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Abstract 

To impart effective cellular damage via photodynamic therapy (PDT), it is vital to deliver the ap-
propriate light dose and photosensitizer concentration, and to monitor the PDT dose delivered at 
the site of interest. In vivo monitoring of photosensitizers has in large part relied on their fluo-
rescence emission. Palladium-containing photosensitizers have shown promising clinical results by 
demonstrating near full conversion of light to PDT activity at the cost of having undetectable 
fluorescence. We demonstrate that, through the coupling of plasmonic nanoparticles with palla-
dium-photosensitizers, surface-enhanced Raman scattering (SERS) provides both reporting and 
monitoring capability to otherwise quiescent molecules. Nano-enabled SERS reporting of pho-
tosensitizers allows for the decoupling of the therapeutic and imaging mechanisms so that both 
phenomena can be optimized independently. Most importantly, the design enables the use of the 
same laser wavelength to stimulate both the PDT and imaging features, opening the potential for 
real-time dosimetry of photosensitizer concentration and PDT dose delivery by SERS monitoring. 
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Introduction 
Photodynamic therapy (PDT) combines the use 

of light at appropriate wavelengths with a photoac-
tive drug (photosensitizer) to produce highly toxic 
reactive oxygen species (ROS)[1]. PDT has had a long 
history of clinical interest in several fields, including 
bacterial sterilization and treatment of cancer[2]. Early 
advances of PDT were limited to the treatment of su-
perficial lesions due to the short excitation wave-
lengths of 1st generation photosensitizers, but the de-
velopment of photosensitizers excitable at longer 
wavelengths have enabled the treatment of larger 
tumor volumes and at greater depths[3]. Highly lo-
calized therapeutic delivery of PDT makes this treat-
ment modality especially relevant for tumors origi-
nating within or in the vicinity of sensitive organs or 
tissue structures.  

A typical PDT regimen involves systemic or local 
delivery of the photosensitizer followed by local de-
livery of light to the target tissue (e.g. tumor). In order 

to achieve optimal efficacy and safety in individual 
patients, the light dose delivered to the target, the 
photosensitizer concentration in the target, and some 
measure of the effective PDT dose must be monitored. 
Due to high variability in the optical properties of 
tissues between patients, accurate light delivery to the 
site of interest remains a challenge. However, there 
have been significant advances in devices and algo-
rithms to address this challenge[3, 4]. Given that a 
large number of photosensitizers are fluorescent, 
measuring fluorescence emission has been the most 
widely used approach to monitor photosensitizer ac-
cumulation. However, this approach may be com-
promised by the background autofluorescence of tis-
sues and by the variations in the fluorescence proper-
ties of a photosensitizer due to the different microen-
vironments[5, 6], both of which affect the accuracy 
and sensitivity of fluorescence-based monitoring.  

Palladium (Pd) photosensitizers have demon-
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strated great clinical potential[7]. They are derived 
from the porphyrinoid family (i.e. porphyrins, chlo-
rins, bacteriochlorins) where the coordination of Pd2+ 
ion changes the electronic structure of the photosen-
sitizer such that they can have near 100% singlet ox-
ygen quantum yield[8-10]. Generally, fluorescence 
quantum yield varies inversely with the singlet oxy-
gen quantum yield. Thus, Pd-photosensitizers are 
essentially non-fluorescent so that their uptake and 
biodistribution cannot be monitored using fluores-
cence spectroscopy or imaging. This is a significant 
drawback since treatment must be given effectively 
without knowing this key determinant of treatment 
dose, which may lead to sub-optimum outcome[6].  

Likewise, photosensitizer photobleaching has 
been the most practical method to date for determin-
ing effective PDT treatment delivery[11, 12], based on 
the concept that the degree of photobleaching is 
linked to the amount of singlet oxygen generated 
(which has been validated for several clinical photo-
sensitizers) and so serves as a surrogate for the latter. 
Again, however, this is limited in practice to fluores-
cent photosensitizers. Alternatively, monitoring 1168 
nm phosphorescent emission of Pd-photosensitizers 
or the 1270 nm luminescence emission of singlet ox-
ygen have been proposed[6]. However, these tech-
niques have not yet reached clinical practice due to 
significant technical challenges. 

