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Materials and Methods

Chemicals: Tetrachloroauric acid aqueous solution 30%, polyvinylpyrrolidone (PVP,
Mw=10000), hexadecyltrimethylammonium bromide (CTAB), tetracthoxysilane
(TEOS), ammonia aqueous solution 32%, ammonium nitrate, (3-aminopropyl)
triethoxysilane (APTES), vanillin, ethyl bromoacetate, sodium carbonate, nitric acid
70%, acetic anhydride, hydrochloric acid 36 %, sodium hydroxide, sodium borohydride,
sodium  chloride, sodium  sulphate  anhydrous,  triethylamine,  N-(3-
dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC), 1-
hydroxibenzotriazole monohydrate (HOBY), succinic anhydride, 4-
dimethylaminopiridine (DMAP), N-hydroxysuccinimide (NHS) and
methoxypolyethyleneglycol amine (PEG-NH2, Mw=800) were purchased from Aldrich.
Doxorubicin hydrochloride (Dox) was purchased from Carbosynth Limited. Analytical
grade solvents were purchased from Scharlau. HeLa cells were purchased from the
German Resource Center for Biological Materials. Dulbecco’s Modified Eagle Medium
(DMEM), Fetal Bovine Serum (FBS), Dulbecco’s Phosphate Buffer Saline (PBS),
trypsin, Hoechst 33342 and cell proliferation reagent WST-1 were purchased from

Sigma-Aldrich.

Instrumentation: The reaction progress was monitored on precoated silica gel TLC Al
foils Sigma-Aldrich with fluorescent indicator 254 nm (60 A medium pore diameter).
Spots were visualized under 254 nm UV light. 'H and '3C NMR spectra were
respectively recorded at 400 MHz and 100 MHz on a Bruker 400 Avance III instrument.
Chemical shifts (8) are reported in parts per million (ppm) from low to high field and
referenced to residual solvent. Coupling constants (J) are reported in hertz (Hz).
Standard abbreviations indicating multiplicity are used as follows: s = singlet, d =

doublet, t = triplet, ¢ = quartet, m = multiplet. Fourier transform infrared (FT-IR)



spectra were recorded using a Bruker TENSOR27 spectrometer. Transmission electron
microscopy (TEM) images were collected using a JEOL JEM-1010 microscope
operating at 100 kV. Optical extinction spectra were recorded using a JASCO V-650
UV/vis spectrophotometer. Fluorescence spectroscopy was carried out on a JASCO FP-
8300 spectrofluorometer (Hitachi High Technologies). X-ray measurements were
performed on a Bruker AXS D8 Advance diffractometer using Cu-Ka radiation.
Thermo-gravimetric analyses were carried out on a TGA/SDTA 851e Mettler Toledo
equipment, using an oxidant atmosphere (Air, 80 mL min™') with a heating program
consisting on a heating step from 298 K to 373 K at heating rate of 10 K min’!, then an
isothermal heating step at 373 K during 30 minutes, a third heating step from 373 K to
1273 K at heating rate of 10 K min™' and finally an isothermal heating step at 1273 K
during 30 minutes. N adsorption-desorption isotherms were recorded on a
Micromeritics ASAP2010 automated sorption analyzer. The samples were degassed at
120 °C under vacuum overnight. The specific surface areas were calculated from the
adsorption data in the low pressures range using the Brunauer-Emmett-Teller (BET)
method. Pore size was determined by following the Barrett—Joyner—Halenda (BJH)
model. Hydrodynamic diameter and zeta potential measurements were performed by

dynamic light scattering using a Malvern Zeta sizer Nano ZS instrument.
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Scheme S1. Synthesis of photolabile PEG derivative 5 bearing a 2-nitrobenzyl linker.

Synthesis of compound 1: A mixture of vanillin (2.5 g, 16 mmol), ethyl bromoacetate
(2 mL, 3 g, 18 mmol) and sodium carbonate (3.5 g, 25 mmol) in DMF (15 mL) was
stirred at room temperature for 24 h. Water was added, and the mixture was partitioned
between ethyl acetate and saturated NaCl solution. The organic phase was dried with
anhydrous Na>SO4 and evaporated to yield the aldehyde-ester 1 (3.5 g, 15 mmol, 90 %
yield) as a white solid (Scheme S1). 'TH-NMR (400 MHz, CDCls) § 9.83 (s, 1H), 7.41
(d, J=1.9, 1H), 7.39 (dd, J=8.1, 1.9, 1H), 6.86 (d, J=8.1, 1H), 4.75 (s, 2H), 4.24 (q,
J=7.1, 2H), 3.92 (s,3H),1.26 (t, J=7.1,3H); '*C-NMR (100 MHz, CDCls) § 190.9, 168.1,

152.6,150.1, 131.2, 126.2, 112.5, 110.0, 66.0, 61.7, 56.1, 14.2.

