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Although nanotechnology has led to important advances in in vitro diagnostics, the development of nanosensors for in vivo

detection still remains a great challenge. We have previously developed a promising type of SERS nanosensor based on an

OFF-to-ON “inverse Molecular Sentinel” (iMS) detection scheme for in vitro nucleic acid detection. The iMS nanosensor

involves using plasmonics-active nanostars, which have tunable absorption bands in the near infrared (NIR) region of the

‘tissue optical window’, rendering them as an efficient sensing platform for in vivo optical detection. Here, for the first

time, we show the proof-of-principle of in vivo nucleic acid target detection using the SERS iMS nanosensors implanted in

the skin of a large animal model (pig). Ex vivo measurements were also performed using human skin grafts to demonstrate

the detection of SERS nanosensors through tissue. In this work, a new core-shell nanorattle probe having Raman reporters

trapped between the core and shell was utilized as the internal standard system for self-calibration. The results of this

study illustrate the the usefulness and translational potential of SERS nanosensors for future use in in vivo biosensing.

Introduction

Raman spectroscopy is an optical detection technique that
provides characteristic molecular and vibrational spectral
This sensing modality
provides specific spectral “fingerprints” exhibiting very sharp

information from target analytes.

peaks that allow sensing multiple targets simultaneously- or
“multiplexing”. Furthermore, virtually any wavelength of laser
excitation could be used in Raman spectroscopy, which is an
important feature that provides the capability to perform
measurements within the spectral range where tissue
components absorb the least, thus offering the highest
penetration depth for light into biological tissue, a great
advantage for in vivo studies. This optical range, often referred
to as the “tissue optical window” is defined by hemoglobin and
melanin absorption below 650 nm and water absorption above
900 nm.

Plasmonics-active nanosystems have receiving increasing
interest for in vivo imaging and sensing applications using
Raman detection. The term “plasmonics” is derived from the
word plasmon that refers to the quanta associated with
longitudinal propagating in matter through the
collective motion of large numbers of electrons. When an
laser) irradiates the

waves

electromagnetic (EM) radiation (e.g.,
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nanostructured metallic surface, the conduction electrons in
metallic nanostructures are oscillating at the same frequency
of the excitation light and produce a secondary EM field in
addition to the incident field. These enhanced EM effects on
nanoparticles, referred to as localized surface plasmons (LSP),
become concentrated at points of high curvature and
significantly increase the absorbed and scattered light near the
metallic surface, which can interact with molecules on or near
the nanoparticle surface. Noble metal nanoparticles resonantly
absorb and scatter in the visible to near-infrared (NIR) region
of the EM spectrum upon excitation of their LSPs, making
them suitable platforms for plasmonic devices.
Surface plasmons significantly increase the
scattering by several orders of magnitude, a technique called

Raman

surface-enhanced Raman scattering (SERS).I’2 Our laboratory
has developed and applied various SERS plasmonic platforms
including nanoparticles, nanopost arrays, nanowires and
nanochips.3'5 Among the wide variety of types of
nanostructures, gold nanoparticles have been the most widely
studied for many reasons. Noble metal nanoparticles such as
gold exhibit this resonant scattering inside the “tissue optical
window”, which is suitable for in vivo studies.® We have
previously developed surfactant-free gold nanostars (AuNS)
which have absorption bands that are tunable in the NIR
region of the “tissue optical window”.” Nanostars exhibit
excellent plasmonic properties owing to their multiple sharp
branches, each with a strongly enhanced EM field localized at
its tip (i.e. “lightning rod” plasmonic effect), rendering them
more suitable and efficient for in vivo applications and SERS

detection.”™°
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There have been previous studies that involved SERS
measurements in live animals. Souza et al.'* described a
system for measuring self-assembled Au-imidazole complexes,
paving the way for translation of this technology into mice.
Stuart et al."? reported in vivo detection of glucose using SERS
with a system that utilized an optical window in a rat model.
Qjan et al.*® used antibody-conjugated SERS nanoparticle tags
that recognize tumor epidermal growth factor receptors
(EGFR) biomarkers for in vivo tumor targeting and detection.
The SERS technique has subsequently been developed for in
vivo diagnostics,”'17 792225
However, in vivo detection of nucleic acid targets in live
animals using SERS still remains a great challenge and has not
been reported. Cell-free nucleic acids (such as DNA, mRNA and
microRNA) circulating in body fluids have received increasing
2631 They have
been proven to be potential biomarkers for various diseases.

imagingls"21 and theranostics.

interest due to their diagnostic applications.

