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Abstract

Poor tumor penetration is a major challenge for the use of nanoparticles in anticancer therapy. 

Moreover, the inability to reach hypoxic tumor cells which are distant from blood vessels results in 

inadequate exposure to antitumor therapeutics and contributes to development of chemoresistance 

and increased metastasis. In the present study, we developed iRGD-modified nanoparticles for 

simultaneous tumor delivery of a photosensitizer indocyanine green (ICG) and hypoxia-activated 

prodrug tirapazamine (TPZ). The iRGD-modified nanoparticles loaded with ICG and TPZ showed 

significantly improved penetration in both 3D tumor spheroids in vitro and orthotopic breast 

tumors in vivo. ICG-mediated photodynamic therapy upon irradiation with a near-IR laser induced 

hypoxia, which activated antitumor activity of the co-delivered TPZ for synergistic cell-killing 

effect. In vivo studies demonstrated that the nanoparticles could efficiently deliver the drug 

combination in 4T1 orthotopic tumors. Primary tumor growth and metastasis were effectively 

inhibited by the iRGD-modified combination nanoparticles with minimal side effects. The results 

also showed the anticancer benefits of co-delivering ICG and TPZ in single nanoparticle 

formulation in contrast to a mixture of nanoparticles containing individual drugs. The study 

demonstrates the benefits of combining tumor-penetrating nanoparticles with hypoxia-activated 

drug treatment and establishes a delivery platform for PDT and hypoxia-activated chemotherapy.
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Tumor-targeted nanoparticle-based drug delivery systems have been widely explored in the 

development of novel anticancer treatment strategies.1-3 Unfortunately, despite decades of 

intensive research, most of the targeted strategies failed to live up to clinical expectations.4 

Better understanding of tumor biology and factors that control transport and retention of 

nanoparticles in solid tumors enabled identification of the main causes of the poor 

performance of nanoparticles in tumor drug delivery.5 Among the most important factors is 

the increased interstitial fluid pressure and the dense tumor stroma which both hinder 

transport of nanoparticles across more than one or two cell layers away from the blood 

vessels.6-8 Such intratumoral diffusion resistance stands as intractable obstacle and 

significantly impairs the drug delivery efficacy and overall performance in cancer 

treatments. Moreover, the inability to reach hypoxic tumor cells which are distant from 

blood vessels results in inadequate exposure to antitumor therapeutics and contributes to 

development of chemoresistance and increased metastasis.9 With this understanding, the 

design of effective drug delivery systems needs to take the intratumoral delivery aspects into 

consideration. Recently developed iRGD peptide can increase vascular and tissue 

permeability using a mechanism dependent on αν integrin and neuropilin-1. As a result, 

iRGD can function as both a tumor-homing and a tumor-penetrating peptide10,11 and iRGD-

modified nanoparticles may achieve enhanced drug accumulation in tumors through deep 

intratumoral penetration and targeted tumor distribution, ultimately benefiting the 

therapeutic performance of the nanoparticles.12-14

Photodynamic therapy (PDT) is an emerging treatment modality for various malignant and 

nonmalignant diseases.15-18 PDT utilizes reactive oxygen species (ROS) generated through 

the reaction between a photosensitizer and oxygen present in tissues upon the irradiation 

with light to achieve effective treatment. However, hypoxia is a consequence of the oxygen 

consumption during PDT. Hypoxia is one of the factors responsible for the poor responses in 

PDT as well as in conventional radiotherapy and chemotherapy.19-23 To overcome the 

negative consequences of PDT, multiple innovative strategies have been introduced, 

including oxygen codelivery and development of less oxygen-dependent PDT.24-28 However, 
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most of these strategies may encounter significant challenges in further clinical translation 

due to the heterogeneity of cancer and the involvement of multiple pathways in the 

pathogenesis, which are unlikely solvable by a monotherapy approach. Of note, hypoxia-

directed treatment relies on oxygen-deficient environment for activating bioreductive 

prodrugs to potentiate the antitumor efficacy of PDT.29,30 Several hypoxia-activated 

prodrugs, including banoxantrone, NLCQ-1 and dinitrobenzamide mustards, are in 

preclinical or early clinical development. Tirapazamine (TPZ) is another example of such 

prodrug, which exhibits high selective toxicity to hypoxic tumor cells in our pilot study. TPZ 

undergoes metabolism by reductases to generate transient oxidizing radical, which can be 

efficiently scavenged by molecular oxygen in normal tissues to re-form the parent 

compound.31,32 However, in the absence of oxygen (as in hypoxia) the re-formation of the 

parent drug does not occur. Instead, the superoxide TPZ radical removes hydrogen from 

nearby macromolecules and causes structural damage.33 Therefore, combining PDT and 

TPZ-mediated hypoxia-activated chemotherapy promises synergistic enhancement of cancer 

therapy.

