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Abstract

In vivo multiplexed imaging aims for noninvasive monitoring of tumors with multiple channels
without excision of the tissue. While most of the preclinical imaging has provided a number

of multiplexing channels up to three, Raman imaging with surface-enhanced Raman scattering
(SERS) nanoparticles was suggested to offer higher multiplexing capability originating from

their narrow spectral width. However, /n vivo multiplexed SERS imaging is still in its

infancy for multichannel visualization of tumors, which require both sufficient multiplicity

and high sensitivity concurrently. Here we create multispectral palettes of gold multicore-near-
infrared (NIR) resonant Raman dyes-silica shell SERS (NIRSERRS) nanoparticle oligomers

and demonstrate noninvasive and five-plex SERS imaging of the nanoparticle accumulation in
tumors of living mice. We perform the five-plex ratiometric imaging of tumors by varying the
administered ratio of the nanoparticles, which simulates the detection of multiple biomarkers
with different expression levels in the tumor environment. Furthermore, since this method does
not require the excision of tumor tissues at the imaging condition, we perform noninvasive and
longitudinal imaging of the five-color nanoparticles in the tumors, which is not feasible with
current ex vivo multiplexed tissue analysis platforms. Our work surpasses the multiplicity limit of
previous preclinical tumor imaging methods while keeping enough sensitivity for tumor-targeted
in vivo imaging and could enable the noninvasive assessment of multiple biological targets within
the tumor microenvironment in living subjects.

Graphical Abstract
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Cancer is a heterogeneous disease in which the constituent cancer cells diversify to

various molecular phenotypes.! Multiplexed profiling of heterogeneous tumors is critical for
classifying molecular subtypes of the tumors because it can reveal pathological variations
among patients and guide the consequent patient-specific therapies.2~* In translational and
clinical stages, ex vivo multiplexed biopsy platforms have been developed to analyze tumor
tissues with more than 20 biomarkers simultaneously.>-13 However, since this procedure

is inevitably accompanied by excision of the tissues, it can only provide an instantaneous
snapshot rather than longitudinal monitoring of multiple biomarkers at the same tumor

site. Thus, it is necessary to develop a multiplexed imaging approach for noninvasive
analysis of multiple biomarkers 77 vivo.14-16 Among the potential preclinical multiplexed
imaging methods, optical imaging has inherent multiplexing capability through spectral
deconvolution. For example, fluorescence imaging can provide up to five multiplexing
channels across the visible wavelength region.1” Meanwhile, for noninvasive 7n vivo deep
tissue imaging of living subjects, it is necessary to perform the imaging with both excitation
and emission in the near-infrared (NIR) wavelength region, in which the broad fluorescence
spectral bandwidth (~1500 cm™1) in the narrow NIR window limits the multiplicity up to
three. 1819

Near-infrared Raman spectral imaging, on the other hand, offers higher multiplicity than

the other optical imaging methods since it utilizes inelastic scattering emission with
narrower spectral width (~10 cm™1), which corresponds to a characteristic “vibrational
spectroscopic fingerprint”.20 While the intrinsic Raman intensities of molecules are weak,
the sensitivity of Raman imaging can be greatly improved through the development of
surface-enhanced Raman scattering (SERS) nanoparticles as imaging agents, in which
plasmonic gold nanoparticles amplify the Raman signals of the adjacent Raman-active
molecules (i.e., Raman reporters).21-30 The SERS nanoparticles provide picomolar-level
sensitivity along with high multiplicity for the NIR Raman imaging. The multispectral SERS

ACS Nano. Author manuscript; available in PMC 2022 April 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yuetal.

Page 5

nanoparticles have enabled highly multiplexed /n vivo deep tissue imaging of topically
administered nanoparticles or nanoparticles uptake in the liver, in which nearly 100% of
the administered nanoparticles are accumulated and imaged.31-34 However, the success

of the multiplexed liver imaging has not been demonstrated in the /n vivo multiplexed
tumor imaging. The picomolar sensitivity of the nanoparticles was not sufficient for the
noninvasive and multiplexed imaging of tumors, since only a limited amount (~1%) of the
intravenously administered nanoparticles are expected to be accumulated and visualized in
the tumors.3®

Recent advances in the SERS nanoparticle synthesis, however, have further improved

the imaging sensitivity by developing NIR surface-enhanced resonant Raman scattering
(NIR-SERRS) nanoparticles. The NIR-SERRS nanoparticles utilize NIR dyes as resonant
Raman reporters,36-40 which provide a higher Raman scattering cross-section (~1072°
cmé/photon) than nonresonant Raman reporters (~10722 cm2/photon) by allowing Raman
transition viaelectronically allowed states instead of virtual states.# However, thus far, the
NIR-SERRS nanoparticles have been utilized for other applications such as Raman-guided
surgery,3940 while the /n vivo multiplexing capability of the NIR-SERRS nanoparticles has
been limited to three—the same as other preclinical imaging modalities.*? This is mainly
because the NIR-SERRS nanoparticles generate complex spectral fingerprints of the NIR-
resonant Raman reporters with high spectral overlapping, which challenges their spectral
unmixing to deliver a higher multiplicity than four.3 The complex spectral fingerprints

of the NIR-SERRS nanoparticles also require further improvement of the sensitivity to be
clearly resolved at the /n vivo multiplexed imaging condition for accurate spectral unmixing.

In this paper, we utilize gold multicore-NIR Raman dyes-silica shell-structured multispectral
NIR-SERRS nanoparticles to achieve fluorescence-like sensitivity v/a multicore nanoparticle
geometry and provide both high multiplexing capability and enough sensitivity for in vivo
imaging at the same time. Then, we demonstrate noninvasive and highly multiplexed
imaging of NIR-SERRS nanoparticles-targeting tumors in living mice. While most /n

vivo preclinical imaging has provided up to three multiplexing channels, we successfully
perform the five-plex ratiometric imaging of tumors by varying the administered ratio of

the nanoparticles, which simulates variations of multiple biomarker expressions within the
tumor microenvironment. In particular, since our multiplexed imaging method does not
require the excision of tumor tissues at the imaging condition, it allows for noninvasive and
longitudinal monitoring of the five-color NIR-SERRS nanoparticles retention in the tumors.
Thereby it could enable the noninvasive assessment of multiple biological targets within
tumors.

RESULTS AND DISCUSSION
Synthesis of Multispectral NIR-SERRS Nanoparticles.

