utilizes the concept that
photons emerging from deeper layers in turbid
media have to traverse larger distances via diffuse
migration. Traditional SORS usually has a spatial
offset of millimeters or more, and the reported
largest penetration depth of SORS reached 5cm.'”
The SORS with a small spatial offset of hundreds of
microns has also been developed, named as micro-
scale spatially offset Raman spectroscopy (micro-
SORS).'® The micro-SORS is usually combined
with Raman microscopic objective, designed to re-
solve the thin and highly turbid layers such as
stratified polymers, painted sculptures, paper and
wheat seeds.!®'? Full micro-SORS, which includes
fully separated laser illumination and Raman col-
lection areas but the dimensions of the two zones on
sample surface remain constant, possesses the
highest performance and largest penetration depth
compared with the other variants of micro-
SORS.'62Y However, it is difficult to focus the laser
beam on a spot nearby the Raman collection spot
particularly when high magnification microscopic
objectives with a short working distance are used.
Therefore, the method of optical fibers combined
with full micro-SORS technique exhibits huge
advantages.’! In this method, two separated fibers
are used, one for optical excitation and the other for
collection. This allows to utilize a small laser spot
and collect the Raman signal at a relatively short
distance of spatial offset without limitations. More
importantly, it is possible to use the fiber-based
micro-SORS in endoscopy-integrated in-vivo appli-
cations where a hand-held probe or a microscopic
objective would not be applicable. Therefore, micro-
SORS technique is considered to not only show
better penetration performance than conventional
Raman probes, but have the advantages of endo-
scopic probes in detecting small lesions inside the
body, promising for in-vivo biomedical imaging and
detections.

Surface-enhanced Raman spectroscopy (SERS)
is an ultrasensitive vibrational spectroscopic tech-
nique based on the plasmon-enhanced local electric
fields near the surfaces of nanostructures.?> 2> With
plasmonic substrates such as gold (Au) or silver
(Ag) nanoparticles (NPs) for the adsorption of
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specific Raman reporter molecules, SERS can reach
an enhancement factor as high as 10910, en-
abling the detection of a single molecule with the
highly specific, noninvasive monitoring of the
chemical composition.”*® When using a Raman
reporter molecule with an electronic transition close
to the incident laser frequency, several orders of
magnitude enhancement in SERS signal can be
further obtained, which is the surface-enhanced
resonance Raman spectroscopy (SERRS).?’3! The
combination of SERS and SORS generates the
technique of surface-enhanced spatially offset
Raman spectroscopy (SESORS), achieving the
sensing capability at larger depths. Using SORS
with millimeters of spatial offset, SERS signals were
detectable up to 6.75 mm of the porcine tissue and
8mm of bone.??** Additionally, by adopting the
resonance SESORS technique, i.e., SESORRS,
Nicolson et al. successfully detected signals up to
25 mm of the porcine tissue, and the 3D live breast
cancer tumor models up to 15 mm of the tissue.?* In
the other relevant studies where the incident and
collection beams are on the opposite side (namely,
the transmission Raman), bisphosphonates in bone
have been detected ez vivo first through a 20-mm-
thick specimen of porcine muscle tissue and Stone
and co-workers successfully detected SERS NPs
embedded in a porcine tissue at the depths of up to
5cm.'?? These techniques have largely improved
the penetration depth of Raman detection, opening
the way for the noninvasive monitoring of deep
layers in live tissues, e.g., the in-vivo glucose sensing
and through-skull detection of neurochemicals.*%*7

Nevertheless, although SESORS (or SESORRS)
technique has been reported in the literature, most
of the studies used the conventional SORS with
spatial offset in millimeters, instead of the micro-
SORS with spatial offset in microns. The detailed
fundamental studies of micro-SORS in combination
with SERS (or SERRS) are still lacking. Moreover,
it is of practical significance to investigate the per-
formance of micro-SORS with an integrated fiber-
bundle probe, considering the potential in further
clinical applications. By comparing the SERS
nanotag signals collected from commercial Raman
spectrometer with a normal hand-held probe and
that with a micro-SORS probe, it is possible to
evaluate the penetration depth of Raman spectros-
copy in different media, such as biological tissues or
turbid gels. In addition, the comparison of photons
propagating in the turbid medium between SERS

and SERRS nanotags by using micro-SORS may
provide more insights on the penetration limit in-
duced by the differences in signal intensities. These
data could be valuable references for further in-vivo
applications of Raman spectroscopy.