Inspired by the clinical potential of 
Pd-porphyrinoids and to address the above chal-
lenges, we have taken the approach of using the 
unique photophysical properties of nanomaterials to 
achieve in vivo monitoring of these fluorescently inac-
tive photosensitizers by exploiting their sur-
face-enhanced Raman scattering (SERS), as illustrated 
in Figure 1A. We have previously reported on the use 
of self-assembling porphyrin-lipids (pyrolipid) on the 
surface of gold nanoparticles to develop stable, bright 
SERS agents for in vivo molecular imaging[13]. These 
nanoparticles can be synthesized in a facile procedure, 
since pyrolipid acts as both the SERS reporting agent, 
photosensitizer, and the nanoparticle-stabilizing 
compound. Herein, we demonstrate the development 
of Pd-pyrolipid theranostic nanoparticles (PdPL-NPs) 
that, when excited by red light (638 nm), simultane-
ously are both photodynamically active and emit a 
bright SERS signal. This represents a possible new 
approach for in vivo reporting of fluorescently inactive 
photosensitizers, in which the PDT and real-time 
SERS reporting function of the nanoconstruct utilize 
the same excitation wavelength from a single photo-
sensitizer construct. More broadly, for photosensitiz-
ers, while fluorescence and PDT rely on two compet-
ing mechanisms, nano-enabled SERS reporting pho-
tosensitizers use two complementary orthogonal 

physical mechanisms, absorption and scattering, re-
sulting in the mutually exclusive output of PDT and 
SERS. 

Results and Discussion 
Pd-pyrolipid (PdPL) was synthesized using a 

facile metalation method with Pd(II)(OAc)2 and 
free-base pyrolipid (pyropheophorbide-a conjugated 
to a 1-palmitoyl-2-hydroxy-sn-glycero-3-phosphocho-
line backbone): Figure 1B. The metalation reaction 
and purification methods gave a 23% yield of the final 
product, >95% pure by HPLC-MS (Supplementary 
Material:  Figure S1). Following the chelation of Pd2+ 
ion into the pyrolipid macrocycle, PdPL retains the 
self-assembly property of pyrolipid and remains 
amenable to existing liposome-like (viz. porphysome) 
synthesis methods[14, 15]. PdPL-NPs were formu-
lated by applying ultrasonic energy to a solution 
containing 60 nm spherical gold nanoparticles and 
liposome-like Pd-pyrolipid nanostructures 
(Pd-porphysome): Figure 1D. The lipid layer of 
PdPL-NPs is composed of amphiphilic Pd-pyrolipid 
molecules and DSPE-PEG (distearoylphosphatidyl-
ethanolamine-poly(ethylene glycol)). The use of 
DSPE-PEG in the formulation helps enhance the col-
loidal stability and biologic compatibility of the 
PdPL-NPs and acts as an anchor for the conjugation of 
biomolecules to confer targeting. We have previously 
demonstrated the synthesis of manganese-pyrolipid 
SERS NPs (MnPL-NPs) as in vitro molecular imaging 
agents[13] (absorption and emission profiles are il-
lustrated in Supplementary Material: Figure S2). Both 
metallo-porphyrins (Mn and Pd-pyrolipid) have al-
tered electronic structure of the porphyrin molecules 
such that both are fluorescently inactive (Figure 1C). 
However, the underlying mechanisms are different. 
The insertion of Pd in pyrolipid gives the porphyrin a 
high ROS quantum yield, whereas manga-
nese-chelated porphyrins favor rapid non-radiative 
relaxation in which the absorbed light energy is con-
verted only to thermal energy[16]. As a result, 
Mn-pyrolipids are photodynamically inactive and 
were used as a control agent to ensure that the results 
were not confounded by the high absorption extinc-
tion of gold nanoparticles.  