We synthesized nine spectrally different NIR-SERRS nanoparticles by using heptamethine
cyanine NIR dyes as Raman reporters.*3 These NIR dyes have similar molecular
structures to that of the clinically approved indocyanine green NIR dye and provide

high NIR-resonant Raman cross-section that is several orders of magnitude brighter

than nonresonant Raman reporter molecules (Figure 1).** The multispectral NIR-SERRS
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nanoparticles were synthesized by the simultaneous addition of hydrophobic and cationic
heptamethine cyanine dyes and tetraethylorthosilicate (TEOS) silica precursor to a 60

nm gold nanoparticle colloidal solution (Figure 2). The syntheses yielded NIR-resonant
Raman dye-coated gold nanoparticles that are encapsulated in the 40 nm-thick silica shell
(Figure 2a,b). The NIR-SERRS nanoparticles synthesized using a heptamethine NIR dye,
3,3’-diethylthiatricarbocyanine (DTTC), exhibited 110(x10)-fold higher brightness than the
same structured SERS nanoparticles of nonresonant Raman dye, 1,2-bis(4-pyridyl)ethylene
(BPE, S440, Oxonica Materials Inc., Figure 2¢ and Supporting Information Figure S1) at
10 pM. While the gold nanoparticle surface plasmon amplifies Raman scattering of the
adsorbed Raman dyes, the silica shell stabilizes Raman signals by preventing desorption

of the Raman dyes and adsorption of molecules from the outer environment onto the gold
nanoparticle surface. We did not observe any influence of the silica shell thickness on the
Raman intensity. However, the silication temperature was critical for the long-term duration
of the Raman signal in the biological media.#>46 While the room-temperature grown silica
shell allowed semipersistent protection of the Raman signal in serum, which was slowly
decreased to 50% in 6 days due to the silica erosion, the silica shell grown at the elevated
temperature of 60 °C allowed long-term duration of the Raman intensity over 20 days
(Supporting Information Figure S2).46

A transmission electron microscope image showed that the as-synthesized NIR-SERRS
nanoparticles were a mixture of the silica-encapsulated single gold nanoparticles and

the multicore gold nanoparticle oligomer structures such as dimers, trimers, and
tetramers (Figure 2b). Such multicore oligomer structures are known to exhibit a large
enhancement factor (EF) of 108 to amplify the Raman signals from the Raman reporters,
which significantly outperform single-core monomeric nanopar-ticles.26:27 Therefore, we
intentionally synthesized the multicore NIR-SERRS nanoparticle oligomers to achieve
sufficient sensitivity for /n vivo multiplexed imaging.

We increased the yield of the nanoparticle oligomers by increasing the amount of the added
DTTC dyes during the synthesis (Figure 2d—f and Supporting Information Figure S3). The
increment of the DTTC dyes induced more coating of the hydrophobic NIR dyes on the
gold nanoparticles and more van der Waals interaction among the dyes-coated nanoparticles,
which results in the controlled aggregation of gold nanoparticles into oligomers (Figure 2d
and Supporting Information Figure S3).47 The increasing proportions of oligomers enlarged
the average hydrodynamic diameter of the NIR-SERRS nanoparticles from 160 + 40 nm
(black) to 245 + 70 nm (blue), and their cutoff sizes from 300 to 500 nm, respectively
(Figure 2e), and further boosted up the Raman brightness from 110(+11) to 680(66)-fold
in comparison to the BPE-coded SERS nanoparticles (Figure 2f). It should be noted that
such control of the oligomerization is also accompanied by the simultaneous control of

the silica encapsulation. While the addition of the hydrophobic Raman dyes facilitates

the oligomerization, the addition of ammonium hydroxide and silica precursor (TEOS)
suppresses it by increasing the rate of the silica encapsulation process. Through this control,
the degree of oligomerization, which is reflected on the average size and the SERS intensity
of the synthesized NIR-SERRS nanoparticles, was highly reproducible as long as the same
batch of gold nanoparticle solution was used (Supporting Information Figure S4).
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To evaluate the enhanced Raman signal brightness of the NIR-SERRS nanoparticles in the
context of in vivo NIR fluorescence imaging,*8 we separately synthesized similarly sized
Cy7-doped NIR-fluorescent silica nanobeads (215 + 18 nm, and Supporting Information
Figure S5). Then, we compared their fluorescence emission sensitivity to that of the Raman
scattering emission from the DTTC-coded SERRS nanoparticles (186 + 48 nm) in solution
(Figure 2g and Supporting Information Figure S6). While the BPE-coded nonresonant SERS
nanoparticles showed subpicomolar sensitivity for detection (650 + 29 fM) under 785 nm
excitation (black cubes in Figure 2g), both the DTTC-coded SERRS nanoparticles (3.8

+ 0.4 fM, red circles in Figure 2g) and the Cy7-doped NIR-fluorescent silica nanobeads
(21.2 £ 6.6 M, blue triangles in Figure 2g) exhibited femtomolar scale sensitivity. Note
that the spectrally integrated intensity of the Raman spectrum of the DTTC-coded SERRS
nanoparticles was 2.8(z0.1) times higher than that of the fluorescence spectra of the silica
nanobeads, both of which were measured at the same concentration of 1 pM (Supporting
Information Figure S7).

We extended the synthetic chemistry of the DTTC-coded NIR-SERRS nanoparticles

for all the nine heptamethine cyanine Raman reporters described in Figure 1. For all

the NIR-SERRS nanoparticles, we controlled the amount of Raman dyes during the
nanoparticle synthesis to adjust the average size and the cutoff sizes to ~200 nm and

~400 nm, respectively (Supporting Information Figure S8). The produced NIR-SERRS
nanoparticles exhibited 2-3 orders of magnitude higher Raman brightness than the BPE-
coated nonresonant SERS nanoparticles (Figure 2h). All the experimental data discussed

so far indicate that the multispectral NIR- SERRS nanoparticles will provide sufficient
Raman scattering brightness for /n vivo imaging in addition to their spectral diversity, that is,
“multiplicity”.

Multiplicity Evaluation of the NIR-SERRS Nanoparticles.

