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Supporting Figure 1. Characterization of the core of the upconversion mesoporous silica
nanospheres (UMSNs). (a) Transmission electron microscopy (TEM) images of the upconversion
cores (NaYF4:Yb/Er/Gd,Bi;Se;) of UMSNs. Each of the four quadrants shows cores from a
different preparation. (b) Higher magnification TEM (/eff) and scanning transmission electron
microscopy (STEM) (right) images of the upconversion cores of UMSNSs. (¢) Scanning
transmission electron microscopy-energy dispersive X-ray spectroscopy (STEM-EDS) mapping
of the composition of the upconversion cores in (b). Scale bar = 50 nm.
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Supporting Figure 2. Characterization of the upconversion mesoporous silica nanospheres
(UMSN:S). (a) N» adsorption-desorption isotherms of UMSNs. (b) High-angle annular dark-field
scanning transmission electron microscopy (HAAD-STEM) image of a representative UMSN. (c¢)
Scanning transmission electron microscopy-energy dispersive X-ray spectroscopy (STEM-EDS)
mapping of UMSNs. The UMSNS in the individual panels are from independent preparations. (d)
Higher resolution STEM-EDS mapping of a representative UMSN. (e) EDS spectrum of the
UMSN in (d). Scale bar in (b—d) = 50 nm.
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Supporting Figure 3. Qualitative Jablonski diagram illustrating the upconversion process.
The trivalent ytterbium ion (Yb**) effectively absorbs near-infrared (NIR) light (980 nm) and
transfers the energy to the erbium ion (Er*"), resulting in multiple higher energy visible light
emissions from Er’*, the strongest of which are in the green and the red.! The red emission (657
nm) from Er’" excites the photosensitizer chlorin €6 (Ce6), which then transfers its energy to
molecular oxygen, converting the latter from its ground state to its cytotoxic singlet state (102).!
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Supporting Figure 4. Size distribution analysis of lipid/PEG-coated UMSNs (LUMSNS).
Dynamic light scattering (DLS) measurements of size of LUMSNSs in 10 mM phosphate buffer
(pH 7.4) (a), 50 mM sodium acetate buffer (pH 5.5) (b), and complete cell culture medium (RPMI
1640 containing 10% fetal bovine serum (FBS), pH 7.4) (¢), over 72 h.
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Supporting Figure 5. Quantitative proteomic analysis of serum protein adsorption to the
surface of LUMSN:S. (a) Heat map representation of identified serum proteins in the control fetal
bovine serum (FBS) sample, and adsorbed to the surface of UMSNs and LUMSNSs following
incubation in complete cell culture medium (RPMI 1640 containing 10% FBS, pH 7.4) for 72 h.
The digests for both the control and nanosphere samples were analyzed by liquid chromatography
tandem mass spectrometry (LC-MS/MS) and protein abundance was determined using label-free
quantification (LFQ).? As shown in the color scale bar, the purple and yellow (gold) colors indicate
high and low LFQ intensities (log2 (LFQ)), respectively, while dark brown indicates that the
protein concentration is below the detection limit. The proteins corresponding to the
UniProt Knowledgebase (UniProtKB)? accession numbers shown in the figure are given in
Supporting Information Table 3. (b) Venn diagram delineating adsorption of the 144 most
abundant serum proteins to the surface of LUMSNs compared to UMSNSs. (¢) Protein—protein
interaction (PPI) network map of the serum proteins depleted or absent from the surface of
LUMSNSs compared to UMSNSs. (d) Gene ontology analysis for serum proteins depleted or absent
from the surface of LUMSNs compared to UMSNSs.
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Supporting Figure 6. Photothermal response of Ce6-loaded LUMSNSs at lower near-infrared
(NIR) laser power densities. Temperature increases following NIR laser irradiation (0.2-0.4
W/cm?, 5 min) of Ce6-LUMSNSs at nanosphere concentrations of 150 (a) and 200 ug/mL (b) in 10