In this work, we have investigated the penetra-
tion performance using the portable NIR Raman
spectrometer with either a conventional hand-held
backscattering probe or an integrated fiber-bundle
micro-SORS probe by using SERS and SERRS
nanotags [Fig. 1(a)]. Au nanorods (NRs) were used
as the SERS substrate due to their tunable plasmon
resonance effect in the NIR biological window.
Raman nanotags were prepared by modifying the
plasmonic Au NRs with the nonresonant Raman
reporter molecules [4-nitrobenzenethiol (4-NBT)]
and the resonant reporters (IR-780 iodide). These
SERS and SERRS nanotags exhibit pronounced
and characteristic Raman spectra under the exci-
tation of 785-nm laser, both reaching the detection
limit as low as 2 pM. Detailed comparisons of Raman
signals and the penetration depth measurement of
these nanotags in the agarose gels and biological
tissues using two Raman probe configurations were
also performed, showing better performance of fiber-
bundle-based micro-SORS technique and demon-
strating the superiority of SESORRS for monitoring
in deeper layers in the turbid medium. We have also
studied the variations in penetration depth for SERS
or SERRS nanotags induced by their different signal
intensities. Our work provides valuable information
toward the application of micro-SORS technique for
in-vivo measurements in the clinically relevant
circumstances.

2. The Main Text
2.1.
2.1.1.

All chemicals were obtained commercially and used
as-received without any further purification.
Cetyltrimethylammonium bromide (CTAB;
> 99%), sodium borohydride (NaBH4; 98%) and
sulfuric acid (H2SOy; 98%) were obtained from J&K
Chemical Ltd. (Shanghai, China). Chloroauric acid
tetrahydrate (HAuCly - 4H,0) was purchased from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
China). Silver nitrate (AgNOjs; 99.8%), ascorbic
acid (AA; > 99%) and agarose (for biochemistry)

Materials and methods

Materials
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were purchased from Aladdin (China). Also, 4-NBT
was obtained from Fluorochem Ltd. (UK). IR-780
iodide (> 95%) was purchased from Sigma-Aldrich
(China). Ultrapure water obtained from Milli-Q
Integral 5 system was used in all the experiments.

2.1.2. Synthesis of SERS and SERRS

nanotags

Au NRs were first prepared by a seed-mediated
growth method.*® First, 0.3 mL of 10-mM NaBH, in
ice water was added to 5-mL aqueous solution
containing 2.5 mL of 0.5-mM HAuCl, and 2.5 mL of
0.2-M CTAB under vigorous stirring. Then, the
seed solution was incubated in a water bath at 30°C
for 2 h. The growth solution was obtained by mixing
100mL of 0.1-M CTAB, 1 mL of 10-mM AgNOQOs;,
5mL of 10-mM HAuCly, 0.8 mL of 0.1-M AA and
2mL of 0.512-M H,SO,. After mixing the growth
solution for 30 min, 250 L of the seed solution was
added under vigorous stirring, and then the solution
was incubated in 30°C water bath for 12h in the
dark. The product was washed with water two
times and was redispersed in 20 mL of water.

NR@4-NBT SERS nanotags were prepared as
follows. 1 mL of the prepared Au NRs was mixed
with 3 mL of water, and 100 uL of 10-mM 4-NBT in
ethanol was added under vigorous sonication. The
mixture was incubated at 30°C for 30 min. Then the
product was washed with 10-mM CTAB two times
and finally redispersed in 1 mL of 10-mM CTAB.

NRQIR-780 SERRS nanotags were prepared as
follows. First, 1 mL of the prepared Au NRs was
mixed with 3 mL of water, and 100 L of 0.16-mM
IR-780 in N,N-dimethylformamide was added
under vigorous sonication.?>* The mixture was
then incubated at 30°C for 1 h. Finally, the product
was washed with water two times and the super-
natant was removed. The precipitates were redis-
persed in 1 mL of water.

2.1.3.

To calculate the concentration of NPs, each Au NR
was considered as a cylinder with two spherical
ends, a length (1) of 56 nm and a width (d) of 14 nm
[determined by transmission electron microscopy
(TEM)]. Thus, the volume of this particle
is V=mn(l—d)(d/2)?+ (7d?)/6 ~ 7902nm>. The
mass of one NR is m = pV = 1.53 x 10716 g. The
total mass of Au for synthesizing Au NRs is

Calculation of NPs concentration

9.85 x 1073 g, and hence the concentration of Au
NRs is 9.85 x 1073/(1.53 x 10716 x 6.02 x 1023 x
0.02) = 5.34nM. Then the NPs were diluted to the
range of 0.2-200 pM when collecting the SERS
spectra via confocal Raman microscope.

