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P
hotothermal therapy (PTT) can be de-
fined as achieving a positive thera-
peutic outcome by a light-induced

temperature change within an organism.
Photothermally active substances used for
therapeutic purposes rely on the vibrational
relaxation of a material after light absorp-
tion, thereby heating the surrounding
medium.1 PTT can be a highly targeted
and site-specific treatment for solid tumors
by combining directed heat generation

through laser light irradiation and passive
targeting through exploiting the enhanced
permeability and retention (EPR) effect.2,3

The overall photoinduced temperature
change in PTT defines the photothermal
mode of action, which can be classified as
ablative or hyperthermic.4,5 Photothermal
ablation is where intense heat generation
results in the necrosis of tissue. Themode of
action for the ablative pathway can be
either coagulative (50�99 �C) or evaporative
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ABSTRACT A hydrophobic gadolinium bis(naphthalocyanine)

sandwich complex (GdSand) possessing several absorbances across

visible and infrared wavelengths (up to 2500 nm) was solubilized in

aqueous solution by uptake into a nascent mutant high-density

lipoprotein (HDL) nanocarrier. The HDL nanocarrier was additionally

functionalized with a trans-activator of transcription peptide

sequence to promote efficient cell penetration of the drug delivery

system (cpHDL). The dye-loaded nanocarrier (GdSand@cpHDL) ex-

hibited photothermal heat generation properties upon irradiation

with near-infrared (NIR) laser light, with controllable heat generation abilities as a function of the incident laser light power. Comparison of the

photothermal behavior of the dyes GdSand and the well-explored molecular photothermal agent indocyanine green (ICG) in the cpHDL nanocarrier (i.e.,

ICG@cpHDL) revealed two significant advantages of GdSand@cpHDL: (1) the ability to maintain elevated temperatures upon light absorption for extended

periods of time, with a reduced degree of self-destruction of the dye, and (2) exclusive photothermal heat generation with no detectable singlet oxygen

production leading to improved integrity of the cpHDL nanocarrier after irradiation. Finally, GdSand@cpHDL was successfully subjected to an in vitro study

against NCI-H460 human lung cancer cells, demonstrating the proof-of-principle utility of lanthanide sandwich complexes in photothermal therapeutic

applications.
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(>100 �C), resulting in the respective necrosis and/or
carbonization of the tissue. Carbonization is an unde-
sirable outcome, resulting in visible scarring of healed
tissue and delayed healing time. Therefore, laser ex-
posure should be carefully controlled to effect irrever-
sible damage in a desired manner.4�6 Alternatively,
light-induced hyperthermia relies on smaller tempera-
ture increases (42�49 �C) sustained for greater periods
of time (tens of minutes) to effect irreversible damage
to the irradiated cells through the denaturation of
proteins, enzymes, and disruption of cellular mem-
branes.5,7�11 Irrespective of the therapeutic mode of
action (i.e., ablative or hyperthermic), the fundamental
molecular-design feature that photothermal agents
possess is absorption in the infrared region of the
spectrum. Specifically, absorption in the “therapeutic
window” (between 750 and 900 nm) is essential in
promoting efficient transmission of light to the deepest
possible tissue depths.12

Achieving photothermally ablative properties is com-
monly conducted through the use of metal, especially
gold, nanostructures.13�25 Alternatively, the use of or-
ganicmolecular agents such as indocyanine green,26�30

carbon-based nanotubes,31 fullerene,32 graphene,33

and macromolecular constructs3,34�37 still prevails
in the recent literature, demonstrating that strate-
gies toward achieving hyperthermic abilities for
PTT are attracting greater interest in the field of
nanomedicine.
Nanoparticulate drug delivery systems (DDS) are

commonly utilized to promote the passive localization
of therapeutic agents at tumor sites by exploitation of
the EPR effect.3 Nanocarriers are especially useful for
phototherapeutic dyes, as they are usually highly con-
jugated, planar, and lipophilic molecules, rendering
them insoluble in aqueous systems.38 The utilization
of a DDS can prove invaluable in both maximizing the
available drug and targeting the delivery of the drug
to the desired site, with this strategy being actively
exploited in the literature.
In the present study, we demonstrate the proof-of-

principle ability of the gadolinium bis(naphthalocyanine)
sandwich complex (GdSand, Figure 1) as a molecular
sensitizer for hyperthermic photothermal applications.
Compounds of this type have attracted interest from
chemists and materials scientists because of their
electrochromic and liquid-crystalline properties.39�41