Synthesis of compound 2: A solution of aldehyde-ester 1 (3.5 g, 15 mmol) in acetic
anhydride (10 mL) was added to a cooled solution of 70 % HNO3 (10 mL) and acetic
anhydride (15 mL) at 0 °C. The resultant mixture was stirred for 2 h and then allowed
to warm to room temperature and stirring was continued for an additional 4 h. The

reaction mixture was poured into a cold water, the pH adjusted with solid NaOH to 13-



14 and then with 36 % HCI to 2-3. The aqueous phase was extracted with EtOAc and
the organic phase dried and evaporated to yield a yellow solid. Recrystallization from
MeOH/H;O afforded the product nitro-acid 2 (3 g, 12 mmol, 80 % yield) (Scheme S1).
'"H-NMR (400 MHz, CDCl3) & 10.24 (s, 1H), 7.40 (s, 1H), 7.24 (s, 1H), 4.66 (s, 2H),
3.86 (s, 3H); 3C-NMR (100 MHz, CDCls) & 187.4, 168.9, 153.3, 150.4, 143.1, 126.0,

110.1, 108.7, 65.6, 56.5.

Synthesis of compound 3: To a solution of nitro-acid 2 (1 g, 4 mmol) in THF (20 mL)
NaBH4 (0.5 g, 13 mmol) was added at room temperature. The reaction mixture was
stirred for 24 h. Water was added and the pH adjusted with HCI (1 M) to 2-3. The
aqueous phase was extracted with EtOAc and the organic phase dried and evaporated to
yield a pale yellow solid 3 (0.95 g, 3.7 mmol, 95 % yield) (Scheme S1). 'TH-NMR (400
MHz, CO(CDs)2) 6 7.73 (s, 1H), 7.54 (s, 1H), 4.99 (s, 2H), 4.87 (s, 2H), 4.00 (s, 3H);
BC-NMR (100 MHz, CO(CDs),) & 169.8, 155.4, 146.8, 139.7, 136.0, 111.5, 111.2,

66.5, 61.8, 56.7.

Synthesis of compound 4: A mixture of compound 3 (0.125 g, 0.5 mmol), PEG-NH>
(0.4 g, 0.54 mmol), HOBt (0.075 g, 0.55 mmol), EDC (0.1 g, 0.52 mmol) and Et;N
(0.075 mL, 0.055 g, 0.54 mmol) in DMF (5 mL) was stirred for 24 h at room
temperature. The reaction mixture was partitioned between ethyl acetate and saturated
NacCl solution. The organic phase was dried and evaporated to yield solid 4 (0.35 g, 0.35
mmol, 71 % yield) (Scheme S1). 'TH-NMR (400 MHz, CO(CDs),) § 7.79 (s, 1H), 7.59
(s, 1H), 4.99 (s, 2H), 4.63 (s, 2H), 4.04 (s, 3H), 3.68-3.52 (m, 68H), 3.29 (s, 3H); *C-
NMR (100 MHz, CO(CD3)2) & 168.0, 155.5, 146.5, 136.6, 126.0, 112.4, 111.2, 72.63,

71.2 (x29), 71.0 (x2), 70.2, 70.0, 61.6, 58.8, 56.9, 39.4.

Synthesis of compound 5: A mixture of alcohol 4 (0.24 g, 0.24 mmol), succinic

anhydride (0.03 g, 0.3 mmol) and DMAP (0.035 g, 0.3 mmol) in THF (5§ mL) was



stirred for 24 h at room temperature. Water was added, and the pH adjusted with HCI (1
M) to 2-3. The aqueous phase was extracted with EtOAc and the organic phase dried
and evaporated to yield a solid 5 (0.16 g, 0.15 mmol, 63 % yield) (Scheme S1). 'H-
NMR (400 MHz, CO(CDs)2) 6 7.82 (s, 1H), 7.28 (s, 1H), 5.51 (s, 2H), 4.66 (s, 2H),
4.06 (s, 3H), 3.68-3.52 (m, 68H), 3.29 (s, 3H), 2.75 (m, 2H), 2.68 (m, 2H); '*C-NMR
(100 MHz, CO(CD3)2) 6 173.8, 172.6, 168.0, 155.4, 147.3, 129.6, 126.0, 112.5, 111.7,

72.6,71.2 (x29), 71.0 (x2), 70.2, 69.8, 63.5, 58.8, 57.2, 39.5, 30.6, 30.5.