2.1.4. Characterization of SERS and SERRS

nanotags

The ultraviolet—visible (UV-Vis) absorbance spec-
tra were measured with a UV1900 UV—Vis Spec-
trometer (Aucybest, China). TEM images of the
nanomaterials were acquired with a JME-2100F
transmission electron microscope (JEOL, Japan)
operating at 200kV. Raman measurements of
aqueous SERS and SERRS nanotags were per-
formed on a confocal Raman microscope (XploRA
INV, Horiba) using 785-nm (29.8-mW laser power,
1-s integration time) and 532-nm (45-mW laser
power, 5-s integration time) irradiations through a
10 x objective lens (NA = 0.3).

2.1.5.

To measure the penetration depth of Raman sig-
nals, the agarose gel was utilized. Agarose aqueous
solution (0.5wt.%) was heated in microwave oven
until the turbid solution became clear. Agarose so-
lution was quickly added into SERS or SERRS
nanotags under vigorous sonication, and then 1 mL
of the solution was transferred to a well container
with a final concentration of 0.3nM. The mixture
cooled down to room temperature in 30 min, and
the solid agarose gel containing SERS or SERRS
nanotags (named as Raman tag gel) was taken out
and put on silicon wafer.

Pure agarose gel (without nanotags) was
obtained in a similar way. Pure agarose gel of 0—8-
cm thickness was placed on the top of Raman tag
gel for the Raman penetration depth measurements.
The penetration depth measurement on porcine
muscle was performed in a similar manner by just
replacing the pure agarose gel with porcine muscle.
The penetration depth measurement of Raman
signal was performed with a hand-held Raman
spectrometer (SEED 3000-R2, OCEANHOOD,
200-mW 785-nm laser) and a home-built integrated
SORS system (Andor Ivac-316 CCD, EMvision HT-
SPEC-785-01-IVAC spectrograph, EMvision HT-
PROB-ENDO-785 Raman probe, 10-mW 785-nm
laser). The working distance and spot diameter of
hand-held probe are about 7.5mm and 150 um,

Raman penetration depth measurement
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respectively. The spatial offset probe consists of
seven fibers arranged in a 2.1-mm-diameter circle
with the diameter of each fiber being 300 ym and
500-pum working distance.

2.1.6. Data analysis

The spectra collected in the penetration measure-
ment were first processed by the baseline correction
with adaptive iteratively reweighted Penalized
Least Squares (airPLS) method to remove the fluo-
rescence background. Then the Raman intensity was
calculated as the difference between the maximum
value of the Raman peak (1208 cm ! for NR@QIR-780
and 1332cm~! for NR@4-NBT) and baseline. The
Raman intensities in the above Raman shift of the
blank sample, i.e., the pure agarose gel or porcine
muscle, were considered as the background noise.
The detection threshold was calculated as three times
the standard deviation of the noise. The penetration
depth was determined by maximum thickness of the
turbid medium with which on top the Raman signal
of SERS tag gel was still detectable.

2.1.7. FDTD simulations

The extinction cross-section and electric field en-
hancement distributions of the Au NR were

(®) () Micro-SORS probe

2.1 mm I
\

Fiber bundle. -~ & L||IR

'y

micro-SORS

(i)

simulated by employing the finite-difference time-
domain (FDTD) method with the commercial
software FDTD Solutions (Lumerical, Inc.). Di-
electric permittivity of Au was from empirical data
and was further fitted with Lumerical’s multi-coef-
ficient model (MCM).*! The surrounding medium in
the simulating region was set as water with a re-
fractive index of 1.33. An additional region covering
the whole nanostructure with a refined mesh of 0.5
nm was utilized to improve the structural resolution
of the Au NR. The wavelength range of the exci-
tation source was set from 200nm to 1100nm.
Longitudinal and transversal excitations with per-
pendicular polarizations were performed in three
individual simulations and the final extinction
cross-section was processed by weighted averaging
the results from these simulations.