For quantitative multiplexed imaging, it is essential to differentiate each NIR-SERRS
nanoparticle reference spectrum from mixed spectra. As the number of the reference spectra
increases, the probability for spectral overlap among the spectra also increases, which
makes the unmixing of the multiplexed spectra more difficult. In particular, the bulkier NIR-
resonant Raman reporters of the NIR-SERRS nanoparticles generate more complex Raman
spectral fingerprints, which are more difficult to be unmixed (Figure 1). In this regard, we
conducted the condition number analysis of the NIR-SERRS spectra to estimate the number
of multiplexing channels that can be utilized for imaging (Figure 3a). A condition number
(x) of a function indicates how much deviation in the input will be amplified to deviation in
the output with a factor of x. Here, the condition number of the NIR-SERRS spectra is the
amplification factor in the spectral unmixing error due to noise and spectral overlapping of
multiple spectra. We derived the condition numbers for each combination of a given number
of the normalized reference NIR-SERRS spectra. We then identified the combination that
provides the lowest condition number for each number of the reference spectra (Table 1). We
also performed the same analysis for the nonresonant SERS spectra for comparison (Figure
3a and Supporting Information Figure S9).
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Figure 3a shows the plot of the lowest condition number with respect to the number

of Raman spectra. In all cases, the condition numbers increased as the number of the
spectra increased, which reflects the spectral fitting errors increase when more spectra are
taken into consideration. In particular, the condition numbers for the NIR-SERRS spectra
exhibit a sharper increase with the number of spectra (black circles and red diamonds in
Figure 3a) compared to those for the nonresonant SERS spectra (blue squares in Figure
3a). The analysis indicates that increasing the number of multiplexing channels for the
NIR-SERRS nanoparticles is more complicated than the nonresonant SERS nanoparticles.
This complexity stems from the fact that the NIR-resonant Raman reporters exhibit more
complex spectral fingerprints than the nonresonant Raman reporters due to their bulkier
molecular structures (compare Figure 1 with Supporting Information Figure S9). These
complex spectra are also prone to more spectral overlapping. To limit the error in spectral
deconvolution, we set a maximal threshold for the condition number to 10, which indicates
a 10-fold increase in the spectral unmixing error upon multiplexing. Our target condition
number allowed us to multiplex either 8 for the nonresonant SERS spectra (blue squares in
Figure 3a) or 4 for the NIR-SERRS spectra (black circles in Figure 3a).

The NIR-SERRS nanoparticle spectrum is composed of a pure Raman spectral component
and a broad background signal, which is mainly the fluorescence of the resonant Raman
dyes (upper panel in Figure 3b). To further reduce the error and increase the number of
multiplexing channels, the broad background signals were subtracted by fitting them with
fifth-order polynomial, and only Raman spectral components were taken into account (lower
panel in Figure 3b).49 The sole consideration of the pure Raman spectral components
allowed us to reduce the condition number further and utilize five multiplexing channels (red
diamonds in Figure 3a). Therefore, we chose five-color NIR-SERRS nanoparticles coded
with DTTC, hexa-dibenzo-indotricarbocyanine (HDITC), IR780, IR797, and IR813 for
further /n vitro and in vivo multiplexed imaging, since this combination provides the lowest
condition number and the smallest spectral unmixing error among the five-color nanoparticle
combination from the nine NIR-SERRS spectra (Figure 3c and Table 1). It should be noted
that the choice of condition number, 10, as a maximum threshold was arbitrary. It means
that we can further exploit higher-order multiplexed imaging channels with higher condition
numbers, as long as the higher error in the unmixed signals is experimentally acceptable or
the spectral unmixing algorithm is advanced to reduce the unmixing error.

Next, we performed quantitative multiplexed assays of the five-color NIR-SERRS
nanoparticles in solution.*3 First, we measured Raman spectra of each NIR-SERRS
nanoparticle solution, and the pure Raman components obtained by the fluorescence
background subtractions were used as reference spectra. Then, we measured the Raman
spectra of the five-color NIR-SERRS nanoparticle mixtures, in which the molar ratios of

the nanoparticles were varied concurrently to 1:2:3:4:5 or 1:2:4:8:10 (Figure 3d—f and
Supporting Information Figures S10 and S11). The spectra of the nanoparticle mixtures
were unmixed based on the reference spectra using a non-negatively constrained Levenberg—
Marquardt-Fletcher (LMF) least-squares algorithm (Figure 3d,e).

The five-plex spectra of the mixture solutions were successfully fitted with the spectral
fitting error of 14.1(£2.1)%, defined as the average difference between the measured
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spectrum and the fitted spectrum over the entire wavenumber range (=5, Figure 3d

and Supporting Information Figures S10 and S11). The mixture spectra were fitted to the
linear combination of the five NIR-SERRS reference spectra (Figure 3e). Thereby we could
estimate the ratio of the reference nanoparticles in the mixture from the fitting. We could
also linearly correlate the nanoparticles mixed ratios with the estimated ratios with a spectral
deconvolution error of 21.8(£15.2)%, defined as the average difference between the mixed
ratio and the estimated ratio of the nanoparticles (7= 5, Pearson’s correlation coefficient r=
0.9588(+0.023), Figure 3f and Supporting Information Figure S11).

To evaluate the sensitivity of the five-plex spectroscopy for detection of the low-
abundance nanoparticle from the five-color NIR-SERRS nanoparticle mixtures, the molar
concentrations of four NIR-SERRS nanoparticles were kept constant, and the fifth
nanoparticle concentration was serially diluted (Figure 3g). For all combinations of the
five-color NIR-SERRS nanoparticles with a serial dilution of one of the five nanoparticles,
we were able to detect the change in the concentrations of each NIR-SERRS nanoparticle
variate within the mixtures and linearly correlate it with the input concentration (Pearson’s
correlation coefficient r>0.998 in all cases). These results show sensitive multiplex
detection of the low-abundance nanoparticle variate with the limit of detection (LOD) of
10.6(£6.2)% with respect to the other four nanoparticles.

In Vivo Five-Plex Raman Imaging of Tumors Using the NIR-SERRS Nanoparticles.

We performed noninvasive five-plex Raman imaging of subcutaneously implanted tumors

in live nude mice using the NIR-SERRS nanoparticles. We simultaneously injected a total
600 fmol of the five-color NIR-SERRS nanoparticle mixture into the tail vein of each nude
mouse bearing a subcutaneous LS174T tumor xenograft (r7=3). Then, we monitored the
five-color nanoparticles accumulated at the tumor sites through multiplexed Raman imaging
under the 785 nm NIR laser excitation (Figures 4 and 5) at 3, 12, and 24 h postinjection.

