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Abstract

We present the application of a theranostic system combining Raman imaging and photodynamic

therapy (PDT) effect. The theranostic nanoplatform was created by loading the photosensitizer,

Protoporphyrin IX, onto a Raman-labeled gold nanostar. A cell-penetrating peptide, TAT,

enhanced intracellular accumulation of the nanoparticles in order to improve their delivery and

efficacy. The plasmonic gold nanostar platform was designed to increase the Raman signal via the

surface-enhanced resonance Raman scattering (SERRS) effect. Theranostic SERS imaging and

photodynamic therapy using this construct were demonstrated on BT-549 breast cancer cells. The

TAT peptide allowed for effective Raman imaging and photosensitization with the nanoparticle

construct after a 1-hour incubation period. In the absence of the TAT peptide, nanoparticle

accumulation in the cells was not sufficient to be observed by Raman imaging, or to produce any

photosensitization effect after this short incubation period. There was no cytotoxic effect observed

after nanoparticle incubation, prior to light-activation of the photosensitizer. This report shows the

first application of combined SERS imaging and photosensitization from a theranostic

nanoparticle construct.
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1. Introduction

The combination of therapeutic and diagnostic components into a single construct, i.e.

theranostics, is an emerging field of medical research that aims at further improving

personalized medicine.1–5 Such composite materials allow for the imaging and detection of

a specific target, monitoring biological and therapeutic processes, followed by localized

release of therapeutic agents. In this way, theranostics can greatly improve the specificity

and selectivity of various treatments, increasing efficacy while reducing unwanted side

effects. Recently, we have developed plasmonic nanoprobes for various photon-triggered

therapeutics, including photothermal and photodynamic therapies.6–9 Our previous work on

theranostic nanoplatforms was a proof-of-concept that focused on the synthesis and

characterization of the particles. Herein, we show the application of such a construct for

Raman imaging and photodynamic therapy, with an enhanced therapeutic efficacy when

using the cell-penetrating TAT peptide.

For the last three decades, our laboratory has been involved in the development and

application of a wide variety of plasmonic platforms ranging form nanoparticles to

nanowaves, nanoposts, nanowires and nanochips for use with surface-enhanced Raman

scattering (SERS).10–13 In recent years, Raman-labeled nanoparticle probes have been

gaining increasing interest in bio-labeling applications due to their advantages over

conventional fluorescence methods.14–30 Fluorophores are highly susceptible to

photobleaching, and solvent effects heavily influence fluorescence emission. Multiplex

detection with fluorescence is also difficult because of the broad, featureless emission peaks,

and the need for multiple specific excitation wavelengths. SERS spectra are generally

unaffected by photobleaching and solvent or environmental effects. The potential for

multiplexing is greater with Raman spectra, owing to the narrow fingerprint-like peaks and

the need for only one excitation source. The use of a Raman label whose absorption band

overlaps with the laser excitation line can provide surface-enhanced resonance Raman

scattering (SERRS), further increasing the signal by a few orders of magnitude.31

Photodynamic therapy (PDT) is a modality for the treatment of a number of diseases,

including cancer. PDT involves the generation of reactive oxygen species (ROS) by a

photosensitizer molecule when excited by the appropriate wavelength of light.32 The

generated ROS then reacts with nearby cellular components causing cell death by apoptosis

or necrosis.33 Protoporphyrin IX (PpIX) is a well-known photosensitizer drug for PDT;

however, it has limited efficacy when applied directly to the target site due to its aggregation

and poor solubility in aqueous environments.34, 35 One way to overcome these problems is

to use a nanoparticle carrier to protect and deliver the drug to the target area. Among other

delivery vehicles, mesoporous silica nanoparticles have been shown to be highly effective at

encapsulating various PDT drugs while still maintaining their efficacy.33, 34, 36–40 This can

be achieved due to the fact that the drug does not have to be released at the target; diffusion

of molecular oxygen to the drug, and diffusion of the generated reactive oxygen species to

the environment around the nanoparticle are adequate for therapeutic effects. Silica

nanoparticles have also been used as a delivery vehicle for hydrophobic anticancer drugs.41