Synthesis of gold nanostars (AuNSts): Gold nanostars were synthesized by seeded
growth method using PVP solution in DMF. At 25 °C, 50 pL of an aqueous solution of
166 mM HAuCls was mixed with 15 mL of 20 mM PVP solution in DMF. After 5 min,
10 pL of preformed seed dispersion (15 nm gold nanospheres coated with PVP in
ethanol, c(Au) = 6.5 mM) was added and allowed to react for 24 h without stirring.
Gold nanoparticles were recovered by centrifugation (20 min, 9500 rpm) and washed
five times with water by centrifugation and redispersion. The concentration of Au in all

gold colloids was derived from their extinction spectra (absorbance at 400 nm).

Synthesis of gold nanostars coated with mesoporous silica shell (AuNSt@msSiO;-
NH3): Briefly, 50 mL of a 6.6 mM aqueous CTAB solution was mixed with 20 mL of
ethanol at 25 °C in a 250 mL round bottom flask under magnetic stirring (400 rpm). Ar
gas was bubbled into solution for 1 h and inert atmosphere was kept during the
synthesis. Once the solution was transparent and free of bubbles, 50 uL. of ammonia
aqueous solution 32% was added. Subsequently, 3 mL of AuNSt dispersion (c(Au) =5
mM) was poured into the synthesis solution. After 5 min, 40 pL of TEOS was added
dropwise. The mixture was stirred for 15 min, and then 10 pl of APTES was added.
After 24 h the particles were recovered (10 min, 9500 rpm) and washed twice in

ethanol. Finally, the CTAB template was removed by extraction process dispersing



nanoparticles in 50 mL NH4NO3 solution in ethanol (10 mg/mL). The mixture was
stirred for 8 hours and particles were recovered by centrifugation. This extraction
process was repeated three times in order to achieve the removal of higher amount of

CTAB from mesoporous channels.

Synthesis of N2 nanoparticles: The amino functionalized AuNSt@mSiO>-NH»
nanoparticles (2 mg) were dispersed in 1.5 ml of Dox in ethanol (1 mg/ml) and stirred
for 18 h. Dox-loaded nanoparticles were recovered by centrifugation and re-dispersed in
1.5 ml of compound 5 in THF, previously activated with EDC and NHS. Then, the
mixture was stirred for 18 h at 25 °C. The nanoparticles were recovered by

centrifugation, washed with THF and H>O and finally dried.

Cargo photo-release experiments

A well in the 96-well plate was filled with 250 pL of nanoparticles suspensions. The
NIR laser-triggered drug release experiments were performed with a laser diode (808
nm) that was set at 1 cm above the liquid surface. The sample volume was irradiated at
a predetermined power density (1 W ¢cm™). Also, a control sample was kept in the dark.
At a predetermined interval upon NIR irradiation, the samples were centrifuged (3 min,
9500 rpm) and the fluorescence spectra of supernatants at 595 nm (Aexc = 490 nm) were

recorded.

Cell viability and internalization assays

HeLa cells were grown at 37 °C under humidified air containing CO2 (5% vol.) in
Dulbecco’s Modified Eagle Medium (DMEM), which was supplemented with fetal

bovine serum (10% vol. FBS, Gibco), penicillin/streptomycin (1% vol., 10000 units of



both per mL). After 24 h of incubation, cells were rinsed with PBS, and then detached
with trypsin (0.2% vol.)/PBS. The HeLa cells were seeded in 96-well plates with a
density of 5.0 x 10° cells per well and grown in DMEM for another 24 h. The cells were
then treated with the nanoparticle suspensions in DMEM at different concentrations.
Then the designated cells were exposed to a NIR laser irradiation (808 nm, 1 W cm™, 10
min). Upon the switching-off of the laser, the treated cells were incubated for another 48
h. After the incubation period, the cells were rinsed with PBS, and the cell viabilities
were evaluated via the WST-1 assay. Typically, cell proliferation reagent WST-1 (7 pL)
was added, and then the cells were incubated for another 1 h at 37 °C. The absorbance at
450 nm was measured using a micro-plate reader (Perkin Elmer Wallac 1420 Victor2).
Percentage of cell viabilities were determined relative to the untreated cells (control,

100 % viability). Three replicates were done for each treatment groups.