In vivo Raman imaging detects signals through readout of the distinctive SERS spectra
from nanoparticles, which can be separated from background fluorescence signals or weak
intrinsic Raman signals of animals. Therefore, our NIR-SERRS nanoparticles that exhibit
high sensitivity as NIR fluorescence in solution (Figure 2g) would also provide high
sensitivity /n vivo. It is important to note that while the SERS spectra inevitably have
spectral overlap with the background Raman spectra from the living mice, the ratio of

the SERS signal to the background Raman signal was large enough so that there was no
significant contribution of the background Raman signal to increase the spectral unmixing
error at the /n vivoimaging condition (Supporting Information Figure S12). Benefiting from
the high sensitivity of the NIR-SERRS nanoparticles (Figure 2), the Raman signals from the
nanoparticles at the tumor site were clearly detected for over 24 h after injection (Figure
4a). During this period, the Raman signals at the tumor site peaked at 12 h postinjection

and then decreased over time. Meanwhile, Raman signals from the nontumor sites gradually
reduced except for the abdomen, where the reticular endothelial organs of the liver and
spleen are located (Figure 4b). 244 h after injection, we excised the tumors, muscle, liver,
spleen, and kidneys and imaged them under the Raman microscope (Supporting Information
Figure S13). The tumor to muscle ratio of the accumulated nanoparticles calculated from
the Raman intensities was 10.14(%7.39), which shows passive targeting of the NIR-SERRS
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nanoparticles to the tumors (Figure 4c and Supporting Information Figure $13).33 The
tumor-targeting specificity of the NIR-SERRS nanoparticles, which was defined as the ratio
of Raman intensity in tumors to that in the liver and spleen, was 2.60(+2.56)%. It should be
noted that the femtomolar sensitivity of the NIR-SERRS nanoparticles enabled the detection
of their Raman spectra in the tumors despite their low tumor-targeting specificity.

Most importantly, the NIR-SERRS nanoparticles provided high multiplexing capability

for imaging the nanoparticle-targeting tumors. Previously, the /n vivo five-plex SERS
imaging was successfully performed only in the deep imaging of the liver after systematic
administration of five-color-coded nonresonant SERS nanoparticles.31:32 To demonstrate
five-plex ratiometric Raman imaging of tumors, we intravenously (i.v.) injected a

5:4:3:2:1 molar ratio mixture of IR797, IR813, HDITC, IR780, and DTTC-coded SERRS
nanoparticles, respectively, into a tumor-bearing mouse (Figure 4d), and the Raman signals
at the tumor site were spectrally unmixed to derive the ratio of the five-color nanoparticles
per each pixel (Figure 4e—q). In particular, the five-color NIR-SERRS nanoparticle mixture
at the tumor site was noninvasively and longitudinally monitored at different time points,
which cannot be performed with the currently available ex vivo multiplexing platforms.>-13
We observed that the distribution of the five-color nanoparticles in the tumor dynamically
changed over 24 h, while it maintained their administered ratio with a spectral deconvolution
error of 20.8(x12.4)%, that is, the average difference between the administered ratio

and the estimated ratio of the five-color nanoparticles (Pearson’s correlation coefficient
r=0.9574(+0.0335), Figure 4f,g). The maintenance of the administered ratio of the
nanoparticles in the tumor would have originated from the equivalent physiological
characteristics of all the five-color NIR-SERRS nanoparticles through the adjustment of
their average and cutoff sizes to ~200 nm and ~400 nm (Supporting Information Figure S8).
The larger extravasation cutoff size of 500 nm for the LS174T subcutaneous tumor models
would have also contributed to the access of the NIR-SERRS nanoparticles to the tumors
without restriction for the cutoff sizes of the nanoparticles.>° The ratio of the administered
five-color nanoparticles was also retained in the noninvasive five-plex Raman image of the
abdomen (Supporting Information Figure S14), where a liver and a spleen are located. It

is noteworthy that the development of the brighter NIR-SERRS nanoparticle palettes also
enabled /n vivo multiplexed imaging of the liver with a lower administration dose than

the previously used nonresonant SERS nanoparticles (Supporting Information Figure S15).
Such reduction of the administered dose is beneficial when considering the potential dose-
dependent long-term toxicity and translation of the nanoparticle-based imaging method.

We also varied the five-color NIR-SERRS nanoparticle injection ratios to simulate various
in vivo multiplexed imaging conditions, in which multiple biomarker expressions may
vary simultaneously within the tumor microenvironment. We kept the total amount of the
injected NIR-SERRS nanoparticle constant (600 fmol) and changed the molar ratios of
the intravenously injected nanoparticles to 4:5:3:1:2 (mouse #1), 5:4:3:2:1 (mouse #2),
and 10:8:4:2:1 (mouse #3) for IR797, IR813, HDITC, IR780, and DTTC-coded SERRS
nanoparticles, respectively (Figure 5). The changes in the injection ratios of the five-color
NIR-SERRS nanoparticles in tumorbearing mice were semiquantitatively reflected on the
five-plex Raman spectral images of the tumors (Figure 5a—f, spectral deconvolution error,
22.5(x12.2)%) and were linearly correlated with the ratios of the five-color nanoparticle in
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the tumors (Pearson’s correlation coefficient 7= 0.9676(+0.0118), Figure 5d—f). When we
changed the injection ratio of the nanoparticles to 10:8:4:2:1 for IR797, IR813, HDITC,
IR780, and DTTC-coded SERRS nanoparticles, respectively, we could detect the lowest
abundant nanoparticle variate, the DTTC-coded SERRS nanoparticles from the tumor-
targeted Raman image, of which the injection amount was 10% of the highest amount
nanoparticle variate of the IR797-coded SERRS nanoparticles and only 4% of all the
administered NIR-SERRS nanoparticles (mouse #3, Figure 5c,f). The ratiometric changes
of the five-color NIR-SERRS nanoparticles distribution in the tumors were also reflected
in the high-resolution ex vivo images of the excised tumor tissues, which were obtained
after the in vivo imaging (Pearson’s correlation coefficient = 0.9315(+0.0156), Figure 5g-i,
Supporting Information Figure S16).

We also performed a histopathology examination of the tumor implanted mice after the five-
plex imaging at 24 h postinjection of the NIR-SERRS nanoparticles (Supporting Information
Figure S17). The examination of the reticuloendothelial organs through the hematoxylin and
eosin (H&E) staining revealed no sign of acute toxicity, such as inflammation or necrosis

in the liver, spleen, and kidneys. In particular, the liver image showed dark brown granules
accumulating in the Kupffer cells, which would have been caused by the nanoparticle
uptake. Still, there was no sign of damages and abnormal morphological changes. This
suggests that the NIR-SERRS nanoparticles are biocompatible at the injection dose for
multiplexed tumor-targeted imaging.51-53 The biocompatibility of the nanoparticles was
further supported by /n vitro cytotoxicity test. We performed cell viability (CCK-8 assay)
and apoptosis assays of the NIR-SERRS nanoparticle incubated cells. The assays showed no
significant effect of the nanoparticles on the viability or apoptosis of the cells (Supporting
Information Figure S18).