Applications of these sandwich complexes include
color displays, gas sensors, resistors, field-effect tran-
sistors, nonlinear optical (NLO) materials, field-effect
transistors (FETs), liquid-crystal semiconductors, and
iono-electronic components.40�43 We explored the
potential of GdSand as a photothermal therapeutic
because of unique and desirable qualities exhibited by
this molecule:

1. Multiple absorptions across the visible and NIR
region of the spectrum featuring an intense

absorption maximum within the therapeutic
window

2. The sandwich structure, facilitated by coordina-
tion of the rare-earth metal between two aro-
matic macrocycles, creating more absorptions in
the middle infrared region, thus providing a
greater range of light beyond that of a typical
naphthalocyanine available for photothermal
applications

3. The inhibition of singlet oxygen generation (1O2)
due to light absorption beyond 1270 nm, pro-
moting an exclusively photothermal mode of
action regardless of the wavelength of light
absorbed (i.e., 770 nm utilized in this work),
resulting in greater photostability of the sensiti-
zer and nanocarrier

The inhibition of singlet oxygen generation was
hypothesized, as the presence of an extremely low
energy absorption (out to 2500 nm) can result only in
emission of energy exclusively beyond this wave-
length. The ability to generate heat exclusively (and
not 1O2) upon irradiation is an attractive feature, as it
provides an avenue toward greater stability of the dye
and nanocarrier in the DDS. The energy requirement
for 1O2 generation is summarized in the modified
Jablonski diagram (Figure 2). The GdSand sensitizer

Figure 1. Structure of GdSand.39

Figure 2. Modified Jablonski diagram of the production of
singlet oxygen by zinc tetraphenylporphyrin (ZnTPP, repre-
sentative of a phototherapeutic dye) and GdSand (optical
band gap of GdSand calculated from the absorption peak at
λ = 1854 nm (0.67 eV) from Figure 3).
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possesses a lowest energy absorption (vide infra) at
1854 nm (0.67 eV), with the excited singlet state (S1)
experiencing a rapid intersystem crossing to generate
the lower excited triplet state due to the heavy
metal effect of gadolinium. Thus in accordance with
Kasha's rule GdSand does not possess sufficient energy
(1270 nm, 0.98 eV for 1O2) to sensitize ground-state
triplet oxygen, regardless of the wavelength of light
utilized, to the highly reactive 1O2 by an uphill energy
transfer. The energetics of the GdSand sandwich com-

plex is unique compared to the majority of naphtha-

locyanine dyes used in phototherapeutic applications,

as traditional naphthalocyanine possesses a maximum

wavelength between 700 and 850 nm, resulting in a

photodynamical (i.e., photodynamic therapy, PDT)

mode of action through the generation of 1O2 upon

absorption of light.44�48

Although GdSand possessed distinct qualities that
make it a potentially useful PTT agent, it did not exhibit
appreciable solubility in aqueous solvents. Further-
more, as it is a molecular agent, it does not possess
appreciable size to exploit the EPR effect. Therefore in
this work, we explored the PTT ability of GdSand in a
nanocarrier for the first time, to enable passive target-
ing to tumor sites. Passive targeting by the EPR effect
promotes localization about a tumor site but does not
guarantee cell internalization of the DDS. To ensure
maximum efficacy of the DDS, the nanocarrier should
possess functionality to promote cell internalization.
Such functionality can be incorporated via the trans-
activating transcriptional activator (TAT) peptide
motif.49�52 The TAT peptide motif (YGRKKRRQRRR) is
derived from HIV and is a class of cell-penetrating
peptides (CPP) rich in the positively charged amino
acids, enabling effective cell penetration through
endocytosis.53,54 In addition, cationic nanoparticles
are reported to target tumor endothelial cells and
exhibit enhanced vascular permeability.55,56 In this
study, we seek to assess the utility of the previously
reported TAT peptide-fused nascent-HDL mutant
(cpHDL) as a drug delivery device, as it has shown to
promote cell internalization of nanocarriers, maximiz-
ing the uptake of the (photo)therapeutic agents.57