For NIR light triggered delivery of Dox using confocal laser scanning microscopy
(CLSM), cells were seeded in 96 well plate with glass bottom at a density of 5.0 x10°
cells per well and grown in DMEM for 24 h. Cells were incubated with N2
nanoparticles at 50 ug mL™! for 2 h. Then, the designated cells were irradiated with 808
nm laser at 1 W ¢cm™ for 15 min and were incubated for another 2 h. Then, cells were
rinsed with PBS, and freshly DMEM was added. Finally, DNA marker Hoechst 33342
(2 ug mL") was added, and cells were incubated for 5 min before CLSM analysis.
CLSM images were recorded using a Leica TCS SP8 (Leica Microsystems CMS
GmbH) confocal laser scanning microscope. Also, intracellular Dox release was tested
by in situ irradiation of nanoparticles in cells at 633 nm using the laser of microscope.

CLSM images were taken before and after the irradiation period.

Cell internalization of nanoparticles was tested by transmission electron microscopy

(TEM). TEM images were acquired using a microscope FEI Tecnai Spirit G2 operating



at 80 kV with a digital camera (Soft Image System, Morada). Hela cells were incubated
with nanoparticle suspension in DMEM at 30 pg mL™ during 24 h. Then, cells were
fixed with glutaraldehyde (3%) in sodium phosphate buffer (0.1 mol-L™'), dehydrated in
ethanol and stained with osmium tetroxide (1%) and uranyl acetate (1%). Finally, the

samples were embedded in epoxy resin (Araldite) and sectioned for analysis.
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Figure S1. (a) PXRD patterns and (b) Nz adsorption-desorption isotherms of

AuNSt@mSiO,-NH: nanoparticles (inset: pore size distribution).

Figure S2. TEM images of N2 nanoparticles. Scale bar: (a,b,c) 100 nm, (d,e,f) 20 nm.
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Figure S3. TGA trace of N2 nanoparticles.

Figure S4. TEM images of HeLa cells after incubation with N2 nanoparticles. Scale

bars: (a) 5 pm, (¢) 2 pm, (b,d) 200 nm.
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Figure S5. NIR light triggered release of Dox from N2 nanoparticles in HeLa cells monitored
by confocal laser scanning microscopy. From left to right: DNA marker (Hoechst 33342),
doxorubicin (Dox) and combined (merge) fluorescence channels. From top to down: control
cells (control), non-irradiated cells after incubation with nanoparticles (N2 empty) and NIR
light irradiated cells after incubation with nanoparticles (N2 empty + Laser). non-irradiated
cells after incubation with nanoparticles (N2) and NIR light irradiated cells after incubation with

nanoparticles (N2 + Laser). Scale bars: 100 pm.
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Figure S6. NIR light induced heating of bulk N2 nanoparticle suspension at 100 pg mL-

! (red) and heating of control sample (N2 nanoparticle suspension without irradiation)

(black).
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Figure S7. Release of Dox from N2 nanoparticles in HeLa cells triggered by in situ

irradiation at 633 nm using confocal laser scanning microscopy. From top to down:

DNA marker (Hoechst 33342), doxorubicin (Dox) and combined (merge) fluorescence



channels. From left to right: before irradiation (0 sec), irradiation for 90 sec (90 sec) and

after irradiation (300 sec). Scale bars: 20 pm.
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Figure S8. Optical extinction and fluorescence (Aexc =490 nm) spectra of Dox.

Discussion of the release mechanism

Although multi-photonic excitation of photolabile molecules requires the use of high
laser powers due to the low multiphoton absorbing cross sections of chromophores!~,
the strong electromagnetic field enhancement produced by localized surface plasmon
resonance (LSPR) in gold nanoparticles®’ has been reported to facilitate multiphoton

excitation of photolabile molecules even at low power irradiances.’

