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Figure 3.3 - (A) Normalized extinction spectra of AuNS and AuNPS showing the red shift in LSPR wavelength
due to the plasmon coupling between the Au nanoparticles and the core. Representative TEM images of (B)

AuNS, and (C) AuNPS showing the uniform growth of Au nanoparticles on the cores.

3.3 SERS Performance

Electromagnetic hotspots formed by controlled aggregation or assembly of plasmonic nanostructures
are known to be highly SERS-active. [59, 60, 61] However, the poor stability in biological milieu of
aggregates or assemblies of plasmonic nanostructures, formed through weak interactions such as
electrostatic or hydrogen bonding, imposes severe challenges in achieving quantitative SERS-based
bioimaging. The plasmonic superstructures with built-in EM hotspots demonstrated here can
overcome the aforementioned challenges. High-resolution transmission electron microscopy
(HRTEM) images of AuNPR and AuNPS reveal sub-3 nm interstices formed between the satellites

on AuNR and AuNS surface (Fig. 3.4A, 3.4B). These interstices are open and accessible to
A

Figure 3.4 - High-resolution TEM (HRTEM) images showing the sub-3 nm interstices between the satellites

in (A) AuNPR and (B) AuNPS, which serve as built-in electromagnetic hotspots and provide high SERS activity.
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surrounding solvent environment, enabling diffusion of Raman reporter molecules into the EM
hotspots and, more importantly, facile sampling of the surrounding environment. Following the
adsorption of Raman reporter, p-mercaptobenzoic acid (pMBA), SERS spectra collected from the
superstructure solutions revealed strong SERS signals corresponding to the reporter molecules (Fig.
3.5A, 3.5B and supplementary Fig. S.8A). As noted earlier, the size and areal density of the satellites
on the AuNR core, which determine the density, intensity and accessibility of the EM hotspots, were
found to significantly influence the SERS activity of the superstructures (supplementary Fig. S.8B,
S.8C). Compared to the corresponding cores, AuNPR and AuNPS exhibited approximately 20 and
200 times higher SERS intensity, respectively (Fig. 3.5A, 3.5B). Finite-difference time-domain
(FDTD) simulations confirmed the large enhancement of EM field in the interstices between the
satellites (Insets of Fig. 3.5A, 3.5B). Nanostructures with such highly developed morphology and
built-in EM hotpots preclude the need for controlled aggregation or assembly of plasmonic
nanostructures to achieve high SERS activity. Interestingly, despite the weak plasmonic extinction in
the NIR region, AuNPS exhibited very strong SERS signals with 785 nm excitation due to the EM
hotspots formed between the satellites. This observation is in agreement with the recent
demonstration that in a hotspot dominated nanoparticulate system, plasmonic assemblies of different
geometries and LSPR wavelengths invariably exhibited high SERS enhancement under NIR

excitation. [59]
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Figure 3.5 - Average SERS spectra obtained from (A) AuNR and AuNPR and (B) AuNS and AuNPS solution

following the adsorption of Raman reporters (p-mercaptobenzoic acid) on the surface of the nanostructures.

The SERS spectra demonstrate significantly higher SERS activity of the superstructure compared to the cores,

owing to the EM hotspots associated with the superstructures. Finite difference time domain (FDTD)

simulations, shown as insets of (A) and (B), confirm the EM hotspots of the plasmonic superstructures.
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Chapter 4
Au Superstructures as Multifunctional Probes

4.1 Introduction

To the best of our knowledge, individual plasmonic nanostructures as SERS probes have not been
employed for spatiotemporal mapping of living cells to quantify intravesicular pH changes along
endocytic pathways and exocytosis of internalized nanomaterials. Currently, pH in living cells is
primarily quantified using fluorescent dyes that are plagued by photobleaching, low fluorescence
quantum yield and narrow pH probing range. [62, 63, 64] SERS, on the other hand, is highly attractive
for functional molecular bioimaging owing to numerous advantages including high sensitivity and
specificity, excellent photostability, absence of interference from water, and high spatial resolution.|[1-
3] However, most pH-sensitive SERS probes rely on the assemblies or aggregates of gold or silver
nanoparticles to improve the brightness. [65, 66, 67] For demonstrating the intracellular pH imaging
ability of AuNPRs, we have employed human renal adenocarcinoma cell line 786-O as a model cell
line. To ensure the serum stability and biocompatibility of Au superstructures, we coated the
superstructure surface with thiol-modified polyethylene glycol (SH-PEG), a non-toxic and hydrophilic
polymer as a protective layer. [50, 68] The stability of AuNPRs were confirmed by monitoring the
vis-NIR extinction spectra of PEGylated AuNPRs-pMBA at several time points following their
dispersion in 10% fetal bovine serum (FBS) at 37 °C. The extinction spectra of AuNPRs-pMBA
shows ~2 nm of red shift in the longitudinal LSPR wavelength within the first 6 hours, corresponding
to non-specific adsorption of serum proteins (supplementary Fig. S.5A). The biocompatibility of
AuNPRs-pMBA was verified by performing (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) cell viability assay (supplementary Fig. S.7B, S.7D). The concentration of
superstructures at which the cell viability was at least 85% or higher (compared to the control cells)