The drug-loading capability is not limited to pure silica particles, but can also be used with

many kinds of silica-coated core-shell nanoparticles.6, 42–45 It has previously been shown
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that a SERS-labeled nanoparticle, such as a gold nanostar, can be coated with a methylene

blue (PDT drug)-loaded silica shell.6 Gold nanostars are a promising nanoplatform for

SERS diagnostics since they exhibit tunable plasmon bands in the NIR tissue optical

window and have multiple sharp branches acting as “hot-spots” for the SERS effect.9, 46

To further improve the efficiency of nanoparticle theranostic systems, sufficient delivery to

the target cells is critical. One method for increasing intracellular accumulation of

nanoparticles involves the use of a cell-penetrating peptide (CPP).47–52 One of the first

CPPs discovered was the transactivator of transcription (TAT) peptide of the human

immunodeficiency virus type 1 (HIV-1) viral genome. Conjugation of the TAT peptide to

nanoparticles results in enhanced intracellular delivery, primarily through actin-driven lipid

raft-mediated macropinocytosis.7 TAT has also been used in the development of nuclear-

penetrating SERS nanoprobes27 and X-ray activated drugs.53

In this paper we present a CPP-conjugated, PpIX-loaded, SERRS-labeled gold nanostar

construct for theranostic application. This integrated construct is applied to both Raman

diagnostics (imaging) and PDT, demonstrated on BT-549 breast cancer cells. The CPP-

enhanced intracellular accumulation of particles allows for SERRS images to be acquired

and PDT to be effective after only 1 hour of nanoparticle incubation. Without the CPP, there

is little to no SERRS signal detected from the cells and no PDT effect observed after 1 hour

of incubation with particles. The CPP-enhanced nanoparticle uptake was also verified by

two-photon luminescence (TPL) imaging. At the particle concentration used, there is no

cytotoxic effect observed on the cells after the 1-hour incubation period.

2. Experimental Section

Materials

Gold(III) chloride trihydrate (HAuCl4·3H2O), trisodium citrate dihydrate

(C6H5O7Na3·2H2O), 1N HCl, L(+)-ascorbic acid (AA), tetraethyl orthosilicate (TEOS), O-

[2-(3-Mercaptopropionylamino)ethyl]-O’-methylpolyethylene glycol (mPEG-SH, MW 5k),

Protoporphyrin IX (PpIX), 3,3’-Diethylthiadicarbocyanine iodide (DTDC), fluorescein

diacetate (FDA), propidium iodide (PI), and Resazurin based Toxicology Assay Kit (TOX8)

were purchased from Sigma-Aldrich (St. Louis, MO, USA) at the highest purity grade

available. Silver nitrate (AgNO3, 99.995%) was supplied by Alfa Aesar (Ward Hill, MA,

USA). Pure-grade ethanol and ammonium hydroxide (NH4OH, 29.5%) were obtained

through VWR (Radnor, PA, USA). Ultrapure water (>18 MΩ cm−1) was used in all

preparations. All glassware was cleaned with aqua regia, washed with copious amounts of

water, and dried prior to use. Cell culture media and supplements, ProLong Gold Antifade

Reagent, and Hoescht 33342 were purchased from Invitrogen (Carlsbad, CA). TAT-peptide

(residues 49–57, sequence Arg-Lys-Lys-Arg-Arg-Arg-Gln-Arg-Cys-CONH2) was ordered

from SynBioSci (Livermore, CA).

Instrumentation

Raman spectra were recorded on a Renishaw inVia Raman microscope (Gloucestershire,

UK), controlled by WiRE 2.0 software, using an 1800 g mm−1 grating with 633 nm (8 mW)
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excitation. Fluorescence emission spectra were collected using an Edinburgh Photonics

FLS920 fluorescence spectrometer (Livingston, UK). Transmission electron microscopy

(TEM) was performed on a FEI Tecnai G2 Twin transmission electron microscope

(Hillsboro, OR, USA) with an accelerating voltage of 200 kV. Absorption spectra were

acquired on a Shimadzu UV-3600 (Columbia, MD). Particle concentrations and size

distributions were measured by Nanoparticle Tracking Analysis (NTA) with a NanoSight