In this study, we report development of hybrid PLGA/lipid nanoparticles capable of 

codelivering a photosensitizer indocyanine green (ICG) and hypoxia-activated prodrug TPZ 

(NP/IT) for improved antitumor therapeutic effect in metastatic breast cancer. ICG, a near-

infrared (NIR) dye, is approved by the US FDA as a clinical diagnosis agent.34 Due to its 

NIR optical features within optimal absorption window for biomedical applications, ICG has 

been intensively studied for PDT and NIR fluorescence imaging.18,35,36 The developed 

nanoparticles are further conjugated with iRGD through copper-free click chemistry, 

providing nanoparticles (iNP/IT) with intratumoral penetration capability and improved 

antitumor performance. We hypothesized that after enhanced accumulation and penetration 

in solid tumors mediated by the iRGD-targeted nanoparticles, ICG would produce ROS in 

response to NIR laser irradiation and cause cell death under normal oxygen condition. In the 

meantime, the hypoxic microenvironment in tumors (in part created by PDT-induced oxygen 

depletion) triggers TPZ to enhance local cell killing, thus enhancing the overall anticancer 

effect (Scheme 1).

Results and Discussion

Preparation and characterization of nanoparticles

We have used a modified single-step nanoprecipitation method to prepare hybrid PLGA/

lipid nanoparticles with co-encapsulated photosensitizer ICG and anticancer drug TPZ 

(NP/IT) (Table 1). The nanoparticles were prepared from a mixture of ICG, TPZ, PLGA, 

DPPC, DSPE-PEG and DSPE-PEG-DBCO. The core of the particles contained PLGA with 

co-encapsulated ICG and TPZ. The drug-PLGA core was coated with a lipid monolayer 

containing PEG chains for colloidal stabilization as reported previously.37 In order to 

facilitate tumor targeting of the nanoparticles and to improve their penetration in solid 

tumors, we have conjugated iRGD onto the surface of the nanoparticles. The iRGD 

conjugation was accomplished using copper-free click chemistry between azide-terminated 

iRGD and cyclooctyne-containing DSPE-PEG-DBCO (Scheme 1). The content of the iRGD 

in the nanoparticles was determined as 7.3 wt% by amino acid analysis.
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To confirm the formation of the hybrid nanoparticles, the morphology of the iRGD-targeted 

nanoparticles containing ICG and TPZ (iNP/IT) was determined by TEM. The iNP/IT 

appeared as individual spherical particles with the expected core-shell structure and a size 

around 100 nm (Figure 1A). The particle size was then confirmed by DLS. The 

hydrodynamic diameter of iNP/IT was 112 nm with polydispersity index of 0.15 (Figure 

1B). The small size confirmed the suitability of the prepared particles for systemic drug 

delivery.38 The ζ potential of non-targeted NP/IT was -27.3 mV, while the ζ potential of 

iNP/IT showed a slight increase of the negative surface charge to -34.1 mV due to the iRGD 

presence in the particle corona (Table S1). We then confirmed successful co-encapsulation 

of ICG and TPZ in the nanoparticles. The loading efficiency (LE) of ICG was 12.1% and 

encapsulation efficiency (EE) of ICG was 80.5%. In contrast, TPZ encapsulation was less 

efficient with LE of 6.2% and EE of 37%. Absorption spectra of the prepared particles 

further confirmed co-encapsulation of both drugs as evidenced by the presence of the 

characteristic peaks at 460 and 779 nm (Figure S1).

Colloidal stability of nanoparticles is a crucial requirement for their systemic intravenous 

administration.39 We determined colloidal stability of iNP/IT by incubation with 10% and 

50% FBS at 37 °C for 4 h. We have observed no significant size changes during the 

experiment. The particles retained their original size with no signs of aggregation or 

precipitation even after storage at 4 °C for 4 weeks (Figure S2). Fluorescence stability of the 

iNP/IT was also analyzed. Our results showed that even after 7 days, the fluorescence 

intensity of ICG in iNP/IT remained above 90%, while the fluorescence intensity of free 

ICG decreased to 38% of the initial value (Figure 1C). These data suggested that iNP/IT 

possessed suitable stability profile for further investigation.

In vitro drug release from iNP/IT was studied in PBS at 37 °C (Figure 1D). TPZ was 

released from the nanoparticles with an initial rapid release of ∼40% within the first 12 h, 

which was followed by a continuous slow-release phase. In contrast, ICG showed slow 

release profile with 70% released after 5 days. These results demonstrated that iNP/IT can 

achieve sustained release of both ICG and TPZ.

The production of reactive oxygen species (ROS), such as singlet oxygen, plays a major role 

in PDT by ICG.40 The ability of the iNP/IT to generate ROS upon NIR laser irradiation was 

evaluated using DPBF, a probe whose absorption is irreversibly decreased in the presence of 

singlet oxygen.41 The absorption of DPBF in iNP/IT solution displayed a continuous 

decrease to 30% of the initial absorbance upon laser irradiation, indicating singlet oxygen 

generation (Figure 1E). In contrast, no singlet oxygen was generated in solutions of control 

empty particles (iNP) or when only laser irradiation in the absence of particles was used 

(Figure S3).