mM phosphate buffer (pH 7.4). *P < 0.05, **P <0.01, ***P < 0.001 for comparisons between the
samples.
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Supporting Figure 7. Long-term colloidal stability of ATRAM-functionalized LUMSNs
(ALUMSN:Ss) at acidic tumoral pH. (a) Size analysis for UMSNs, LUMSNs and ALUMSNS in
complete cell culture medium (RPMI 1640 containing 10% FBS, pH 6.5) using dynamic light
scattering (DLS). (b) Size analysis for ALUMSNSs in complete cell culture medium (RPMI 1640
containing 10% FBS, pH 6.5) over 30 days.
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Supporting Figure 8. pH-dependent cellular internalization of ALUMSNSs. Transmission
electron microscopy images of 4T1 cells incubated with 3 pg/mL. ALUMSNS for 4 h at pH 7.4 (a)
vs 6.5 (b). Images on the right show magnified views of the marked areas of the images on the
left. Scale bar =2 um.
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Supporting Figure 9. Cytotoxicity of the nanospheres in the absence of NIR laser irradiation.
Cell viability of 4T1 cells treated with increasing concentrations of UMSNs or LUMSNSs at
physiological pH (a), or increasing concentrations of Ce6-loaded ALUMSNSs (Ce6-ALUMSNS) at
pH 7.4 or 6.5 (b), for 48 h. Cell viability was measured using the MTS assay,*> with the % viability
determined from the ratio of the absorbance of the treated cells to the control cells (n = 4). ns, non-
significant (P > 0.05) for comparisons with vehicle-treated controls.

12
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Supporting Figure 10. MTS cell viability measurements 24 h following NIR laser irradiation.
Cell viability of 4T1 cells treated with Ce6-ALUMSNSs (0.05-5 pg/mL Ce6) at pH 7.4 (a—c) or 6.5
(d—f). 4T1 cells were incubated with the nanospheres for 48 h. The medium was then replaced
with fresh medium to remove extracellular nanospheres, and the cells were exposed to NIR laser
light with varying irradiation power densities (0.5-1.5 W/cm?) and durations (3 or 5 min).
Subsequently, the cells were incubated for a further 24 h (for a total incubation time of 72 h) before
cell viability was measured using the MTS assay (n =4). *P <0.05, **P <0.01, ***P < 0.001, or
non-significant (ns, P > 0.05) compared with controls.

13
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Supporting Figure 11. Mitochondrial membrane potential (A¥n) depolarization by the
nanospheres. Confocal laser scanning microscopy images of tetramethylrhodamine methyl ester
(TMRM, AW, reporter dye)® staining of 4T1 cells treated with Ce6-loaded ALUMSNS (0.5 pg/mL
Ceb6) for 4 h at pH 6.5 in the absence (- light) or presence (+ light) of irradiation with NIR laser
(980 nm, 1.0 W/cm?, 5 min). Scale bar = 10 um.

14
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Supporting Figure 12. Macrophage recognition and immunogenicity of the nanospheres. (a,
b) Flow cytometry analysis of differentiated THP-1 cells, which are widely used model of
monocyte/macrophage activation,’” that were either untreated (control), or treated with Ce6-
UMSNSs or Ce6-ALUMSNS (0.5 pg/mL Ce6) for 4 h at pH 7.4 (a); quantification of cellular uptake
of the nanospheres from the flow cytometry analysis (n = 4) (b). (¢) Cell viability of differentiated
THP-1 cells treated with Ce6-UMSNs or Ce6-ALUMSNSs for 48 h at pH 7.4. Cell viability was
assessed using the MTS assay (n=4). (d) Release of inflammatory cytokines, tumor necrosis
factor-alpha (TNF-a) and interleukin-1 beta (IL-1p), by differentiated THP-1 cells exposed to Ce6-
UMSNSs or Ce6-ALUMSNS (0.5 pg/mL Ce6) for 24 h at pH 7.4. Cells treated with the macrophage
activator lipopolysaccharide (LPS)® were used as a positive control for inflammation. TNF-o and
IL-1B levels in the culture medium were assayed using a commercial ELISA kit (n =4). *P < 0.05,
**pP < 0.01, ¥**P < 0.001, ****P < 0.0001 or non-significant (ns, P > 0.05) compared with
controls.

15
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Supporting Figure 13. Determination of in vivo biodistribution of ALUMSNs by inductively
coupled plasma mass spectrometry (ICP-MS). Quantification of Si in tumors and vital organs
(heart, kidneys, liver, lungs, and spleen), isolated from 4T1 tumor-bearing mice at 8, 16 and 24 h
after a single i.v. injection of ALUMSNS (11 mg/kg nanospheres), by ICP-MS® (n=4). ***P <
0.001, ****P <(0.0001 for comparisons amongst the samples.
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Supporting Figure 14. Fluorescence-based assessment of tumor localization of Ce6-loaded
ALUMSN:Ss. Confocal laser scanning microscopy imaging of Ce6 fluorescence in tumor and vital

organ sections 8 h after a single i.v. injection

of saline (a) or Ce6-ALUMSNs (11 mg/kg

nanospheres, 2.5 mg/kg Ce6) (b). Images shown are representative of tissue sections from 4 mice

