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A targeted agent with intercalation structure for
cancer near-infrared imaging and photothermal

Chunyang Li,2 Ruizheng Liang,*® Rui Tian,® Shanyue Guan,? Dongpeng Yan,?
Jiaoyang Luo,* Min Wei,*® David G. Evans® and Xue Duan®

A new targeted photothermal agent used in cancer photothermal therapy (PTT) is synthesized by co-
intercalation of indocyanine green (ICG) and targeting folic acid (FA) into the interlamellar gallery of
layered double hydroxide (LDH). The resulting composite material (ICG—FA/LDH) possesses an interlayer

distance of 2.503 nm, and a uniform particle size with an equivalent hydrodynamic diameter of 127 nm.

ICG presents a monomeric state in the LDH gallery, owing to the supermolecular interactions between
the LDH host and ICG guest, which results in a largely-enhanced photothermal conversion efficiency. In
vitro tests performed with KB cells demonstrate a highly enhanced cellar uptake and excellent imaging
ability for the ICG-FA/LDH. The photothermal conversion studies show that an ultra-low dosage of
ICG—FA/LDH (equivalent ICG 10 pg mL™) under weak near-infrared (NIR) irradiation (8 min; 1.1 W cm™?)
achieves a significant temperature increase from 19.8 °C to 51.0 °C. Therefore, a satisfactory in vitro PTT

effectiveness of the ICG-FA/LDH composite is obtained, and it exhibits cellular damage as high as 87.4%
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with an ultra-low dosage of ICG (8 ng mL™Y and weak NIR irradiation (1.1 W cm™2, 12 min). In addition,

the photothermal agent ICG-FA/LDH displays good targeting capability, biocompatibility and low
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1. Introduction

Photothermal therapy (PTT) as a promising cancer therapeutic
method, which involves the employment of near-infrared (NIR)
absorbing agents to convert light to heat giving rise to the death
of cancer cells, has attracted tremendous attention in recent
years. PTT is a non-invasive and controllable modality with
minimal side effects, which has shown excellent therapeutic
effects in many reports.**® Although a variety of inorganic
nanomaterials (e.g, gold, carbon and copper nanoparticles) are
explored as photothermal agents,”™* they generally suffer from
long term safety problems (e.g., high toxicity and inferior
metabolizability) which limit their further applications.***¢

In comparison, organic photothermal agents, due to their
good biocompatibility and biodegradability, can serve as
a promising candidate in PTT. Common organic photothermal
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cytotoxicity. It is expected that the unique ICG-FA/LDH with integrated fluorescence imaging and
photothermal therapy can be potentially used in the cell labeling and PTT area.

agents include indocyanine green (ICG),"” ™ polypyrrole,>*->>
polythiophene,**** dopamine®**® and so on. In particular, ICG
shows superior performances with high photothermal conver-
sion efficiency and photoacoustic/photodynamic response;*”**
moreover, the use of ICG in fluorescence imaging has been
widely studied owing to its excellent property of NIR fluores-
cence.”*' However, the high photo-thermal conversion effi-
ciency of ICG is far from fully demonstrated, as a result of
drawbacks including a short half-life and fast degradation in
aqueous solution.**** Furthermore, the non-specific binding of
proteins toward ICG is rather undesirable for drug accumula-
tion at tumor sites.**® In order to overcome these limitations,
a range of carriers have been studied (e.g., polymers, liposomes
and proteins),>*”*® but several issues (e.g., structure controlla-
bility and stability) are not well-resolved. Therefore, the devel-
opment of new photothermal agents with facile preparation,
targeting capability and superior PTT performances, remains
a challenging goal.