Enhanced cell uptake of iRGD-conjugated nanoparticles

The effect of iRGD conjugation on the cell uptake of the nanoparticles was evaluated in 4T1 

breast cancer cells by flow cytometry (Figure 2A, B). We have used ICG fluorescence to 

indirectly quantify the uptake of the particles. The results show that after 6 h incubation, the 

uptake of iNP/IT was significantly higher than uptake of all the control groups. A nearly 2-

fold increase in the cell uptake was observed when comparing the iRGD-conjugated 
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particles with the non-targeted NP/IT control (Figure 2A, B). These findings confirm not 

only successful conjugation of functional iRGD to the particles but also the suitability of this 

targeting strategy for improved delivery of the ICG/TPZ combination. Confocal microscopy 

further confirmed the improved uptake of the iRGD-targeted particles (Figure S4). These 

results demonstrated that iRGD-modified nanoparticles could improve cell uptake ability 

and enhance cancer cell targeting of cargos, most likely due to the high expression of 

integrin αvβ3 in 4T1 cells.11 The enhanced cell uptake of iNP/IT was assumed to improve 

the eventual performance in antitumor therapy.

Intracellular ROS generation by the nanoparticles

We expected that the conversion of oxygen to ROS by the action of ICG will generate 

hypoxic conditions in the cells. In such hypoxic microenvironment, TPZ would be activated 

to induce free radical-mediated oxidative DNA damage and selectively kill hypoxic tumor 

cells.42 To verify iNP/IT-mediated ROS generation and the induction of hypoxia in the 

cancer cells, we treated 4T1 cells with the nanoparticles and analyzed ROS and hypoxia 

following laser irradiation. As shown in Figure 2C, in comparison with free ICG and NP/IT, 

the cells treated with iNP/IT exhibited greatly enhanced ROS generation (green) and more 

pronounced hypoxia (magenta) upon irradiation with the NIR laser. Quantitative analysis 

using flow cytometry further confirmed this result (Figure S5). Enhanced cell uptake of 

iNP/IT explains the higher ROS production and subsequent hypoxia generation. These 

results suggested that treatment with iNP/IT leads to intracellular hypoxia, which is expected 

to enhance anticancer activity of TPZ.

Anticancer activity of the nanoparticles in vitro

To investigate the combined cancer cell killing effect of the codelivered photosensitizer and 

chemotherapeutic drug, we determined the viability of the 4T1 cells treated with different 

drug formulations with or without laser irradiation and IC50 values were calculated (Figure 

3A, B and C). Considering the oxygen-dependent nature of the two agents and the tumor 

microenvironment oxygen levels, 20% (normoxia) and 2% (hypoxia) oxygen levels were 

used in this experiment. As expected, iNP/T exhibited higher cell killing in hypoxia (IC50 

10.6 µg/mL) than in normoxia (IC50 23.3 µg/mL) because of the hypoxia-triggered activity 

of TPZ. In contrast, particles without TPZ (iNP/I) showed decreased cell-killing in hypoxic 

conditions (hypoxia IC50 17.6 µg/mL, normoxia IC50 14.6 µg/mL). When the two agents 

were loaded into the same particles (iNP/IT), the cell killing activity was greatly enhanced 

regardless of the oxygen levels (hypoxia IC50 3.7 µg/mL, normoxia IC50 9.4 µg/mL). 

Though iNP/I and iNP/IT presented comparable ROS production upon laser irradiation, the 

combinational cell killing effect of ICG and TPZ effectively improved cytotoxicity of 

iNP/IT. It is also notable that a mixture of two single-drug-loaded nanoparticles (iNP/T + 

iNP/I) also showed significant anticancer activity (hypoxia IC50 5.4 µg/mL, normoxia IC50 

7.2 µg/mL) when compared with each nanoparticle alone but the activity did not reach the 

levels of the combination nanoparticles iNP/IT. Thus, iRGD-targeted nanoparticles with co-

encapsulated ICG and TPZ show advantage over single drug-loaded nanoparticles, as well as 

combination of the free drugs and non-targeted nanoparticles. Chou-Talalay isobologram 

analysis showed that the combination of ICG and TPZ activity in the iNP/IT particles was 

synergistic. The isobologram method evaluates the interaction at a chosen effect level and is 
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therefore useful to analyze drug combinations. The calculated combination index (CI) offers 

quantitative descriptor for additive effect (CI = 1), synergism (CI < 1), and antagonism (CI > 

1) in drug combinations.43 The CI values (Figure 3D) showed synergism of the combination 

under both normoxia and hypoxia as indicated by CI < 1.

The improved anticancer activity of iNP/IT was further corroborated by determining 

apoptosis in the treated cells using Annexin V analysis (Figure 3E, F). The results showed 

significant synergistic pro-apoptotic activity of the treatments that combine ICG-mediated 

PDT and hypoxia-activated TPZ chemotherapeutic effect. All the combination treatments, 

whether iNP/IT or (iNP/T + iNP/I), showed greatly increased number of apoptotic cells 

(∼90%) and lower proportion of live cells compared with the control groups.