per treatment group. Scale bar =200 um.
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Supporting Figure 15. Detection of reactive oxygen species (ROS) generation in tumors
following treatment with Ce6-loaded ALUMSNs and NIR laser irradiation. 4T1 tumor-
bearing mice were given a single i.v. injection of Ce6-ALUMSNs (11 mg/kg nanospheres, 2.5
mg/kg Ce6). At 8 h post injection, the tumors were stained with the fluorescent ROS probe
dihydroethidium (DHE),!® with (+ light) or without (- light) subsequent exposure to NIR laser
irradiation (1.5 W/cm?, 5 min). The mice were then sacrificed and the tumors were excised,
sectioned and imaged using confocal laser scanning microscopy. Images shown are representative
of tumor sections from 4 mice per treatment group. Scale bar =200 um.

- light

+ light
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Supporting Figure 16. Histological analysis of vital organs following treatment with the
nanospheres. Hematoxylin and eosin (H&E) staining of heart, kidney, liver, lung, and spleen
sections from 4T1 tumor-bearing mice after 30 days of treatment (i.v. injections administered every
2 days for a total of 15 doses) with saline, UMSNs (11 mg/kg) or Ce6-loaded UMSNs, LUMSNSs
or ALUMSNSs (11 mg/kg nanospheres, 2.5 mg/kg Ce6), in the absence (a) or presence (b) of NIR
laser irradiation (980 nm, 1.5 W/cm?, 5 min) at 8 h post injection. Images shown are representative
of tissue sections from 4 mice per treatment group. Scale bar =200 pum.
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Supporting Figure 17. Immunohistochemistry (IHC) analysis of vital organs following
treatment with Ce6-loaded ALUMSNSs. Cleaved caspase-3 (a critical mediator of apoptosis)'!
antibody staining of heart, kidney, liver, lung, and spleen sections from 4T1 tumor-bearing mice
after 30 days of treatment (i.v. injections administered every 2 days for a total of 15 doses) with
saline or Ce6-ALUMSNSs (11 mg/kg nanospheres, 2.5 mg/kg Ce6) followed by NIR laser
irradiation (1.5 W/cm?, 5 min) at 8 h post injection. Tumor sections are included for comparison.
Images shown are representative of tissue sections from 4 mice per treatment group. Scale bar =
200 pm.
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Supporting Figure 18. Quantification of inflammatory cytokines in circulation following
treatment with the nanospheres. Measurement of TNF-a (a) and IL-1f (b) concentrations in
serum of test mice following 30 days of treatment (i.v. injections administered every 2 days for a
total of 15 doses) with saline, UMSNs (11 mg/kg) or Ce6-loaded UMSNs, LUMSNs or ALUMSNSs
(11 mg/kg nanospheres, 2.5 mg/kg Ce6). TNF-a and IL-1p levels were assayed using commercial
ELISA kits (n =4 per group). *P < 0.05 or non-significant (ns, P > 0.05) for comparisons with the
saline-treated controls.
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Table 1. Summary of hydrodynamic diameters and zeta potentials of UMSNs, LUMSNs and

ALUMSN:S.
Nanosphere Diameter (nm) Zeta Potential
UMSNSs 160 £ 10 -6
LUMSNSs 180 £ 10 -20
-11 (pH 7.4)
181 1
ALUMSNSs 8 0 111 (pH 6.5)

22
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Table 2. Chlorin e6 (Ce6) loading capacity of UMSN:s.

Ce6 feed ratio Loading capacity
(to 5 mg UMSNs) (wWt%)
0.3 5.0
0.5 10.0
1.0 15.0
1.5 19.0
2.0 22.0

The Ce6 loading capacity of UMSNs was determined as described in the Supporting Experimental

Section.

23
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Table 3. Proteins corresponding to the UniProt Knowledgebase (UniProtKB) accession
numbers shown in Supporting Figure 5.

UniProtKB Accession
Number Protein
P09486 SPRC
P04732 Metallothionein-1E
Q07869 Peroxisome proliferator-activated receptor alpha
Q03181 Peroxisome proliferator-activated receptor delta
P35527 Keratin, type I cytoskeletal 9
P13645 Keratin, type I cytoskeletal 10
P53634 Dipeptidyl peptidase 1
P04278 Sex hormone-binding globulin
P00338 L-lactate dehydrogenase A chain
Q06828 Fibromodulin
P12259 Coagulation factor V
P99999 Cytochrome ¢
P07900 Heat shock protein 90 alpha (HSP90a)
P07358 Complement component C8 beta chain
P04406 Glyceraldehyde-3-phosphate dehydrogenase
060706 ATP-binding cassette, sub-family C member 9 (ABCC9)

24
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Table 4. Serum biochemistry profile of Ce6-loaded ALUMSN-treated test mice.