Layered double hydroxides (LDHs) are a typical class of
layered materials represented by the general formula
[M>*;_ M>* (OH),](A" )x/n-mH,0, in which M** and M*" are
divalent and trivalent cations respectively, and A" is the
charge-balancing and exchangeable interlayer anion.****' It has
been reported that the dispersity and stability of organic
molecules can be highly improved after their intercalation into
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LDH interlamellar gallery.*>** Moreover, LDHs have also been
investigated as drug nanocarriers due to their low toxicity,
enhanced cellular uptake and good biodegradation.**™*” This
motivates us to co-intercalate photothermal molecule (indoc-
yanine green, ICG) and targeting agent (folic acid, FA) into the
interlayer of LDH, so as to obtain a new targeted photothermal
agent used in PTT, which would exhibit the following advan-
tages: (i) the host-guest interactions would improve the stability
of ICG, extend half-life period and thus increase the efficiency of
photo-thermal transformation; (ii) the organic-inorganic
composite structure promotes the hydrophilicity and biocom-
patibility of ICG, leading to an enhancement in drug
permeability/retention. In addition, the over-expression of FA
toward cancer cells would increase the drug uptake, showing
a good targeting performance.

In this work, a targeted photothermal agent (ICG-FA/LDH)
was synthesized by co-intercalation of ICG and FA into the
LDH gallery, which shows an excellent near-infrared (NIR)
imaging and superior photothermal therapy effect. XRD and FT-
IR spectra confirm the co-existence of ICG and FA molecule in
the interlayer region of LDH matrix; UV-vis-NIR spectroscopy
proves the monomer state of ICG, which is a key factor for its
photothermal conversion efficiency. Both a satisfactory NIR
imaging and PTT effectiveness are demonstrated for the ICG-
FA/LDH photothermal agent over in vitro tests performed with
KB cells, with a cellular damage as high as 87.4% (ICG: 8 pg
mL~'; NIR irradiation energy: 1.1 W cm ™2, 12 min). The host-
guest interaction inhibits the aggregation of ICG and enhances
its photo-thermal transformation in the LDH gallery; the suit-
able particle size and biocompatibility of the ICG-FA/LDH
composite facilitate the drug delivery, accounting for the
excellent PTT performances. In particular, the incorporation of
FA endows ICG-FA/LDH with a targeting capability, which
would be favor of its further application.

2. Results and discussion

2.1 Structural and morphological characterization

ICG, FA and sodium dodecyl sulfonate (SDS) were co-
intercalated into the interlayer region of LDH by the copreci-
pitation method, in which SDS serves as a dispersant for
improving the dispersibility of ICG. Scheme 1 illustrates the

dead cell

Scheme 1 Schematic illustration of the ICG—FA/LDH structure and
the process of photothermal therapy.
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structure of ICG-FA/LDH and the process of photothermal
therapy. Since the loading density of ICG in the LDH inter-
lamination (denoted as ICG(x%)/LDH) directly determines its
aggregation state and the resulting photothermal conversion
efficiency, this parameter was firstly investigated.

As shown in Fig. 1a, the powder XRD patterns of ICG(x%)/
LDH samples (x% ranges in 1-10%) exhibit a series of narrow
and strong (00!) reflections, indicating the formation of LDH
structure with an interlayer distance of ~2.516 nm. The co-
intercalation of ICG and SDS was further confirmed by the FT-
IR spectra (Fig. S11). The characteristic absorption peaks at
2923 and 2847 cm ! are assigned to the asymmetric v,5(CH,)
and symmetric v(CH,) vibration of SDS while the peaks at 900-
650 cm ™! correspond to the vibration of §(Ar-H) of ICG. The
chemical compositions of these samples measured by induc-
tively coupled plasma atomic emission spectroscopy (ICP-AES)
and elemental analysis are listed in Table S1.f We also per-
formed the TGA measurement of ICG(2%)/LDH (see Fig. S27
and corresponding discussion), and the result accords with the
elemental analysis. Fig. S31 shows SEM images and particle size
distribution of ICG(x%)/LDH samples. The ICG(1%)/LDH and
ICG(2%)/LDH display a regular platelet morphology with
hydrodynamic diameter of 56 nm and 116 nm, respectively.
However, with the increase of ICG loading from 3% to 10%,
serious aggregation with large particle size (above 300 nm) is
observed. Thus, from the viewpoint of hydrodynamic diameter
for cell uptake, an ICG loading of 2% is chosen for further study.