Improved penetration and cell killing activity of iRGD-conjugated nanoparticles in tumor 
spheroids

The above results confirmed the potential of iNP/IT as efficient formulation with promising 

anticancer activity in 2D cell culture system. However, evaluation in the 2D cell culture does 

not allow to predict if the presence of iRGD improves nanoparticle penetration in 3D 

tumors.4,44 Considering this, we prepared multicellular tumor spheroids from 4T1 cells and 

used them as a complementary in vitro evaluation system to investigate the penetration of 

the particles. The penetration was monitored by measuring the fluorescence of the 

encapsulated ICG using confocal microscopy and the images were converted to surface plots 

using Image-J (Figure 4A). The highest fluorescence intensity was observed in spheroids 

treated with iNP/IT. Further analysis confirmed that iNP/IT displayed the deepest 

penetration in the spheroids with average penetration depth of 89 µm; corresponding to 

about 12 layers of cells in the spheroids. In contrast, free ICG despite its small size and 

favorable diffusion properties showed average penetration depth of only 44 µm (∼5 cell 

layers). Surprisingly, non-targeted NP/IT showed depth of ICG penetration of 58 µm, almost 

7 layers of cells (Figure 4B). We have used the spheroids as a model of avascular tissue to 

obtain initial evidence of the nanoparticle tissue-penetrating ability. The achieved 

penetration depth of 89 µm is highly promising for improved drug delivery in solid tumors 

after extravasation from the blood vessels. The demonstrated penetration in tumor spheroids 

of iNP/IT is the direct result of iRGD conjugation and the previously reported three-step 

targeting and penetrating mechanism of iRGD action, which is associated with ɑν integrins 

and neuropilin-1.10,11

The cell uptake of nanoparticles in the spheroids was measured next by analyzing the ICG 

fluorescence in single cell suspension prepared from the spheroids using flow cytometry 

(Figure 4C, D). Consistent with the above results, the cells in the iNP/IT-treated group 

possessed the highest uptake as indicated by almost 4-fold higher ICG fluorescence per cell 

when compared with the control mixture of free iRGD and NP/IT. The fraction of cells that 

have taken up the particles was also significantly higher in the iNP/IT group than all the 

other groups (>7-fold). These results indicated that iRGD conjugation could increase uptake 

of the nanoparticles in the tumor spheroids and result in improved drug delivery efficiency. 

Based on the confocal microscopy observations and flow cytometry analysis, we found that 
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iRGD-conjugated nanoparticles promoted inward distribution and accumulation of the 

encapsulated drugs in the tumor spheroids.

The robust spheroid penetration of iNP/IT endowed them with a higher likelihood to gain 

access to increased number of cancer cells and to boost cell internalization and cell killing 

efficacy. The partial hypoxic environment in tumor spheroids was also advantageous for 

TPZ to exhibit specific toxicity (Figure S6). This hypothesis was tested in the subsequent 

live/dead assay in the spheroids treated with the nanoparticles with or without laser 

irradiation (Figure 4E, S7). In this assay, live cells were indicated by green fluorescence and 

dead cells by red fluorescence. The control untreated spheroids showed only a limited 

number of dead cells mostly due to necrosis in the core of the spheroids. In contrast, 

treatment with iNP/IT combined with laser irradiation resulted in a large number of dead 

cells throughout the spheroids and only a limited number of live cells remaining. Similar 

results were also observed in spheroids treated with a combination of single-agent particles 

(iNP/T + iNP/I). To study the induction of apoptosis in individual cells, we have digested the 

spheroids to single-cell suspension, which was then analyzed by flow cytometry (Figure S8). 

Both iNP/IT and (iNP/T + iNP/I) treatments significantly increased the fraction of apoptotic 

and necrotic cells (∼85%) compared with the other tested treatments. These in vitro results 

suggested that iRGD-modified nanoparticles could not only enhance tumor penetration, but 

could also facilitate cell internalization and promote cell death within the 3D environment of 

the spheroids. Additionally, these results provided initial evidence that the nanoparticle 

could be used to achieve combined PDT and hypoxia-activated therapy, a prerequisite for the 

success of the in vivo tumor treatment studies.

In vivo tumor accumulation and penetration

Following the promising in vitro findings, we set to explore whether the iRGD-containing 

nanoparticles also improved delivery and penetration in solid tumors in vivo. The 

nanoparticles were administered intravenously into mice bearing orthotopic 4T1 tumors and 

whole-body fluorescence imaging was performed at different time points to capture the 

distribution of the ICG-containing particles. As expected, free ICG distributed mainly to the 

liver and its fluorescence signal decayed rapidly as a result of aggregation and clearance 

from the body (Figure 5A).45 In contrast, strong fluorescence signal was detected in the 

tumors of mice treated with iNP/IT as early as 4 h after injection. The tumor accumulation 

increased with increasing time, suggesting that the iNP/IT remained in circulation and could 

accumulate into the tumor effectively. After 48 h, iNP/IT were still retained in the tumor 

tissue. In mice treated with the non-targeted NP/IT and with a mixture of NP/IT and free 

iRGD peptide, strong fluorescence was observed in the liver. Comparatively less 

fluorescence was found in the tumor at 4 h and most body fluorescence disappeared within 

48 h. Following animal sacrifice, we measured ex vivo fluorescence of the excised tissues to 

validate the whole-body imaging data. We indeed found significantly higher fluorescence in 

the tumors of mice treated with iNP/IT and comparatively less accumulation in the liver 

when compared to other treatments (Figure 5B, C). To evaluate the ability of the iRGD-

containing nanoparticles to penetrate deep into the tumors, we stained tumor blood vessels 

with anti-CD31 antibody (Figure 5D, green). Consistent with the spheroid findings and with 

the in vivo imaging data, iNP/IT spread more widely from the blood vessels than the other 
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treatments. We estimated that the distance between blood vessels in the 4T1 tumors ranged 

from about fifty to several hundred µm. This was consistent with previous reports showing 

similar range of intercapillary distance in various solid tumor models.46-48 Thus, the 

penetration ability of the iNP/IT nanoparticles appears sufficient to greatly enhance 

distribution in the tumors following extravasation from the blood vessels.

