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Methods

Reagents and Materials

Antibodies for Western-blot in this study including anti-phospho-IκBα (9246) and anti-IκBα

(4814) were purchased from Cell Signaling Technology Inc. (Boston, MA, USA). Anti-β-actin

antibody (A2066) was purchased from Sigma-Aldrich (St. Louis, Mo, USA). Anti-PD-1 was

purchased from BioXCell (Lebanon, USA). Poly-L-Lysine (MW: 15000-30000, P4832) and

BMS-345541 (401480) were purchased from Sigma-Aldrich (St. Louis, Mo, USA). MTS assay

kits were purchased from Promega (Madison, WI, USA). Penicillin, streptomycin, trypsin-EDTA

and Dulbecco’s modified Eagle medium (DMEM) were purchased from Hyclone Laboratory

(South Logan, Utah, USA). Hoechst 33342, RIPA lysate, DCF-H, LIVE/DEAD staining kit and

Click-iT®EdU-594 assay kit were purchased from Thermo Fisher Scientific (Grand Island, NY,

USA). HIF-1 alpha staining kit was purchased from R&D (Minnesota, USA). HypoxyprobeTM-1

Plus Kit was purchased from HPI Inc. (Burlington, MA, USA). TNF-α recombinant protein was

generated as previously described35. Xylazine hydrochloride was purchased from Shengda

Animal Products Co., Ltd (Jilin, China). Blue Green Algae cell growth medium (BG-11) was

acquired from the Institute of Hydrobiology (Wuhan, China). Sodium alginate (molecular weight,

460 kDa; molar ratio of mannuronic acid to guluronic acid, 2/1) was purchased from Qingdao

Crystal Salt Bioscience and Technology Corporation (Qingdao, China). Upconversion

nanoparticles (NaYREF4, RE: Yb, Er@NaYF4) were synthesized according to a reported

method36. All other reagents were analytical grade.

Algae Microbes Evolution Test

Synechocystis sp. 6803 (catalog No. FACHB-898), Synechococcus elongates 7942 (catalog No.

FACHB-805), Scenedesmus obliquus (catalog No. FACHB-417) and Chlorella ellipsoidea
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(catalog No. FACHB-40) acquired from the Institute of Hydrobiology (Wuhan, China) were

subjected to a selective evolution for acclimation of physiological conditions by stepwise

alternations of growth conditions including temperature (25 to 37 ℃) and medium composition

(BG11 to DMEM). In detail, 3 mL algae microbes at stationary phase (OD ~ 0.4) were dispersed

in 10 mL BG11 media (OD ~ 0.1) in baffled bottom flasks with vented caps (catalog No. 4116-

0125, Thermo Fisher Scientific Inc.) in a shaker (100 rpm) for stepwise change of culture

condition. Algae microbes cultured at 25 °C were used as control. The cell proliferation was

calculated using equation (1) by detecting the optical density value at 660 nm (OD660):

Cell proliferation � = VAT−VmT
VA−VM

× 100% (1)

Where VAT and VmT are the OD660 values of algae microbes and culture media, respectively, at

tested conditions; VA and VM are the OD660 values of algae microbes and BG11 medium,

respectively, at normal culture condition (25 °C).

Once the cells adapted to the tested temperature and showed > 85% cell proliferation, we

increased the culture temperature (1 °C). Otherwise, we sustained the temperature for another 24

h. After 30-day culture, the evolved algae microbes were acquired and preserved in BG11 media

at 37 °C for subsequent tests. Next, we repeated the above procedure by stepwise changing

medium composition from BG11 to DMEM. The evolved Synechocystis sp. 6803 cultured at

37 °C in DMEM was denoted as e-S. sp. 6803.

PMC construction

e-S. sp. 6803 was collected by centrifugation at 1000 g for 10 min (Centrifuge 5810R, Eppendorf)

in 50 mL tubes and resuspended in PBS for PMC construction. The suspended cells were mixed

with UCNPs at desired concentrations in 1.5 wt% sodium alginate solutions. After vortex, the

mixture was extruded through a 0.5 mm needle into 0.1 M CaCl2 solution (gelling bath) with an

electrostatic droplet generator to prepare alginate-Ca beads. The beads were soaked in 0.05 wt%

polylysine solution (volume ratio at 1:10) for 10 min to form polylysine coating. The coated

microcapsules were suspended in 5 mL PBS and counted under a microscope. All fresh-made

PMCs were cultured in the illuminating incubator (HerryTech KE-200, Shanghai, China) at

37 ℃ for further uses.