The exact nature of cell-free circulating nucleic acids is still an
area of increasing research and a topic of extensive scientific
inquiry. An in vivo nucleic acid sensing system could provide a
useful tool for potential continuous health status sensing,
long-term disease monitoring and point-of-care applications.
We have recently developed a new plasmonics-based
detection platform for nucleic acid targets using an “OFF-to-
ON” SERS signal
capture.32'34
as the

switch upon target identification and
This novel turn-on detection scheme is referred to
“inverse Molecular Sentinel” (iMS) nanosensor to
distinguish it from our previously developed Molecular
Sentinel (MS) nanoprobes with an “ON-to-OFF” signal
3536 The iMS nanosensor system is composed of three
parts: (1) a stem-loop DNA probe labeled with a Raman
reporter, which provides the source of the Raman signal, (2) a
plasmonics-active nanostar and (3) an unlabeled DNA strand.
As shown in Figure 1, the “stem-loop” DNA probe, having a

1

switch.

Raman label at one end, is immobilized onto a nanostar via a
metal-thiol bond. A single-stranded, unlabeled DNA, serving as
a “placeholder” strand, keeps the Raman label away from the
nanostar surface by binding to the stem-loop probe. Because
the electromagnetic SERS enhancement decreases significantly
with increasing distance from the metallic surface, a dye

Hydrogel Scaffold
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\
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+ Target
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molecule must be located very close to the metallic surface in
order to experience the enhanced local plasmon field. Thus, in
this configuration (i.e. in the absence of a target), the
nanosensor is “open” with low SERS intensity (‘Off’ status).
Upon exposure to a target nucleic acid analyte, the
placeholder strand acting as a target capture strand leaves the
nanostar surface following a non-enzymatic strand-
displacement process: the target first binds to the toehold
region (i.e. an overhang region of the probe-placeholder
conjugate) and begins displacing the DNA probe from the
placeholder via branch migration, and finally releases the
placeholder from the nanosensor system. This allows the
stem-loop structure to “close” and moves the Raman label
onto the plasmonics-active surface yielding a strong SERS
signal (‘On’ status).

In this study, we present, to the best of our knowledge, for
the first time in vivo transdermal NIR-SERS detection of nucleic
acid targets in a large animal model (pig) using functional iMS
nanosensors. SERS signal
below the American National

detection with power densities
Standards Institute (ANSI)
standard for maximum permissible exposure on the skin at 785
nm was also demonstrated ex vivo using human skin grafts.
The results of this study demonstrate the clinically relevant
translational potential of the SERS iMS nanosensor technique
for in vivo biosensing.

Experimental section
Gold nanostar (AuNS) synthesis

Gold nanostars were synthesized using a seed-mediated
method. Detailed synthesis and characterization of the
nanostars has been presented elsewhere.’ Briefly, in 10 ml
0.25 mM HAuCl, solution, 10 pl of 1IN HCl and 100 pl of 12 nm
citrate gold seeds were added followed by the simultaneous
addition of 100 pl of AgNO; and 50 pl of 100 mM Ascorbic Acid
under stirring (700 rpm). The reaction was performed under
room temperature, and the process was completed in less
than a minute. Afterwards, 0.02% final concentration of Tween
20 was added and the solution underwent centrifugation wash
(3000 xg 15 min) once, was resuspended to 0.1 nM in 0.02%

SERS-based
In Vivo
Nucleic Acid
N\ Detection /~

Large Animal Model (Pig)

Fig. 1 In vivo nucleic acid detection scheme of the SERS iMS nanosensor in a large animal model (pig). A hydrogel matrix is used to protect the nanosensor from the complex

biological environment.
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Tween 20, and kept under 4 °C for long-term storage.

Silver-coated gold nanostar (AUNS@Ag) synthesis

The silver coating was performed as previously described.’® A 1
mL aliquot of the washed AuNS solution was transferred into a
1.5 mL centrifuge tube. The sample was briefly vortexed after
each subsequent chemical addition. Then 5uL of 0.1 M AgNO;
and an equivalent volume of 0.1 M Ascorbic Acid (AA) were
added to the solution. The reduction of silver by AA was
initiated by the addition of 2uL NH,OH, at which point the
color of the solution began to darken. After about 5 minutes,
the solution color had stabilized, indicating completion of the
reaction. The silver coated AuNS were then labeled with dye
by adding 1 uM final concentration of the desired dye
(dissolved in EtOH) to the solution, allowing it to sit for 15
minutes, centrifuging at 2000 relative centrifugal force (rcf) for
10 minutes, discarding the supernatant, and re-dispersing in
water.