NS500 (Amesbury, UK). The fluorescence intensity of the Resazurin-based toxicology

assay was measured by a FLUOstar Omega plate reader (BMG LABTECH GmbH,

Germany). Photodynamic therapy treatment and cell viability imaging were performed on a

Zeiss Axiovert 200M inverted microscope (Thornwood, NY) equipped with an X-Cite

Series 120 mercury arc lamp (Lumen Dynamics, Mississauga, ON, Canada). Images were

recorded with a Canon EOS Rebel XTi (Tokyo, Japan) mounted to the front port of the

microscope. The TPL images were recorded using a commercial multiphoton microscope

(Olympus FV1000, Olympus America, Center Valley, PA) with a femtosecond Ti:sapphire

laser (Chameleon Vision II, Coherent, Santa Clara, CA) used for excitation.

Raman-Labeled Nanostar Synthesis

The nanostars were synthesized according to a previously published protocol.9 A gold seed

solution was prepared by bringing 100 mL of 1 mM HAuCl4 to a rolling boil and adding 15

mL of 1% trisodium citrate under vigorous stirring. The solution was kept boiling for 15

minutes, cooled, filtered with a 0.22 µm nitrocellulose membrane, and stored at 4 °C.

Nanostars were grown from the seed by adding 100 µL of the gold seed to a solution

containing 10 mL of 0.25 mM HAuCl4 and 10 µL of 1N HCl, followed quickly by

simultaneous addition of 100 µL 1 mM AgNO3 and 50 µL 0.1 M AA under moderate

stirring. Within 10 seconds the solution turned from light red to a deep blue. The stock

concentration of nanoparticles is approximately 0.1 nM, as determined by Nanoparticle

Tracking Analysis (NTA).

Freshly synthesized nanostars (10 mL) were conjugated with mPEG-SH (1 µM final

concentration) under gentle stirring for 15 minutes. The PEGylated particles were then

centrifuged (3.5k rcf, 15 minutes) twice at 4 °C to remove excess PEG and redispersed in

water. DTDC (0.2 µM final concentration) in ethanol was added to this solution and allowed

to stir overnight. The DTDC-tagged particles were centrifuged (3.5k rcf, 15 minutes) twice

at 4 °C to remove excess DTDC and resuspended in water (AuNS-DTDC).

Encapsulation of Protoporphyrin IX and TAT Conjugation

A modified Stöber method was used for formation of the silica shell.54 The labeled nanostar

solution was centrifuged at 4 °C (3.5k rcf, 15 minutes) and resuspended in 2 mL of ethanol.

Under gentle stirring, the solution of nanostars was added to a 20 mL glass vial containing

2.0 mL of water and 7.0 mL ethanol. Protoporphyrin IX (1 µM final concentration) in

ethanol and 180 µL of NH4OH were added to the mixture. Silica coating was initiated by the

addition of 30 µL 10% TEOS in ethanol, and the reaction was allowed to proceed for three

hours. The nanoparticles were then centrifugally purified (3.5k rcf, 15 minutes) two times

and redispersed into 5 mL of ethanol. TAT conjugation was achieved by passive adsorption;
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a final concentration of 100 µm TAT was added to the ethanolic solution of particles and

allowed to stir overnight.

Cell Culture and Nanoparticle Incubation

The BT-549 breast cancer cells were a gift from Dr. Victoria Seewaldt. Cells were cultured

in modified RPMI 1640 medium (Gibco 22400-089) supplemented with 10% fetal bovine

serum and 0.023 IU/mL insulin, and incubated at 37 °C in a humidified 5% CO2

atmosphere. For PDT studies, cells were seeded into 6-well plates. Cells prepared for Raman

mapping were grown on sterilized glass coverslips in 6-well plates. Cytotoxicity was

assessed using cells grown in a 96-well plate. Cell samples for two-photon luminescence

imaging were grown in 35 mm Petri dishes. All samples were grown to ~80% confluency

before use.

The nanoparticle solution was prepared for cellular incubation by centrifugally washing

once with water, then resuspending into complete growth medium to a particle concentration

of 0.1 nM. Cells were incubated with the particle-containing medium for one hour. After

incubation, the medium was aspirated and the cells were washed three times with PBS. For

the cytotoxicity assay, growth medium was replaced and the cells were cultured for 24

hours. Resazurin (10% v/v) was added and the plate was kept in the incubator for 1 hour.