The targeting agent FA was subsequently introduced to
prepare the ICG-FA/LDH composite material. As shown in
Fig. 1a, the ICG(2%)-FA(20%)/LDH sample exhibits a rather
similar XRD pattern to ICG(2%)/LDH, with d,; basal spacing of
2.503 nm. The FT-IR spectra (Fig. 1b) verify the coexistence of
FA: compared with ICG(2%)/LDH, additional absorption bands
at 1607 cm™ ' and 1401 cm ™" are observed, which are assigned
to the symmetrical vs(C=0) and asymmetric v,(C=0) vibra-
tion of FA. SEM image (Fig. 1c) shows that the sample of
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Fig. 1 (a) XRD patterns of various ICG(x%)/LDH composites with x%
ranging from 1% to 10% and the sample of ICG(2%)—-FA(20%)/LDH. (b)
FT-IR spectra of FA, ICG(2%)/LDH and ICG(2%)-FA(20%)/LDH. (c) SEM
image of the ICG(2%)-FA(20%)/LDH sample with particle size distri-
bution shown in the inset. (d) Particle size distribution of ICG(2%)-
FA(20%)/LDH determined by dynamic lighting scatting (DLS).
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ICG(2%)-FA(20%)/LDH possesses a uniform plate-like
morphology with particle size ranging in 60-100 nm. More-
over, its equivalent hydrodynamic diameter in aqueous solution
was determined to be ~127 nm (Fig. 1d). The zeta potential of
ICG(2%)/LDH is 34 mV; while it changes to —9 mV for the
sample of ICG(2%)-FA(20%)/LDH (Fig. S4t), indicating the co-
loading of FA.

ICG tends to dissolve in methanol with two UV-vis-NIR
absorbance regions (Fig. 2a): the peak centered at 784 nm is
attributed to the monomer absorption; while the one at 718 nm
corresponds to the J-aggregates (dimmers or multimers) due to
the van der Waals forces and hydrophobic interactions between
ICG molecules.”* For the samples of ICG(2%)/LDH and
ICG(2%)-FA(20%)/LDH, a significant red-shift is observed. For
instance, the monomer absorption peak moves to 816 nm and
833 nm, respectively, which can be attributed to the variation in
polarity of microenvironment between ICG in LDH gallery and
in methanol. Furthermore, additional absorption peaks at 290
nm and 310 nm assigned to FA are observed in the case of
ICG(2%)-FA(20%)/LDH sample, indicating the incorporation of
FA. Subsequently, the influence of ICG loading on its state was
studied for ICG(x%)/LDH samples (Fig. 2b: x% ranges in 1%-
10%). A relative ratio between monomer and aggregate
(Imonomer/Taggregate) Was calculated by the respective absorption
intensity (inset of Fig. 2b), from which this ratio increases first
and then decreases along with the enhancement of ICG loading
from 1% to 10%. The sample of ICG(2%)/LDH possesses the
largest value, which indicates the best monodispersity of ICG in
this sample.