Characterization of PMCs
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The morphology and size of PMCs were determined by microscopy (Olympus, FV1200, Tokyo,

Japan). Empty MCs, e-S. sp. 6803@MCs and PMCs at 3000/mL were added in an eight-well

chamber for assessment of photoluminescence activities by upconversion confocal microscope

with a 20× objective at 980 nm laser excitation. Photoluminescence spectra of PMCs were

measured with an Edingbour NanoSpectralyzer fluorimetric analyzer (Applied

NanoFluorescence, FLS980). To acquire oxygen release profile, freshly made PMCs at

3×103/mL were suspended in 10 mL oxygen-free water that was subjected to 1 h vacuum

extraction (1.45×10-3 psi) with reflux of CO2. The PMC suspensions (10 mL) in transparent

Eppendorf tubes were exposed to 980 nm radiations (Xi’an Lei Ze Electronics Tech Co., Ltd,

Shanxi, China) at 0, 100, 300, 900 mW/cm2 for 0-60 min. A portable dissolved oxygen meter

(JPB-70A oxygen sensor, Qiwei Instrument Co., Ltd. Hangzhou, China) was applied to record

the dissolved oxygen concentrations. Suspensions containing UCNP@MCs were also included

as blank.

Cell culture

HCT116, HepG2, VX2, MCF-7, PANC-1, MGC-803, 4T-1, HeLa and A549 cells were

purchased from ATCC (USA). MEF (mouse embryonic fibroblasts) cells were donated by Dr.

Sudan He (Suzhou Institute of Systems Medicine, Chinese Academy of Medical Science, China).

Primary heart and kidney cells were acquired from BALB/c mice. In detail, dissected mouse

heart and kidney were cut into small pieces (< 3 mm), sufficiently washed by cold PBS (4 °C) to

remove blood cells and transferred into dissociation tubes containing 5 mL working solutions of

heart or kidney dissociation kits (Bio-leader Inc, Jiangxi, China). The tubes were fixed on the

sleeve of a tissue dissociator (Bio-leader Inc, Jiangxi, China) for 1 min grinding at 200 rpm (30 s

on, 30 s off), followed by 60 min enzymatic digestion at 37 °C. The cell suspensions were

collected by filtration (70 μm). The heart and kidney cell pellets were counted and resuspended

in cell culture media. All cell lines were cultured in DMEM medium supplemented with 10%

fetal bovine serum (Gemini, Woodland, USA), 100 U/mL penicillin and 100 μg/mL streptomycin

at 37 °C 5% CO2 or hypoxia condition ( 2% O2 and 5% CO2).

Cell viability test

The tested cells were seeded in 96 well plates at 5×103/well for overnight incubation, followed
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by the addition of 25 μL PBS, empty MCs, UCNP@MCs and PMCs (750/well). The cells and

PMCs were cultured in a humidified hypoxia atmosphere with 2% O2 and 5% CO2 at 37 °C for

24 h with or without 300 mW/cm2 NIR radiation for three intervals (15 min in each interval).

After removal of the supernatants and residual PMCs, aliquots of 120 μL diluted MTS working

solution were added to each well and incubated at 37 °C for an additional 2 h. The supernatants

were transferred into new plates (100 μL/well) for absorbance detection at OD 490 nm by a

Microplate Reader (Synergy NEO HTS, Biotek, USA). The cell viability was determined by

equation 2:

Cell viability � = (AN−AB)
(AC−AB)

× 100� (2)

where AN, AC and AB represent the absorbance of MTS substrate at 490 nm in treated, untreated

cells and blank samples, respectively.

HIF-1α quantification by ELISA

To observe HIF-1α expression in cells cultured at hypoxia and hyperoxia conditions, HepG2 and

MCF-7 cells were seeded into 6-well plates at 8×104 cells/well for overnight culture in hypoxia

incubator chamber (Mitsubishi Gas Chemical Company, INC, Japan). The cells were then

exposed to 1.2×104/well PMCs and NIR radiation (300 mW/cm2) for three intervals (15 min in

each interval). After 1 h, the cells were scraped, washed by cold PBS and lysed in 0.2 mL RIPA

lysate (P0013B, Thermo Fisher). After removal of cell debris at 10000 rpm for 10 min, the

protein concentrations were determined and equalized by Bradford assay. HIF-1α in each lysate

sample was measured by ELISA kit (R&D, MN, USA) according to the manufacture’s

instruction. All the experiments were conducted in triplicates.

