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Photodynamic therapy (PDT) holds promise for treating skin, lung, bladder, and breast 

cancer.[1] It combines nontoxic photo-sensitizer (PS), harmless visible light, and cell- and 

tissue-associated oxygen to generate cytotoxic reactive oxygen species (ROS) such as 

singlet oxygen (1O2). The resultant ROS kills malignant cancer cells by apoptosis and/or 

necrosis, shuts down the vasculature in tumors, and stimulates the host immune system, and 

as a result, to inhibit tumor growth and destruct tumors.[2] There has been progress in the 

development of novel techniques for PDT with advancing efficiency partially because of a 

better understanding of therapeutic light and the development of fiber optic lasers.[3] Some 

PSs have been approved by the US Federal Drug Administration (FDA) while many remain 

in clinical trials.[4] They are efficiently being used to treat several types of cancers and a 

variety of other diseases.[5] Currently, cancer treatment by PDT is limited by the difficulty 

in the accumulation of PS in the tumors. Thus, the greatest challenge in PDT of cancer is to 

find a new strategy for delivering PS to the tumors to achieve efficient tumor destruction.
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To overcome the challenge in delivering PS to tumors in breast cancer PDT, here we 

propose to use mesenchymal stem cells (MSCs) as a drug carrier to deliver PS to breast 

tumors (Figure 1) for two reasons. First, MSCs can be easily isolated from bone marrow of 

the patients,[6] then modified (chemically as shown in this work, or genetically as reflected 

in gene therapy[7]), and finally implanted into patients again for disease treatment to avoid 

immune rejection.[8] Second, it is now well-accepted that MSCs exhibit a natural high tumor 

affinity, which allows them to home to tumors and then retain in tumors in vivo[9] although 

the detailed mechanism remains unclear.[10,11] The tumor affinity of MSCs arises from a 

mechanism possibly mediated by chemokines such as stromal-derived factor-1, epidermal 

growth factor, and plate-derived growth factor.[12] It has been verified that the tumor affinity 

of MSCs can even drive them to home to and retain in breast tumors when injected from the 

tail vein of mice.[9] However, it is not clear whether the tumor affinity of MSCs will allow 

the drug-loaded MSCs to retain in tumor sites and make the drug available for destructing 

the tumor. Hence, this work aims to answer one important question: it is already known that 

MSCs can home to breast tumors,[9] however, can PS-loaded MSCs with high tumor affinity 

be exploited to destruct breast tumors by PDT once they are at the tumor sites?

We first followed a reported similar procedure[13] to synthesize porous hollow silica 

nanoparticles (SiO2NPs) (Figure S1, Supporting Information). Silica was chosen because it 

is a biocompatible material.[14] The porous nature of the SiO2NPs allowed us to use a 

reported protocol[15] to load a hydrophobic PS called purpurin-18 (Pp-18) into the pores. We 

chose Pp-18 as a PS in this work because it was proved to show low cytotoxicity in the 

absence of light and could be activated by a red light, which has a better tissue penetration 

depth than other visible lights.[16] To remove weakly bound PS, PS-loaded SiO2NPs (PS-

SiO2NPs) were first sonicated in ethanol and then isolated by high speed centrifugation, and 

such sonication-centrifugation procedure was repeated three times. When the PS-SiO2NPs 

were heated, a weight loss, corresponding to the removal of organic PS, was found at around 

150–300 °C (Figure S2, Supporting Information), which further confirmed the successful 

loading of PS into SiO2NPs.

MTT assay suggested that in the absence of light irradiation, PS-SiO2NPs did not show 

significant toxicity to MSCs derived from the bone marrow of rats when their concentration 

was lower than 80 µg/mL (Figure S3, Supporting Information). To load the PS-SiO2NPs 

into the MSCs, which were isolated from rats with a procedure approved by the Institutional 

Animal Care and Use Committee of the University, we treated the MSCs with PS-SiO2NPs 

in Dulbecco’s Modified Eagle Medium (DMEM) without fetal bovine serum (FBS) at 37 °C 

for 4 h to achieve cellular uptake. It was found that nanoparticles could be uptaken by cells 

through mechanisms such as endocytosis during their incubation with cells.[17] To verify 

that the loading of PS-SiO2NPs into MSCs was due to cellular uptake, we replaced PS in 