As shown in Figure 3, TPZ requires hypoxia for its full activation and chemotherapeutic 

activity. To confirm that the 4T1 tumor model was suitable for testing the hypoxia-activated 

TPZ mechanism of action, we measured the extent of hypoxia in the 4T1 tumor 

microenvironment by pimonidazole staining in frozen tumor tissue sections. Pimonidazole is 

a well-characterized exogenous hypoxia marker, which forms protein adducts under hypoxic 

conditions that can be visualized by immunohistochemical staining following animal 

sacrifice.49 As shown in Figure 5E, hypoxic areas were heterogeneously distributed 

throughout the 4T1 tumor. The fluorescence signal of iNP/IT was widely distributed and to a 

significant extent co-localized with the hypoxic areas. These results confirmed the existence 

of hypoxia in the 4T1 tumors and showed the ability of iNP/IT to reach the hypoxic regions.

In vivo antitumor efficacy

The greatly enhanced tumor accumulation and intratumoral penetration provided us with 

strong rationale to evaluate antitumor activity of the iRGD-targeted nanoparticles in vivo. To 

validate the merits of the combination therapy using our tumor-penetrating nanoparticles, the 

evaluation was performed in metastatic orthotopic 4T1 mammary adenocarcinoma model. 

As shown in Figure 6A, fast tumor growth was observed in the control untreated group, 

while moderately restricted tumor growth was achieved using iRGD-targeted nanoparticles 

loaded with a single drug (iNP/I and iNP/T), combination of free drugs (ICG+TPZ), as well 

as in mice treated with the non-penetrating nanoparticles (NP/IT). We observed the strongest 

antitumor effect with iNP/IT as evidenced by the nearly complete elimination of the primary 

orthotopic tumors due to the synergistic effect of the ICG-mediated PDT and the hypoxia-

activated TPZ chemotherapy. Combination treatment with the single-drug loaded 

nanoparticles (iNP/I + iNP/T) showed the second best antitumor effect. The superiority of 

the iNP/IT treatment, further confirmed the benefits of co-delivering drug combinations in a 

single nanoparticle formulation as opposed to using individual single-drug nanoparticles. 

Mice were sacrificed on day 13 and excised tumors weighted and photographed. The 

analysis confirmed that iNP/IT was the most effective in suppressing tumor growth (Figure 

6B). The body weight of mice from each group was not significantly affected by any of the 

treatments, suggesting no major toxicity (Figure S9). Moreover, the H&E staining of tissue 

sections of major organs showed no obvious tissue damage when compared to the untreated 

group (Figure S10).

Analysis of the H&E tumor sections suggested considerably enhanced necrosis in the iNP/IT 

group (∼95% necrotic area) when compared with the control groups (∼30% necrotic area). 

Immunohistochemical staining of the tumor sections for Ki-67 antigen was used to evaluate 

the extent of tumor cell proliferation (Figure 6C). Visually, tumor cells in the iNP/IT treated 

group exhibited decreased Ki-67 expression, indicating markedly reduced tumor cell 
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proliferation after treatment.50,51 Hot-spot analysis confirmed the significance of the results 

(Figure 6D).

The orthotopic 4T1 model used in the therapeutic study spontaneously forms lung 

metastases. Thus, we also evaluated if the iNP/IT treatment showed antimetastatic effect. 

The antimetastatic activity was assessed by analyzing the number of surface lung metastases 

and subsequent analysis of lung H&E tissue sections. As shown in Figure 6E and F, iNP/IT 

treatment resulted in a significantly decreased number of surface lung metastatic lesions 

compared with the control groups. This finding was further corroborated by the analysis of 

the lung tissue sections which also showed markedly decreased metastasis in the lungs of 

animals treated with iNP/IT. Thus, iNP/IT treatment not only effectively suppressed primary 

tumor growth but also successfully inhibited tumor metastasis.

Conclusion

In this study, we have reported successful development of iRGD-modified nanoparticles, 

which could simultaneously deliver ICG and TPZ to solid tumors for combined PDT and 

hypoxia-activated chemotherapy against metastatic breast cancer. Conjugation of iRGD 

peptide to the nanoparticles significantly enhanced the accumulation and penetration of the 

loaded drugs in both cell monolayer and multicellular spheroids. iNP/IT demonstrated 

remarkable antitumor efficacy in metastatic 4T1 tumor model, owing to the synergistic effect 

of ICG-mediated PDT and hypoxia-triggered TPZ treatment. Antimetastatic activity was 

also achieved during the treatment. The nanoparticles presented here provide an effective 

strategy for enhanced anticancer therapy.