Analyte? Saline Ce6-ALUMSNs®
AST (U/L) 45.6 £0.5 450+ 14
ALT (U/L) 459+04 463+ 1.0

TBIL (mmol/L) 0.4+0.1 0.5+0.1
BUN (mmol/L) 6.8+0.5 6.6 0.3
CRE (mg/dL) 0.4+0.1 0.5+0.1
TRG (mmol/L) 0.5+0.1 0.6 +0.1
ALB (g/L) 17.3+0.8 18.2+0.1

2Abbreviations: alanine aminotransferase (ALT), aspartate aminotransferase (AST), total bilirubin
(TBILI), blood urea nitrogen (BUN), creatinine (CRE), triglycerides (TRG), and albumin (ALB).

®ns, non-significant (P > 0.05) compared with saline-treated controls (n = 4).
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SUPPORTING EXPERIMENTAL SECTION

Reagents

Acetone, acetonitrile, ammonium fluoride (NaF, 99.99%), bismuth(IIl) nitrate
pentahydrate (Bi(NO3)3*5H>0), bovine serum albumin (BSA), calcium chloride, cetyl
trimethylammonium bromide (CTAB), chloroform, cyclohexane, dimethyl sulfoxide (DMSO),
dithiothreitol (DTT), erbium(IIl) chloride hexahydrate (ErClz*6H>0), endocytosis inhibitors
(amiloride, chlorpromazine, cytochalasin D and filipin), ethanol, gadolinium(III) chloride
hexahydrate (GdCl3*6H>0), hydrochloric acid (HCl), igepal CO-520, indole acetic acid (IAA),
mannitol, oleic acid (90%), phorbol 12-myristate 13-acetate (PMA), phosphate-buffered saline
(PBS), polyvinylpyrrolidone (PVP), selenium, sodium borohydride (NaBH4), sodium chloride
(NaCl), sodium citrate, sodium hydroxide (NaOH), tetracthyl orthosilicate (TEOS),
tetramethylrhodamine methyl ester (TMRM), trimethoxy(octadecyl)silane (TMS), Trizma, Trypan
Blue, trypsin, Tween 20, ytterbium(III) chloride hexahydrate (YbCl;*6H20), and yttrium(III)
chloride hexahydrate (YCl3*6H>O) were all purchased from Sigma Aldrich (St. Louis, MO, USA).
2-Aminoethyl dihydrogen phosphate (AEP), ammonia, ammonium bicarbonate buffer, ammonium
fluoride, Dead Cell Apoptosis Assay Kit (Alexa 488-conjugated annexin V/propidium iodide (P])),
formic acid, Live/Dead methanol, N-2-hydroxyethylpiperazine-N-2-ethane sulfonic acid
(HEPES), octadecane (99%), and Singlet Oxygen Senor Green (SOSG) were purchased from
Thermo Fisher (Waltham, MA, USA). Dihydroethidium (DHE) Assay tit was obtained from
Abcam (Dallas, TX, USA). 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), cholesterol,
and the PEGylated derivative of 1,2-distearoyl-sn-glycero-PE (DSPE-PEG2000)-maleimide were
obtained from Avanti Polar Lipids Inc (Alabaster, AL, USA). Gadolinium-diethylenetriamine
pentaacetic acid (Gd-DTPA) was from Schering AG (Berlin, Germany). Cleaved Caspase-3
(Asp175) Antibody (#9661) was acquired from Cell Signaling Technology (Danvers, MA, USA).
The CellTiter 96 Aqueous One Solution (MTS) Cell Proliferation Assay Kit was from Promega
(Madison, WI, USA). Calcein AM/PI Double Staining Kit, and Human and Mouse Interleukin-1
Beta (II-1B) and Tumor Necrosis Factor-Alpha (TNF-a) ELISA Kits were obtained from
Elabscience (Houston, TX, USA).