Confocal microscopy imaging

To visualize oxygen generation in PMCs, DCFH staining kit was used to visualize oxygen

generation. PMCs, e-S. sp. 6803@MCs and UCNP@MCs at 1500/well were cultured in 1 mL

DMEM media in 35 mm confocal dish for 12 h in dark at 37 °C. Then the treated cells were

incubated with 10 μg/mL DCFH for 10 min and then exposed to 300 mW/cm2 980 nm NIR

radiation for 0, 1, 3 and 10 min. The fluorescence of DCF was immediately visualized by

confocal microscopy at 488 nm excitation.

To assess the hypoxic status in cells, HepG2 and MCF-7 cells were seeded in 35 mm confocal
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dishes at 2×104 cells/well for overnight incubation. Then, the supernatants were replaced by

aliquots of 1 mL fresh DMEM media or PMC suspensions (4500/mL) in hypoxic conditions. The

treated cells were further exposed to 300 mW/cm2 980 nm NIR radiation for three intervals (15

min in each interval). Then the cells were incubated with 100 μM Pimonidazole Hydrochloride

for 2 h at 37 °C. The cells were washed by PBS and stained by fluorescent antibody (FITC-

MAb1) and Hoechst 33342 according to the manufacturer’s protocol. The stained cells were

washed by PBS thrice for microscopy imaging at excitation wavelengths of 405 nm and 488 nm.

For newly born cell imaging, HepG2 and MCF-7 cells treated by 4500/mL PMCs with three

intervals of NIR exposure were cultured for 12 h. The supernatants were replaced by 500 μL

EdU working solution (10 μM) in a Click-iT®EdU-594 assay kit. After additional 2 h culture at

37 °C, the cells were fixed by 4% formaldehyde for 30 min at room temperature and

permeabilized in 0.5% Triton X-100 in PBS for 20 min. After removal of the supernatants, the

click reaction cocktail containing 860 μL reaction buffer, 40 μL CuSO4, 2 μL Azide 594 and 100

μL click additive solution was freshly prepared and added onto the permeabilized cells.

Following 30 min reaction at room temperature, the reaction cocktail was removed. The cells

were washed twice by 3% BSA in PBS and incubated with 0.5 mL Hoechst 33342 (10 μg/mL)

for nucleus staining. After 10 min incubation, the labeled cell samples were visualized by

confocal microscopy (UltraView VoX, PerkinElmer, USA)

Western-blot assay

MCF-7 cells were seeded into 6-well plates at a density of 6×105 cells per well. After 24 h

incubation with or without 1 ⅹ 104/mL PMCs and three interval NIR exposure, BMS (20

nmol/mL in 2 μL DMSO) or 2 μL DMSO was added into 2 mL DMEM (0% FBS) media for 2 h

treatment. After that, the supernatants were replaced by fresh media with or without 200 ng/mL

TNF-a for 10 min incubation. All cell pellets were gathered and suspended in lysis buffer (10%

glycerol, 20 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM Na3VO4, 1% Triton X-100, 25 mM β-

glycerol-phosphate, 0.1 mM Phenylmethanesulfonyl fluoride) with 2% cocktail phosphatase (Cat:

P5726, Sigma) and 5% protease (Cat: P5147, Sigma) inhibitors. The cell suspensions were

vortexed for 10 s, and thereafter incubated on the ice for 30 min, followed by centrifugation at

13,000 rpm for 20 min. The supernatants were collected and used for Western blot analysis of

IκBα and phosphorylated IκBα. The protein concentrations were determined and adjusted by
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Bradford assay. The samples were separated on a 12% SDS-PAGE gel (Beyotime, Shanghai,

China) using tris-glycine-SDS buffer as running buffer in the Mini-PROTEAN Tetra System

(Bio-Rad, CA, USA) at 100 V and transferred to a nitrocellulose membrane at 300 mA. The

membranes were blocked with 5% milk (Biofrox, Einhausen, Germany) in 0.1% Tween 20/PBS

at room temperature for 2 h, and then incubated with IκBα (1:1000), phosphorylated IκBα

(1:1000) and β-actin (1:5000) antibodies overnight at 4 °C. After thrice washing with 0.1% v/v

Tween 20 in TBS (washing buffer) and incubation with HRP-conjugated secondary antibody

(1:5000) for 2 h at room temperature, membranes were sufficiently washed. The freshly prepared

ECL hypersensitive chemiluminescence solution was used to image the membranes by a multi-

color fluorescence chemiluminescence imaging analysis system (FluorChem M, Alpha, USA).