2.2. Results and discussion

The schematic illustrations of a Raman penetration
depth measurement with (i) a micro-SORS fiber-
bundle probe and (ii) a conventional backscattering
probe are shown in Fig. 1(a). First, the Raman tag
gel containing SERS nanotags in a disk shape was
placed on a silicon wafer. The wafer serves here as a,
substrate to enhance the collection of Raman sig-
nals. Then the pure agarose gel with a thickness d is

(i) Hand-held probe

9.7 mm Agarose gel

Agarose gel T
with Raman tags

L/R d

Conventional Raman

Fig. 1. (Color online) (a) Schematic illustration of Raman penetration depth (d) measurement with (i) micro-SORS with an
integrated fiber-bundle probe and (ii) conventional backscattering Raman spectroscopy with a hand-held probe. The micro-SORS
probe consists of seven optical fibers with the center one (red) for the excitation and the other six for the collection. Legend: L:
incident light, R: Raman light. (b) Photos of (i), (ii) the cross-section and (iii) side views of (left) micro-SORS probe and (right)

hand-held probe.
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carefully placed on the top of a Raman tag gel,
ensuring no air bubble in between. Finally, a
Raman spectrometer with a spatial offset or con-
ventional hand-held probe is utilized to excite and
collect Raman signals of Raman tag gel from the
top. In fact, a successful Raman penetration mea-
surement includes two steps: (1) penetration of in-
cident light by a distance of d to excite the Raman
nanotags; and (2) the passing of consequent Raman
scattered light through a distance of d again to be
collected. The penetration depth is obtained by
continuously increasing the thickness of agarose gel
to reach the maximum value until the Raman signal
is undetectable. In our experiments, the Raman
signal of pure agarose gel or porcine muscle was
considered as the background noise. The detection
threshold was calculated as three times the stan-
dard deviation of the noise. The Raman penetration
measurement in biological tissue was performed in a
similar manner by only replacing the agarose gel
with porcine muscle. Figure 1(b) shows the experi-
mental Raman probes: panels (i) and (ii) show the
cross-section and panel (iii) shows the side views of
the probes. The micro-SORS probe is composed of
an optical fiber bundle with an external diameter of
2.1mm, which is suitable to be inserted into the
working channel of a conventional endoscope. The
fiber bundle consists of seven fibers with each one
being 300 pym in diameter and the middle one is used
as excitation fiber and the others are for collection.
It can be calculated that the micro-scale spatial
offset (micro-As), i.e., the distance between the
centers of excitation and collection fibers, in such a
small probe is about 550 um. The diameter of the
hand-held probe is 9.7 mm, much larger (about five
times) than that of the micro-SORS one.

The SERS and SERRS nanotags used in this
work were obtained using the Au NRs as the en-
hancement substrate due to their highly tunable
plasmon resonance in the NIR region. The Au NRs
capped with CTAB surfactant molecules were first
prepared by a seed-mediated growth method
reported before [Fig. 2(a)(i)]. To obtain Au NRs-
based Raman tags, the NRs were functionalized
with a self-assembled molecular layer of Raman
reporter molecules, either via the Au-S covalent
bonding for 4-NBT [Fig. 2(a)(ii)] or through the
electrostatic adsorption and hydrophobic effect for
IR-780 iodide molecules [Fig. 2(a)(iii)].*> TEM
characterization shows that Au NRs are uniform