Synthesis of the Upconversion Core of the Nanospheres

Initially, the hydrophobic upconversion cores of the nanospheres, which consist of sodium
yttrium fluoride doped with lanthanides (ytterbium, erbium, and gadolinium) and bismuth selenide
(NaYF4:Yb/Er/Gd,Bi2Ses), were synthesized using a thermal decomposition method with oleic
acid as a capping agent.!? YCl3*6H>0 (0.99 mmol), YbCl3+6H>O (0.34 mmol), ErCl3+6H>0 (0.06
mmol), and GdCl3*6H>0 (0.61 mmol) were dissolved in an oleic acid (13.4 g)/octadecene (35 mL)
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mixture in a round-bottom flask and stirred in an Ar atmosphere. The solution was then evacuated
for 45 min until gas production ceased. Subsequently, the reaction mixture was heated to 140 °C
in an Ar atmosphere to obtain a yellow-colored solution. The solution was cooled to 45 °C, and
sodium hydroxide (150 mg) and ammonium fluoride (300 mg) were added to the reaction mixture
and stirred until the solution became clear. The solution was heated to 300 °C in a heating mantle
and maintained for 90 min, resulting in discoloration (yellow/brown) of the reaction mixture. 8
mL absolute ethanol was then added to precipitate the upconversion cores, which were separated
by centrifugation (4,000xg, 25 min) and purified by redispersion and centrifugation in absolute
ethanol multiple times. The resulting white powder of upconversion cores was dissolved and stored
in cyclohexane.

In order to dope the synthesized upconversion cores with bismuth selenide (BizSes), the
hydrophobic oleic acid was removed from the surface of the cores using a previously reported
acid-induced protocol.'® Briefly, 5 mL upconversion core solution was diluted in a 15 mL mixture
of HC1 (2 M) and absolute ethanol (1:1, v/v) and sonicated (40 kHz) for 5 h at 60 °C. The resulting
oleic acid-free upconversion cores were collected by centrifugation (4,000xg, 25 min), rinsed
multiple times with absolute ethanol, and dispersed in Milli-Q water to facilitate subsequent
doping with BixSes. The selenium precursor was synthesized by reducing selenium (3.16 g, 40
mmol) using NaBH4 (4.54 g, 120 mmol) dissolved in 400 mL Milli-Q water, under an N>
atmosphere at ambient temperature.'* Thereafter, Mannitol (1 g) was dissolved in 10 mL Milli-Q
water, which was followed by sequential addition of the aqueous solution of oleic acid-free
upconversion cores (2 mL, 0.125 mM), (Bi(NO3)3*5H20) (0.1 g), and PVP (0.1 g). The mixture
was then homogeneously mixed, and the pre-synthesized selenium precursor (0.3 mmol) was
added. Following 8 h of continuous stirring, the Bi>Ses-doped upconversion cores were collected
by centrifugation (4,000xg, 25 min), washed with Milli-Q water, and finally dispersed in

cyclohexane for further use.

Synthesis of Upconversion Mesoporous Silica Nanospheres (UMSNSs)
Enveloping of the upconversion core in a mesoporous silica shell to yield upconversion
mesoporous silica nanospheres (UMSNs) was done as previously described.!® Briefly, 5 mL
upconversion core solution (1 mg/mL in cyclohexane) was mixed with 1 mL igepal CO-520, 1 mL
ammonia (28 wt%) and 50 mL cyclohexane in a round-bottom flask, and the mixture was sonicated
for ~30 min until a transparent emulsion was formed. Following this, 200 uL TEOS and 80 pL
TMS were added, and the solution was continuously stirred for 48 h at room temperature. 10 mL
acetone was then added to precipitate the UMSNs, which were separated by centrifugation
(4,000xg, 25 min), washed thrice with absolute ethanol and dried at 60 °C for 12 h. Next, the
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synthesized UMSNs were refluxed in a mixture of 10 mL HCI (2 M) and 160 mL methanol for 12
h to remove the surfactants, washed several times with Milli-Q water and freeze dried.'¢
Ceb6-loaded UMSNs (Ce6-UMSNs) were produced using a published method for loading
mesoporous silica with drugs.!” UMSNs (5 mg) were dispersed in 0.8 mL Milli-Q water and
sonicated until a uniform colloidal solution was obtained. Ce6 (1.5-10 mg) in 0.2 mL DMSO
(Supporting Information Table 1) was added to this solution (1 mL total volume) and stirred
continuously for 48 h at ambient temperature. The dispersion was then centrifuged (8,000xg, 10
min) to separate the Ce6-UMSNSs (pellet) from free Ce6 (supernatant). The Ce6-UMSNs were
vacuum dried, washed thrice with milli-Q water to remove any residual DMSO, and lyophilized
for further use. The total mass of Ce6 that was successfully loaded into the UMSNs was calculated
by subtracting the mass of residual Ce6 in the isolated supernatant from the initial mass of the
photosensitizer used in the nanosphere loading step. The aforementioned masses were determined
by UV-Vis spectroscopy (Agilent Cary 4000 UV-Vis Spectrophotometer),'® using a standard Ce6
concentration calibration curve. The Ce6 loading capacity of UMSNs was determined as follows:
loading capacity (%) = ((Mo - Ms)/Wo) x 100, where Mo and M; represent the initial mass of Ce6

and mass of Ce6 in the supernatant, respectively, and Wy represents the mass of Ce6-UMSNS.