was chosen for subsequent studies.
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4.2 AuNPRs as pH Probes

To demonstrate the functional molecular bioimaging capability of superstructures by utilizing the
accessible EM hotspots, we employed pMBA as a pH sensitive Raman reporter to monitor the pH of
the aqueous surroundings. After confirming high SERS activity of superstructures as discussed in
§2.3, we collected SERS spectra from pMBA-modified AuNPRs dispersed in different pH buffers
ranging from pH 5 to pH 9 with a 0.5 pH unit interval (Fig. 4.1A, S.8D). The SERS spectra from
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Figure 4.1 - (A) Representative SERS spectra from AuNPR at pH 5 and 9, showing the increase in the ratio of
relative Raman intensity of symmetric carboxylate stretching band of pMBA at 1394 cm-1 to 1079 cm-1 with
increasing pH due to the deprotonation of the carboxylate group. (B) A pH calibration plot showing the

variation of the ratio of intensity of Raman bands at 1394 and 1079 cm-1 with external pH.

AuNPR show two strong Raman bands at 1079 cm™ and 1590 cm™, corresponding to the aromatic
ring mode of pMBA. The ratio of the intensities of symmetric carboxylate stretching band (at 1394
cm’) and aromatic ring mode of pMBA (at 1079 cm™ or 1590 ecm™) was found to increase with pH
due to the deprotonation of the carboxylate group. [65] The measured pKa value of pMBA adsorbed
on AuNPR surface is around 7.4, which is close to physiological pH and makes it an ideal Raman
reporter for probing pH in biological applications. [65] A pH calibration curve was obtained by
plotting the intensity ratio of Raman bands 1394 cm™ / 1079 cm™ as a function of pH (Fig. 4.1B).
Since the pH is correlated to the ratio of the intensity of the two bands, the absolute intensity of the
Raman bands, determined by the number of AuNPR in the focal volume, is not very important, given

that the intensity of the two Raman bands is sufficiently high.
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4.3 Spatiotemporal pH Mapping of Living Cells

We incubated 786-O cells seeded on a quartz substrate with PEGylated AuNPRs-pMBA to facilitate
internalization, followed by the removal of free AuNPRs. The uptake of AuNPRs by 786-O cells is
facilitated by micropinocytosis and receptor-mediated endocytosis due to non-specific adsorption of

serum proteins on AuNPR surface (Fig. 4.2, 4.3A). [69, 70] After internalization, AuNPRs
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Figure 4.2 - Schematic depicting the endocytosis, intracellular transportation, and exocytosis of AuNPRs.

encapsulated inside intracellular compartments go through an endocytic pathway with a characteristic
acidification profile from pH 6.0-6.5 in eatly endocytic vesicles to pH 4.5-5.5 in multivesicular bodies
(MVBs) and multilamellar lysosomes (MLs). Some of the internalized AuNPRs escape from
endosomes to cytosol (pH 7.0-7.5) and directly exocytose from cells (Fig. 4.2). [71] TEM images of
~100 nm thick cell sections reveal uptake of AuNPRs by micropinocytosis and AuNPRs-trafficking
vesicles in a size range of 0.5-2.0 um, including small early endocytic vesicles, large MVBs containing
many small luminal vesicles, and MLs with characteristic membrane whotls enclosed (Fig. 4.3A-D).
It is important to note that the internalized AuNPRs preserve the core-satellite superstructure, which

is critical for their high SERS activity (Fig. 4.3B).
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A
Macropinocytotic ruffle

Figure 4.3 - AuNPRs enter the cell by receptor-mediated endocytosis and non-specific micropinocytosis,
evidenced by TEM image (A). After internalization of AuNPRs, the intravesicular pH drops along the endocytic
pathway, from pH 6.0-6.5 in early endocytic vesicles (B) to pH 4.5-5.5 in multivesicular bodies and multilamellar
lysosomes (C, D). The AuNPR preserve their highly developed core-satellite structure even after internalizing

into the cells, which is critical for their high SERS activity.