RESULTS AND DISCUSSION

Synthesis and Characterization of GdSand. The synthesis
of the GdSand was performed in a similar manner to
previous syntheses by a base-promoted cyclization
of 6-tert-butylnaphthalo-2,3-dinitrile with 1,8-diazabi-
cycloundec-7-ene (DBU) and the rare-earth metal salt
Gd(OAc)3 3 4H2O.

39 As previously observed with lantha-
nide bis(macrocyclic) complexes, oxidation of the an-
ionic sandwich complex (blue) to the stable neutral
complex (green) occurred, due to the formation of a
radical cationononeof thenaphthalocyanine rings.39,58,59

Purification was performed by silica gel chromatography

and size-exclusion chromatography (Sephadex LH-20).
The presence of the desired complexwas confirmed by
mass spectrometry (Figure S1), and the UV�vis�NIR
absorption spectrum (Figure 3) of GdSand matched
well with the reported data.39 The peaks in the spec-
trum experienced a slight blue shift compared to
previously reported values due to the low polarity of
the IR-inactive solvent CCl4, required to obtain a com-
plete UV�vis�NIR absorption spectrum.

The absorption spectrum of GdSand afforded ab-
sorbance peaks in the visible region at 438, 596, and
677 nm. Absorbance in the infrared region occurred at
761 (Q-band), 1057, 1645, and 1854 nm. The absor-
bance maximum at 761 nm originates from the char-
acteristic Q-band absorption of the naphthalocyanine
ring fortuitously placed within the therapeutic window
and possessed a high (6.0 � 104 L cm�1 mol�1) molar
absorption coefficient. Of significant importance to the
hypothesis proposed in this investigation is the lowest
energy absorption, with an absorbance at 1854 nm
and absorption onset close to 2500 nm. This absorp-
tion originates from the intramolecular charge transfer
between the twomacrocycles, one of which is oxidized
within the overall neutral complex.39,58,59 It is the pres-
ence of the radical cation, shared across the macro-
cycles within the GdSand molecule, that gives rise to
this exceptionally low energy absorption beyond that
of the intense Q-band absorption in the NIR from the
naphthalocyanine ring. Furthermore, the energy of
this absorption suggested that lanthanide sandwich
complexes possessing these low-energy absorptions
should exclusively exhibit photothermal properties
(i.e., insufficient energy level to sensitize ground-state
3O2) upon the absorption of light.

Formulation and Characterization of GdSand@cpHDL. Cell-
penetrating high-density lipoprotein (cpHDL) was uti-
lized to solubilize GdSand, as the dyewas not soluble in
aqueous solvents. The cpHDL was formed using minor
modifications to an established procedure, using 175
molar equiv of 1-palmitoyl-2-oleoyl-sn-glycero-3-phos-
phocholine (POPC) to the TAT peptide-fused protein

Figure 3. UV�vis�NIR absorption spectrum of GdSand in
CCl4 ([GdSand] = 1.28 � 10�5 M).
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ApoA-1, which has the N-terminal 43 amino acid
deleted.57,60 Characterization of cpHDL by dynamic
light scattering (DLS)measurementgaveameandiameter
of 19 nm (Figure 4a). Formulation of GdSand@cpHDL was
performed utilizing a previously reported protocol.61

GdSand in DMSO (0.12�0.98 mM) was added to cpHDL
in phosphate-buffered saline (PBS) (100 μg proteinmL�1),
then incubated for 1 h at 37 �C. The corresponding
GdSand@cpHDL was purified through a NAP-5 column
to remove excess unencapsulated GdSand. The com-
bination of the two chromatographic purifications of
GdSand and the NAP-5 purification of GdSand@cpHDL
affords little opportunity for any free Gd3þ to infiltrate
the formulation. When the concentration of the GdSand
stock solution was increased to 0.98 mM (39 μM in the
reaction mixture), the resulting GdSand@cpHDL was
found to contain a significant amount of large particles
of more than 100 nm in diameter (Figure 4e), rendering
corresponding DDS useless to exploit the EPR effect. On
the other hand, GdSand@cpHDL prepared by using a
0.49 mM stock solution of GdSand (Figure 4d) main-
tained a uniform size (∼90% of the total volume within
the nanocarriers possess a mean diameter of 19 nm).