Figure 1C demonstrates that free-base pyrolipid 
emits a strong fluorescence signal, while Pd- and 
Mn-pyrolipids are fluorescently quenched. The three 
samples were dissolved in methanol at 30 nM to 
eliminate porphyrin aggregation that would have 
confounded the fluorescence measurements. Different 
molar ratios of PdPL and DPSE-PEG can be used to 
encapsulate AuNPs to produce colloidally stable lipid 
encapsulated nanoparticles. An increase in 
Pd-pyrolipid resulted in an increase in SERS signal, 
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up to a maximum of 75% Pd-pyrolipid lipid content 
(Supplementary Material: Figure S3). Samples with 
significantly higher Pd-pyrolipid content were not 
colloidally stable and aggregated during purification 
(data not shown). Figure 1F illustrates the spectral 
features (absorption and SERS emission) of each of the 
PdPL-NP components. The SERS emission of 
PdPL-NPs result from monodispersed nanoparticles, 
where the lipid encapsulation helps prevent nanopar-
ticle aggregation. Transmission electron microscopy 
(TEM) and dynamic light scattering (DLS) were used 
to demonstrate the nanoparticle monodispersity, vide 
infra. The excitation wavelength was chosen as 638 nm 
to allow the use of the multifunctionality of the probe. 
This wavelength is on-resonance with the high 
Qy-band extinction of Pd-pyrolipid where met-
al-enhanced resonant Raman scattering was used to 
produce strong SERS imaging contrast. Furthermore, 
Pd-pyrolipid strongly absorbs 638 nm light, generat-
ing ROS species for simultaneous PDT treatment. 
TEM of PdPL-NP illustrates the lipid encapsulation of 
AuNPs with uranyl acetate using a previously estab-
lished protocol[13] (Figure 1E and Supplementary 
Material: Figure S4). DLS was used to measurement 
the hydrodynamic size of PdPL-NPs, and the meas-
urements showed a monodispersed population with 
Z-average of 68 nm (polydispersity index of 0.38). The 
polydispersity index represents the dispersity of the 

core gold nanoparticles (Ted Pella Inc.) used to syn-
thesis PdPL-NPs. 

PdPL-NPs were prepared at varying concentra-
tions from 100 fM to 0.3 nM to measure the effect of 
nanoparticle concentration on the SERS intensity. 
Using current imaging conditions, the limit of detec-
tion was found to be 100 fM such that the 755 cm-1 
SERS peak was discernable over the baseline: Figure 
2A. Importantly, the SERS intensity increased linearly 
with the nanoparticle concentration, allowing facile 
reporting of its concentration. Singlet oxygen produc-
tion was assayed using singlet oxygen sensor green 
(SOSG), where fluorescently-quiescent SOSG selec-
tively reacts with singlet oxygen in the solution to 
produce fluorescent SOSG-endoperoxide (SOSG-EP) 
molecules[17]. Figure 2B illustrates the ability of 
PdPL-NPs to produce ROS species relative to the 
known PDT-inactive Mn-pyrolipid[16] encapsulating 
NPs. PdPL-NPs demonstrate a light dose-dependent 
photogeneration of ROS, indicating their potential for 
PDT. As expected, SOSG fluorescence measurements 
for the PDT-inactive MnPL-NPs remained at baseline 
through light treatment. This rules out confounding 
interactions, such as fluorescence enhancement of 
SOSG-EP with the surface of the AuNP, unexpected 
chemical (or photochemical) reaction with lipids in 
the SOSG solution, or serendipitous thermal degra-
dation of SOSG into SOSG-EP. 

 

 
Figure 1. A) Intrinsic SERS reporting theranostic nanoparticle that when excited with 638 nm light simultaneous produce PDT and SERS molecular imaging. B) 
Palladium metalation of free-base pyrolipid using acetate method. C) Fluorescence measurements of free-base pyrolipid, manganese-pyrolipid, and palladium-pyrolipid 
in methanol. D) Synthesis of PdPL theranostic nanoparticles using standard liposome techniques to form Pd-porphysomes that are subsequently sonicated onto 
AuNPs. E) Transmission electron micrograph of PdPL-NP using uranyl acetate lipid staining. F) Absorption and emission spectrum of the different components of 
PdPL-NPs. 
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Figure 2. A) Dose-dependent SERS intensity of PdPL-NP with a limit of detection of 500 fM. Inset better illustrates SERS intensity at low nanoparticle concentrations. 
B) Solution assay of PDT ROS photogeneration showing PdPL-NP concentration dependent ROS release relative to PDT quiescent MnPL-NPs and control. C) 
Photobleaching dependent SERS intensity correlates with increase in SOSG fluorescence for PDT dosimetry. Black squares correspond to left y-axis illustrating SOSG 
fluorescence assay and red circles correspond to right y-axis illustrating SERS intensity measurements. D) In vitro MTT assay using KB cells with PdPL-NPs treated with 
0-250 pM nanoparticle concentration and 10 J/cm2 light dose. Data for A and C acquired with laser fluence rate 250 mW/cm2 while B and D were acquired with 
fluence rate of 50 mW/cm2. 