ICG is extremely unstable in the environment and easy to
lose its photothermal conversion activity as a result of structural
decomposition, thus the stability of ICG is a crucial factor for its
practical application. In order to investigate the long-term
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Fig. 2 (a) UV-vis-NIR absorption spectra of pristine ICG in methanol,
ICG(2%)/LDH and ICG(2%)—-FA(20%)/LDH in aqueous solution; (b) UV-
vis-NIR absorption spectra of ICG(x%)/LDH composites with x%
ranging in 1-10% (ICG concentration in solution: 10 pg mL™); the inset
shows the ratio of Imonomer//aggregate @s a function of x%. (c) and (d) The
stability measurements over pristine ICG and ICG(2%)-FA(20%)/LDH
stored at room temperature and 4 °C, respectively.
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performance, the stability of pristine ICG and ICG(2%)-
FA(20%)/LDH was measured by UV-vis-NIR absorption spec-
troscopy without light exposure (Fig. 2¢, d and S57). The pristine
ICG in aqueous solution presents a poor stability stored at room
temperature, with a fast decline of 94% in monomer absorption
after 14 days. Even at the temperature of 4 °C, a loss of 78.6% is
found. In contrast, for the sample of ICG(2%)-FA(20%)/LDH,
a marked enhancement in storage stability is demonstrated:
62.3% of monomer absorption intensity is maintained at room
temperature, and this value even increases to 70.1% at 4 °C.
Therefore, the intercalation of ICG into the LDH gallery can
improve its stability to a large extent, which is in favor of storage
and further clinical application.

The photothermal conversion efficiency of ICG(x%)/LDH
and ICG(2%)-FA(20%)/LDH was further investigated, which
is the key factor for PTT performance. The photothermal
conversion efficiency was evaluated over LDH, pristine ICG,
ICG(x%)/LDH and ICG(2%)-FA(20%)/LDH samples (ICG
concentration in solution: 10 ug mL™"), by plotting the sample
temperature as a function of NIR laser irradiation time
(Fig. 3a). No obvious temperature change is observed for pure
water upon irradiation; while LDH only promotes a slight
temperature increase. The presence of pristine ICG distinctly
accelerates this process, and the temperature rises to 42.0 °C
after 480 s irradiation, indicating its good photothermal
conversion ability. In the case of ICG(x%)/LDH samples, the
photothermal conversion efficiency increases at first (from 1%
to 2%) to a maximum; the ICG(2%)/LDH sample shows the
highest photothermal conversion efficiency: a NIR irradiation
for 480 s results in a temperature increase from 19.8 °C to 52.2
°C. For the pristine ICG sample, its aggregation state occurs
due to the strong m-m interaction, and a part of energy
produced from the light-to-thermal transformation is
consumed to conquer the resistance of molecular vibration.
However, in the case of ICG/LDH sample, the host-guest
interactions between LDH and ICG obviously restrain the
aggregation of ICG, which decreases this energy consumption
and thus enhances the light-to-thermal energy trans-
formation. However, the photothermal conversion efficiency
decreases along with a further enhancement of ICG loading
(from 2% to 10%); the sample of ICG(10%)/LDH even declines
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Fig.3 Temperature increase as a function of NIR laser irradiation time
(wavelength: 808 nm; power density: 1.1 W cm™2) over various
samples: (a) LDH, pristine ICG and ICG(x%)/LDH samples (ICG
concentration in solution: 10 pg mL™Y); (b) the sample of ICG(2%)—
FA(20%)/LDH with different ICG concentration (5-20 pug mL™) in
solution.
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to the same level of pristine ICG. This result agrees well with
the highest I,onomer/Iaggregate Tatio in ICG(2%)/LDH (Fig. 2b).
In addition, compared with pristine ICG, ICG(2%)/LDH shows
a maintainance of increased temperature while pristine ICG
displays an obvious decline after 4 min. This result implies
that the LDH matrix restrains the rapid deterioration of ICG
and maintains its consistent activity. Moreover, the photo-
thermal conversion efficiency of ICG(2%)-FA(20%)/LDH was
also investigated and temperature increases from 19.8 °C to
51.0 °C, which is close to that of ICG(2%)/LDH (Fig. S67). This
indicates that the coexistence of FA does not affect the pho-
tothermal conversion performance of ICG. The photothermal
conversion efficiency of pristine ICG, ICG/LDH and ICG-FA/
LDH at 808 nm was also calculated according to the reported
method.”* ICG/LDH and ICG-FA/LDH show values as high as
58.3% and 56.1%, respectively, which enhance 13.6% and
11.4% compared with that of pristine ICG (44.7%). Subse-
quently, the influence of ICG(2%)-FA(20%)/LDH concentra-
tion in solution on the resulting photothermal conversion
efficiency was studied. With the increase of ICG(2%)-FA(20%)/
LDH concentration from 5 pg mL ™' to 20 pug mL ', an
enhancement in light-to-thermal energy transformation is
found (Fig. 3b). The results above demonstrate that the
ICG(2%)-FA(20%)/LDH sample displays superior photo-
thermal conversion efficiency as well as stability, which was
chosen to evaluate its PTT effectiveness in the following
section.