Complementary analysis of the size of this particular
GdSand@cpHDL formulation (employing a 0.49 mM
stock solution) was performed by mica flake electron
microscopy (EM).62,63 Utilizing this method the mean
diameter of the GdSand@cpHDL was found to
be ∼31 ( 4 nm (Figure S2). The mean diameter of
the GdSand@cpHDL particles was found to be slightly
higher than the value obtained from DLS analysis,
presumably arising from processing of the sample
for the EM experiment. Regardless, the relative size

distribution and the relative size are concurrent with
the data fromDLS analysis. In addition, GdSand@cpHDL
was found to have a discoidal shape akin to the empty
cpHDL nanocarrier, as well as the previously reported
cpHDL loaded with porphyrin�fullerene conjugates.63

The GdSand@cpHDL particles were characterized
by UV�vis�NIR spectrophotometry (Figure S3), show-
ing a red-shift in the Q-band maximum observed at
761 nm in CCl4 to 766 nm when encapsulated in the
nanocarrier in saline solution. Presumably the red-shift
originates from the polarity-induced aggregation phe-
nomena experienced by the GdSand when moving
from the nonpolar solvent CCl4 to the POPC core of the
cpHDL nanocarrier.

The uptake of GdSand into the cpHDL nano-
carrier was determined by lyophilizing aliquots of
GdSand@cpHDL prior to dissolving in methyl oleate
andmeasurement by UV�vis�NIR spectrophotometry
(Figure S4). Methyl oleate was employed as the solvent
for the measurement, as it allowed the acquisition of
GdSandspectraconsistentwith that fromGdSand@cpHDL
in saline as a result of its lipidic composition (comparable
to the POPC of cpHDL), although the Q-band absorption
maximumwas slightly blue-shifted to 763 nm (Figure S5).
The uptake of GdSand into cpHDL was calculated for the
formulations that provided a suitably uniform DLS profile
(0.12�0.49 mM GdSand stock). The uptake was quite low
(10�19%), consistent with the observation of unencapsu-
lated dye, retained at the top of the NAP-5 column during
purification (data not shown). In spite of this, the amount
of GdSand taken up (i.e., GdSand/protein) by the
cpHDL increased with increasing concentration of
GdSand in the stock solution (Table 1). The uptake of
the GdSand@cpHDL utilizing the 0.98 mM GdSand
stock was not assessed due to its unsuitable DLS size
profile (Figure 4e). Therefore, the formulations pre-
pared by using 0.49 mM GdSand (0.79 μM GdSand in
final mixture) were subjected to further investigation.

Photothermal Ability of GdSand@cpHDL with Increasing Laser
Power. Assessment of the photothermal ability of
GdSand@cpHDL as a function of laser power was
determined by using an aliquot of solution (500 μL,
OD770 = 0.10, 0.33 μM GdSand) prewarmed at 37 �C
for 5 min prior to irradiation with a NIR laser (770 nm,
1500 mW, 20 min, Figure 5). All the solutions exhibited
a constant photothermal response as a function of
laser power across the 20min irradiation time. Further-
more, plotting the temperature increase of the solution

Figure 4. Size distribution of GdSand@cpHDLupon increas-
ing GdSand stock concentration. [GdSand] = (a) 0 mM, (b)
0.12 mM, (c) 0.25 mM, (d) 0.49 mM, (e) 0.98 mM.