CONCLUSION

In conclusion, we created gold multicore-NIR Raman dyes-silica shell-structured
multispectral NIR-SERRS nanoparticles and demonstrated five-plex ratiometric and
longitudinal SERS imaging of the nanoparticle accumulation in tumors of living mice. The
current work demonstrates that highly multiplexed SERS imaging of tumors is possible
without compromising either multiplexing capability or imaging sensitivity. The five-plex
SERS imaging also surpasses the multiplicity limit of the previous preclinical tumor imaging
methods while keeping enough sensitivity for tumor-targeted /in vivo imaging.

Although there is no consensus for the number of multiplexing channels that will meet all
the clinical needs, increasing the number of multiplexing channels from three to five is of
particular clinical significance. For an example of breast cancer, analysis of three biomarkers
only allows the instant therapeutic decision, while that of five biomarkers additionally
enables the prognostic prediction, which makes it an important milestone for breast cancer
diagnosis.>* While the currently used multiplexed biomarkers analysis is performed after
the resection of the tumor tissue, we envision that noninvasive multiplexed SERS imaging
will be particularly useful for longitudinal monitoring of therapeutic response or the
expression of biomarkers with the cancer progression that needs to be performed without
surgical resection. For this purpose, we also envision that this work will lay the foundation
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for noninvasive and higher-order multiplexed molecular imaging of tumors through the
conjugation of the multispectral NIR-SERRS nanoparticles with multiple biomarkers.

MATERIALS AND METHODS

Synthesis of Near-Infrared-Resonant Surface-Enhanced Raman Scattering Nanoparticles.

For the synthesis of near-infrared-resonant surface-enhanced Raman scattering (NIR-
SERRS) nanoparticles, a 60 nm gold nanoparticle was synthesized v/a a seed-mediated
growth from 15 nm gold nanoparticles. First, the 15 nm gold nanoparticle seed solution

was prepared by a Turkevich—Frens method. To a 500 mL boiling solution of 1 mM gold
chloride trihydrate (Sigma-Aldrich) in water, 50 mL of 38.8 mM tribasic sodium citrate
(Sigma-Aldrich) aqueous solution was added while vigorously stirring and kept at the
boiling temperature for 10 min. The gold nanoparticle solution was cooled down to room
temperature and filtered with a 0.8 zm surfactant-free cellulose acetate membrane syringe
filter (Corning Inc.) for further use. Then, 100 mg of gold chloride was dissolved in 1 L

of water and heated to 90 °C. 3.8 mL of the previously synthesized gold nanoparticle seed
solution was mixed with 50 mg of tribasic sodium citrate and then rapidly added to the gold
chloride solution. The solution was kept at the temperature for 30 min and then naturally
cooled down. The produced gold nanoparticle solution was centrifuged at 2500¢ for 15 min,
and the supernatant was discarded. The softly pelletized gold nanoparticles at the bottom of
the falcon tube were collected and dialyzed for 2 days with a 7 kDa molecular weight cutoff
dialysis cassette (Thermo Fisher).

Multispectral NIR-SERRS nanoparticles were synthesized by the simultaneous addition

of hydrophobic and cationic heptamethine cyanine NIR-resonant Raman dyes and
tetraethylorthosilicate (TEOS, 99.999% Sigma-Aldrich) silica precursor to the 60 nm gold
nanoparticles colloidal solution. To 2 mL of 60 nm gold nanoparticle solution (2 nM),

300 4L of 28% NH4OH, 2 mL of water, and 30 mL of isopropyl alcohol were gently

added while stirring at 500 rpm. Then, 80 L of TEOS and 1 mg/mL of Raman dyes
solution in A~dimethylformamide [75 £ for 3,3’-diethylthiatricarbocyanine iodide (DTTC,
Sigma-Aldrich), 550 gL for IR780 perchlorate (HDITC, Sigma-Aldrich), 175 4L for IR780
iodide (Sigma-Aldrich), 85 L for IR797 chloride (Sigma-Aldrich), and 60 zL for IR813
perchlorate (Santa Cruz Biotechnology), respectively] were rapidly added to the nanoparticle
solution and reacted for 1.5 h at room temperature. Then the reacting solution was heated up
to 60 °C and held at the temperature for 3 h. The produced NIR-SERRS nanoparticles were
purified by five times washing with ethanol and pelletizing them through the centrifuge.

The NIR-SERRS nanoparticle surface was modified with thiol for further functionalization.
To 1 mL of 1 nM NIR-SERRS nanoparticle solution in ethanol, 150 /i of NH,OH

in ethanol (2 M, Sigma-Aldrich), 20 L of TEOS, and 100 gL of (3-mercaptopropyl)-
trimethoxysilane (MPTMS, Sigma-Aldrich) was added and reacted at 70 °C for 3 h. The
nanoparticle was pelletized by centrifuge and washed with ethanol for 5 times. The purified
NIR-SERRS nanoparticle solutions were stored in ethanol at 4 °C for further use. For in vivo
imaging, the thiol-functionalized NIR-SERRS nanoparticle was PEGylated by adding 100
mg of methoxy polyethylene glycol maleimide (molecular weight 5 kDa, Sigma-Aldrich) to
1 mL of 1 nM thiolated SERRS nanoparticle in 10 mM 3-(A-morpholino) propanesulfonic
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acid buffer solution (pH 7.4). The PEGylated NIR-SERRS nanoparticles were purified by
eluting the reacting solution through the PD-10 desalting column (GE Healthcare) and
stored in 5% glucose in water solution at 4 °C.

Characterization of the NIR-SERRS Nanopatrticles.

The size and morphology of the NIR-SERRS nanoparticles, the robustness and thickness of
the silica shells, and the degree of gold nanoparticles oligomerization were characterized
using transmission electron microscopy (TEM, JEM 1400, JEOL, 120 kV with La%
emitter). The number of gold cores in Figure 2d was calculated by counting the 300
NIR-SERRS nanoparticles from the TEM images. The concentration and hydrodynamic
size distribution of nanoparticles were measured with Nanoparticle Tracking Analysis
(NanoSight, Malvern). The Raman spectra of the NIR-SERRS nanoparticles were obtained
using a confocal Raman microscope with 785 nm NIR-diode laser excitation (InVia,
Renishaw). For all the characterizations, surface-enhanced Raman scattering (SERS)
nanoparticles of S440 (Oxonica Materials, Inc.) was used as a control, in which #rans-1,2-
bis(4-pyridyl)-ethylene (BPE) was coated onto 60 nm gold nanoparticles and encapsulated
with a 35 nm-thick silica shell (BPE-SERS nanoparticles).