Materials and Methods

Materials

Poly (D, L-lactide-co-glycolide) (PLGA, MW 7-17K), tirapazamine (TPZ) and 1,3-

diphenylisobenzofuran (DPBF) were obtained from Sigma Aldrich (St. Louis, MO). 

Indocyanine green (ICG) was purchased from Polysciences (Warrington, PA). 1,2-

distearoyl-sn-glycero-3-phosphoethanol-amine-N-[methyl ether (polyethylene glycol)-2000] 

(DSPE-mPEG) was obtained from Laysan Bio (Arab, AL). 1,2-dipalmitoyl-sn-glycero-3-

phosphocholine(DPPC) and 1,2-distearoyl-sn-glycero-3-phospho-ethanolamine-N-

[dibenzocyclooctyl (polyethylene glycol)-2000] (DSPE-PEG-DBCO) was purchased from 

Avanti (Alabaster, AL). N-terminal azido-functionalized iRGD peptide (N3-Ac 

(CRGDKGPDC)) was custom-synthesized by GL Biochem (Shanghai, China). Phosphate-

buffered saline (PBS), Dulbecco's Modified Eagle Medium (DMEM), sodium pyruvate, 

essential amino acids and non-essential amino acids were from Hyclone (Logan, UT). Fetal 

bovine serum (FBS) was from Atlanta Biologicals (Flowery Branch, GA). Gentamicin was 

purchased from Gibco (Life Technologies, Grand Island, NY). Centrifugal filter Vivaspin20 

(MWCO 10 kDa) was purchased from GE healthcare (Buckinghamshire, UK). All other 

reagents were from Fisher Scientific and used as received unless otherwise noted.
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Cell Culture

Mouse breast carcinoma 4T1 was a kind gift from Dr. Fred Miller (Wayne State University) 

and cultured in DMEM supplemented with 2 mM L-glutamine, 1 mM sodium pyruvate, 

essential amino acids, non-essential amino acids, gentamycin (0.2 mg/mL) and 10% FBS. 

The cells were grown at 37°C with 5% CO2 in a humidified chamber.

Preparation of nanoparticles

Nanoparticles containing ICG and TPZ (NP/IT) were prepared by a modified single-step 

nanoprecipitation method.52 PLGA (5 mg/mL) was dissolved in acetone, ICG (2 mg/mL) 

was dissolved in water, and TPZ (1 mg/mL) was dissolved in methanol. Stock solutions of 

DPPC, DSPE-PEG, and DSPE-PEG-DBCO were prepared separately at 1 mg/mL in 4% 

ethanol aqueous solution. The mixed lipid solution was heated to 65 °C under gentle stirring 

to ensure that all lipids were in liquid phase. ICG and TPZ (1:1, w/w) were added to the 

PLGA solution and mixed thoroughly. Then, the PLGA solution and DPPC/DSPE-PEG/

DSPE-PEG-DBCO (4:3:3, w/w) with a total mass ratio of 15% to PLGA polymer, were 

added dropwise to deionized water under sonication for 20 min. The formed particles were 

washed three times using a Vivaspin 20 centrifugal filter. The same procedure was used to 

prepare control nanoparticles containing only ICG (NP/ICG) and TPZ (NP/TPZ). To prepare 

iRGD-modified nanoparticles, azido-functionalized iRGD (equal molar ratio to DSPE-PEG-

DBCO) was added to nanoparticle aqueous solution. After reaction at 37°C for 30 min, the 

iRGD-nanoparticle (iNP) were collected by centrifugation and washing with water.

Nanoparticle characterization

Hydrodynamic diameter, polydispersity, and zeta potential of the nanoparticles were 

determined by dynamic light scattering (DLS) using a ZEN3600 Zetasizer Nano-ZS 

(Malvern Instruments Ltd., Massachusetts, USA). Morphological observation was 

performed under transmission electron microscopy (TEM, Tecnai G2 Spirit, FEI Company, 

USA) using negative staining (Nanoprobes, USA).

The LE and EE of ICG and TPZ in the nanoparticles were measured as follows. Following 

preparation, the nanoparticles were centrifuged at 25,000 rpm for 30 min and free ICG and 

TPZ in the supernatant were measured by a microplate reader at 776 nm and 460 nm, 

respectively. The LE and EE were calculated as: LE (%) = ((weight of loaded drug)/(total 

weight of nanoparticles)) ×100; EE (%) = ((weight of loaded drug)/(weight of initially added 

drug))×100. The absorption spectra of ICG, TPZ and NP/IT and fluorescence intensity of 

ICG were also measured by the microplate reader.