TABLE 1. Uptake of GdSand into cpHDL as a Function of

Stock Solution (44 μg TAT peptide-fused protein mL�1)

GdSand stock

(mM)

100% uptake

(μmol)

obsd uptake

(μmol)

dye uptake

(%)

GdSand/protein

(μmol g�1)

0.12 1.97 � 10�3 3.68 � 10�4 19 8
0.25 3.94 � 10�3 6.01 � 10�4 15 14
0.49 7.88 � 10�3 7.92 � 10�4 10 18
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at t = 10 min demonstrates a linear response with the
incident laser power (Figure S6). This demonstrated
that the photothermal dose administered to the sys-
tem could be controlled through regulation of the
incident laser power.

Comparison of Photothermal Ability between GdSand and
Indocyanine Green (ICG). ICG is a dye with an absorption at
800 nm utilized as an NIR clinical imaging agent.64�66

This unique absorption property has led to the use of
ICG as a molecular light-absorbing component in
several photothermal therapeutic formulations.26�30

Therefore, we decided to compare the photothermal
properties of the ICG-incorporated cpHDL (ICG@cpHDL)
with GdSand@cpHDL. ICG@cpHDL was successfully
prepared in a similar manner to that for GdSand, and
the result of the experiment is given in Figure 6a. The
saline blank recorded an increase of 1.8 �C to a final
temperature of 38.8 �C when using a laser power of
1500mW. Under this condition, the temperature of the
GdSand@cpHDL solution had a quick rising phase
followed by a sustained plateau at 44.4 �C. In contrast,
the solution of ICG@cpHDL managed a maximum
temperature of 43.4 �C after ∼3 min of irradiation,
prior to the gradual decrease in the temperature of
the solution. This result demonstrated the improved
photostability of GdSand compared to ICG, as decom-
position of the cyanine dye67�69 precluded it from
maintaining an elevated temperature (vide infra).

The relative photothermal stabilities of GdSand and
ICG were further investigated by the acquisition of
UV�vis�NIR absorption spectra before and after irra-
diation with laser light. The result, shown in Figure 6b,
revealed that GdSand@cpHDL demonstrated a 54%
decrease in absorption at 770 nm, while ICG@cpHDL
experienced full decomposition of the dye. This ob-
servation is consistent with differences in photother-
mal efficiency of the two dyes, where the ICG within
the ICG@cpHDL experienced photodecomposition, re-
sulting in an inability to maintain elevated tempera-
ture upon irradiation. The improved photothermal
stability of GdSand is an essential feature for applica-
tion in photothermal therapy via a mild hyperthermic

pathway, as prolonged elevated temperatures are
required (vide supra).

The prediction of an exclusively photothermal
mode of action for GdSand@cpHDL was investigated
by using the singlet oxygen sensor green reagent
(SOSGR, Invitrogen). SOSGR exclusively reacts with
1O2 in the event of its generation, resulting in an
enhancement of fluorescence intensity (Figure 7). This
experiment revealed that although ICG@cpHDL does
indeed exhibit photothermal abilities, the photo-
responsiveness of this molecule cannot be ascribed
to solely PTT or PDT action, but rather a combination of

Figure 5. PTT ability of GdSand@cpHDL as a function
of laser power (OD770 = 0.1, 0.33 μM GdSand λex =
770 nm, 20 min), performed in triplicate.

Figure 6. (a) Photothermal activity (λex = 770 nm, 1500mW,
20 min) of optically matched (OD770 = 0.24, 0.79 μM GdSand)
solutions of GdSand@cpHDL (blue) and ICG@cpHDL (red) and
saline (black), performed in triplicate. (b) UV�vis�NIR absorp-
tion spectra of GdSand@cpHDL (blue) and ICG@cpHDL (red)
solutions before and after irradiation with laser light (OD770 =
0.24, 0.79 μM GdSand, λex = 770 nm, 1500 mW, 20 min).

Figure 7. Singlet oxygen detection using SOSGR of
GdSand@cpHDL and ICG@cpHDL before and after irradia-
tion (λex = 770 nm, 1500 mW, 20 min). Experiments were
performed in triplicate. Error bars represent standard error.
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both, and the rapid decomposition of ICG would result
from the latter action. Conversely, illumination of
GdSand@cpHDL did not yield an appreciable amount of
1O2, indicating that themodeof action ofGdSand@cpHDL
is purely photothermal, and the rationale for exclusive
photothermal behavior is valid (vide supra).