Synthesis of Lipid/PEG-Coated UMSNs (LUMSNs)

To coat the nanospheres with a bilayer, first a lipid/PEG film, composed of
DPPC/cholesterol/DSPE-PEG2000 (at a molar ratio of 77.5:20:2.5),!7 was prepared using an
established protocol.!® Briefly, the components were dissolved in chloroform/ethanol to ensure
complete mixing. Thereafter, the solvent was evaporated under a N> stream, and the remaining
traces of chloroform/ethanol were removed by placing the sample under vacuum for 3 h, resulting
in the lipid/PEG film. 10 mg dried UMSNSs (Ce6-free or Ce6-loaded) were suspended in 3 mL
saline (0.9% NaCl) and sonicated (40 kHz) for 30 s. The suspension was then immediately
deposited on the lipid/PEG film at a (Ce6-)UMSN:lipid ratio of 1:1.2 (w/w). Following this, the
UMSN:-lipid/PEG mixture was probe sonicated (15/15 s on/off cycle, 30 W output power) for 20
min. Finally, the lipid/PEG-coated UMSNs (LUMSNSs) were separated from free lipids by
centrifugation (10,000xg, 10 min), followed by washing twice with saline and Milli-Q water.

Synthesis of ATRAM-Functionalized LUMSNs (ALUMSNs)

In order to facilitate tumor targeting, LUMSNs were functionalized with the targeting
acidity-triggered rational membrane (ATRAM) peptide. ATRAM was synthesized using standard
Fmoc solid-state protocols by Selleck Chemicals (Houston, TX, USA). The peptide was purified
in-house by reversed-phase high-performance liquid chromatography (Waters 2535 QGM HPLC).
Subsequently, the peptide’s purity was confirmed using mass spectrometry (Agilent 6538 QToF
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LC/MS). To synthesize the ATRAM-functionalized LUMSNs (ALUMSNSs), we first covalently
conjugated DSPE-PEGao00-maleimide with the cysteine residue at the N-terminus of ATRAM.?°
Briefly, ATRAM (600 nmol) was mixed with DSPE-PEGzpo0-maleimide (500 nmol) in 200 pL
methanol, and the mixture was stirred overnight under an N> atmosphere at room temperature.
Conjugation was confirmed by mass spectrometry. Subsequently, UMSNs (Ce6-free or Ceb6-
loaded) were coated with DPPC/cholesterol/DSPE-PEG2000-ATRAM (at a molar ratio of
77.5:20:2.5) using the procedure described above.

Characterization of the Nanospheres

The nanospheres were imaged using transmission electron microscopy (TEM) and
scanning transmission electron microscopy (STEM) on a Talos F200X (Thermo Fisher). To
minimize damage to the nanospheres during imaging (in both TEM and STEM modes), the beam
energy was regulated. TEM images were acquired using a 200 kV beam with spot size 5, gun lens
6 and a dose of 1.13-1.16 A/m?. STEM imaging was done in HAADF (high-angle annular dark-
field) mode with the following settings: spot size 9, gun lens 4, and a screen current < 0.2 nA. The
composition of the nanospheres was confirmed using STEM-energy dispersive X-ray spectroscopy
(STEM-EDS) mapping with the following settings: spot size 6, gun lens 4, and an exposure time
of 12.5s. To prepare the samples for TEM/STEM imaging, a drop of nanosphere suspension was
placed on a freshly plasma-cleaned 300 mesh copper grid (Ted Pella; Redding, CA, USA) and
dried for 2 h at room temperature. The surface area and pore size of the mesoporous silica shell of
the nanospheres were analyzed using a 3Flux Adsorption Analyzer (Micrometrics Instruments;
Norcross, GA, USA) operated at -196 °C. Size and zeta potential measurements of the nanospheres
in different solutions (water; 10 mM phosphate buffer, pH 7.4; 50 mM sodium acetate buffer, pH
5.5; and RPMI 1640 cell culture medium containing 10% FBS, pH 7.4) were carried out on a
Zetasizer Nano ZS (Malvern Panalytical; Malvern, UK).