SiO2NPs with a hydrophobic peptide (which mimics the hydrophobic PS used) labelled with 

an FITC green dye (WKYMVM-FITC) and then incubated the peptide-loaded SiO2NPs (80 

µg/mL) with MSCs. Fluorescence microscopy imaging (Figure 2) showed the green 

fluorescence around cell nuclei (stained to be blue by 4′,6-diamidino-2-phenylindole 

(DAPI)), confirming the internalization of the green-dye-loaded SiO2NPs inside the cells. 

The fluorescence-activated cell sorting (FACS) analysis further confirmed that more than 

90% of MSCs were fluorescent due to the uptake of the green-dye-loaded SiO2NPs (Figure 
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2). Although the peptide is a hydrophobic molecule with a molecular weight slightly higher 

than the hydrophobic PS, it was still loaded into the pores of the SiO2NPs, which were then 

uptaken by MSCs. Thus the successful loading of the peptide-loaded SiO2NPs into MSCs 

could justify the success in loading the PS-loaded SiO2NPs into MSCs using the same 

protocol.

Next, we followed an in vitro migration assay[18] to check whether the MSCs loaded with 

PS-SiO2NPs (PS-SiO2NPs-MSCs) would inhibit the tumor-homing affinity of MSCs, 

namely, the migration of MSCs to MCF-7 breast cancer cells. Briefly, the bottom and top 

wells of a transwell plate were cultured with MCF-7 cells and PS-SiO2NPs-MSCs, 

respectively. After incubation at 37 °C for 12 h, the cells attached to the top wells were 

removed whereas those attached to the bottom wells were fixed and counted. We found that 

the loading of PS-SiO2NPs in MSCs did not significantly reduce the number of MSCs that 

migrated to MCF-7 cells (Figure S3b, Supporting Information), suggesting that loading PS-

SiO2NPs into MSCs did not inhibit the tumor affinity of the MSCs. Such little inhibition of 

the tumor affinity of MSCs will guarantee that PS-SiO2NPs-MSCs retain in the tumors and 

allow the PS to be accumulated in the tumor for the destruction of tumors by PDT.

To verify the generation of ROS inside MSCs upon the irradiation of a red light (at a power 

density of 0.04 W/cm2) on PS-SiO2NPs-MSCs, which is the key to the success of PDT, we 

used a 2′,7′-dichlorfluorescein-diacetate (DCFH-DA) staining kit (Invitrogen) following the 

manufacturer’s protocol. In this protocol, MSCs were incubated with a green dye (DCFH-

DA) for 30 min, which stained the ROS to show green fluorescence. Thus, the intensity of 

the green fluorescence reflected the level of ROS generated due to light irradiation. As 

expected, upon light irradiation on MSCs loaded with PS-SiO2NPs, the intracellular ROS 

level increased with the increasing concentration of PS-SiO2NPs used to interact with MSCs 

(Figure S4, Supporting Information). This fact indicates that the internalization of PS-

SiO2NPs in MSCs resulted in the presence of PS in MSCs, which was activated by light to 

trigger the excitation of oxygen into 1O2, the key ROS in PDT for inhibiting tumor growth. 

Interestingly, the increase of ROS level caused the cell surface to become ruptured, leading 

to the exposure of internalized PS-SiO2NPs (Figure S5, Supporting Information), which 

further confirmed the internalization of PS-SiO2NPs in MSCs.

We proceeded to demonstrate that MSCs could serve as a PS carrier for in vivo breast 

cancer PDT because MSCs were expected to carry PS-SiO2NPs and retain in the tumors due 

to their high affinity with the tumors. Co-injection of MSCs and cancer cells to generate 

tumors is a widely-accepted strategy in the demonstration and application of tumor affinity 

of MSCs.[11,19] Thus, we first generated a breast tumor model by co-injection of MSCs and 