Resazurin (blue, nonfluorescent) is reduced by live cells to resorufin (pink, fluorescent). The

fluorescence intensity of resorufin was then measured by a plate reader. For two-photon

luminescence imaging, cells were fixed in 4% paraformaldehyde and stained with Hoescht

33342 (2µg mL−1 in PBS) 30 minutes prior to imaging.

Raman Mapping

After particle incubation the cells were fixed with a 4% paraformaldehyde solution and

rinsed with water to remove any remaining salt. The coverslips were removed from the 6-

well plate and mounted onto glass slides following the protocol for the ProLong Gold

Antifade Reagent. After curing for 24 hours, the edges of the coverslip were sealed with

clear nail polish to extend the sample life. Raman mapping was performed on the Renishaw

inVia Raman microscope. Cells were located under brightfield illumination with a 40×

objective. Spectra were collected with the grating centered at 1100 cm−1 (~600 cm−1

bandwidth) during a 5-second data acquisition. The Raman image maps were created by

collecting spectra at multiple points on a grid with 2-µm spacing over the 2D region of a

cell. The baseline-subtracted intensity from the DTDC peak between 1120 and 1150 cm−1

was integrated and then displayed over the grid using a color scale to depict the intensity

variation across the area.

Photodynamic Therapy

After particle incubation, the cells were kept in PBS to prevent any optical interference from

the phenol red in the cell culture medium. A region of cells was focused on using a 40×

phase contrast objective, and then irradiated with light from the mercury arc lamp after

passing through a DAPI filter (377/50 nm). The measured power density was 4.4 W/cm2.

After treatment, the PBS was replaced with growth medium and cells were cultured for 4

hours prior to viability staining. Cell viability was assessed by incubating cells for 5 minutes
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in a solution of PBS containing 1 µg mL−1 FDA for live cells (green) and 50 µg mL−1 PI for

dead cells (red), and imaging on a fluorescence microscope.

Data Analysis

Smoothing and baseline subtraction of Raman spectra was performed in MATLAB R2012a.

Spectra were smoothed using the ‘smooth’ function with parameters: span = 15, method =

‘sgolay’, degree = 2. The baseline was removed using a numerical algorithm developed in

our laboratory, which uses a moving window to locally determine the background

fluorescence. Unprocessed versions of the Raman spectra presented in the text can be found

in the electronic supplementary information. Mathematica 8.0.4 was used to integrate the

area under the curve for fluorescence spectra of PpIX. Scale bars were added to images

using ImageJ 1.46j. All graphs were created in Microsoft Excel for Mac Version 14.2.3.

3. Results and Discussion

3.1. Nanoparticle Synthesis and Characterization

Scheme 1 presents a visual overview of the steps required to prepare the theranostic

nanoplatform. The Raman-labeled gold nanostars (AuNS) were prepared using a similar

procedure described in our previous report.6 PEGylated AuNS were allowed to stir

overnight in a solution containing 0.2 µM of the dye DTDC. The sulfur groups of the

thiacarbocyanine dye aid in adsorption to the gold surface.55 Figure 1 shows the SERRS

spectrum of the unwashed AuNS-DTDC particle solution before silica coating (solid line),

indicating binding of the dye at or near the particle surface. After washing there was little to

no change in the intensity of the SERRS spectrum. The decrease in SERRS intensity after

silica coating is likely due to displacement of any DTDC that was not bound directly to the

particle surface by the condensation of silica onto the PEG layer.Figure 2(A) shows the

absorption spectra of PpIX and DTDC, indicating that excitation at 633 nm does not activate

PpIX, and that this excitation is resonant with DTDC, thus producing SERRS.