Nanorattle synthesis

SERS nanorattles used as an internal standard were
synthesized as described with modifications.”’” This is achieved
in three major steps. In step 1, A silver shell was grown around
the gold nanostructures (18 nm) (AuNP), which subsequently
transformed into a porous gold shell using galvanic
replacement reaction. To grow the silver shell on AuNP,
polyvinylpyrrolidone (PVP) was employed as the stabilizing
agent. Silver nitrate (AgNO3) solution (5 mM) was added to the
above mixture and stirred vigorously for 10s. The reaction
solution was left undisturbed for 2-3 days to allow the
formation of Ag@AuUNP nanostructures at room temperature.
The size of the silver shell was adjusted by changing the
amount of precursor AuNPs seeds or by changing amount of
AgNO; solution. Galvanic replacement reaction was employed
to transform the silver shell on AuNP into a porous gold shell.
The Ag@AuNP solution was centrifuged for 10 min at 8000
rpom and suspended in 1-mM PVP solution. The PVP-modified
Ag@AuUNP solution was brought to boil by heating to 100 °C.
HAuCI4 (1 mM) solution was added to the Ag@AuNPs, while
the solution was constantly stirred. Addition of gold salt was
stopped once the solution turned a vibrant blue/purple color.
In step 2, cage like nanorattles obtained in first step were
centrifuged two times at 8000 rpm and redispersed in a
mixture of 2-[7-(1,3-dihydro-1,3,3-trimethyl-2H-indol-2-
ylidene)-1,3, 5-heptatrienyl]-1,3,3-trimethyl-3H-indolium
iodide (HITC) ( or Methylene Blue/Rose Bengal)(0.1 mM) and
1-tetradeconol(10 mg) in 200 pl of ethanol at ~100°C to load
the reporter molecules in interstices gaps between the cage
and core. The reaction was allowed to proceed for 1 hr to
evaporate most of the ethanol and dispersed in ice cold water
to solidify the reporter dye inside the porous nanorattle. The
solidified 1-tetradeconol at low temperature (4°C) was slowly
separated from nanorattles in water using 1 ml pipette. Then
the nanorattle solution was centrifuged 3-5 times to
completely remove the trace HITC molecules. The detailed
procedure to load dyes and drugs is available in previous

This journal is © The Royal Society of Chemistry 20xx

reports.38'40 Finally, in step 3, to protect the reporter
molecules leaking out from the nanorattles in physiologically
complex condition, gold shell was grown using a seed-
mediated growth method. Briefly, a gold shell on nanorattles
was synthesized using 10 ml of growth solution containing 4.5
mM HAuCl, and 1 ml of 0.1-M ascorbic acid. Then 1 ml of 1-nM
porous nanorattles loaded with reporter molecules were
added to the above growth solution and stirred vigorously for
10 sec. The reaction mixture was let undisturbed (overnight) to
form a uniform solid shell.

Oligonucleotide sequences

In this study, the Cy5-labeled stem-loop, amino-modified
stem-loop and placeholder oligonucleotides are 5’-thiol-
CTCTATAAGT GGTGTAGGGATTATAGAG-Cy5-3, 5’-thiol-
CTCTATAAGTGGTGT AGGGATTATAGAG-NH,-3’ and 5'-
GAAAGCGACTCTATAATCCCTA CACCAC-3’, respectively. The
synthetic DNA target and non-complementary sequences used
for the demonstration are 5’-
AAAGCTGAGGAGGTGGTGTAGGGATTATAGAGTCGCTTTCAAGAT
AAATT-3’ and 5'-
TCATCCATGACAACTTTGGTATCGTGGAAGGACT CATGAC-3,
respectively. All oligonucleotides were purchased from
Integrated DNA Technologies, Inc (Coralville, 1A).