2.2 Study on NIR fluorescence imaging and in vitro PTT
performance

The NIR fluorescence imaging of ICG(2%)/LDH and ICG(2%)-
FA(20%)/LDH were studied by in vitro tests performed with KB
cells. KB cells were incubated with pristine ICG, ICG(2%)/LDH
and ICG(2%)-FA(20%)/LDH respectively, with the ICG
concentration of 8 pg mL™" for 3 h, and the cell intake was
studied by a confocal microscope. As shown in Fig. 4d-f, the

ICG/LDH ICG-FA/LDH

pristine-ICG

Bright ICG

Merge

Fig. 4 Invitro confocal analysis images of KB cells treated with various
samples (ICG concentration in solution: 8 pg mL™2, 3 hincubation): (a—
c) blank, (d—f) pristine ICG, (g—i) ICG(2%)/LDH, (j—1) ICG(2%)-FA(20%)/
LDH. The red fluorescence comes from ICG; the scale bar is 50 um.
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fluorescence intensity of KB cells incubated with pristine ICG
enhances slightly compared with the blank group (Fig. 4a—c),
indicating a small amount of the ICG uptake. For the KB cells
incubated with ICG(2%)/LDH (Fig. 4g-i), a further enhance-
ment is observed, stronger than that of pristine ICG. The
positively charged ICG/LDH nanoparticles (Fig. S4-at) are
favorable for the cellular uptake with negatively charged cell
membrane, accounting for its passive targeting ability. In the
case of ICG(2%)-FA(20%)/LDH sample (Fig. 4j-1), the fluores-
cence intensity of ICG signal is significantly heightened by
encapsulating targeting agent FA, which indicates the best
intake performance compared with pristine ICG and ICG (2%)/
LDH. Moreover, the average pixels of imaging zones can be
calculated by confocal analysis software, and the fluorescence
intensity of KB cells treated with ICG, ICG(2%)/LDH and
ICG(2%)-FA(20%)/LDH is 3.27, 10.36 and 27.85 respectively.
The fluorescence intensity for ICG(2%)-FA(20%)/LDH is 8.5-
fold and 2.7-fold stronger than that of pristine ICG and ICG
(2%)/LDH, exhibiting a high targeting ability of ICG(2%)-
FA(20%)/LDH toward KB cells and the resulting greatly
improved NIR imaging performance. Moreover, a negatively
responsive cell (L-02) without folate receptor was used for
a complete comparison. As shown in the confocal images
(Fig. S77), no obvious difference in the cellular uptake between
KB and L-02 cell is observed when incubated with pristine ICG
or ICG/LDH. However, the fluorescence intensity of KB cells
incubated with ICG-FA/LDH is significantly higher than that
of L-02 cells under the same conditions, demonstrating
a much stronger targeting ability of ICG-FA/LDH toward KB
cells.