In vitro drug release was determined as follows. The nanoparticles were suspended in PBS 

(pH 7.4) in microcentrifuge tubes and kept in a shaking incubator at 37°C. At predetermined 

time points, aliquots were taken out and centrifuged at 14,000 rpm for 5 min. The 

supernatant was collected and the ICG concentration in the supernatant was measured by 

fluorescence intensity (FL) with the microplate reader (exc/em 740/815 nm). The TPZ 

concentration was measured by UV absorbance in the microplate reader as described above.
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DPBF, as an indicator to investigate the generation of 1O2, could react irreversibly with 1O2 

to cause a reduction in its absorbance. Briefly, DPBF in ethanol (20 µL, 5 mM) was added to 

a solution of iNP/IT (ICG, 30 µg/mL) in 1 mL aqueous solution. The solution was then 

irradiated with 808 nm laser (2 W/cm2, Meig Waei, China). After the designated time 

intervals of near-infrared (NIR)-laser irradiation, the absorption spectra of the mixture were 

measured by the microplate reader.

Cell uptake and ROS analysis

Flow cytometry was used to study the cellular uptake of nanoparticles in vitro. 4T1 cells 

were seeded in 12-well plates at the density of 1 × 105 cells/well and incubated with either 

free ICG or the nanoparticles (ICG, 30 µg/mL) for 6 h. The cells were harvested and cell 

uptake determined from ICG fluorescence per cell using a BD FACSCalibur flow cytometer 

(Bedford, MA) and FlowJo software for analysis.

Intracellular ROS and hypoxia were measured using the ROS-ID® Hypoxia/Oxidative stress 

detection kit (Enzo Life Sciences). 4T1 cells were cultured in a 20-mm glass-bottom dish 

(Nest) (3 × 104 cells/dish) and grown in complete medium for 24 h before treatment. Cells 

were treated with free ICG, NP/IT and iNP/IT (ICG, 30 µg/mL) for 6 h and treated with the 

kit reagent mix according to the manufacturer’s instructions. After 30 min, the cells were 

washed twice and exposed to 808 nm laser irradiation for 3 min. Laser was placed on the top 

of dishes or plates during irradiation in all the cell experiment. After irradiation, cells were 

washed, stained by Hoechst 33258, and observed by LSM 710 laser scanning confocal 

microscope (Zeiss, Jena, Germany).

Cytotoxicity and apoptosis assay

4T1 cells (3 × 103 cells/well) were cultured in normal oxygen levels (20%) for 12 h and then 

transferred to an incubator with either 2% or 20% oxygen atmosphere for an additional 24 h. 

The cells were treated with increasing concentrations of the nanoparticles (total drug dose 

1.50 - 18.75 µg/mL, ICG:TPZ=2:1) and exposed to a 3-min laser irradiation, followed by 

incubation for an additional 24 h. Cell viability was evaluated by Cell Titer Blue assay. The 

relative cell viability was normalized to the viability of untreated cells and expressed as the 

means ± SD of triplicate samples.

Apoptosis was examined using the Annexin V-FITC/PI Apoptosis Detection Kit 

(BioLegend, USA). Briefly, the cells were seeded in 12-well plates at the density of 1 × 105 

cells per well and cultured at different oxygen levels (2, 20%) as described above. At the 

80% confluency, the cells were treated with the nanoparticles followed by a 3-min laser 

irradiation and incubation for an additional 24 h. The Annexin V-FITC apoptosis detection 

was performed using flow cytometry in accordance with the manufacturer’s protocol and the 

data were processed using FlowJo.

Nanoparticle activity in multicellular tumor spheroids

The 4T1 cells (5 × 106 in 15 mL of complete media) were added to a 2% agarose-coated 

Petri dish and grown at 37 °C. The growth of spheroids was monitored with an EVOS 

fluorescence microscope (AMG). When the spheroid size reached 400 µm, free ICG or the 
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nanoparticles (ICG, 30 µg/mL) was added and the spheroids were cultured for another 12 h. 

After washing and fixing in 4% paraformaldehyde, the ICG fluorescence in spheroids was 

measured with the confocal microscope using XY-stack with 10 µm intervals. The images 

were also analyzed using ImageJ software. The spheroids were then treated trypsin, the 

obtained single-cell suspension washed with PBS and subjected to flow cytometry analysis.

The cytotoxicity of the nanoparticles in the spheroids was determined using a Live/Dead 

Viability/Cytotoxicity Kit (Biotium, USA). The 4T1 spheroids with 400 µm diameter were 

incubated with the nanoparticles (total drug dose, 7.5 µg/mL, ICG: TPZ=2:1) with or 

without laser irradiation for 3 min. After 12 h incubation, spheroids were rinsed with PBS 

and treated per manufacturer’s protocol. Images were obtained with the confocal 

microscope. Apoptosis was also examined using the Annexin V-FITC/PI Apoptosis 

Detection Kit by flow cytometry. Hypoxia in the spheroids was evaluated using the ROS-

ID® Hypoxia/Oxidative stress detection kit (Enzo Life Sciences).

In vivo biodistribution of nanoparticles

All animal experiments followed a protocol approved by the Institutional Animal Care and 

Use Committee. Biodistribution of the nanoparticles in tumor-bearing mice was analyzed by 

whole-body fluorescence imaging. 4T1 cells (5 × 105) were injected into the mammary fat 

pad of female Balb/c mice. When the tumor reached 150–200 mm3, free ICG or 

nanoparticles were administered via tail injection (100 µL, ICG concentration 100 µg/mL). 