Cy7-labeled stem-loop probe preparation for ex vivo and in vivo
testing

The stem-loop oligonucleotides
incubated with 10-times molar excess of Cy7-NHS ester dyes
(Lumiprobe, FL) in 0.1 M NaHCOj; solution (pH 8.5) overnight at
room temperature. The free dyes were removed by desalting
in NAP-5 columns (GE Healthcare).

amino-modified were

iMS nanosensor synthesis

The stem-loop DNA probes at final concentration of 0.1 uM
were incubated with 0.1 nM nanostars in 0.25 mM MgCl,
solution overnight at room temperature. To stabilize the
nanosensor, 1 uM of O-[2-(3-Mercaptopropionylamino)ethyl]-
O’-methylpolyethylene glycol (mPEG-SH, 5000) was added to
the solution for 30 min. The functionalized nanosensors were
washed once with Tris-HCI buffer (10 mm, pH 8.0) containing
Tween 20 (0.01%) by centrifugation at 7000 rpm for 10 min.
The metallic surface of nanostars was then passivated using
0.1 mM 6-mercapto-1-hexanol (MCH) in order to displace non-
specifically adsorbed probes and to prevent the probes from
laying on the metal surface. The nanosensors were then
washed three times with Tris-HCl buffer (10 mm, pH 8.0)
containing Tween 20 (0.01%) by centrifugation at 7000 rpm for
10 min. To turn off the SERS signal, the nanosensors were
incubated with 0.1 uM placeholder DNA in PBS buffer solution
overnight at 37 °C. The excess placeholder molecules were
removed using repeated centrifugation at 7000 rpm for 10
min. The purified nanosensors were finally resuspended in
PBS.

iMS-embedded poly-NIPAM matrix synthesis
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1-mL of iMS nanosensor solution was centrifuged at 7,000 rpm
for After removing the supernatant, iMS was
resuspend in 1-mL PBS solution of 90 mg N-
Isopropylacrylamide (NIPAM), 10 mg Acrylamide, 3 mg N,N’-
Methylenebis(Acrylamide) (BIS) and 1 mg Ammonium
Persulfate (APS). 2-uL N,N,N’,N’-Tetramethylethylenediamine
(TEMED) was then added and mixed well. 100-uL aliquots was
immediately dispensed into 1.5 mL centrifuge tubes. After 1
hr, gels were removed and placed in 50 mL of PBS and allowed
to soak for 12 hr to remove any unreacted monomer.

10 min.

NIR Raman/SERS instrumentation

Raman spectra were recorded with a PIXIS:100BReX CCD
mounted to a LS-785 spectrograph (1200 g mm™* grating),
controlled by LightField software, from Princeton Instruments
(Trenton, NJ). A 785 nm diode laser was fiber-coupled to an
InPhotonics RamanProbe (Norwood, MA) for excitation; the
collection fiber of the RamanProbe was coupled to the
entrance slit of the LS-785 spectrograph.

Animal studies

All animal work was conducted in compliance with the Duke
University Institutional Animal Care and Use Committee and
was part of a program fully accredited by the Association for
the Assessment and Accreditation of Laboratory Animal Care
International (Frederick, MD). Male Yorkshire pigs (15-20 kg)
(Wesley Looper Pig Farm, Durham, NC) were anesthetized
initially with intramuscular injection of ketamine and xylazine,
then maintained on 2-4% isoflurane in O, to effect for the
duration of the procedure. The dorsal skin was shaved then
scrubbed three times with alternating chlorhexidine gluconate
and 70% isopropyl alcohol. Pigs were placed prone on a
heating pad and draped to create a sterile operating field. The
nanosensors were intradermally injected into the superficial to
mid-dermis on the dorsum of the pig.

All ex vivo human tissue work performed in this study
exempt approval from the Duke University
Institutional Review Board. Since all specimens were de-
identified within the operating room, the study protocol was
determined to be exempt from full committee
Specimens were acquired directly from the operating room
once the skin had been discarded by the surgical team and was
not needed by the Pathology Department. Full thickness skin
specimens were maintained on moist surgical sponge at 4-23°C
for less than 24 hours. Skin specimens were draped over a firm
surface. The nanosensors were intradermally injected into the
superficial to mid-dermis.

received

review.