The PTT performance of ICG-FA/LDH was further studied
by in vitro tests performed with KB cells. To elucidate the
optimized treatment conditions, two factors including NIR
irradiation time and drug dosage were explored. The impact
of irradiation time on PTT effectiveness was firstly investi-
gated. The KB cells were incubated with the ICG(2%)-
FA(20%)/LDH (equivalent ICG concentration: 8 pg mL™") for
3 h, washed thoroughly with PBS, followed by NIR irradiation
ranging from 2 min to 15 min. Fig. 5a shows that the cell
viability decreases sharply from 0.647 (2 min) to 0.126 (12
min), and then keeps constant upon further increasing irra-
diation time to 15 min, which indicates that 12 min of
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Fig. 5 (a) The PTT performance of ICG(2%)-FA(20%)/LDH along with
the increase of NIR irradiation time (ICG dosage: 8 pg mL™Y); (b) the
PTT performance of ICG(2%)-FA(20%)/LDH with various drug dosage
upon irradiation for 12 min.
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irradiation leads to a satisfactory PTT effect (808 nm; power
density: 1.1 W cm™?).

Fig. 5b displays the PTT effectiveness of ICG(2%)-
FA(20%)/LDH with various drug dosage under 12 min irra-
diation. A significant PTT effect occurs and enhances grad-
ually along with the increase of drug dosage from 0 to 10 pg
mL~'. However, an obvious cytotoxicity is observed when the
concentration changes from 8 to 10 ug mL™" (cell viability
without irradiation: 0.852 vs. 0.711). Therefore, the best PTT
behavior is demonstrated over ICG(2%)-FA(20%)/LDH with
the dosage of 8 pg mL ™" for 12 min irradiation (the difference
of cell viability between irradiation and no irradiation:
0.726).

For comparison, the PTT performances of pristine ICG,
ICG(2%)/LDH and ICG(2%)-FA(20%)/LDH (equivalent ICG
concentration: 8 pg mL ") were studied by incubating KB cells
in these media respectively (Fig. S8-at). The blank test shows
that the irradiation imposes no influence on the cell viability.
For pristine ICG, the cell viability is 0.95 (no irradiation) and
0.84 (irradiation), indicating a good biocompatibility but rather
poor PTT effectiveness. For the sample of ICG(2%)/LDH, the cell
viability is found to be 0.854 (no irradiation) and 0.642 (irradi-
ation) respectively, showing a unsatisfied PTT performance
ascribed to the low drug intake (Fig. 4j-i). In the case of
ICG(2%)-FA(20%)/LDH, a largely-enhanced PTT effectiveness
and acceptable cytotoxicity are obtained (no irradiation: 0.852;
irradiation: 0.126), which can be attributed to its excellent
photothermal conversion efficiency and targeted behavior via
the over-expression of FA toward KB cells. In addition, the PTT
performance of pristine FA (0.5 mg mL '), SDS (0.5 mg mL ™)
and LDH (0.5 mg mL ") was also studied (Fig. $8-bt). Both LDH
and FA do not show cytotoxicity and PTT effect, demonstrating
a good biocompatibility as reported previously.”>>* For SDS,
somewhat cytotoxicity is observed, but it is essential to achieve
the dispersibility of ICG molecules in LDH matrix with the
monomer state.

Visualization results were obtained by confocal analysis
for KB cells, in which the live cells were stained by Calcein
AM with green fluorescence and dead cells were stained by PI
with red fluorescence. Fig. S9f shows the cell apoptosis
treated by pristine ICG, ICG(2%)/LDH and ICG(2%)-
FA(20%)/LDH with the same ICG dosage (8 pg mL ') and
without irradiation. Pristine ICG displays a low cytotoxicity
while ICG(2%)/LDH and ICG(2%)-FA(20%)/LDH induce
somewhat cell mortality. Subsequently, the PTT effectiveness
of these three drugs was further investigated under NIR
irradiation for 12 min (Fig. 6). The confocal image of blank
group shows no obvious apoptosis for KB cells. The group of
pristine ICG causes a slight apoptosis, indicating a weak PTT
performance; the ICG(2%)/LDH group exhibits an enhanced
apoptosis and PTT performance. In contrast, an intense PI
signal is observed for the cells treated with ICG(2%)-
FA(20%)/LDH, illustrating a predominant cell death after
light irradiation. The results are in high accordance with the
PTT tests (Fig. S8-at), demonstrating that the ICG(2%)-
FA(20%)/LDH can be used as a promising candidate in cancer
NIR imaging and PTT field.
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Fig. 6 Confocal fluorescence images of KB cells stained by Calcein
AM/PI after treated with various drugs (equivalent ICG: 8 ug mL™%
incubation time: 3 h) followed by an irradiation: (a) blank, (b) pristine
ICG, (c) ICG(2%)/LDH, (d) ICG(2%)—FA(20%)/LDH. The scale bar is 100
um. The irradiation conditions: 808 nm, 1.1 W cm™2, 12 min.