MCF-7 breast cancer cells subcutaneously on the backs of nude mice, which was approved 

by the Institutional Animal Care and Use Committee of the University. The high tumor 

affinity of MSCs enabled the injected MSCs to stay with the tumors induced by MCF-7 

breast cancer cells. The PDT was initiated by irradiating a red light onto the injected area 

with a power density of 0.3 W/cm2 and a spot size of ca. 1 cm2 for 15 min. We designed two 

groups of six-week-old nude mice (n = 4 for each group). Group 1 received a co-injection of 

1 × 106 MCF-7 cells and 1.5 × 106 PS-SiO2NPs-MSCs. The injected area was then 

irradiated to initiate PDT one day after injection. Group 2 as a control received a co-
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injection of 1 × 106 MCF-7 cells and 1.5 × 106 MSCs without loading PS-SiO2NPs, 

followed by light irradiation on the injected area one day after injection. For each group, the 

inhibition of tumor growth was evaluated by measuring the size and weight of tumors on 

day 15.

In PDT, the preferential accumulation of a PS in a malignant tumor followed by irradiation 

with an appropriate wavelength of light can generate cytotoxic ROS, resulting in the death 

of cancer cells via apoptosis and/or necrosis and shutdown of blood vessels in the tumors, 

which eventually inhibit tumor growth.[5] Consistent with this already proved theory of 

PDT, we found that the tumor size and weight were significantly reduced in Group 1 when 

compared to Group 2 where no PS was loaded in MSCs (Figure 3). This indicates that PDT 

on day 1 (Group 1) after injection of PS-SiO2NPs-MSCs generated ROS to inhibit tumor 

growth because MSCs carried PS and retained in the tumors. Hematoxylin and eosin (H&E) 

and terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining of 

tumor tissues of Groups 1 and 2 verified that the cancer cells were indeed killed by the 

mechanisms of necrosis and apoptosis to inhibit tumor growth in Group 1 in comparison to 

Group 2 (Figure 3 d and e). In a separate study, we applied the light to the tumors after 

tumors have grown for five days (Figure S6, Supporting Information). We found that the 

PDT significantly inhibited the tumor growth on the animal group receiving a co-injection of 

PS-SiO2NPs-MSCs and MCF-7 cells when compared to the animal group receiving a co-

injection of unmodified MSCs (i.e., without loading PS-SiO2NPs) and MCF-7 cells (Figure 

S6, Supporting Information). This study confirms the retention of PS-SiO2NPs-MSCs even 

after tumors have grown for 5 days. In addition, we also evaluated the effects of the ratios of 

MSCs to MCF-7 cancer cells on inhibiting the in vivo tumor growth. The results (Figure S7 

and S8, Supporting Information) suggested that when fewer PS-SiO2NPs-MSCs were co-

injected with cancer cells, weaker tumor inhibition was observed because fewer PS 

molecules were accumulated within the tumor upon irradiation. Moreover, we found that 

when other normal cells, such as human embryonic kidney 293 (HEK-293) cells (a gift from 

Professor Raju V. S. Rajala at the University of Oklahoma Health Science Center), were 

loaded with PS-SiO2NPs to form PS-SiO2NPs-HEK-293 cells and used to replace PS-

SiO2NPs-MSCs while keeping other conditions same as the group of PS-SiO2NPs-MSCs 

(Group 1) in Figure 3, the tumor growth was not effectively inhibited after light irradiation, 

just like the case of MSCs group (control group) as well as the case of simply injecting PS-

SiO2NPs into the tumors (Figure S9, Supporting Information). Because the silicon content in 

the PS-SiO2NPs-MSCs present in the tumors reflected the number of PS-SiO2NPs-MSCs 

that retained in the tumor, we also analyzed the amount of silicon within 1 × 106 of different 

cells (PS-SiO2NPs-MSCs, PS-SiO2NPs-HEK-293 cells, and MSCs) right before injections 

(i.e., on day 0 of tumor growth) as well as within the tumors grown from the co-injection of 

MCF-7 cells and 1 × 106 each of these cells (on day 15) by inductively coupled plasma mass 

spectroscopy (ICP-MS). The results showed that: i) more PS-SiO2NPs were uptaken by 

HEK-293 cells (121 ± 11 ng silicon in 1 × 106 cells) than MSCs (82 ± 15 ng silicon in 1 × 