 
It has been shown that photobleaching of pho-

tosensitizers, as monitored by the loss of fluorescence 
signal, can be used to calculate the singlet oxygen 
dose delivered to the region of interest[6]. Conse-
quently, we hypothesized that the ability to use the 
same wavelength to induce PDT and to measure the 
SERS emission would enable the analogous use of the 
photobleaching-dependent SERS intensity decrease as 
a PDT dose metric. To demonstrate this, we investi-
gated the change in SERS signal intensity at different 
light doses and used the SOSG assay during treatment 
as a surrogate to measure PDT activity. As the light 
dose increased from 0 to 50 J/cm2, there was a marked 
increase in ROS production that corresponded with 
the decrease in SERS intensity: Figure 2C. Neither the 
SERS emission from nor the SOSG fluorescence pro-
duced by the PDT-inactive MnPL-NPs deviated from 
the baseline (Supplementary Material: Figure S5). 
Since, in this experiment, the nanoparticles were sus-
pended in solution and only a small region was irra-
diated, the rate of SERS signal loss from photo-
bleaching in Figure 2C was likely underestimates due 
to nanoparticle diffusion into and out of the irradiated 
volume. Furthermore, by increasing the fluence rate 
from 250 to 1300 mW/cm2, the change in SERS signal 
can be further intensified (Supplementary Material: 
Figure S6). 

Efficient PDT damage requires intracellular lo-
calization of the photosensitizer with organelles such 

as mitochondria[2]. Consequently, in vitro PDT 
treatment was conducted with folate recep-
tor-targeted PdPL-NPs to enhance their endocyto-
sis[18]. A small percentage of DPSE-PEG lipid (1%) 
was replaced with DSPE-PEG-folate during nanopar-
ticle synthesis. The PDT drug-dose response was 
studied using KB carcinoma cells (folate receptor 
positive) incubated with nanoparticles for 4 h prior to 
washing. Cell survival was measured using the MTT 
assay. At each dose of either MnPL or PdPL-NPs, cells 
were treated with 10 J/cm2 light dose at 638 nm. 
No-light controls were also used. Cell survival was 
measured 24 h after treatment (Figure 2D). 

To illustrate that PdPL-NPs possess the capabil-
ity for simultaneous PDT and SERS imaging, the same 
cell model and incubation conditions were used. PDT 
cell damage was imaged using a cell viability fluo-
rescence stain and SERS emission was simultaneously 
measured on a Raman microscope: Figures 3 and 4. 
For SERS imaging, a full spectral Raman map was 
acquired with a motorized Raman spectrometer cou-
pled to an inverted microscope equipped with a 
deep-depletion silicon CCD array with 
600/1200/1800 1/mm grating. In vitro images were 
acquired using a 20x objective where a bright-field 
(differential interference contrast mode) image was 
overlaid with the hyperspectral Raman image of re-
gions of interest. Thus, the Raman images illustrated 
in Figure 3A are pseudocolor images of the back-
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ground-corrected area-under-the-curve SERS peak at 
755 cm-1 for PdPL-NPs and at 753 cm-1 for MnPL-NPs. 
Figure 3A is the Raman map taken prior to and after 
PDT for cells treated with the PdPL-NPs and 
MnPL-NPs. Of note, the overall Raman intensity after 
PDT treatment with PdPL-NPs is significantly lower 
than before treatment. Figure 3B shows representative 
Raman spectra of PdPL-NP treated sample. This ex-

periment also demonstrates that the photosensitizer 
was photobleached during PDT and substantiates the 
concept of using SERS-based monitoring for PDT do-
simetry. Cells treated with PdPL-NPs show a dis-
cernable change in morphology after PDT treatment, 
as evident in the bright-field image further indicating 
PDT-induced cellular damage (Figure 3A). 

 

 
Figure 3. A) SERS molecular imaging of folate-receptor positive KB carcinoma cells with folate targeted PdPL- and MnPL-NPs. Pseudocolored Raman map overlay 
of background corrected area-under curve at 755 cm-1 Raman shift for PdPL-NP and 753 cm-1 Raman shift for MnPL-NP. SERS images obtained at laser fluence rate 
of 250 mW/cm2. B) Representative SERS spectrum of PdPL-NPs from pre- and post-PDT Raman map overlay. Scale bars are 25 μm. 