Raman imaging was performed using a live cell chamber under a confocal Raman microscope after
locating the cells under dark-field illumination. The intensity maps of Raman band at 1079 cm™
obtained at 0, 30 and 60 min using a 785 nm laser as excitation source enabled the clear delineation of
the cells shape (Fig. 4.4A1, 4.4B1, 4.4C1). Dark-field optical images of the cells revealed the large
Rayleigh scattering from the internalized and cell surface-bound AuNPRs (inset images of Fig. 4.4A2-

4.4C2). Raman intensity histograms obtained from intensity maps at different time points showed
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Figure 4.4 - Spatiotemporal mapping of SERS intensity and pH changes using AuNPRs in a living 786-O cell.

(Al, B1, C1) SERS intensity map of 1079 cm! Raman band of pMBA at different time points, showing the clear

delineation of the shape of the cell spread on a quartz substrate and (A2, B2, C2) corresponding histograms

analyzed from intensity maps with ~10% mean intensity drop after every 30 min. Dark field optical microscope

was used to locate the cell and match the cell margin with intensity maps (Insets of A2, B2, C2). (A3, B3, C3)

Spatiotemporal pH maps analyzed from the intensity ratio of Raman bands 1394 cm-! /1079 cm! based on the

built pH calibration curve at each pixel color-coded using MATLAB®. (A4, B4, C4) The time-dependent pH

histograms show the decrease in the number of pixels corresponding to physiological pH 7.0-7.5 from 49% to

38% and increase in the number of pixels corresponding to acid pH 4.5-5.5 from 16% to 32%, which visualize

the intravesicular pH drops in the endosomal maturation process.
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~10% mean intensity drop after 30 min duration and ~20% drop after 60 min (Fig. 4.4A2, 4.4B2,
3.4C2). The intensity drop corresponds to the ~20% exocytosis of AuNPRs within 1 h. We validated
the exocytosis fraction using a conventional method to quantify the change of gold content after
exocytosis by inductively coupled plasma mass spectroscopy (ICP-MS). ICP-MS measurements
indicated an average uptake of neatly 7.1x10° AuNPRs per cell after 8 h of incubation, which is slightly
higher than reported values probably due to the differences in size, shape, surface coating, initial
concentration, incubation time and sedimentation effect of nanoparticles and cell lines. [69, 72] ICP-
MS results also showed ~20% decrease in gold content of cells over 1 h of incubation in complete
medium at 37°C, confirming the exocytosis fraction calculated from Raman intensity maps, which is

also in agreement with typical exocytosis fraction reported previously. [73]

Intracellular pH maps were obtained by comparing the intensity ratio of Raman bands at 1394 cm™
and 1079 cm™ at each pixel with a pH calibration curve shown in Fig. 4.1B. Each pixel was colot-
coded using MATLAB®, with red to blue representing the progtessive transition from physiological
pH to more acidic values (Fig. 4.4A3, 4.4B3, 4.4C3). The physiological pH 7.0-7.5 corresponds to
AuNPRs on the cell surface or at a very early stage of internalization in close proximity to the cell
membrane, or those that escaped from endosomes. The time-dependent pH histograms showed the
decrease in the fraction of physiological pH 7.0-7.5 from 49% to 38% after 1 h, suggesting that some
surface bound AuNPRs proceed to early endosomes and the AuNPRs that escaped from endosomes
are exocytosed (Fig. 4.4A4, 4.4B4, 4.4C4). The fraction of pH 6.0-6.5 decreased from 35% to 30%,
indicating the trafficking of AuNPRs from early endosomes to more acidic MVBs and MLs. The
trafficking is also confirmed by the increase in the fraction of pH 5.0-5.5 from 16% to 32% by 1 h,
which visualizes the intravesicular pH drops in the endosomal maturation process. The overall
dynamics of pH values in a living cell along the endosome maturation pathway agrees with previous
reports. [67, 74] Owing to the accessible electromagnetic hotspots that enable facile sampling of the
surrounding environment, Au superstructures are excellent candidates for functional molecular
bioimaging. Previous SERS probes with built-in hotspots rely on layered architecture with Raman
reporters trapped between the core and shell, which precludes their exposure surrounding

environment and limits them to simple structure contrast agents. [54, 55]
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4.4 AuNPRs for Locoregional Therapy