3. Conclusions

In summary, a targeted photothermal agent is synthesised by
the incorporation of ICG and FA into the LDH gallery, which
exhibits largely improved photothermal conversion efficiency
and PTT effectiveness. The host-guest interaction between LDH
matrix and ICG molecules results in the monomer state of ICG,
which plays a key role in obtaining a high efficiency of photo-
thermal conversion. In vitro studies with KB cells reveal that
an ultra-low drug dosage of ICG(2%)-FA(20%)/LDH exhibits
a satisfactory NIR imaging and PTT effectiveness with a low
power of NIR irradiation (808 nm, 1.1 W cm ™ for 12 min). This
is attributed to the enhanced photothermal efficiency of ICG as
well as the largely elevated cellular uptake via the targeting
capability of FA toward KB cells. In addition, the photothermal
agent ICG(2%)-FA(20%)/LDH displays a good biocompatibility
and improved storage stability, which would guarantee its
practical application. However, the main obstacle for PTT
therapy in this work originates from the illuminant penetra-
bility and energy loss. Further studies on multimodal treat-
ments for the purpose of synergistic therapy based on PTT and
chemotherapy are under investigation in our lab.

4. Experimental
4.1 Preparation of ICG(x%)/LDH

ICG(x%)/LDH composite nanoparticles were prepared by
a coprecipitation method. Briefly, solution A: Mg(NO3),-6H,0
(0.002 mol), Al(NO;)3-9H,O (0.001 mol), sodium dodecyl
sulfonate (SDS) (¢ mol) and ICG (b mol, in which a + b = 0.001
mol;a:bh=99:1,98:2,97:3,95:5,90: 10, respectively; x%
= a/(a + b)) dissolved in 50 mL of methanol solution (2 : 3, v/v).
Solution B: NaOH (0.006 mol) dissolved in 50 mL of deionized

This journal is © The Royal Society of Chemistry 2016
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water. To prevent the distraction of atmospheric CO,, distilled
water was decarbonated by boiling before it was used in all the
preparation processes. Solution B was added dropwisely into
solution A with stirring until the pH value reached to 9. The
resulting suspension was stirred at 55 °C for 40 h under
a nitrogen flow. The solid product was separated by centri-
fuging, washed with deionized water, and dried overnight at
60 °C.

4.2 Preparation of ICG(2%)-FA(20%)/LDH

The same method described above was used to synthesize
ICG(2%)-FA(20%)/LDH composite material. Solution A:
Mg(NO;),-6H,0 (0.002 mol), AI(NO,);-9H,0 (0.001 mol),
sodium dodecyl sulfonate (SDS, 0.00098 mol), ICG (0.00002
mol) and folic acid (FA, 0.0002 mol, which was protonized by
0.001 mol mL™' NaOH before used). Solution B: NaOH
(0.006 mol) dissolved in 50 mL of deionized water. Solution B
was added dropwisely into solution A with stirring until pH = 9.
The resulting suspension was stirred at 55 °C for 40 h under
a nitrogen flow. The solid product was separated by centri-
fuging, washed with deionized water, and dried overnight at
60 °C.