Synthesis of NIR-Fluorescent Cy7-Doped Silica Nanoparticles.

0.5 ymol of Cy7-NHS ester (lumiprobe) was reacted overnight with 2.5 gmol (3-
aminopropyl)triethoxysilane (Sigma-Aldrich) in the solvent mixture of 900 zi of ethanol
and 100 4 of DMSO at room temperature. Then, the solution was transferred to the mixture
of 1 mL of TEQS, 16 mL of ethanol, and 2 mL of H,0. Finally, 500 s of 28% NH,OH
was added to initiate Cy7-doped silica synthesis. The colloidal solution was held at room
temperature with gentle stirring (500 rpm) for 2 h. After the reaction, the Cy7-doped silica
nanoparticles were pelletized by centrifuge and washed with ethanol for 5 times.

Raman Spectroscopy of the NIR-SERRS Nanoparticles.

Raman spectroscopy was conducted with a Renishaw InVia confocal Raman microscope,
which utilized spontaneous Raman scattering from the NIR-SERRS nanoparticles and was
further customized for /n vivo mouse imaging experiments. To obtain Raman spectra of the
NIR-SERRS nanoparticles, 200 w4 of the NIR-SERRS nanoparticle solution was placed into
a 96-well plate. The solution inside of a well was excited with a 785 nm diode near-infrared
laser, equipped in Renishaw InVia confocal Raman microscope, of which the incident power
was 20 mW from an objective lens (x5, NA = 0.15). We obtained Raman spectra with an
integration time of 1 s from the CCD spectrometer with a grating of 1200 groove/mm, which
provides a spectral resolution of 1.07 cm™1 . While monitoring Raman spectra, we adjusted
the stage height to maximize the collection of Raman scattering signals. To obtain multiple
numbers of spectra within the same solution for statistical analysis, the wells filled with the
NIR-SERRS nanoparticles were scanned with the microscope with a step size from 100 to
200 1m to obtain 300 points per each well.
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Quantitative Analysis of Raman Spectra.

For the quantitative analysis and spectral unmixing of Raman spectra, we used a honnegative
Levenberg—Marquardt—Fletcher (LMF) least-squares algorithm. First, the fluorescence
background of the measured Raman spectrum was fitted with a fifth-order polynomial and
removed so that the pure Raman component of the spectrum was taken into account for the
quantitative analysis. Then, we used a non-negatively constrained LMF algorithm to match
the Raman spectrum of interest with the linear combination of the pure Raman components
of the NIR-SERRS nanoparticles to calculate their relative ratios. This algorithm minimizes
the following objective function:

- . 2 2
XLMF = arg min || Ax—=b |3 +a || H(=X) |17
X

where X[ v IS a vector of the estimated concentrations, A is a matrix containing all

the pure Raman spectra, b is the vector of the measured spectra of mixtures, H() is

the Heaviside step function, and a is a scalar controlling the non-negativity penalty. To
improve the performance of the LMF algorithm, each of the reference spectra as well

as the measured spectra were normalized to have a unitary norm. The weights used to
normalize the reference spectra were reapplied after the LMF algorithm to undo the effect of
normalization.

To present the spectrally unmixed ratio of the nanoparticles in solution, where there is a
little deviation of the Raman intensities among multiple points within the same solution,

the estimated concentrations of the nanoparticles were normalized to the average estimated
concentration of the nanoparticle of the highest amount in solution. On the other hand,

to present the ratio of the nanoparticle in vivo, where there is a considerable deviation of
the Raman intensities among multiple points at the region of interest (ROI), the estimated
concentrations of the nanoparticles were normalized to the concentration of the nanoparticle
with the highest concentration per each point and averaged over the entire ROI.

The spectral fitting error was defined as the difference between the measured and fitted
spectra, which was divided by the measured Raman intensity. The mean difference (egg) was
calculated by averaging the spectral fitting error over the entire wavenumber range as the
following equation:

Tmeas(k) — Ifip(k
1 [Tmeas(®) — Tfi( )|dk

SF=%& Tmeas(®)

where kis the wavenumber, /fneas(K) is measured Raman intensity, and 4ii(K) is estimated
Raman intensity.

The spectral deconvolution errors (esy) were derived from the difference between the
mixed ratios or the administered ratios of the five-color NIR-SERRS nanoparticles and their
estimated ratios from the spectral unmixing:
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espr = - 3 Padml] = esrl]
SM=7N Xadmln]

where X;gm is administered, or mixed ratios of the nanoparticles, and X is their estimated
ratio from the spectral unmixing. They were averaged over the multiplexing number of
nanoparticles (7).

The sensitivity and the limits of detection for the concentration of NIR-SERRS nanoparticles
(Figures 2 and 3) were calculated from the extrapolation of the sensitivity plots to the points,
which intersect four times the standard deviation of the background signals.

Cytotoxicity Test of the NIR-SERRS Nanoparticles.

For the cytotoxicity test of the gold multicore-silica shell NIR-SERRS nanoparticles, cell
viability assays and apoptosis assays were performed at 48 h after the incubation of the
PEGylated NIR-SERRS nanoparticles (500 pM) with the MDA-MB-231 cells. For the cell
viability assays, the cell plate was incubated with Cell Counting Kit-8 (CCK-8) solution
(Sigma-Aldrich) for 2 h. Then, the optical density (OD) was measured at 450 nm by the
UV-vis cell plate reader and was normalized with that of the control cells without the
nanoparticle incubation. For the apoptosis assays, the nanoparticle-incubated cells were
treated with annexin-V staining kit (ab176749, Abcam) and analyzed by fluorescence
imaging using an EVOS FL Cell Imaging System.

Animal Experiments.

All procedures performed on the animals were approved by the Institutional Animal Care
and Use Committee at Stanford University (APLAC #14465) and were conducted within
the NIH guidelines for the humane care of laboratory animals. Female 8-week-old nude
mice (Charles River Laboratories) were used for all /n vivo studies. Subcutaneous tumor
xenograft models were prepared by inoculating LS174T human colon cancer cells (2 x 106
cells/mouse) into the hind leg of the nude mice (7= 4). We performed /n vivo Raman
imaging when the tumor size was grown to ~1 cm?, as determined by caliper measurements.

In Vivo Multiplexed Raman Imaging of Tumor Xenograft Nude Mice.