Next, we turn our attention to photothermal efficacy of the Au superstructures comprised of AuNR
and AuNS cores. The temperature rise of AuNPR and AuNPS solutions upon irradiation with 808
nm laser (at a power density of 0.3 W/cm?) was monitored using an infrared camera (Fig. 4.5A, 4.5B).
The temperature of the superstructure solutions exhibited significant increase within the first 100 S of
irradiation followed by either small increase or stabilization for subsequent irradiation. At t = 300 S,
AuNPR exhibited nearly 24°C rise in temperature while AuNPS exhibited significantly smaller rise in
temperature (~8°C) under identical conditions. The significantly higher rise in temperature of AuNPR
solution compared to AuNPS solution can be rationalized from the vis-NIR extinction spectra of
these nanostructures, which demonstrate the significantly higher absorbance of the AuNPR at 808

nm compared to AuNPS at the similar concentration of ~55 pg/ml Au atoms.

To test the photothermal therapeutic ability of the Au superstructures 7z vitro, 786-O cells at 90%
confluence in 24 well plates were incubated with AuNPR and AuNPS to facilitate internalization of
the nanostructures. Following the removal of free Au superstructures, the cells were irradiated with
808 nm laser for different durations (0-6 min) followed by incubation at 37°C and 5% CO; for 18 hrs.
Cell viability quantified by MTT assay indicated significantly higher cell death for different irradiation
times for AuNPR compared to that of AuNPS, which is in complete agreement with the higher
photothermal efficiency of AuNPR compared to AuNPS (Fig. 4.5C). Whereas the viability of cells
incubated with AuNPS remains at 80% even after irradiation for 6 min, the viability of cells incubated
with AuNPR drops to 10% for the same irradiation conditions. These results were further confirmed
by a live/dead cell assay performed after 6 min of irradiation for cells incubated with AuNPS and
AuNPR (Fig. 4.5D). Presence of strong green fluorescence (corresponding to the live cells) and
absence of red fluorescence (corresponding to the dead cells) was noted for cells incubated with
AuNPS following laser irradiation, whereas the inverse was noted for cells incubated with AuNPR.
AuNPRs, which exhibit strong SERS activity and absorbance in the NIR wavelengths, serve as
multifunctional theranostic probes that can be employed to image and treat cancer. On the other
hand, AuNPS, which exhibit weak absorbance but strong SERS activity using near infrared excitation
can efficiently decouple imaging from unwanted photothermal heating (Fig. 4.5B, supplementary

S.11).
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Figure 4.5 - Shape-dependent photothermal efficiency of Au superstructures. (A) Infrared images depicting the
rise in the temperature of water, AuUNPS and AuNPR upon irradiation with NIR laser (Ax = 808 nm) at a power
density of 0.3 W/cm?. (B) Plot showing the significantly higher rise in temperature of AuNPR solution (AT=
24° C) compared to AuNPS (AT= 8° C) and water (AT= <1° C) upon irradiation with NIR laser. (C) Cell viability
following the NIR laser irradiation of control cells and cell incubated with AuNPS and AuNPR for different
durations as quantified by MTT assay. While the control cells and cells incubated with AuNPS exhibit high
viability consistent with the small rise in temperature, cells incubated with AuNPR exhibited significant
reduction in viability. (D) Bright field (top row), green (middle row) and red (bottom row) fluorescence images
of control cells and cells incubated with AuNPS and AuNPR. Following the irradiation with NIR laser (Aex =
808 nm), control cells and cells incubated with AuNPS exhibited green fluorescence (indicating live cells) while

cells incubated with AuNPR exhibited red fluorescence (indicating to dead cells).
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4.5 Conclusion

In conclusion, we have demonstrated a simple and universal approach to synthesize plasmonic
superstructures comprised of a shape-controlled Au core and densely packed Au satellites. The
biotemplated approach demonstrated here can be extended to any Au nanostructure to obtain
superstructures with desired optical properties. As opposed to conventional structural SERS imaging
probes, core-satellite superstructures with accessible electromagnetic hotspots can serve as functional
contrast agents, able to sense and report a specific (bio)chemical stimulus or molecular process in
complex biological milieu. Furthermore, in these EM hotspot-dominated superstructures, the SERS
activity can be decoupled from LSPR wavelength, making them ideal for unperturbed bioimaging.
Conversely, the superstructures can be designed to serve as imaging and therapeutic agents by rational

choice of the size and shape of the Au cores.
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Appendix A