106 cells); and ii) after 15 days of tumor growth, the silicon content within the tumors grown 

from the co-injection of MCF-7 cells and PS-SiO2NPs-MSCs (57 ± 12 ng/tumor) was not 

significantly decreased when compared with the injected silicon content (82 ± 15 ng silicon 

in 1 × 106 PS-SiO2NPs-MSCs), while no element silicon could be detected from the tumors 
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of the other two groups (co-injection of MCF-7 cells and PS-SiO2NPs-HEK-293 cells as 

well as co-injection of MCF-7 cells and MSCs). These results clearly showed the high tumor 

affinity of MSCs enabled the retention of drug-loaded MSCs at the tumor sites. Taken 

together, our work indicated that PDT was effective for inhibiting tumor growth only when 

PS-SiO2NPs-MSCs were co-injected with cancer cells to generate tumors because PS-

SiO2NPs-MSCs had a high tumor affinity. When the MSCs were replaced with HEK-293 

cells, the PDT was not effective becuase HEK-293 cells did not have a natural tumor affinity 

and thus the drug carried by HEK-293 could not retain at the tumor sites.

In summary, we have demonstrated the use of a type of biological particles, MSCs, to 

deliver PS encapsulated by biocompatible SiO2NPs to tumors. We successfully found that 

internalization of PS-loaded SiO2NPs did not induce significant toxicity against MSCs, nor 

did they significantly inhibit the high tumor affinity of MSCs. When the cancer cells were 

co-injected with PS-loaded MSCs to form tumors, the tumor growth was significantly 

inhibited by PDT treatment after injection due to the retention of the PS-loaded MSCs (and 

the consequent accumulation of PS) in the tumors arising from the natural high tumor 

affinity of MSCs. Since many drugs can be loaded into SiO2NPs, the use of MSCs to deliver 

drug to tumors is a promising approach to targeted cancer therapy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Schematic illustration of loading PS-loaded SiO2NPs into MSCs and using the resultant PS-

loaded MSCs to kill cancer cells and inhibit tumor growth by photodynamic therapy (PDT). 

The natural high tumor affinity of MSCs is exploited to allow the retention of PS-loaded 

MSCs in tumors and the consequent accumulation of PS in tumors for effective destruction 

of tumors by PDT. SiO2 NP: silica nanoparticle; Pp-18: purpurin-18; PS: photosensitizer; 

ROS: reactive oxygen species.
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Figure 2. 
In vitro cellular uptake of SiO2NPs loaded with FITC-labeled peptide by MSCs. MSCs 

without interacted with SiO2NPs were used as a control. Top: Fluorescence images showing 

DAPI-stained nuclei and FITC-stained SiO2NPs internalized in MSCs. Bottom: FACS 

analysis of MSCs incubated with FITC-stained SiO2NPs for 6 h, showing more than 90% of 

the cells were loaded with FITC-stained SiO2NPs.
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Figure 3. 
In vivo PDT treatment on tumors one day after co-injection of MCF-7 cancer cells and 

MSCs with (group 1: PS-SiO2NPs-MSCs group) or without (group 2: control MSCs group) 

PS-SiO2NPs loaded. a) Pictures showing the size of tumors isolated from mice (PS-

SiO2NPs-MSCs group: MSCs were loaded with PS-SiO2NPs and laser light was applied to 

trigger PDT; MSCs group: control where MSCs were not loaded with PS-SiO2NPs but laser 

light was still applied). b) The weight of tumors of PS-SiO2NPs-MSCs group and control 

MSCs group. c) A picture of a mouse showing the size of tumors one day after light 
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treatment (the tumor on the left and right side was treated with PS-SiO2NPs-MSCs and 

MSCs, respectively. Both tumors were highlighted by an oval). d) H&E stained tissue 

sections of tumors (left: PS-SiO2NPs-MSCs group; right: MSCs group). e) TUNEL stained 

tissue sections of tumors (left: PS-SiO2NPs-MSCs group; right: MSCs group). The white 

arrows indicate apoptotic cells stained with TUNEL. The asterisk in (b) indicates significant 

difference between PS-SiO2NPs-MSCs group and MSCs group at p < 0.05.
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