Further investigation of the photostability of the
two formulations was performed by conducting a
densitometric analysis, to determine the integrity of
the protein moiety within cpHDL after irradiation
(Figure S7). Densitometric analysis revealed that 78%
of the protein in the GdSand@cpHDL is intact after the
irradiation period, and ICG@cpHDL experiences a
slightly higher degree of nanocarrier destruction of
the protein after laser exposure, with 68% of the
peptide intact after laser irradiation. This result is
consistent with the enhanced photostability of the
GdSand@cpHDL observed from PTT, UV�vis�NIR,
and SOSGR experiments.

In Vitro Photokilling of Human Cancer Cells by GdSand@cpHDL.
NCI-H460 human lung cancer cells were treated with
GdSand@cpHDL in the presence of serum. After an
incubation time of 24 h (time required for sufficient
cell internalization of the DDS) the cells were quickly
washed with the growth medium and then irradiated
(770 nm, 1500 mW, 20 min). Then, cell viabilities were
assessed by means of a colorimetric assay. The con-
trol experiment, where untreated cells were only
irradiated (Figure 8, sample 2), gave a cell viability
of 98%. When the cells were incubated with

GdSand@cpHDL and not irradiated (Figure 8, sample 3),
a cell viability of 87%was observed. These results show
that the GdSand@cpHDL does not drastically affect
cell viability (i.e., nontoxic). Although we have purified
the GdSand by silica gel and Sephadex chromatogra-
phy and the GdSand@cpHDL by a NAP-5 column to
remove any free gadolinium, the small decrease in cell
viability could be a result of a slight in vitro toxicity of
GdSand. Upon irradiation of the cells treated with
GdSand@cpHDL (Figure 8, sample 4), a striking reduc-
tion in cell viability (38%) was observed, demonstrat-
ing selective photothermal destruction of the cells. In
fact, the temperature of theGdSand@cpHDL-containing
growth medium in the same cell culture system was
increased to a similar level to the result shown in
Figures 5 and 6 (data not shown).

The presence of GdSand within the cells after
incubation was confirmed by its extraction from the
cell lysate (Figure S8). The resulting absorption
spectrum confirmed the presence of GdSand in
the lysate also enabled calculation of a GdSand@
cpHDL uptake of 45% by comparing the ratio of
absorbance at 770 nm with the GdSand@cpHDL-
containing growth medium (OD770 = 0.24) used in
the cell experiment.

To further support the observations from the colori-
metric assay, the cells were stained with trypan blue to
confirm the presence of dead cells. The use of trypan
blue is commonly used to assay cell viability in photo-
thermal therapeutic studies.13,16,20,23,29 After washing
the cells and replacement of the growth medium
containing trypan blue, a clear contrast before and
after irradiation (Figure 8, samples 3 and 4) could be
differentiated upon recording the bright field images
of the cells.

CONCLUSIONS

The gadolinium-containing bisnapthalocyanine
sandwich complex (GdSand) was successfully encap-
sulated into a nanocarrier cpHDL, functionalized with a
cell-penetrating TAT peptide, for the first time. The
nanocarrier enabled cell internalization of GdSand
after 24 h of incubation. GdSand@cpHDL exhibited
photothermal heat generation properties, demonstrat-
ing the ability to sustain an elevated temperature
above 44 �C upon the absorption of NIR laser light.
Furthermore, it was established that GdSand@cpHDL
exclusively generates heat upon light absorption, with
no 1O2 detected, whereas ICG@cpHDL concomitantly
generated heat and 1O2, which inactivated the formula
itself. GdSand@cpHDL decreased the cell viability of
human cancer cells in a NIR-irradiation-dependent
manner. Having demonstrated the proof-of-principle
ability of the lanthanide sandwich complex to exhibit
exclusive photothermal response and successful appli-
cation as a photothermal therapeutic, we intend to
explore the synthesis of second-generation lanthanide

Figure 8. Cell viability column graph (top) and micro-
graphs of trypan blue stained NCI-H460 cells (bottom).
Sample number: (1) �inc/�irr, (2) �inc/þirr, (3) þinc/�irr,
(4) þinc/þirr, where the symbol (�/þ) indicates the use of
incubation (inc) and/or irradiation (irr) treatment. Experi-
ments were performed in triplicate. Error bars represent the
standard error.
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sandwich complexeswith improved solubility in cpHDL,
improved photothermal stability, aqueous solubility,

and secondary functionalization with elements to pro-
mote cellular recognition.