For multiplexed imaging of subcutaneous tumors, the five spectrally different NIR-SERRS
nanoparticles were mixed in the molar ratio of 1:2:3:4:5 or 1:2:4:8:10. Then, 200 L of

the 3 nM NIR-SERRS nanoparticles mixture solution in 5% glucose was intravenously
injected through tail veins of the tumor xenograft nude mice (7= 4). Three to 24 h after

the injection, the tumor-bearing mice were placed on the Raman microscope stage and put
under anesthesia with 2—3% isoflurane delivered in 100% oxygen for noninvasive Raman
imaging (Figures 4 and 5). The subcutaneous tumor was scanned with a 785 nm diode laser
equipped in the confocal Raman microscope, of which the incident power was 20 mW from
an objective lens (x5, NA = 0.15), for 10-20 s duration time per 1-2 mm step. For /in vivo
liver imaging, the abdomens of the nude mice were scanned for 10 s duration time per 1 mm
step in the imaging plane. Twenty-4 h after the injection, the mice were sacrificed, and the
tumor tissues, thigh muscles of the hind limb, liver, spleen, and kidneys were excised. After
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washing them with PBS several times, they were mounted onto a quartz slide and transferred
to the microscope stage. The entire organs were scanned with the Raman microscope for 10
s duration time per 1 mm step.

Histological Analysis.

Histological examination of the organs was performed based on the tissue sections of

the kidneys, liver, and spleen, which were collected from the nude mice 24 h after the
administration of 600 pmol of the NIR-SERRS nanoparticles and stained with hematoxylin
and eosin (H&E). A veterinary pathologist conducted the blind test for the H&E stained
tissues.

Statistical Analysis.

The Raman data were obtained from multiple points scanning measurements, and the mean
and the standard deviation were derived from the multiple points data. The error bars in

the plots of the Raman intensities or the estimated ratios are the standard deviations. The
reproducibility of the NIR-SERRS nanoparticles syntheses was assessed by the intraclass
correlation from a nested random-effects model, which was calculated using Stata 16.1
(StataCorp LP, College Station, TX). Pearson’s correlation value, 7, and p-value were
calculated using linear regression through ORIGIN software without weighted selection

on any data points. Biodistribution of the NIR-SERRS nanoparticles (Figures 4c) was
derived from the analysis of ex vivo multiplexed Raman images of the tissues (Supporting
Information Figure S11, n= 3) with ImageJ software (NIH).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Nine spectrally different NIR-resonant Raman spectra. Molecular structures and the
corresponding Raman spectra of heptamethine cyanine NIR-resonant Raman reporters that
were embedded in the NIR-SERRS nanoparticles.
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Figure 2.

Synthesis and characterization of multispectral NIR-SERRS nanoparticles. (a) A schematic
of gold nanoparticle core-Raman reporters-silica shell-structured NIR-SERRS nanoparticles.
(b) A TEM image of the NIR-SERRS nanoparticles. The average size of the gold
nanoparticle core is 60 nm in diameter, which is coated with a 40 nm-thick silica

shell. The nanoparticles are mixtures of monomeric (single gold core in a silica shell),
dimeric (double gold core in a silica shell), and oligomeric (multiple gold core in a silica
shell) structures. Scale bar: 500 nm. (¢) Raman spectra of the NIR-SERRS nanoparticles
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of 3,3’-diethylthiatricarbocyanine iodide (red, DTTC-SERRS, 160 + 40 nm) and the
nonresonant SERS nanoparticles of 1,2-bis(4-pyridyl)ethylene (black, BPE-SERS, S440,
Oxonica Materials Inc., 180 £ 50 nm, see Supporting Information Figure S1) at the same
nanoparticle concentration of 10 pM. (d—f) Controlled oligomerization of the nanoparticles
upon the increase of the added DTTC dyes amount during the DTTC-coded SERRS
nanoparticles syntheses: 10 nmol (160 + 40 nm, black), 15 nmol (185 + 50 nm, red),

to 20 nmol (245 = 70 nm, blue). The dose-dependent change in the number of gold
nanoparticle cores in a single NIR-SERRS nanoparticle (d, see Supporting Information
Figure S3), hydrodynamic diameter (e), and the Raman intensity (f) of the DTTC-coded
SERRS nanoparticles. (g) Normalized standard curves of Raman intensities of the DTTC-
coded SERRS nanoparticles (red, DTTC-SERRS, 185 + 50 nm) and the BPE-coded SERS
nanoparticles (black, BPE-SERS, 180 + 50 nm), and the NIR fluorescence intensity of

the Cy7 dye-doped silica nanoparticles (blue, Cy7-FSN, 215 + 20 nm, see Supporting
Information Figure S5). The LOD calculated from the curves were 3.8 + 0.38 fM (red), 21.2
+ 6.6 fM (blue), and 650 £ 29 fM (black) concentrations of the nanoparticles, respectively
(see Supporting Information Figure S6). (h) The Raman scattering brightness of the 9 NIR-
SERRS nanoparticles with respect to the BPE-coded SERS nanoparticles (S440, Oxonica
Materials), measured at 10 pM. The error bars (g and h) represent the standard deviations of
the Raman intensities collected from multiple points (/7= 300) scanning per measurement.
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Multiplexing of the NIR-SERRS nanopatrticles. (2) The plot of the lowest condition number
versus the number of multiplex channels for the nonresonant SERS spectra (blue squares)
and the NIR-SERRS spectra with (red diamonds) and without (black circles) polynomial
background removals. (b) A measured spectrum of DTTC-coded SERRS nanoparticles

(red in upper panel), in which the fluorescence background was fitted with a fifth-order
polynomial (black in upper panel). The pure Raman component of the DTTC-coded SERRS
spectrum after the polynomial-fitted background removal (lower panel). (c) The five NIR-
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SERRS reference spectra selected from the condition number analysis (a). (d—f) Spectral
unmixing of a five-color NIR-SERRS nanoparticle mixture. A comparison between the
measured Raman spectrum of the five-color NIR-SERRS nanoparticle mixture (red) and
the best-fitted Raman spectrum (black) by an LMF least-squares method (d). The fitted
Raman spectrum of the NIR-SERRS nanoparticle mixture in the selected wavenumber
range (black), which shows the linear combination of the five NIR-SERRS spectra (e). The
estimated ratios of the five-color NIR-SERRS nanoparticles from the spectral unmixing