 
Figure 4. Cell viability (live/dead) assay during simultaneous PDT and SERS imaging. Green channel depicts live cells and red channel depicts compromised/dead cells. 
Field of view matched with SERS images above. 
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PDT-induced cellular damage was assayed using 
fluorescence cell staining with Calcein AM for the 
regions imaged with SERS (Figure 4). This molecule 
becomes metabolized by the esterase activity of live 
cells to produce Calcein, a cell-membrane impermea-
ble fluorophore. Non-viable cells were imaged using 
Ethidium Homodimer-1 (EH-1), a fluorescent 
cell-membrane impermeable nuclear staining dye that 
only stains nuclei of cells with compromised cell 
membrane. Following the PDT treatment discussed 
above, the cells where incubated with Calcein AM 
and EH-1 for 30 min prior to fluorescence microscopy. 
Cells treated with PDT using PdPL-NPs show EH-1 
uptake and an absence of Calcein fluorescence, indi-
cating that they were non-viable. The control groups 
(PdPL-NPs without light, MnPL-NPs plus light, la-
ser-only) remained viable, as indicated by the pres-
ence of Calcein fluorescence. The field of view in Fig-
ure 4 is the same as Figure 3 to illustrate the simulta-
neous PDT and SERS capability of PdPL-NPs. 

Conclusions 
In vivo monitoring of photosensitizers has largely 

relied on their fluorescence emission[19, 20]. Howev-
er, this approach is not applicable to some photosen-
sitizers with very high singlet oxygen quantum yield 
and minimal fluorescence. SERS reporting of photo-
sensitizers, a nano-enabled phenomenon, allows for 
the decoupling of the therapeutic and the imaging 
mechanisms for a photosensitizer, so that both can be 
independently maximized. The use of porphyrin as 
the reporting agent enables the use of the diverse 
multifunctional nature of these molecules for many 
therapeutic and imaging applications[21-25]. Im-
portantly, our design enables the use of the same 
wavelength for both purposes, which will facilitate 
real-time monitoring of the photosensitizer in vivo 
and, through photobleaching-induced loss of the 
SERS signal, of the effective PDT dose. To our 
knowledge, simultaneous SERS imaging and PDT 
have always been achieved previously by combining 
distinct SERS reporters with fluorescent photosensi-
tizers on the same nanoparticle[26, 27]. The resulting 
limitation has been the difficulty in discerning the fate 
of these two components in a biologically complex 
environment: e.g. the SERS signal could not faithfully 
track the in vivo biodistribution and pharmacokinetics 
of the photosensitizer. Our design uses the spectro-
scopic SERS information during light irradiation as a 
novel approach to PDT dosimetry. Here, we have 
demonstrated this as proof-of-concept but there re-
mains challenges that need to be addressed before 
PdPL-NPs can be used in practice. This includes more 
in-depth understanding of the underlying mecha-
nism(s) governing the change in SERS intensity in 

relation to the PDT dose. Our data implicates the de-
crease in SERS intensity to chemical reactions with 
Pd-porphyrin and photogenerated ROS, which cause 
a chemical change to their structure. We note also 
that, in terms of clinical translation, we have recently 
demonstrated SERS spectral imaging in endoscopic 
mode[28], which opens up the potential of using 
SERS-based dosimetry for endoscopic PDT treat-
ments. Additionally, this platform can take advantage 
of other metal-enhanced photonic phenomena for 
additional “built-in” sensing capability. For example, 
there has been increased interest in tissue oxygenation 
measurements using oxygen-dependent quenching of 
Pd-porphyrin phosphorescence[29]. PdPL-NPs hold 
great potential as a tool to report on the oxygen partial 
pressure of their environment during PDT treatment. 
PdPL-NPs may serve as self-reporting photosensitiz-
ers where the real-time monitoring of SERS and met-
al-enhanced phosphorescence emissions can be used 
to elucidate the photosensitizers’ concentration, oxy-
gen partial pressure, and delivered PDT activity. 
Again, the power of this technology lies in the intrin-
sic theranostic utility of photonic nanoparticles with 
photosensitizers instead of using different inde-
pendent components for the imaging and therapeutic 
purposes. 