METHODS

Reagents. All chemicals were purchased from Sigma Aldrich,
Wako Chemicals, or TCI Japan. NCI-H460 human lung cancer
cells were from the National Cancer Institute (Frederick, MD,
USA) and maintained in a growth medium of phenol red-free
RPM 1640 supplemented with 5% FBS, 100 μg mL�1 penicillin,
and 100 μg mL�1 streptomycin. The cells were cultured in 5%
CO2 and 95% air and were passaged every 3�4 days. The
synthesis of GdSand was performed using the previously
reported procedure.39 The TAT peptide-fused protein ApoA-1,
which has the N-terminal 43 amino acid deleted, was expressed
in E. coli and purified according to the established method.50

Formulation of cpHDL. The procedure reported by Rogers et al.
was used with minor modifications.60 POPC was solubilized in
PBS containing 30 mg mL�1 sodium cholate. The TAT peptide-
fused protein ApoA-1 in 4 M urea PBS and POPC solutions were
mixed at a 175:1molar ratio of POPC to protein. Themixturewas
incubated overnight at room temperature, then dialyzed
against PBS at 4 �C using a Spectra/Por dialysis membrane
(MWCO 50 000). The reconstituted cpHDL solution was centri-
fuged at 16500g at 4 �C for 10 min to remove any debris.

Formulation of GdSand@cpHDL and ICG@cpHDL. Using a predeter-
mined protocol,61 a DMSO solution of dye (16 μL, 0.12�0.98mM)
was added to a PBS solution of cpHDL (400 μL, 100 μgmL�1), and
the mixture was incubated at 37 �C for 1 h. The GdSand@cpHDL
formedwas purifiedwith aNAP-5 column (GEHealthcare UK Ltd.,
Buckinghamshire, England) equilibrated with saline. ICG@cpHDL
was prepared in an analogous fashion prior to dilution in order to
match the OD770 of GdSand@cpHDL solution in the comparison
experiment. Diameters of dye-loaded HDLs were measured with
a ZetaSizer Nano Z (Malvern, Worcestershire, UK).

UV�Vis�NIR Spectrophotometry. Thiswasmeasuredwith a Cary
5 (Varian, Melbourne, Australia) or a UV-1600 (Shimadzu, Kyoto,
Japan) UV�vis�NIR spectrophotometer.

Determination of GdSand Incorporation in GdSand@cpHDL. A cali-
bration curve was made by acquiring UV�vis�NIR absorp-
tion spectra of stock solutions of GdSand in methyl oleate
(Figure S3). Using the absorbance of GdSand at λmax =
773 nm, an extinction coefficient of 3 � 105 L cm�1 mol�1

was calculated, much greater than the 6 � 104 L cm�1 mol�1

obtained in CCl4 presented in Figure 3. To quantify GdSand in
cpHDL, aqueous samples of GdSand@cpHDL (prepared utilizing
0.12, 0.25, and 0.49 mM stock solutions of GdSand in DMSO) in
saline were lyophilized, and GdSand was extracted with methyl
oleate for acquisition of the UV�vis�NIR absorption spectrum.
The absorbance was related back to the amount of GdSand in
solution, giving the incorporation amount.