(d and €), which were normalized to the average concentration of the HDITC-coded
nanoparticles that were set as 5. The five-color NIR-SERRS nanoparticles were mixed with
1:2:3:4:5 ratio of IR813, IR780, DTTC, IR797, and HDITC-coded SERRS nanopatrticles,
respectively. (g) The sensitivity of the five-plex Raman spectroscopy. The estimated ratio
of the five-color NIR-SERRS nanoparticle mixtures, in which the concentrations of the
four NIR-SERRS nanoparticles were kept constant as 1.0, and the fifth nanoparticle
concentration was serially diluted. The ratios of all the nanoparticles were normalized

to the average concentration of the IR797-coded nanoparticles (for the HDITC-coded
nanoparticle variation) or that of HDITC-coded nanoparticles (for the other nanoparticles
variations). The estimated ratio of the one nanoparticle variate was linearly fitted with

the serially diluted ratio. The error bars (f and g) represent standard deviations of the
nanoparticle concentrations, which were derived from the spectral unmixing of the multiple
points spectra (7= 300) per single mixture measurement. Color codes of the five-color
NIR-SERRS nanoparticles: DTTC, purple; HDITC, blue; IR780, orange; IR797, red; and
IR813, green for (c), (), (f), and (g).
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Figure 4.

In Vivo five-plex imaging of tumor-targeted NIR-SERRS nanoparticles in a living mouse.
(a) /n vivo Raman spectra from the subcutaneous tumor at 3 h (black), 12 h (red), and 24

h (blue) postinjection (p.i.) of the five-color NIR-SERRS nanopatrticles. (b) /77 vivo Raman
spectra from the tumor (red), the liver (blue), and the noncancerous skin (green) of the tumor
xenograft nude mouse after 24 h postinjection of the five-color NIR-SERRS nanopatrticles.
(c) Integrated Raman intensities from the excised tissues of the liver and spleen (blue), the
tumor (red), and the muscle (green) after 24 h postinjection of the mixture of the five-color
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nanoparticles with different ratios. The error bars represent the standard deviations of the
Raman intensities (/7= 3, see Supporting Information Figure S13). (d) A schematic of
Raman imaging of a subcutaneous tumor in a live nude mouse, to which the five-color
NIR-SERRS nanoparticles were injected v/a tailvein. Image created with BioRender.com.
(e—g) Noninvasive and multiplexed monitoring of the five-color NIR-SERRS nanoparticles
at the tumor site on a live nude mouse. The ROI for the imaging was defined as a square
(e). Five-plex Raman images of the subcutaneous tumor site at 3, 12, and 24 h postinjection
of the five-color nanoparticles. The images were generated through the spectral unmixing
of Raman spectra in each pixel and color-coded (lower panel, f) and merged (upper panel,
f). Scale bar: 10 mm. The normalized concentrations (ratios) of the five-color nanoparticles
within the tumor (g), obtained from the spectral unmixing of the Raman spectra in each
pixel and averaged over the entire images (f). In each pixel, the five-color nanoparticle
concentrations were normalized to the concentration of the IR797-coded NIR-SERRS
nanoparticles that were set as 5. The error bars: the standard deviations of the spectrally
unmixed concentrations calculated over the entire pixelated spectra. Color codes of the
NIR-SERRS nanoparticles: DTTC, magenta-purple; HDITC, blue; IR780, orange; IR797,
red; and IR813, green for (f and g). For all the experiments except (c), the NIR-SERRS
nanoparticles were mixed with 1:2:3:4:5 molar ratio of DTTC, IR780, HDITC, IR813, and
IR797-coded SERRS nanopatrticles, respectively, and were concurrently administered.
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Figure 5.
Correlation of the five-color NIR-SERRS nanoparticles injection ratio with the multiplexed

Raman images of the tumors. (a—c) Tumor-xenograft nude mice (left, upper panel), and

the five-color multiplexed Raman images of their tumors (right, upper panel), for which

the ROI was defined as rectangles in the photograph. The multiplexed images were
generated through the spectral unmixing of Raman spectra in each pixel, followed by color-
coding (lower panels) and merge (right, upper panel). (d—f) Representative Raman spectra
(upper panel) and the normalized concentrations (ratios) of the five-color NIR-SERRS
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nanoparticles (lower panel) in the tumors, obtained from the spectral unmixing of the Raman
spectra in each pixel and averaged over the entire images of (a) (d), (b) (e), and (c) (f). In
each pixel, the five-color nanoparticle concentrations were normalized to the concentration
of the IR813-coded (d) or IR797-coded NIR-SERRS nanoparticles (e and f) that were set
as 5 (d and e) or 10 (). The error bars: the standard deviations of the spectrally unmixed
concentrations calculated from all the pixelated Raman spectra in the ROIs. (g—i) £x vivo
tumor tissues (left, upper panel) and their respective five-color multiplexed Raman images
(right, upper panel). The multiplexed images were generated through the spectral unmixing
of Raman spectra in each pixel, followed by color-coding (lower panels) and merge (right,
upper panel). The color-coded Raman images were organized with the order of increasing
brightness from the left to right (lower panel, a—c, and g—i). The mixture of 1:2:3:4:5 molar
ratio of IR780, DTTC, HDITC, IR797, and IR813-coded nanoparticles (mouse #1, (a), (d),
and (g)), respectively, or 1:2:3:4:5 molar ratio of DTTC, IR780, HDITC, IR813, IR797
(mouse #2, (b), (e), and (h)), or 1:2:4:8:10 molar ratio of DTTC, IR780, HDITC, IR813,
IR797 (mouse #3, (c), (f), and (i)), respectively, was prepared and concurrently injected via
tail-vein. Color codes of the five-color NIR-SERRS nanoparticles: DTTC, magenta-purple;
HDITC, blue; IR780, orange; IR797, red; and IR813, green. Scale bar: 10 mm.
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Table 1.

Lowest Condition Numbers and the Corresponding NIR-SERRS Reference Spectra after the Polynomial
Background Removal for Each Number of the Reference Spectra

number of reference spectra  lowest condition number choice of the NIR-SERRS spectra

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

1 1 cy7
2 1.87 DTTC, IR780

3 2.99 DTTC, HDITC, IR780

4 5.44 DTTC, HDITC, IR780, IR775

5 7.48 DTTC, HDITC, IR780, [IR797, IR813

6 14.34 Cy7, Cy7.5, DTTC, IR792, IR797, IR813

7 21.03 Cy7, Cy7.5, DTTC, IR775, IR792, IR797, IR813

8 37.62 Cy7, Cy7.5, DTTC, HDITC, IR775, IR792, IR797, IR813
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