Materials and Methods 
Synthesis of Palladium- and Manga-
nese-Pyrolipid 

The conjugate of pyropheophorbide a and 
1-palmitoyl-2-hydroxy-sn-glycero-3-phosphocholine 
(pyrolipid) was prepared as previously described[14]. 
Pyrolipid (56 mg, 55.3 μmoles, 1 equiv.), Pd(II)(OAc)2 
(124.1 mg, 553 μmoles, 10 equiv.), and sodium ascor-
bate (76.7 mg, 387.1 μmoles, 7 equiv.) were weighed 
into a round-bottom flask, and were dissolved in 30 
mL of MeOH. The flask was sealed with a rubber 
septum, and the solution was gently purged with Ar(g) 
for 4 minutes. The flask was covered in foil and the 
reaction was stirred in the dark at room temperature 
for 4 h. A volume of 40 mL of 1-butanol was added to 
the solution and the mixture was poured into a sepa-
ratory funnel. The organic layer was washed 6 times 
with 40 mL of ddH2O containing 2 mL of sat. NaCl(aq). 
The organic layer was dried with Na2SO4, filtered and 
dried by rotary evaporation. The product was then 
resuspended in MeOH and was quantified spectro-
photometrically using the molar absorption extinction 
coefficient of the Pd-pyropheophorbide a chromo-
phore (ε641nm = 39810 M-1 cm-1)[30]. These procedures 
gave 14.5 mg (13 μmoles) of Pd-pyrolipid for a 23% 
yield. HPLC-MS analysis revealed that this product 
was >95% pure according to the AUC of the Qy-band 
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λmax (639 nm) (Supplementary Material: Figure S1A). 
UV-vis (MeOH) λmax: 360, 395, 420, 536, 640. 
ESI(+)-MS: [M+1]+ = 1117 (m/z). 

Synthesis of manganese-pyrolipid has been pre-
viously reported[13, 16]. Briefly, pyrolipid (18.4 μmol, 
1eq) MnCl2 (105 μmol, 5eq), and NaOAc (432 μmol, 
20eq) were dissolved in glacial acetic acid (5 mL) in a 
round bottom flask equipped with reflux condenser. 
Reaction was carried out under air, at 60oC, for 2 h 
(light protected). Upon completion the solvent was 
removed under vacuum, and the resulting residue 
dissolved in CHCl3 and washed 3x in 1:9 mixture of 
MeOH:ddH2O. ESI(+)-MS: (M+-OAC 100%) 1065 
(m/z). 

Formation of PdPL Theranostic Nanoparticles 
and MnPL SERS Nanoparticles 

To synthesize PdPL-NPs, Pd-pyrolipid and 
DSPE-PEG2000 (75% and 25% of total lipid moles, 
respectively; Avanti Lipids) was dissolved in 
CHCl3:MeOH mixture (19:1 v/v) and dried thor-
oughly to form a lipid film. Molar ratio of lipid was 
kept at 200 nmoles/mL for a 1mL 40 pM colloidal 
gold solution. Lipid film was solubilized in 1mL PBS 
using freeze-thaw cycles followed by 10 cycles of ex-
trusion to form liposome-like nanostructures. This 
solution was mixed with 60 nm colloidal gold solution 
(Ted Pella) and sonicated at 60oC for 1 h. We have 
previously reported on the synthesis of 
MnPL-NPs[13]. Briefly, dry lipid film containing 100 
nmol of MnPL, 25 nmol DMPE 
(2-dimyristoyl-sn-glycero-3-phosphoethanolamine; 
Avanti Lipids), 25 nmol MHPC 
(1-myristoyl-2-hydroxy-sn-glycero-3-phosphocholine; 
Avanti Lipid), 50 nmol DSPE-PEG2000 (dis-
tearoylphosphatidyl-ethanolamine-poly(ethylene 
glycol)2000; Avanti Lipids) is hydrated in the pres-
ence of 40 pM (1 mL) of 60 nm citrated stabilize gold 
nanoparticles in 65oC water bath for 30 seconds. Ex-
cess lipids were washed from each sample using re-
peated centrifugation (3300 rpm for 10 minutes) steps 
leaving behind PdPL-NP and MnPL-NP solutions, 
respectively. Folate receptor targeted nanoparticles 
(PdPL-NP and MnPL-NP) were prepared by replac-
ing 1% DSPE-PEG2000 with DSPE-PEG2000-folate 
(Avanti Lipids) during the lipid film step of each 
synthesis protocol.  