T1 Relaxation Measurements

T relaxation quantification was performed using a Magnetom Prisma 3T MRI scanner
(Siemens Healthineers; Erlangen, Germany) for commercial Gadolinium-diethylenetriamine
pentaacetic acid (Gd-DTPA) and UMSNSs at various concentrations of Gd (0.0215-0.9526 mM)
in 10 mM phosphate buffer (pH 7.4). A saturation-recovery spin echo pulse sequence was
employed with a range of 10 repetition times (TR) from 150 ms to 10 s, utilizing the following
scanning parameters: echo time (TE), 11 ms; number of averages, 2; field-of-view, 180 mm x 180
mm; acquisition matrix, 320 x 320; in-plane resolution, 0.56 mm x 0.56 mm; and number of slices,
20 slices (slice thickness, 3.5 mm). The T values (measured in milliseconds) were quantified on

a pixel-by-pixel basis from Gd-DTPA and UMSNSs, at the same Gd concentration, using an in-
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house non-linear least-squared fitting script based on the MR relaxation equation implemented in

Matlab 2022. The relaxation rate was subsequently calculated as the reciprocal of T; 2!

Photodynamic and Photothermal Response

Reactive oxygen species (ROS) generation by Ce6 and Ce6-LUMSNS, at the same PS
concentration (0.5 pg/mL, 10 mM phosphate buffer, pH 7.4), following near-infrared (NIR, 980
nm) laser (MDL-H-980-5W diode laser; CNI Optoelectronics, Changchun, China) irradiation (1.0
W/cm?, 5 min), was monitored using the fluorescent ROS probe Singlet Oxygen Sensor Green
(SOSG, 1 uM).22 SOSG fluorescence (hexem = 490/520 nm) was measured on a PerkinElmer LS-
55 Fluorescence Spectrometer.

The photothermal response of Ce6-LUMSNSs was monitored by measuring the temperature
increases following NIR laser irradiation of the nanosphere samples. Ce6-LUMSNs (10-200
ug/mL, 10 mM phosphate buffer, pH 7.4), were irradiated by NIR laser (0.2-1.5 W/cm?) for 5
min. For comparisons of Ce6-LUMSNSs and Ce6, the PS and nanospheres (both at 33 pg/mL Ce6)
were subjected to NIR laser irradiation (1.0-1.5 W/cm?) for 5-10 min. To investigate the
photostability of the nanospheres, temperature changes were monitored for 150 pg/mL Ce6-
LUMSNS over 5 consecutive NIR laser irradiation (980 nm, 1.5 W/cm?, 5 min) on/off cycles.??
Temperatures and thermal images of the samples were recorded on a PI-640i infrared camera
(Optris GmBH; Berlin, Germany).

NIR Light-Triggered Cargo Release

Release of the loaded Ce6 from UMSNs and LUMSNs with or without NIR laser
irradiation was quantified using a previously published method.?* Briefly, 50 pg/mL Ce6-UMSNs
and Ce6-LUMSNSs were loaded into a dialysis bag (Slide-A-Lyzer MINI Dialysis Device, 2000K
MWCO, 0.5 mL; Thermo Fisher), which was submerged in 15 mL release medium (10 mM
phosphate buffer containing 0.1 wt% Tween 20, pH 7.4) stirring at 75 rpm. The samples were
incubated for 24 h, either without or with exposure to NIR laser light of varying irradiation power
densities (0.5-1.5 W/cm?) and durations (1-10 min) at the designated time points (3—16 h) of the
experiment. At the indicated times, 0.5 mL of the release medium was removed for analysis, and
replenished with the same volume of fresh buffer. The collected samples were centrifuged
(1,000xg, 5 min) and the resulting pellet of released Ce6 was subsequently dissolved in acetonitrile
and assayed by HPLC (Waters 2535 QGM HPLC).?

Quantitative Proteomics

To investigate serum protein adsorption to UMSNs and LUMSNs, 1 mg/mL of the

nanospheres were incubated in complete cell culture medium (RPMI 1640 containing 10% FBS,
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pH 7.4) for 72 h. Thereafter, the adsorbed serum proteins were isolated through centrifugation as
previously described.?®?” The isolated serum proteins were reduced (using 10 mM DTT for 30 min
at 85 °C) and alkylated (with 25 mM IAA for 1 h in the dark at room temperature). The protease-
specific pH was achieved by diluting the sample with 50 mM ammonium bicarbonate buffer, using
a spin filter with a 30-kDa cutoff. The samples were then digested using a MS-grade trypsin/Lys-
C protease mix (1:50, w/w) for 24 h at 37 °C. The reaction was quenched (with 1 pL formic acid),
and peptide digests were enriched (using offline reversed-phase liquid chromatography (RPLC)),
dried, and reconstituted (in a 20 pL solution of 2% acetonitrile/0.1% formic acid) prior to online
reversed-phase liquid chromatography-tandem mass spectrometry (RPLC-MS/MS).