Results and discussion

Gold nanostar vs. silver-coated gold nanostar SERS intensity
comparison

In this study, a hybrid bimetallic nanostar-based platform,
silver-coated gold nanostars (AUNS@Ag), was used in order to
obtain a detectable NIR SERS signal in vivo. A detailed

characterization of the AuNS@Ag has been reported

4| J. Name., 2012, 00, 1-3

elsewhere.’® To demonstrate the SERS effectiveness of the
AuNS@Ag over AuNS, we prepared samples of each, labeled
with the dye IR-780. As can be seen in Figure 2, the AUNS@Ag
provide over an order of magnitude increase in SERS signal
compared to the AuNS. This enhancement will be crucial to
obtaining a detectable signal in vivo. The silver coating also
blue-shifts the plasmon of the nanoparticles so that they are
no longer resonant with the laser wavelength, greatly reducing
photothermal transduction and the risk of heat-related injury
to tissue.

iMS nanosensors for NIR-SERS detection

The iMS nanosensor performance including the detection
specificity and sensitivity has been evaluated in vitro in PBS
reported elsewhere using a Cy5 dye as the SERS
reporter.32'34 In order to develop the iMS for ex vivo and in vivo
measurements using a 785 nm diode laser, a Cy7 NIR dye-
labeled iMS nanosensor was prepared in this study. Figure 3
shows the in vitro tests of the Cy7-labeled iMS nanosensor. In
the presence of 1 uM synthetic target DNA (spectrum a), the
SERS intensity was significantly increased compared to the
blank sample in the absence of target DNA (spectrum b). The
result indicates that the hybridization between targets and

and
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Fig. 2 SERS comparison of AuNS (red) and AuNS@Ag (blue) taken at 785 nm laser
excitation (150 mW) with a 100 ms acquisition. The top right and bottom right show
representative TEM images of the AUNS@Ag and AuNS, respectively. Scale bars are 50
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Fig. 3 SERS spectra (offset) of the Cy7-labeled iMS nanosensor in the presence (a) or
absence (b - blank) of 1 uM complementary target DNA.
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Fig. 4 (A) SERS peak signals of aqueous Cy5-labeled iMS nanosensors (0.05nM) after 1-
hr incubation with 1 uM synthetic target DNA in a PBS buffer solution containing
different concentrations of FBS. (a) 0%, (b) 20%, (c) 40% and (d) 80% FBS. (B) SERS peak
signals of Cy5-labeled iMS nanosensors embedded in a poly-NIPAM hydrogel matrix
after 3.5-hr incubation of 1 uM synthetic target DNA in a PBS buffer solution containing
(a) 0% or (b) 90% FBS.

placeholders enabled the formation of the stem-loop structure
of the iMS, thereby moving the SERS dye onto the nanostar
surface and turning the SERS signal ‘On’.

Protection of iMS nanosensors from complex media in a gel
matrix

In this study, we have also investigated the effect of complex
media such as serum on the operation of the iMS nanosensor
(Figure 4). Cy5-labeled iMS nanosensors (0.05nM) were
prepared and incubated with 1 uM of synthetic target DNA in a
PBS buffer solution containing different concentrations of fetal
bovine serum (FBS) for 1 hour. Following incubation, SERS
measurements were performed using a Renishaw InVia
confocal Raman microscope equipped with a 632.8-nm HeNe
laser. Figure 4A shows that increasing the concentration of FBS
decreases the SERS signal of the Cy5-labeled iMS in the ‘On’
status. At 80% FBS (spectrum d), the SERS signal of the iMS
drops to 65% of its original signal intensity (0% FBS, spectrum
a), indicating that the nanosensor response was affected by
the presence of FBS. To protect the nanosensor, we embedded
the iMS in a poly-NIPAM gel matrix and evaluated the

This journal is © The Royal Society of Chemistry 20xx
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Fig. 5 NIR SERS detection of the iMS nanosensors (in the “On” status) after being
injected intradermally in ex vivo human skin using different excitation laser powers. (A)
49 mW laser excitation with a 10-second acquisition time. (B) 21 mW laser excitation
with a 10-second acquisition time. (C) 10.8 mW laser excitation with a 10-second
acquisition time. (D) 2.3 mW laser excitation with a 60-second acquisition time, which is
below the ANSI standard for MPE on skin at 785 nm.

response of the embedded nanosensors in the complex media.
Figure 4B shows that even at 90% FBS (spectrum b) the SERS
signal of the iMS (in the ‘On’ status) is similar to that in
aqueous solution (spectrum a), illustrating the excellent
protection capability of a gel matrix against complex media.