Experimental Information

A.1 Characterization

TEM images were obtained using either field emission TEM (JEM-2100F, JEOL) or JEOL 2010 LaB6
operating at an accelerating voltage of 200 kV. Samples were prepared by drying a drop of the solution
on a carbon-coated grid, which had been previously made hydrophilic by glow discharge. UV —vis
extinction spectra were collected using a Shimadzu 1800 spectrophotometer. AFM micrographs were
obtained using Dimension 3000 (Digital instruments) AFM in light tapping mode. [75] Triangular Si
cantilevers with tip radius less than 10 nm (MikroMasch) were employed for AFM imaging. Zeta
potential measurements were performed using Malvern Zetasizer (Nano ZS). Raman spectra were
collected using a Renishaw inVia confocal Raman spectrometer mounted on a Leica microscope with
20X objective (NA = 0.40) in the range of 600—1800 cm™" with one accumulation and 10 s exposure
time. A 785 nm wavelength diode laser coupled to a holographic notch filter was used to excite the

sample.

A.2 Adsorption of AulNR on Glass Surface

The glass substrate deposited with gold nanorods was fabricated by modifying the substrate with
poly(2-vinyl pyridine) (P2VP) by exposing the piranha cleaned glass surface to 4% (w/v) P2VP
solution in ethanol. After rinsing the substrate with ethanol, it was exposed to gold nanorod solution
to enable adsorption of the gold nanorods. Finally, the substrate was rinsed with water to remove the

loosely bound nanorods, leaving a highly dense layer of nanorods on the surface.

A.3 Calculating Refractive Index Sensitivity of AuNR

The glass substrate adsorbed with gold nanorods was measured in different solvents, which are are
air, H20, and 20%, 37%, 52% (w/v) sucrose solution. For each solvent, the extinction spectrum was

collected with keeping a reference substrate in the same solvent environment. After deconvoluting
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each spectrum with Gaussian fit, the LSPR wavelength of the second peak was used to calculate the

refractive index sensitivity of AuNRs (Fig. S.1).

A.4 Polyelectrolyte LbL Assembly

The glass substrate adsorbed with gold nanorods was rinsed with water three times to remove CTAB
on AuNRs surface before LbL. deposition until stable extinction spectra were obtained. LbL. assembly
was performed using the PSS as polyanion and PAH as polycation. Glass substrates were spin coated
(3000 rpm, 20 sec) with PAH and PSS alternately from 0.2% (w/v) polymer solutions in nanopure

water. The sample was rinsed with water twice after each layer to remove excess polymer.

A.5 SERS Imaging of Live Human Cells

Human renal cancer cell line (786-O) was sub-cultured in RPMI-1640 medium with 10% fetal bovine
serum (FBS) and antibiotics (100 pg/ml penicillin/streptomycin) while renal proximal tubule cells
(RPTEC) were cultured in RPMI-1640 medium with 10% fetal bovine serum (FBS) and 100 pg/ml
of G418 Sulfate. Cells were grown in a water jacket incubator at 37 °C with 5% CO,-humidified
atmosphere in 25 cm” tissue culture flasks. Once the cells reached 90% confluence, they were washed
with phosphate buffered saline (PBS) and detached with 2 ml of 0.25% trypsin-EDTA solution. After
centrifugation, cells were dispersed in complete medium with 10% FBS and plated at a density of 1 X
10* cells/ cm® on a quartz substrate in a 35 mm flat-bottom culture dish. After overnight incubation
at 37 °C with 5% CO,-humidified atmosphere, 786-O cells wete incubated with 3 ml of PEGylated
AuNPRs-MBA dispersed in complete medium for 8 hours at 37 °C. Then the cells were thoroughly
rinsed with PBS twice to remove loosely bound AuNPRs on the cell surface and mounted on a live
cell chamber with well controlled temperature and CO,. After locating the cells using a dark-field
microscope, the living cell imaging was performed using a confocal InVia Renishaw Raman
microscope by collecting a 2D array of Raman spectra with 2 um of spatial resolution using a 785 nm
laser with 3 mW power using 20X objective and 3 sec exposure time. A live/dead cell assay was
performed to ensure the viability of cells after the living cell imaging (supplementary Fig. S.9).

Correspondingly, the cells were prepared the same way for TEM section imaging.
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