with the average sizes of 56 nm in length and 14 nm
in width [Fig. 2(d)(i)] and keep the particle mor-
phology unchanged after the modification by 4-
NBT or IR-780 iodide molecules [Figs. 2(d)(ii) and 2
(d)(iii)]. Figure 2(b) illustrates the optical proper-
ties of Au NRs and those after modification with the
nonresonant molecule 4-NBT and resonant reporter
IR-780 iodide. Au NRs show a slightly broadened
longitudinal plasmon resonance at ~ 820 nm [curve
i in Fig. 2(b)], which is exactly overlapping with
the 785-nm laser and the absorption wavelength of
IR-780 iodide (780 nm) for obtaining the SERS and
SERRS tags.*!"*3 After being modified with 4-NBT
molecules, the increase in refractive index sur-
rounding the NPs results in a red shift and the
broadening of the longitudinal plasmon resonance
[curve ii in Fig. 2(b)]. The broadening of the reso-
nance may be partially contributed by the slight NR
aggregation during the preparation process. More
interestingly, we find that the decoration of NRs
with IR-780 iodide molecules leads to a blue shift of
the dipolar longitudinal plasmon resonance of NRs
from 826 nm to 801 nm, which is most likely due to
the removal of CTAB molecules during the deco-
ration process [curve iii in Fig. 2(b)]. A slightly
broadened resonance with an extra peak appears at
879 nm probably caused by the slight aggregation of
NRs. These mild aggregation of NRs after being
functionalized with IR-780 iodide would not affect
the subsequent study in this work. FDTD simula-
tions have been additionally performed to better
understand the plasmonic behaviors of the Au NR.
The calculated far-field extinction spectrum of an
Au NR (56 nm in length and 14 nm in width) shows
a dipolar longitudinal plasmon resonance at 815 nm
and a transverse plasmon resonance at 515nm
[curve iv in Fig. 2(b)], which fits well with experi-
mental results. The corresponding strong electro-
magnetic field enhancement distribution at 785 nm
demonstrates that NR is a quite suitable plasmonic
substrate for constructing the SERS and SERRS
tags in the NIR region [Fig. 2(c)]. The much weaker
electromagnetic enhancement confirms the off-res-
onance condition at 532nm for the NR. The sche-
matic preparation process and the corresponding
photographs of Raman tag gels are shown in
Figs. 2(e) and 2(f), respectively. Briefly, 0.5-wt.%
agarose solution with a temperature of over 70°C
was quickly injected to the aqueous Raman tag
(AuNR@4-NBT or Au NRQIR-780) solution under
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Fig. 2.

(a) Schematic illustration of the synthesis of Au NR-based Raman nanotags. (b) Experimental extinction spectra of Au

NRs (curve i), NR@Q4-NBT (curve ii), NRQIR-780 (curve iii) and FDTD simulated extinction spectrum of an Au NR (56 nm in
length and 14 nm in width; curve iv). All experimental extinction spectra are normalized. (c) The FDTD-calculated electric field
enhancement distributions of Au NR at the wavelengths of 785 nm and 532 nm. The incident light propagation (k) and polarization
direction (E) are indicated below the photographs. (d) TEM images of (i) Au NRs, (ii) NR@4-NBT and (iii) NRQIR-780. (e) The
scheme of preparation procedure and (f) photographs of agarose gel with Raman nanotags (NR@4-NBT or NRQIR-780).

vigorous sonication. This process would not affect
the SERS and SERRS nanotags since the nanotags
can still maintain good dispersion after a 70°C
water bath.** Subsequently, the mixture was added
into a well container and kept at room temperature
for 30 min. After the clotting of agarose molecules,
the Raman tag gel was formed as a three-dimen-
sional matrix of about 2.4 cm in diameter and about
0.4 cm in thickness. In this way, we are able to ob-
tain a Raman signal source in a nonliquid state
while maintaining the good dispersity of NPs as
much as possible.

Next, we investigated the Raman performance
of aqueous SERS nanotags (NR@4-NBT) and
SERRS nanotags (NRQIR-780) under the resonant
(785-nm) and off-resonant (532-nm) excitation con-
ditions. The Raman spectrum of SERS tags (NR@4-

NBT) of 200 pM shows pronounced Raman bands at
1085, 1332 and 1570cm™! at 785-nm excitation,
which correspond to the in-plane C—H bending vi-
bration, nitro group and the C—C ring stretching
mode [Fig. 3(a)].”” By considering the excitation
laser power and integration time (29.8 mW and 1s
for 785 nm; 45 mW and 5s for 532 nm), NR@Q4-NBT
exhibits the Raman intensity with roughly one order
of magnitude smaller at 532 nm [Fig. 3(b)]. Further
examination of their concentration-dependent
Raman spectra discloses that the detection limit of
NR@4-NBT, determined by the intensity of 1332-
cm~! band, can reach as low as 2 pM and 20 pM for
785-nm and 532-nm excitations, respectively [Figs. 3
(a)-3(c)]. Similarly, we measured the Raman spectra
of SERRS colloidal (NR@IR-780) solution under
785-nm and 532-nm excitations [Figs. 3(d) and 3(e)],
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532-nm laser. (d), (e) Concentration-dependent SERS spectra of NRQIR-780 and (f) the Raman intensity [1208-cm~! band,
indicated by the blue area in panels (d) and (e)] plot excited by 785-nm and 532-nm laser. The laser powers of 532 nm and 785 nm

are 45 mW and 29.8 mW, respectively.