UV-Vis spectra were obtained by Vis Spectro-
photometer (Varian). Transmission electron micros-
copy (TEM) images were obtained using 10uL sam-
ples on glow discharged copper mesh grids with 2% 
uranyl acetate staining on a Hitachi H-7000 TEM. 

ROS Photogeneration Assay 
Using black, clear bottom 96-well plates, 100 μL 

of aliquots of PdPL-NPs, MnPL-NPs, and PBS were 
prepared in triplicates. SOSG reagent (Molecular 
Probes) was mixed in MeOH forming a 5 mM stock 
and subsequently diluted in each sample to a final 
reagent concentration of 6 μM. Fluorescence meas-
urements were carried out with Spectramax M5 Mi-
croplate reader (Molecular Devices) using 504/525 
nm excitation/emission. Baseline fluorescence signal 
was measured and samples to be used for PDT 
treatment were irradiated with a 638 nm laser at 50 
mW/cm2 for 100 seconds. A second fluorescence 
measurement was taken after laser treatment. Differ-
ence in mean signal after laser irradiation was nor-
malized with respect to baseline fluorescence signal. 
Samples under dark conditions were separated in 
different plate than laser treated samples to ensure no 
cross talk. 

In Silico Raman Measurements 
Raman spectra was obtained using a motorized 

Raman spectrometer (Renishaw) coupled to an Leica 
DMI6000 inverted microscope containing a 
deep-depletion silicon CCD array with 
600/1200/1800 1/mm grating and a solid state exci-
tation source (638 nm, 17 mW). Using a 20x objective 
focused to the center of a nanoparticle solution, Ra-
man spectra was collected with an integration time of 
one second. 

Cell culture 
Pathogen free, low passage KB cells (American 

Type Culture Collection) were cultured in DMEM 
medium with 10% fetal bovine serum and 1% penicil-
lin and streptomycin supplement. The cell culture 
media was replenished every two days and cells were 
passaged at 80% confluency. 

Assessment of Cytotoxicity 
KB cells were seeded in 96-well plates at 5x103 

cells per well 24 h prior to nanoparticle incubation, in 
triplicates for each condition. Then, PdPL-NPs and 
MnPL-NPs premixed in fresh medium at the appro-
priate concentrations (0-250 pM) were added and in-
cubated with cells for 4 h. Cells were washed 3x to 
wash away free nanoparticles and subjected to PDT 
treatment using a 638 nm laser with a light dose of 10 
J/cm2 (50 mW/cm2). Cytotoxicity was assessed 24 h 
later, where cells were incubated with 0.5 mg/mL of 
MTT reagent (Invitrogen) for 2 h. Thereafter, the me-
dia was replaced with 200 μL of 1:1 DMSO/70% iso-
propanol in 0.1 M HCl and shaken until formazan was 
fully dissolved. Solution absorbance at 540 nm was 
measured to determine cell survival relative to con-
trol. Cells treated with nanoparticles without light 
treatment (dark controls) were seeded in separate 
plates than samples treated with laser.  
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Live/dead® assay (Calcein AM and Ethidium 
Homodimer-1; Invitrogen) was used to illustrate 
phototoxicity of PdPL-NPs via microscopy. KB cells 
were seeded in 6 well-plates at 4x104 cells per well 24 
h prior to nanoparticle incubation. PdPL-NPs and 
MnPL NPs premixed in fresh medium at 100 pM were 
incubated with cells for 4 h. Cells were washed 3x to 
wash away free nanoparticles. KB cells were incu-
bated with Calcein AM and Ethidium Homodimer-1 
(final concentration of 2μM and 4μM, respective) for 
30 minutes prior to fluorescence imaging. 

In vitro Raman microscopy 
For in vitro Raman images, the same samples 

were used as for the live/dead assay. Brightfield im-
ages were first acquired (DIC mode) for the region of 
interest with spatially distinct full Raman spectra, 
Raman map. Hyperspectral Raman map was likewise 
acquired with a 638 nm solid state excitation laser 
focused with 20x (0.85 NA) objectives and integrated 
for 0.5 seconds per voxel. The SERS image (green 
pseudocolor) represents background correct ar-
ea-under-curve intensity of the 753 cm-1 Pd-pyrolipid 
Raman peak with intensity histogram matched to the 
same scale for all samples. 

Supplementary Material 
Figures S1 –S6. 
http://www.thno.org/v05p0469s1.pdf 
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