4.3 Determination of photothermal conversion efficiency

1 mL of ICG(x%)/LDH (x% = 1%, 2%, 3%, 5%, 10%) sample
(ICG dosage: 10 pg mL ') in a tube was irradiated by a NIR laser
(808 nm, 1.1 W cm ™ ?) for a period of time. The temperature was
measured by a thermocouple with 30 s interval. The photo-
thermal conversion efficiency of ICG(2%)-FA(20%)/LDH
samples with different ICG concentration (5-20 ug mL™ ') was
determined by the same method.

4.4 Invitro studies on tumor cells

KB cells were cultured and expanded in Dulbecco's modified
Eagle's medium (DMEM) culture medium supplemented with
10% fetal bovine serum (FBS) and 1% penicillin-streptomycin at
37 °C under a 5% CO, atmosphere, and the cells were detached
from the flask by addition of 1.0 mL of 0.25% trypsin for 1-3
min before confluence.

To study the cellular uptake of drug, KB cells or L-02 cells
were seeded respectively in 96-well plates with 100 pL of
medium at a density of 1 x 10" cells per well for 24 h, respec-
tively. Pristine ICG, ICG(2%)/LDH and ICG(2%)-FA(20%)/LDH
(equivalent ICG: 8 pg mL™ ') were added into the wells. After
a further incubation of 3 h, cells were washed with PBS for 3
times. A confocal microscopy was used to determine the drug
uptake through the fluorescence intensity of ICG. ICG was
excited at 633 nm with a He-Ne laser through a 633 nm long-
pass filter.

To study the photothermal performance of drug, KB cells were
incubated in ICG(2%)-FA(20%)/LDH (equivalent ICG: 8 ug mL ™)
for 3 h, washed with PBS for 3 times, followed by an NIR irradi-
ation (808 nm) for different time (2 min, 5 min, 8 min, 10 min, 12
min, 15 min). After a further incubation of 1 h, the colorimetric
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) was used to determine the cell viability. The
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photothermal performance of ICG(2%)-FA(20%)/LDH (equiv-
alent ICG: 0 pg mL™", 2 pgmL™", 5 pgmL™", 8 ug mL™", 10 pg
mL '), ICG(2%)/LDH, pristine ICG (8 pg mL™ "), FA (0.5 mg
mL '), SDS (0.5 mg mL~ '), LDH (0.5 mg mL~ ") were performed
by the same method.

KB cells were treated with DMEM (10% FBS), pristine ICG,
ICG(2%)/LDH and ICG(2%)-FA(20%)/LDH (equivalent ICG: 8 pug
mL ") for 3 h respectively, followed by with or without irradia-
tion (12 min). After washing with PBS for three times and
a further incubation of 1 h, the cells were stained with propi-
dium iodide (PI) and observed on a confocal microscope.

4.5 Sample characterizations

The solid UV-vis absorption spectra were collected in the range
from 200 nm to 1000 nm on a Shimadzu U-3000 spectropho-
tometer, with the slit width of 1.0 nm. Powder X-ray diffraction
(XRD) patterns were measured on a Shimadzu XRD-6000
diffractometer in reflection mode with Cu Ka radiation (1 =
0.154056 nm) under 40 kV with a scan step of 0.04°/26 in the
range from 3 to 70°. The morphology of materials was investi-
gated by using a scanning electron microscope (SEM, Zeiss
SUPRA 55). The Fourier transform infrared (FT-IR) spectra were
recorded by a Nicolet 605 XB FT-IR spectrometer in the range
4000-400 cm ™' with 2 em™' resolution. Zeta potential and
dynamic lighting scatting (DLS) diameter were conducted with
photon correlation spectroscopy (PCS, Nanosizer Nano ZS,
MALVERN Instruments). The analysis of metal content was
performanced by ICP atomic emission spectroscopy (AES) on
a Shimadzu ICPS-7500 instrument by dissolving the samples in
dilute nitric acid. Carbon, nitrogen and sulfur analysis were
carried out by a Perkin Elmer Elementarvario elemental analysis
instrument. Fluorescence images obtained using
a confocal microscope (Leica TCS-SP5) with the 60x oil-
immersion objective.
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