RPLC-MS/MS analysis was performed as previously reported.? The RPLC was carried
out on an UltiMate 3000 RSLCnano System (Dionex) fitted with a C18 column (inner diameter =
75 um, length = 50 cm; PepMap RSLC). The mobile phases were comprised of 0.1% formic acid
(solvent A) and 80% acetonitrile/0.08% formic acid (solvent B). The samples were loaded in
solvent A and eluted as follows: 10% B for 5 min, followed by a gradient to 55% B over 40 min
and subsequently to 85% B over 5 min, then 85% B for 6 min, and finally re-equilibration with
2% B for 14 min. The LC system was coupled to a Bruker QTOF Impact II mass spectrometer
(equipped with an Easy Spray ion source operated in positive ion mode). Full scans were acquired
on a TOF MS mass analyzer (m/z 200-2200; spectral rate, 2.0 Hz), using the following settings
were used: spray voltage, 1.5 kV; dry gas, 3.0 L/min; dry temperature, 165 °C. The auto MS/MS
analyses were performed using collision induced dissociation (CID) with a fixed precursor cycle
time of 3s. The precursor was released after 0.3 min. The raw files were converted to MGF format
by the Bruker Daltonik data analysis software and were searched against reported proteomes with
the ProteinScape software using an in-house Mascot search engine (Matrix Science Inc.; Boston,
MA). The following search parameters were used: peptide tolerance, 20 ppm; MS/MS tolerance,
0.5 Da; enzyme, trypsin; 2 missed cleavage allowed; and fixed carbamidomethyl modifications of
cysteine. Oxidation of methionine and protein N-terminal acetylation were employed as variable
modifications. Label-free protein quantification was performed with the MaxQuant software
(version 1.6.5.0) using default parameters.? The Andromeda search engine was used for searching
the raw data against the Universal Protein Resource (UniProt) database.®%

Mitochondrial Membrane Potential (A¥Yn) Measurements

4T1 cells were seeded at a density of 2x10° cells/well in 500 uL. medium in 4-chambered
35 mm glass bottom Cellview cell culture dishes. After culturing for 24 h at 37 °C in 5% CO., the
cells were treated with Ce6-ALUMSNs (0.5 pg/mL Ce6) for 4 h at pH 6.5, with or without
subsequent exposure to NIR laser irradiation (980 nm, 1.0 W/cm?, 5 min) following replacement

of the medium to remove extracellular nanospheres. The medium was then replaced with fresh
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medium containing 200 nM of the AW probe TMRM, and the cells were incubated for a further
30 min. Finally, the cells were imaged (Olympus Fluoview FV-1000 confocal laser scanning

microscope) and the images were processed using the Fiji software.

Macrophage Recognition, Toxicity and Immunogenicity

Differentiated THP-1 cells were seeded at a density of 1x10° cells/well in 6-well plates,
cultured for 24 h at 37 °C in 5% CO», and subsequently treated with Ce6-loaded UMSNs and
ALUMSN:S (0.5 pg/mL Ce6) for 4 h at pH 7.4. Thereafter, the cells were washed twice with ice
cold PBS, harvested by trypsinization, centrifuged (1,000xg, 5 min) and re-suspended in PBS, and
uptake of the Ce6-loaded nanospheres was quantified using flow cytometry.

For cell viability studies, THP-1 cells were cultured in standard 96-well plates (5x10°
cells/well) for 24 h at pH 7.4. The medium was then replaced with fresh medium containing Ce6-
UMSNSs or Ce6-ALUMSNS (0.05-2 pg/mL Ce6) and the cells were incubated for a further 48 h.
Cell viability was assessed using the MTS assay, with the % viability determined from the ratio of
the absorbance of the treated cells to the control cells.

To quantify release of tumor necrosis factor-alpha (TNF-a) and interlukin-1 beta (IL-1p),
which are inflammatory cytokines primarily produced by macrophages/monocytes during acute
inflammation,* differentiated THP-1 cells were cultured (2x10* cells/well in 100 pL medium in
standard 96-well plates) for 24 h at pH 7.4. The medium was then replaced with fresh medium
containing Ce6-UMSNs and Ce6-ALUMSNS (0.5 pg/mL Ce6) and the cells were incubated for a
further 24 h. The cell culture medium was assayed for secretion of TNF-a and IL-1f using
commercial ELISA kits, with cells treated with the macrophage activator lipopolysaccharide
(LPS)? serving as a positive control, while untreated cells used as a negative control. Total TNF-a
and IL-1f levels were determined from the absorbance (A =450 nm) measured on a Synergy HIMF
Multi-Mode Microplate-Reader (BioTek; Winooski, VT, USA) using a standard TNF-a

concentration calibration curve.
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