and only the former provokes the pronounced
Raman bands of 941, 1208, 1371 and 1465cm ™!,
corresponding to the vibration modes of C—C bend-
ing, C—C stretching, —CHo— twisting and —CHo—
scissoring.’® The intensity of the Raman band at
1208 cm~! is used here to determine the detection
limit of NR@QIR-780. The results in Fig. 3(f) shows
that the detection limit of NRQIR-780 SERRS
nanotags can reach 2 pM and 200 pM for 785-nm and
532-nm excitations, respectively. All above mea-
surements were repeatedly performed three times
and the error bars represent the standard deviations.
It can be found that these Raman nanotags (in-
cluding SERS and SERRS nanotags) exhibit much
stronger Raman signals under 785-nm excitation
compared to that of 532-nm one. This could be well
explained by the enhanced electric field of Au NRs at
785nm, as predicted by the FDTD simulations

[Fig. 2(c)]. IR-780 iodide, a commercial fluorescent
dye with an absorption peak at around 780 nm,
serves herein as a resonant Raman reporter molecule.
The huge difference in intensities of NRQIR-780
under two wavelength lasers further proved the
resonance effect of IR-780 molecule at around
785nm. In addition, it is worth noting that the
Raman intensity of 200-pM NRQIR-780 colloids is
roughly one order of magnitude higher than that of
200-pM NR@4-NBT, which could be owing to the
resonance Raman effect of IR-780 iodide. However,
both Raman nanotags exhibit the same detection
limit (2 pM) under 785-nm excitation. We assume
that this is due to the not so enough sensitivity of
Raman spectrometer system with the current mea-
surement condition, i.e., the intensity differences
between two NPs not being distinguishable any
more.
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Quantitative measurements on the depth-
dependent Raman signal decay were performed
using the turbid phantom consisting of agarose gels
since they have tissue-like scattering properties.*”
The concentration of agarose gel reported for mimic
tissue analogs covers the range of 0.5-7 wt.%.%%?
In this work, our main purpose is to study the dif-
ference between conventional backscattering
Raman spectroscopy and micro-SORS under the
same condition, so the concentrations of agarose gel
does not affect our results. We chose 0.5-wt.%
agarose solution to prepare the Raman gel as a
demonstration of the tissue analogs. The agarose gel
with nanotags was used to mimic solid tumor with
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NPs. The Raman spectra of SERS (NR@4-NBT)
and SERRS nanotags (NRQIR-780) were collected
with different thicknesses of agarose gel from 0cm
to 8 cm using a 785-nm Raman spectrometer with a
micro-SORS probe [Figs. 4(a)-4(c)]. Different inte-
gration times were used for SERS [0.5s, Fig. 4(b)]
and SERRS nanotags [0.05s, Fig. 4(c)] due to the
different SERS performances. The Raman intensity
per second versus the thickness of gel was plotted on
the right of each panel. The pure agarose gel was
used as the control group for the confirmation of
detectable Raman signals. The specific Raman
mode (1332 cm ! for 4-NBT, and 1208 cm ! for IR-
780) was used to define the penetration depth in
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Fig. 4. (Color online) Raman penetration depth measurements on agarose gel of different thicknesses: (i) 0cm, (ii) 0.5 cm, (iii)
lem, (iv) 2cm, (v) 4cm, (vi) 6 cm and (vii) 8 cm. Control sample is pure agarose gel. (a) The setup collecting Raman spectra with
the micro-SORS probe and the corresponding collected Raman spectra on (b) NR@Q4-NBT gel and (¢) NRQIR-780 gel. (d) The
setup collecting Raman spectra with a conventional hand-held probe and the corresponding Raman spectra on (¢) NR@Q4-NBT
gel and (f) NRQIR-780 gel. The histograms on the right of panels (b), (c), (¢) and (f) show the Raman intensities per second of the
1332-cm~! and 1208-cm~! bands and the red dashed line indicates the detection threshold.
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turbid agarose gel. The plots of Raman intensities = when using a 785-nm Raman spectrometer with a
versus the gel thickness show that the Raman in-  micro-SORS probe. This indicates that the brighter
tensity of the pure Raman tag gel could be beyond = Raman nanotags are more likely to be detected in
10® counts per mW -s. It has been noted that the  the deeper layers, which induces the differences in
decay percentage of Raman intensity is impressively ~ penetration depth of the two Raman tag gels. This
over 99% when 0.5-cm-thick gel was placed on the  can be understood by the fact that more photons
Raman tag gel. The Raman intensity gradually  can reach the detection surface and be detected by
further decreases with the increase of gel thickness  the collection probe. Figures 4(d)—4(f) show the
and finally to a value less than the threshold (red  Raman spectra of NR@4-NBT and NRQIR-780
dashed line), the Raman peak is dominant by ran-  nanotags with different thicknesses of agarose gel on
dom noise when its intensity is lower than the de-  them, collected using a 785-nm Raman spectrome-
tection threshold. In this case, the penetration ter with a hand-held probe. Raman peaks in the
depths of NR@Q4-NBT and NRQIR-780 on agarose  spectra of v—vii in Fig. 4(e) and vi and vii in Fig. 4(f)