We coated the PEGylated, labeled AuNS with silica using a method described previously by

Fernández-López et al.54 Adding PEG to the AuNS enhances particle stability in ethanol so

that a modified Stöber method can be used to form the silica shell.56 It is believed that PEG

facilitates the condensation of silica through hydrogen binding of PEG ether oxygens and

silanol groups.54 As seen in Figure 2(B), there is a red shift in the extinction spectrum of the

AuNS after silica coating, caused by an increase in the local refractive index around the

particles.57 PpIX loading of the silica shell was achieved by adding 1 µM of the

photosensitizer to the reaction mixture prior to initiation of silica condensation. The drug

was sequestered in the pores of the silica matrix, and fluorescence emission of PpIX was

observed from the synthesized particles after being washed (Figure 2(B)). A calibration

curve (Figure S1) was established using the fluorescence emission of PpIX under 415-nm

excitation and it was estimated that 0.37 ± 0.03 µM of the initial 1 µM PpIX was

encapsulated on the AuNS. The fluorescence intensity of PpIX remaining in the supernatant

after the silica coating was used to make this estimation. When using the fluorescence

intensity from the particle solution itself, a loaded PpIX concentration of 0.18 ± 0.03 µM is

determined. This discrepancy can largely be attributed to the inner filter effects of the
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nanostars, which have an optical density around 0.65 in the excitation band for PpIX and an

average optical density of about 0.8 in the PpIX emission band. It is also possible that there

are quenching and enhancing effects on the PpIX caused by the gold nanostars; however, a

more in-depth discussion of this topic is beyond the scope of this paper.

The particle samples were also tested for any PpIX leaching due to plasmonic heating of the

nanostars. A HeNe laser (633 nm) was chosen due to the close matching of the excitation

wavelength with the maximum absorption of the nanostars. Aliquots of 100 µL of AuNS-

DTDC@SiO2-PpIX or AuNS-DTDC@SiO2-PpIX TAT were placed into a 96-well plate and

irradiated with an 8 mW 633 nm laser for various amounts of time. The samples were spun

down at 5k rcf, and PpIX fluorescence was measured from the supernatant. It is seen that

after 15 minutes of irradiation, less than 25% of the PpIX has been leached from the

nanoparticles (Figure S2). The TAT-coated particles also show a slightly lower rate of PpIX

release, possibly due to partial blocking of the silica pores on the outer surface. It is worthy

to note that when the delivered light flux is equal to that which is used for PDT (at 1.5 min

irradiation time), only ~10% of the loaded PpIX had escaped from the silica shell.

TEM was used to characterize the particle size and morphology. Figure 3 shows that

addition of PpIX did not impact formation of complete silica shells on the AuNS. The

hydrodynamic size of the AuNS-DTDC@SiO2-PpIX was measured to be 123 ± 34 nm by

Nanoparticle Tracking Analysis (Figure S3). The final particle modification step was

conjugation with the TAT peptide. Electrostatic interaction between the negatively charged

silica-coated particles and the positively charged TAT peptide induce an effective

attachment method. This attachment is confirmed by the dramatic increase in intracellular

particle accumulation observed for the TAT functionalized particles by two-photon

luminescence imaging (Figure S4).

Although silica nanoparticles are generally considered to be non-toxic, the pronounced

increase in particle uptake caused by the TAT peptide warranted the use of a cytotoxicity

assay to measure the impact of this dense particle loading. Cells in a 96-well plate were

incubated with various particle samples at a concentration of 0.1 nM for 1 hour, washed in

PBS, and then cultured for 24 hours. After this time period, a Resazurin assay was used to

assess the cytotoxicity of each particle sample (Figure 4). Each data set is the average

fluorescence intensity from a column on the 96-well plate (8 measurements). It can be seen

from the figure that there is no statistically significant difference in cell viability for any of

the particle-incubated samples compared to the control sample.

3.2. Raman Mapping

Raman images were created by taking a 5-second spectral acquisition centered at 1100 cm−1

(~600 cm−1 bandwidth) at each point on a grid with 2-µm spacing over the 2D area of a cell.

The integrated DTDC peak intensity between 1120 and 1150 cm−1 was displayed over the

area using a color map to depict intensity variation. This peak was chosen because it showed

the highest signal intensity. Representative Raman images are displayed in Figure 5. The

color scale was kept constant across all of the images to allow for a fair comparison between

them. In contrast, little to no Raman signal was detected from cells incubated with AuNP-
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DTDC@SiO2-PpIX without TAT (Figure S5), which is in good agreement with the TPL

imaging results (Figure S4).