In principle, NIR light irradiation of gold nanoparticles can induce both thermal and
photon-triggered molecular release. According to this, the photodissociation of 2-
nitrobencil derivative can be produced upon irradiation of N2 nanoparticle, but a
heating effect may also be produced with a possible thermal dissociation of PEG from
the nanoparticle surface. However, we believe such heating effects during irradiation
are less probable because the laser power used (below the intensities commonly

employed for producing considerable photothermal effects). In fact, we conducted



additional experiments in which the temperature of N2 suspensions upon irradiation at

2 was measured using a fiber-optic thermo-sensor (Figure S6). A

808 nm at 1 cm”
temperature increase of the solution was observed reaching a plateau around 42 °C after
10 min of irradiation at 1 W cm?. These temperature values are relatively low and
therefore, not expected to produce thermal decomposition of PEG from nanoparticle
surface in large extension. Moreover, the intracellular release of Dox from N2
nanoparticles was also triggered by in situ irradiation at 633 nm using the confocal laser
scanning microscope (Figure S7). These results strongly suggested the Dox release in
cells induced by NIR irradiation and attributed to a multiphotonic excitation of
photolabile PEG onto nanoparticle surface. These results were similar to those reported

by Voliani et all® using gold nanospheres and by our group using Janus

nanoparticles. !
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FT-IR spectroscopy
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Chemical shift 5 '"H (ppm) | Integration | Multiplicity J (Hz) | Atom number
10.24 1 s 8
7.40 1 s 3
7.24 1 s 6
4.65 2 s 9
3.86 3 s 7

Chemical shift § 1*C (ppm)

Atom number

187.36 8
168.93 10
153.27 5
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'H-NMR spectrum
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Chemical shift & Integration | Multiplicity | Chemical Chemical shift Atom
H (ppm) shift 5 13C (ppm) number
J (Hz) 5 3C (ppm) | HMBC
HSQC
7.72 1 s 111.49 155.39, 146.77, 139.65, 3
135.94, 61.83
7.53 1 s 111.18 155.39, 146.77, 139.65, 6
135.94, 61.83
4.99 2 s 61.83 8
4.87 2 s 66.49 169.84, 146.77 9
3.99 3 s 56.69 155.39 7

Chemical shift & 1*C (ppm) | DEPT-135 signal sign | Atom number
169.84 10
155.39 5
146.77 n
139.65 2
135.94 1
111.49 + 3
111.18 + 6
66.49 - 9
61.83 - 8
56.69 + 7




Compound 4

"H-NMR spectrum

—779
759

02
06

~—a.99

Ba22

463

oo

404

a2

11055

—3.47

—3.29

i T T T T T
78 76 74 72 70 6.8

BC-NMR spectrum

T T T T T T T T
66 64 62 60 58 56 54 52

i (ppm)

5.0

4.6

4.0

w
o



16795
15547
14652

~—136.63
12601

ks h \ i

—=112.40
11115

jluuu P
"

39.38

L T e e S

T T T

180 175 170 165 160 155 150 145 140 135 130 125 120 115 110 105 100 95

0]
|
o o
P
et
J
HO o %6/5\0
I
CH
7 3

f1 (ppm)

CH
16 2

T T T T

90 85 80 75 70

Chemical shift § 'H (ppm) | Integration | Multiplicity J (Hz) | Atom number
7.79 1 s 3
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4.04 3 s 7

3.58 64 m 14,15

3.47 4 m 12,13
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Chemical shift 8 *C (ppm) | Atom number
167.95 10
155.47 5
146.52 4
136.63 2
126.01 1
112.40 3
111.15 6
72.63 14
71.22 15
70.23 13
69.93 9
61.59 8
58.79 16
56.90 7
39.38 12
Compound 5

"H-NMR spectrum
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Chemical shift 8 '"H (ppm) | Integration | Multiplicity J (Hz) | Atom number
7.82 1 ] 3
7.28 1 ] 6
5.51 2 ] 8
4.66 2 ] 9
4.06 3 s 7
3.58 64 m 14,15
3.47 4 m 12,13
3.29 3 s 16
2.75 2 m 18
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19

Chemical shift § *C (ppm)

Atom number

173.84 17
172.62 20
167.93 10
155.36 5
147.32 4
129.63 2
126.01 1
112.50 3
111.70 6
72.64 14
71.22 15
70.22 13
69.78 9
63.50 8
58.79 16
57.16 7
39.53 12
34.43 18
32.59 19