Animal treatment

Female BALB/c mice (6-8 weeks old, ~20 g) were obtained from the Experimental Animal

Center of the Gempharmatech Co. Ltd in Nanjing, China. New Zealand White rabbits (weighing

2-2.5 Kg) were obtained from Qingdao Kangda Rabbit Co., Ltd. (Qingdao, China). The animals

were grown in an animal facility under filtered air conditions (22-25 °C) in plastic cages with

sterilized wood shavings for bedding. All animal experiments were strictly performed under the

guidelines of the Chinese Council for Animal Care, approved by the Animal Care Committee of

the Laboratory Animals in Soochow University. To develop the hepatic VX2 tumors in rabbits,

VX2 cell suspensions (2×106 cells, 200 μL) were implanted into the thigh muscles of donor

rabbits. Once the tumor sizes were > 2 cm (~ two weeks), the donor rabbits were anesthetized by

intravenous injection at a lethal dose 2 mL/Kg of xylazine hydrochloride for the harvest of tumor

tissues. Each tumor was minced into 1 mm3 piece by ophthalmic scissors under sterile conditions.

The recipient rabbits were anesthetized by intramuscular injection of xylazine hydrochloride

(250 μL/Kg). A minced tissue fragment was directly delivered percutaneously into the

subcapsular parenchyma of the left hepatic lobe of the recipient rabbit by percutaneous puncture

technique under a 16-slice CT spiral scan (Brilliance-16, Phillips, USA) guidance. The rabbits

were housed and examined by CT imaging until the tumor volumes reached around 1 cm3. The

hepatocarcinoma-bearing rabbits with similar tumor size were divided into two groups by

throwing dice, including vehicle control (n = 13), NIR-PMC group (n = 13). The animals were

anesthetized for intratumoral injection of 500 μL saline or PMC suspensions (3ⅹ104/mL) under
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the guidance of CT scanning. NIR radiations at 900 mW/cm2 were exposed to animals for three

intervals (20 min in each interval) each day. The tumor size was monitored by CT scanning

(MHCT brilliance 16, Philips, Holland) every 2 weeks.

fLuc-4T1 cells donated by Dr. Zhimou Yang (Nankai University, Tianjin, China) were suspended

in 100 μL PBS at 2×108 cells/mL and injected into the mammary fat pads of each animal. The

tumor volumes were examined every 2 days and calculated by equation 3:

Tumor volume (mm3) = width2 × length
2

(3)

The 4T-1 cell inoculated mice were collected for further treatments once the tumor sizes reached

to ~50 mm3. All the qualified animals were randomly divided into four groups by throwing dice

for the following treatments, including intratumor injection of 25 μL saline (vehicle control),

intratumor injection of PMC suspensions (25 μL, 3×104/mL) coupled with 300 mW/cm2 NIR-

radiation for three intervals (15 min in each interval) per day (NIR-PMC group), intravenous

injection of 10 mg/Kg anti-PD-1 (100 μL, twice a week), co-treatment by NIR-PMC and anti-

PD-1. The detailed animal treatment procedure was illustrated in Figure 5B. The tumors were

imaged by IVIS imaging spectrum system and Canon camera (Japan). The mice were fully

anesthetized by an overdose of sodium pentobarbital (400 mg/kg) and sacrificed to collect

tumors and lungs. The tissue samples were fixed for H&E staining or immunostaining of CD4,

CD39, CD206 and CD73 expression.

Statistical analysis

All experiments were repeated at least thrice with three to ten replicates. Data were expressed as

mean ± standard deviation (SD) from at least three replicates. Data analysis was performed by

two-tailed Student’s t-test. The difference was regarded as statistical significance if p < 0.05.
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Fig. S1 Microscopy images of algae

The photographs of S. sp. 6803, S. elongates. 7942, S. obliquus and C. ellipsoidea were obtained

using a microscope imaging system (Olympus CKX53, Japan) by 40× objective lens.
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Fig. S2 TEM images of UCNPs

The nanoparticles were dispersed in hexane at 2 mg/mL and then dropped onto an ultra-thin

copper film to visualize their morphology by HR-TEM (FEI TecnaiG2F20 Field emission

transmission electron microscope) at 200 kV.
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Fig. S3 Absorption spectra of Chlorophyll-α and emission spectra of UCNPs

S. sp. 6803 was dispersed in water at 1.0×108 cells/mL to examine their absorption spectrum

(blue line) by UV-Vis spectrophotometer. UCNPs were dissolved in water at 2 mg/mL to

examine their emission spectra (black line) by up-conversion spectrophotometer (Edingbour

NanoSpectralyzer fluorimetric analyzer with λex = 808 nm).
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Fig. S4 Representative images of constructed PMCs with or without PLL coating