gel could be more than 4 cm and 6 cm, respectively,  are below the detection threshold (red dashed lines).
(a) micro-SORS probe (d) hand-held probe
| probe I! probe
muscle muscle
Raman Ramand 3
() 59 (e)
0 NR@4-NBT g 1332 cm! Z 3 NR@4-NBT _ [ 1332 cmt
= 7] = w
2| s 2 3 @l
(5] 154 I c o o
< =3 <« >
2 i xt0[ 8 = 8
X e ~10* X ~
21ot~—A_219 F 2z 5
g M A1 § 2 k5
E PR x10 5103 E 'Emz
c 54Vl x10 © c ©
& [.—————— E @ i £
g il - s 8 g Vii x10f ®
o |control <10 x |control <10
X1
0 T T 10 0 r : 10°
1000 1200 1400 1600 01234568 1000 1200 1400 1600 01234568
Raman shift (cm™) Thickness of muscle (mm) Raman shift (cm™)  Thickness of muscle (mm)
(€) , ()
% |NR@IR-780 1208 cm” % . |[NR@IR-780 i 1208 cm"!
£ 1 @ £ 59. ®10°
= 15.1% @ 10° = ! @
8 E 8 i <
< = < 4' Il 8104
& 12]ii 22 8 5 W\u& 8
z x20 2 z s_w 2100
2 94V 2 2 " liv 2
2l 0 3 2 P xin g
e £10° 3 2 Eq0e
£ 6y t00f £ ‘P00 =
c c il %100
pu Vii 190 % 2 @ 44 .. 5101
E 37 ool =" g ' vi x100] &
6:“ control i 5:“ control %100
i e N
0 T T 0 T T 100
1000 1200 1400 1600 0123456 1000 1200 1400 1600 0123456
Raman shift (cm-") Thickness of muscle (mm) Raman shift (cm™)  Thickness of muscle (mm)

Fig. 5. Raman penetration depth measurements on porcine muscle of different thicknesses: (i) 0mm, (ii) 1 mm, (iii) 2mm, (iv)
3mm, (v) 4mm, (vi) 5mm and (vii) 6 mm. (a) The setup collecting Raman spectra with the micro-SORS probe and the corre-
sponding collected Raman spectra on (b) NR@4-NBT gel and (c¢) NRQIR-780 gel. (d) The setup collecting Raman spectra with a
conventional hand-held probe and the corresponding Raman spectra on () NR@Q4-NBT gel and (f) NRQIR-780 gel. The histograms
on the right of panels (b), (c), (¢) and (f) show the Raman intensities per second of the 1332-cm ! and 1208-cm ! bands and the red
dashed line indicates the detection threshold.
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Therefore, these peaks are more like random noises
and their intensities no longer obey the attenuation
distribution when 4-8-cm and 6-8-cm pure gels
were put on the top of Raman tag gel, respectively.
Careful analysis of Raman signal decay indicates
that the penetration depths of NR@Q4-NBT and
NRQIR-780 on agarose gels could be over 2cm and
4 cm, respectively [Figs. 4(e) and 4(f)]. It is worth
noting that when 0.5 cm of phantom gel was placed
on the top, the Raman intensity decreases by
~ 80%. We also noticed the different decay rates
between micro-SORS probe system and hand-held
probe system when 0.5 and 1cm of phantom gels
were placed on the top. This is most likely due to
the different working distances of these two kinds of
probes. But interestingly, the penetration depth
measured using Raman spectrometer with a micro-
SORS probe is deeper than that using a hand-held
probe for both kinds of nanotags, which demon-
strates the better performance of micro-SORS probe
in gaining signal from the deeper layers of agarose
gel. These results show that a much deeper pene-
tration can be achieved when using a Raman spec-
trometer with the micro-SORS probe compared to
the one with the hand-held probe, confirming the
superiority of micro-SORS in combination with
SERRS for the monitoring in deeper layers of the
turbid medium.