Mica Flake Electron Microscopy. The experiment was performed
utilizing a previously reported method.62,63 A suspension of
finely ground mica flakes (2 drops) was added to a solution
of GdSand@cpHDL (500 μL, OD = 0.24, 0.79 μM GdSand,
44 μg mL�1 TAT-fused cpHDL). After a period of ∼30 s at 4 �C
(to allow adsorption to the mica) the mica flakes were pelleted
by centrifugation (∼500 rpm) and washed with KHMgE buffer
(2�, 30 mM HEPES, 70 mM KCl, pH 7.2 plus 5 mM MgCl2, 3 mM
EGTA). The resulting pellet was positioned on a thin slice of
chemically fixed rabbit lung. Rapid freezing of the correspond-
ing sample was accomplished by abruptly applying the slurry of
mica flakes onto a pure copper block, cooled in liquid He
(Variant Instruments, USA). Freeze-fracturing of the frozen
mica flake slurry was performed in a freeze-fracture system
(EM-19500 JFDII, JEOL, Japan), followed by immediate etching
at �104 �C for 4 min. The sample was rotary-shadowed with
platinum at an angle of 11� to the surface and with carbon from
the top. Separation of the replicawas achieved by dissolving the
mica by an overnight floatation with a solution of ∼10% HF(aq),
prior to cleaning with 50% HClO4(aq), and washing with water
(�3). The platinum replica was taken up onto an EM grid

(Forvar-coated 200-mesh, copper, hexagonal, thin bar grid,
GuilderGrids Co., UK). A detergent (Photo-Flo 600, Kodak) was
utilized in all solutions that came into contact with the
platinum replicas. The platinum replica was observed in a
JEOL-JEM1400 (120 kV). For the stereo anaglyph, the stereopair
images were obtained utilizing a(10� tilt and a eucentric side-
entry goniometer stage. The corresponding micrograph was
analyzed using the ImageJ software70,71 (version 1.47) to
create a histogram in order to assess the size distribution of
GdSand@cpHDL.

Photothermal Experiments. All experiments were performed in
triplicate. For solution studies of photothermal ability, 500 μL
aliquots of solutions were set in a microtube and placed in an
incubator set at 37 �C, and the temperature wasmonitored with
a fiber optic temperature sensor (Reflex, NEOPTIX) until equili-
bration was achieved (∼5 min). The fiber tip was arranged
outside the laser spot. The solution was irradiated with a
pulsed laser (Chameleon-RF femtosecond laser, Coherent,
beam diameter 5 mm, 100�1500 mW) at 770 nm. Irradiation
of NCI-H460 cells was achieved by placing the cell well on
the incubator at 37 �C for 10 min prior to irradiation (770 nm,
1500 mW, 20 min).

Singlet Oxygen Detection Using SOSGR. Solutions of GdSand@
cpHDL and ICG@cpHDL (OD770 = 0.24) were combined with
singlet oxygen sensor green reagent (Invitrogen, 6 μM in
DMSO), and the corresponding solution was subjected to
irradiation by laser light (770 nm, 1500 mW, 20 min). The
reaction product of SOSGR excited at 475 nm and the fluores-
cence at 525 nm was measured after 50 times dilution.

Photothermal Killing of Cancer Cells. A concentrated solution of
GdSand@cpHDL was prepared using an Amicon Ultra ultrafil-
tration device (100 kDa MWCO). The concentrated GdSand@
cpHDLwas dilutedwith growthmedium (final OD770 = 0.24) and
added to NCI-H460 cells (1 � 104 cells per well, 96-well plate)
prior to incubation for 24 h. After this time, the wells were
washed with fresh growth medium and irradiated immediately
(770 nm, 1500 mW, 20 min) on a heating block at 37 �C. Cell
viability was assessed using the Cell Counting Kit-8 and amodel
550 microplate reader (Biorad Laboratories Inc.) following man-
ufacturer protocols. The viability of the cells was deduced by
using the difference between the optical density at 450 and
620 nm. All measurements were performed in triplicate. Dead
cells were stained with trypan blue for 10 min. Phase contrast
images of the cells were taken with a Biozero BZ-8000 (Keyence,
Osaka, Japan).

Extraction of GdSand from Cells. GdSand@cpHDL (OD770 = 0.24)
was added to NCI-H460 cells (1 � 104 cells per well, 96-well
plate) prior to incubation for 24 h (37 �C, 5% CO2, 95% air). After
this time, the cells were washed twice with growth medium,
scraped out, and lyophilized. Methyl oleate was added prior to
sonication for 10 min, centrifugation, and analysis of the super-
natant by UV�vis�NIR spectrophotometry.
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