Coated and uncoated e-S. sp. 6803@MCs were cultured in DMEM for 7 d. Then microcapsules

were collected for visualization by microscopy.
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Fig. S5 Representative images of PMCs cultured in physiological condition

The PMCs were cultured in DMEM media at 3000/mL to capture images at 0, 4, 7, 16, 23 and 30

day.
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Fig. S6 Impacts of NIR radiation on cell viability

HepG2, A549, HCT116, HeLa, MCF-7, MGC-803, PANC-1 cells at 5000 cells/well in 96-well

plates were exposed to 300 mW/cm2 980 nm laser for 0, 15, 30, 45 and 60 mins. The cell

viability was examined by MTS assay (n = 6 biologically independent cell samples). Data are

presented as means ± SD. *p < 0.05 and **p < 0.01 compared to the control cells without NIR

exposure by two-tailed Student t-test.
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Fig. S7 Impacts of dissolved oxygens on cancer cell proliferation

Hyperoxia supernatants were collected in PMCs (3×103/mL) cultured in DMEM and exposed to

three intervals of NIR radiation. N2 purge were exploited to remove dissolved oxygens in the

collected supernatants of NIR-PMCs. MCF-7 and HepG2 cells were exposed to the hyperoxia

media before and after N2 purge for 24 h. The cell viability was examined by MTS assay (n = 6

biologically independent cell samples). Data are presented as means ± SD. ***p < 0.001

compared to cells cultured in hyperoxia media after N2 purge by two-tailed Student t-test.
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(A)

(B)

Fig. S8 Impacts of NIR radiations on rabbit skin and liver

(A) Thermal accumulations on skins and (B) H&E staining images of skin and liver in rabbits

exposed to 900 mW/cm2 NIR radiations for 0-40 min. The temperature of rabbit skins exposed to

NIR radiations was examined by an infrared thermal imager (FLIR E5, USA). The animals

received NIR radiations were sacrificed to collect skin and liver. The tissue samples were fixed

in 4% formalin for H&E staining. The inflammatory areas were indicated by dashed blue lines.

Scale bars represent 500 μm.
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Fig. S9 Immunostaining of HIF-1α in hepatic tumors

After 28 d treatment, the rabbits were sacrificed to collect tumor tissues in liver. The tissue

samples were fixed in 4% formalin for immunohistochemical staining. The ratios of HIF-1α

positive cells (left panel) were calculated by digital pathology scanner (DMetrix, DMS 10-Pro).

Data are presented as means ± SD. ***p < 0.001 compared to vehicle control by two-tailed

Student t-test.
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Fig. S10 Ex vivo photos and H&E staining images of pulmonary metastasis

The animals received different treatments were sacrificed on the 28th d for visualization of

metastasis nodules in animal lungs. The ex vivo images were captured by camera (Canon

ZHS2402, Japan). The tissue samples were fixed in 4% formalin for H&E staining. The yellow

outlined area indicates pulmonary metastasis.
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Fig. S11 Immunostaining of VCAM-1 expression in breast tumors

The tumor and liver samples from rabbits with or without NIR-PMC treatment for 28 days were

collected and fixed in 4% formalin for immunohistochemical staining.
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(A)
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(C)
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Fig. S12 CT imaging and ex vivo examination of two cancer-free rabbits

(A) CT images of liver and lungs at 0 and 140 day. The shape/edge of hepatocarcinoma tumors

are described by a yellow outline. (B) ex vivo photos of livers and lungs from the cancer-free

rabbits at 140 d. (C) Visualization of the residual PMCs by camera and microscopy. The PMCs

in livers of tumor-bearing animals at 140 d were imaged by a camera (Canon ZHS2402, Japan).

PMCs were retrieved by surgical scissors and suspended in 1 mL PBS buffer for microscopy

imaging. Scale bars represent 200 μm.
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Fig. S13 Representative photographs of tumors from breast-cancer bearing mice

Animals received different therapeutic agents were sacrificed at 21 day for visualization of

orthotopic breast tumors. The ex vivo images were captured by a camera (Canon ZHS2402,

Japan).
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Fig. S14 Luminescent imaging of breast tumors in mice

Breast-cancer-bearing mice received different therapeutic agents were subjected to

intraperitoneal injection of 40 μL D-luciferin solution (40 mg/mL; Biotium, Fremont, CA, USA)

prior to imaging by IVIS imaging spectrum system at 0, 7, 14, 21, 28 day.
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Fig. S15 Growth curves of breast tumors in mice

The tumor volume of individual mice was measured by vernier caliper every 2 days for 16 days

(n = 10). Data are presented as means ± SD. **p < 0.01 compared to control group by two-tailed

Student t-test.