We then expanded the investigation of Raman
penetration depth measurements on biological tis-
sues. Figures 5(a) and 5(d) show that the Raman
signals were measured using porcine muscle as the
penetration medium and a similar experimental
setup was used for the agarose gel. The Raman
spectra of NR@Q4-NBT and NRQIR-780 with dif-
ferent thicknesses of porcine muscle from 0 mm to 6
mm on the top were collected using a 785-nm
Raman spectrometer with the micro-SORS probe
[Figs. 5(b) and 5(c)]. The integration time of the
spectra is 0.5 s for NR@Q4-NBT nanotags [Fig. 5(b)]
and 0.05 s for NR@IR-780 nanotags [Fig. 5(c)]. The
pure muscle tissue was used as the control group.
The Raman intensities per second of 1332-cm ! and
1208-cm~! bands are plotted on the right of each
panel to determine the Raman penetration depth in
porcine muscle. It can be found that the Raman
intensity greatly drops by over 96% when 1-mm
muscle was placed on the top, owing to the high
scattering of photons in the biological tissues. The
Raman intensity further continuously decreases
with the increase of muscle tissue thickness and the

penetration depths of NR@Q4-NBT and NRQ@IR-780
tags in porcine muscle are determined to be about
5mm and 6 mm [Figs. 5(b) and 5(c)], respectively.
Figures 5(e) and 5(f) show the corresponding
Raman signal decays of two kinds of tags in differ-
ent thicknesses of porcine muscle, collected by a
Raman spectrometer with the hand-held probe. The
Raman intensity greatly drops by over 98% when 1-
mm muscle was placed on the top, this decay rate is
slightly faster than that when using a micro-SORS
probe. The final penetration depths of NR@Q4-NBT
and NRQIR-780 from the above evaluation are de-
termined to be 3mm and 5mm in the porcine
muscle under 785-nm excitation with the hand-held
probe, respectively. This shows the advantages of
the micro-SORS in gaining better signal from deep
layers of muscle tissues.

2.3.

In this work, we investigated the optical penetration
performance of the Raman spectrometer with an
integrated micro-SORS probe and a conventional
hand-held probe using SERS (or SERRS) in the
NIR region. Two kinds of Raman nanotags were
prepared from plasmonic Au NRs decorated with
the nonresonant (4-NBT) and resonant Raman re-
porter (IR-780 iodide) molecules, serving as the
ideal NIR SERS and SERRS tags with utilization of
the strong electromagnetic enhancement of the
longitudinal dipolar mode of Au NRs. The concen-
tration-dependent Raman measurements show that
the detection limits of two kinds of nanotags can
both reach as low as 2 pM. It can be also noticed
that NRQIR-780 exhibits one order of magnitude
stronger Raman signal than NR@Q4-NBT due to the
resonance Raman effect. Further detailed thickness-
dependent measurements show that the Raman
penetration depth is over 2cm in agarose gel and
3 mm in porcine muscle for NR@Q4-NBT, and is over
4 cm in agarose gel and 5 mm in porcine muscle for
NRQIR-780, when using a NIR Raman spectrome-
ter with a conventional hand-held probe. The pen-
etration depth can reach larger than 4 cm and 6 cm
for NR@4-NBT and NRQIR-780 nanotags in aga-
rose gel, respectively, when using a NIR spectrom-
eter with the micro-SORS probe. The micro-SORS
system also improves the penetration depth in
porcine muscle up to 5cm and 6 mm for NRQ4-
NBT and NRQIR-780 nanotags, respectively.
These results demonstrate the superiority of the

Conclusions
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fiber-based micro-SORS technique for the Raman
detection in deeper layers in the turbid medium and
porcine tissue. This work represents a significant
step forward in the detection of Raman signals lo-
cated in depth 4n wivo where the conventional
Raman detection is not able to arrive at due to a
high level of diffuse scattering and millimeter-scale
SORS would not be applicable due to the large size
of the setup and the probe. It offers new possibility
of combining the optical-fiber micro-SORS tech-
nique with SERS (or SERRS) for noninvasive
endoscopy-based clinical applications.
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