Ex vivo NIR-SERS detection of intradermally injected iMS
nanosensors through human skin

To further examine the clinically translational capabilities of
transdermal NIR SERS for in vivo monitoring, Cy7-labeled SERS
nanosensors were intradermally injected in de-identified ex
vivo human skin post-operationally collected at the Duke
Plastic Surgery Department. The SERS signal was then acquired
using a 785-nm laser. Figures 5A - C show the detected Cy7-
labeled iMS SERS band at 506 cm-1 using different laser
excitation power of 49 mW, 21 mW and 10.8 mWw,
respectively, with a 10-second acquisition time. The results
also indicate that the SERS signal of the iMS could be detected
in these implants even at a laser power density below the ANSI
standard (Figure 5D, 2.3 mW with a 60-second acquisition
time) for maximum permissible exposure (MPE) on skin at 785
nm. The spectra in Figure 5 are each averages of three
acquisitions. The results demonstrated that SERS-encoded
nanostars can provide an efficient platform for in vivo imaging
and sensing.

Operation of iMS nanosensors using an internal standard
calibration scheme for self-calibration

J. Name., 2013, 00,1-3 | 5
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We have performed measurements to demonstrate the
operation of the SERS iMS nanosensor that has an internal
standard calibration scheme for sensor self-calibration. The
new nanorattle SERS probe described elsewhere®” was used as
the internal standard due to core-shell nanostructure
comprised of a resonance Raman reporter trapped between
the core and shell. The nanorattle probe exhibits an ultra-
bright SERS signal as a result of a strong and localized electric
field due to plasmonic coupling at core-shell junctions. Since
the SERS reporters are trapped inside the structure, they are
protected by the gold shell. Like other methods such as silica-
encapsulated SERS tags, the gold shell could prevent
desorption of Raman reporters, making the nanorattle probe
ideal for use as an internal standard. The spectrum (a) in
Figure 6 shows the background-subtracted SERS signal of the
nanorattle probe. It is noteworthy that the nanorattle probe
and the Cy7-labeled iMS nanosensor (spectrum b) exhibit
unique SERS peaks at 1288 cm™ and 506 cm™, respectively.
Thus, the 1288 cm™ SERS peak was used to monitor the
presence of internal standard while the 506 ecm™ SERS peak
was used to monitor the operation of the iMS nanosensor.
Demonstration of the operation of the iMS nanosensor

st margins
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SERS Intensity (a.u.)

Fig. 6 Background-subtracted SERS spectra (offset) of the nanorattle probe (spectrum
a) and Cy7-labeled iMS nanosensor (spectrum b). The unique SERS peaks at 1288 cm™
and 506 cm™* were used to monitor the presence of internal standard nanorattles and
the operation of the iMS nanosensor, respectively.

with the internal standard calibration scheme was performed
by mixing the iMS (in the “Off” status) and the nanorattle
probes. Figures 7A and 7B show the resulting SERS spectra

600
= Nanorattles (1288 cm)

1um

Blank Nagative 0.01uM 0.1 uM
Control Target Target Target

G}

Ratio (506 cm™/1288 cm-1)
e = N w
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Fig. 7 In Vitro Detection of SERS Nanosensor Using an Internal Standard. (A) The resulting SERS spectra (offset) from the mixture of the iMS nanosensor and internal standard
nanorattles at 506 cm ™ peak used to monitor the operation of the iMS nanosensor in the presence or absence of synthetic target DNA. (a) Blank (no target). (b) 1 uM non-

complementary DNA (negative control). (c) 0.01 uM target DNA. (d) 0.1 uM target DNA. (e) 1 pM target DNA. (B) The resulting SERS spectra (offset) from the mixture at 1288 cm™
peak used to monitor the internal standard in the presence or absence of synthetic target DNA. (a) Blank (no target). (b) 1 pM non-complementary DNA (negative control). (c) 0.01
UM target DNA. (d) 0.1 uM target DNA. (e) 1 uM target DNA. (C) Peak height intensities of the iMS nanosensor at 506 cm’ (blue bars) and the internal standard at 1288 cm™
(orange bars) in the absence or presence of increasing amounts of target DNA. (B) The intensity ratios of the two peak heights in the absence or presence of increasing amounts of
target DNA.
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Fig. 8 In Vivo Measurement of SERS iMS Nanosensors in a Live Animal. (A) Photo depicts the implants after intradermal injection of nanosensors in the dorsum of a male Yorkshire

pig. (B) Peak height intensities of the iMS nanosensor at 506 cm™ (blue bars) and internal standard at 1288 em™ (orange bars) prior to (left) and after (right) the injection of
complementary target DNA (5 nmoles). (C) The ratios of the two peak heights prior to (left) and after (right) the injection of complementary target DNA (right).