3.3. Photodynamic Therapy

The efficacy of our theranostic construct was demonstrated using cell viability staining after

exposing nanoparticle-incubated cells to UV light. The treatment group was incubated with

AuNS-DTDC@SiO2-PpIX-TAT for 1 hour while the control group was incubated with

AuNS-DTDC@SiO2-TAT for 1 hour (particle concentration of 0.1 nM). The cells were

washed 3× in PBS and then exposed to light for 30 seconds from a mercury arc lamp after

passing through a DAPI filter (377/50 nm). A 40× objective was used to focus the light onto

the cell sample, with a measured power density of 4.4 W cm−2. After treatment, cells were

cultured for 4 hours in complete growth medium prior to viability staining. Results of the

viability staining are shown in Figure 6. Cell death due to PDT is highly evident in Figure 6

(left). There appears to be some cell detachment in the control group (Figure 6, right) due to

heating of the nanoparticles, but the result is not as dramatic as that seen with the PpIX-

loaded particles. The mechanism of photocytotoxicity is ascribed to the 1O2 generated by

PpIX when excited by the broadband light within its absorption band. This 1O2 can diffuse

out of the porous silica matrix and travel on the order of tens of nanometers to affect cellular

components. While the excitation light did heat the particles enough to cause some cell

detachment, very few of the cells were actually ablated (red-stained cells, Figure 6, right).

The effect of using PpIX-loaded particles without TAT was also tested. Light exposure after

a 1-hour incubation with 0.1 nM AuNS-DTDC@SiO2-PpIX did not produce any observable

effect (Figure S6).

4. Conclusions

In summary, we present the first application of a theranostic, combined Raman imaging and

photosensitizer nanoconstruct. The use of the cell-penetrating peptide, TAT, greatly

increases particle uptake by the cells, enhancing the efficacy of our construct. Raman

imaging and photosensitization were demonstrated on BT-549 breast cancer cells. When the

same conditions were used for particles that were not functionalized with TAT, little to no

Raman signal could be detected from the cells and no photosensitization was observed after

light exposure. The particles exhibited no cytotoxic effect under dark conditions. Future

work will involve the use of various targeting ligands and multiple Raman probes to

investigate the specificity and multiplexing capability of our theranostic construct. The use

of other drugs, not only photosensitizers, is currently under investigation.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
SERRS spectra of AuNS-DTDC solution (solid, top), AuNS-DTDC@SiO2-PpIX-TAT solution (dotted, middle), and a point

collection from a cell that had been incubated with AuNS-DTDC@SiO2-PpIX-TAT (dashed, bottom). All spectra were acquired

at 633 nm excitation (8 mW) with a 10 second integration time. The solution spectra were recorded using a 10× objective with

the particles suspended in water, while the intracellular Raman spectrum was recorded with a 40× objective. Spectra are

baseline-subtracted and offset for clarity.
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Figure 2.
(A) Absorption spectra of free PpIX (solid) and DTDC (dashed) in ethanol. (B) Absorption spectra of the AuNS-DTDC before

(solid, left axis) and after (dotted, left axis) silica coating (particles dispersed in water) and fluorescence emission from the

AuNS-DTDC@SiO2-PpIX-TAT (dispersed in ethanol) under 415 nm excitation (dashed, right axis).
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Figure 3.
TEM micrograph of the silica coated AuNS. Scale bar is 100 nm.
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Figure 4.
Cell viability after a 1-hour incubation with various particle samples at a concentration of 0.1 nM. The error bars are ± one

standard deviation of 8 measurements.
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Figure 5.
Three representative Raman images of cells incubated with AuNS-DTDC@SiO2-PpIX-TAT, collected with 633 nm excitation

(8 mW). The top row shows the brightfield image and selected area while the bottom row displays the calculated Raman image.

The calculated intensity values came from the integrated peak intensity of the baseline-subtracted DTDC peak between 1120

and 1150 cm−1. The intensity scale is shown beneath the images and was kept constant across all acquisitions.
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Figure 6.
Viability staining of cells incubated with AuNS-DTDC@SiO2-PpIX-TAT (left) and AuNS-DTDC@SiO2-TAT (right) after 30

seconds of light irradiation. Live cells are stained green and dead cells are stained red. Scale bars are 250 µm.
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Scheme 1.
Schematic depiction of the nanocomposite synthesis.
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