from the mixture at 506 cm™ and 1288 cm™, respectively, in
the presence or absence of synthetic target DNA. The
experiments were carried out by adding different
concentrations of complementary target (0.01 uM, 0.1 uM,
and 1 uM) or 1 uM of non-complementary DNA (negative
control) to the mixtures. Figure 7C shows the SERS intensity of
the iMS peak height at 506 cm™ and the internal standard peak
height at 1288 cm™. The ratio of the two peak heights was
shown in Figure 7D. The results show that while the SERS
intensity of the iMS nanosensor at 506 cm™ increases with
increasing the amount of target DNA, the SERS signal of the
nanorattle probes at 1288 cm™ was not affected by addition of
targets (Figure 7C). This demonstrates that the nanorattle
probes can be used as the internal standard for ratio self-
calibration (Figure 7D).

In vivo nucleic acid target detection using functional SERS iMS
nanosensors in a live animal (pig)

After the in vitro evaluation, we have performed a study to
investigate the performance of SERS iMS nanosensors
implanted in the skin of a live pig. In this study, a mobile SERS
detection system with a handheld fiber optic Raman probe
was designed so that SERS nanosensor could be monitored in
vivo by both transporting small animals to optical labs or by
transporting the optical system to the animal facility for larger
animals. This straight-forward setup, akin to many handheld
devices currently used in doctor’s offices, shows that the
mobile SERS detection setup can be easily translated clinically.

For the proof-of-principle demonstration, agar gel matrices
(5%) embedding iMS nanosensors mixed with internal
standard nanorattles were injected intradermally into the
dorsal skin of a male Yorkshire pig (Figure 8A). The agar was
used as the gel matrix in this in vivo study to protect the
nanosensors from the complex biological environment, such as
blood serum, that may affect the nanosensor response.
Moreover, the gel matrix also prevents diffusion of the
embedded iMS nanosensors and nanorattles into body fluids.

This journal is © The Royal Society of Chemistry 20xx

Therefore, the concentration of the embedded iMS
nanosensors and nanorattles in the matrix was kept constant
during the study period. This feature allows the iMS system to
be used as a ratiometric nanosensor.

Following the injection of the gel matrices, 5 nmoles of
synthetic target DNA were then injected and infiltrated the
area surrounding the implanted matrices. The SERS signal was
measured before and after the injection of target DNA using a
fiber optic Raman probe placed on the skin above the
implants. Figure 8B shows the peak height intensity of the iMS
at 506 cm™ (blue bars) and the internal standard at 1288 cm™
(orange bars) prior to and after the injection of target DNA.
The results show that the peak height intensity of the iMS
nanosensor was significantly increased after target injection.
However, a difference in the peak height intensity of the
internal standard between before and after injection of the
target DNA was also observed. This is due to measurement
variations while repositioning the fiber optic probe on the skin
above the implanted matrices after the injection of the target
DNA. To minimize measurement variations, the ratio of the
two peak heights (Figure 8C) was used for self-calibration.
Figure 8C shows that the ratio of the two peaks was
significantly increased after the injection of targets, indicating
the successful use of the self-calibration scheme for the target
DNA detection. The target DNA used in this study was
designed to establish the proof-of-principle demonstration of a
functionally working iMS nanosensor in vivo and its clinical
relevance is beyond the scope of this study. The actual
numbers of target DNA that have diffused into the gel matrices
before the SERS measurements were not taken into account in
this demonstration. Notes that all SERS spectra represent
averages of three 10-s acquisitions using 785-nm laser
excitation. The spot size of the laser is approximately 1 mm?>.
This study demonstrates for the first time the feasibility of
detecting nucleic acid targets using the SERS iMS nanosensor
in a live animal with transdermal NIR excitation.
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Conclusions

This study represents a proof-of-principle demonstration for in
vivo nucleic acid target detection using a ratiometric SERS
nanosensor implanted in the skin in a large animal model. Pig
measurements were performed using the handheld Raman
probe on live animals injected with nucleic acid targets to be
monitored. In addition, ex vivo SERS detection of intradermally
implanted nanosensors through human skin grafts using a
laser power density below the ANSI standard for MPE on skin
at 785 nm was also demonstrated. The results of this study
illustrate the usefulness of SERS iMS nanosensors as a skin-
based in vivo biosensing platform, laying the groundwork for a
pathway to future continuous health status sensing, disease

biomarker monitoring and other clinical translation

applications.
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