At 4, 24 and 48 h after administration, mice were anesthetized and imaged using Xenogen 

IVIS 200. The mice were sacrificed 48 h post-administration and the tumors and major 

organs were harvested and subjected to ex vivo fluorescence imaging. The fluorescence from 

each organ was analyzed by the instrument software. Then, the isolated tumors were 

embedded in OCT compound, cut into 10 µm sections, and stained with DAPI. Blood 

vessels in the tumor frozen sections were visualized by confocal microscopy using CD31 

antibody staining (Abcam, ab28364). Tumor hypoxia was analyzed 48 h post-injection using 

pimonidazole hydrochloride (60 mg/kg) given by intraperitoneal injection. The mice were 

sacrificed 30 min after pimonidazole injection and the tumors were excised and frozen 

tumor sections were stained with FITC-Mab1 antibody using the Hypoxyprobe-1 Plus Kit 

(Hypoxyprobe Inc., Burlington) and imaged with the confocal microscope.

In vivo therapeutic efficacy

Orthotopic 4T1 tumors were established as above and treatment commenced when the 

average tumor volume reached about 100 mm3. A total of 35 female Balb/c mice (8 weeks 

old) were randomly assigned into seven groups (n=5) and injected with 5% glucose, free 

ICG controls, or various nanoparticle formulations via tail vein (2.5 mg/kg ICG, 1.2 mg/kg 

TPZ) at day 2 and 5. All the ICG-treated groups received 5-min laser irradiation at day 3 and 

6 (laser was placed ∼1 cm above the tumor). Tumor growth was monitored by digital 

calipers and the volumes calculated as: tumor volume (mm3) = 0.5 × length × width2. Body 

weight of the mice was recorded daily. All the mice were sacrificed on day 14 and the 

tumors were collected, weighed, and used for H&E and Ki-67 staining. For Ki-67 

immunostaining, antigen retrieval was performed using discovery CC1 solution (Ventana) at 

95°C (pH 8.5). Primary antibody (Abcam, ab16667) was incubated for 32 min at 37°C with 
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dilution of 1:200. Following staining, sections were observed using a microscope to obtain 

the proliferation index (percentage of Ki67-positive cells from the total cells). Three fields 

with the highest density of immunolabelled tumor cell nuclei (‘hot-spot’) were assessed per 

tumor at 40× magnification. The lungs were inflated with 30% sucrose, fixed in Bouin's 

solution for 18 h, and stored in 70% ethanol. Each of the five pulmonary lobes was separated 

and surface tumors were counted under dissecting microscope. After counting, the lungs 

were sectioned and stained with H&E. Other major organs, including heart, liver, spleen and 

kidneys were also harvested, fixed in 4% paraformaldehyde, sectioned and stained with 

H&E. Blinded histological analysis of the tissues was conducted by a trained pathologist at 

the UNMC core facility.

Statistical Analysis

Data are presented as the means ± SD. The statistical significance was determined using 

ANOVA followed by Bonferroni post hoc correction with p < 0.05 as the minimal level of 

significance.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Nanoparticle characterization. (A) TEM images of iNP/IT. (B) DLS size distribution of 

iNP/IT. (C) Fluorescence stability of iNP/IT and free ICG in water. (D) Release profiles of 

ICG and TPZ from iNP/IT in PBS at 37 °C. The data are shown as mean ± SD (n = 3) (E) 

ROS generation by iNP/IT. Normalized UV/vis absorption spectra iNP/IT with DPBF single 

oxygen probe after irradiation with 808 nm laser (2 W/cm2).
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Figure 2. 
Cell uptake and ability of the nanoparticles to generate intracellular ROS and hypoxia in 4T1 

cells. (A) Cell uptake analyzed by flow cytometry. Top-to-bottom: untreated cells, cells 

treated with free ICG, NP/I, iRGD+NP/IT and iNP/IT after 6 h incubation. (B) 

Quantification of cellular uptake shown as mean fluorescence intensity/cell ± SD, n = 3. 

***p < 0.001 vs. iRGD+NP/IT. (C) ROS and hypoxia generation following incubation of the 

cells with nanoparticles and laser irradiation. Confocal images of the cells stained with ROS 

and hypoxia probes. Cell nuclei were stained by Hoechst 33258, scale bar 20 µm.
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Figure 3. 
Effect of nanoparticles on the cell viability and apoptosis in 4T1 cells. Cell viability of 4T1 

cells following laser irradiation (except iNP/T) under (A) normoxia and (B) hypoxia for 24 

h. (C) IC50 values in hypoxic and normoxic conditions (D) Analysis of the synergism. The 

corresponding CI vs Fa plots of iNP/IT and iNP/T+ iNP/I under different oxygen conditions. 

Flow cytometry analysis of 4T1 cell apoptosis induced by various formulations for 24 h 

using the Annexin V-FITC/PI staining under (E) normoxia and (F) hypoxia. Results shown 

as the means ± SD (n = 3).

Wang et al. Page 19

ACS Nano. Author manuscript; available in PMC 2017 March 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Penetration and cell killing activity of the nanoparticles in 4T1 spheroids. (A) Surface plot 

images of 4T1 spheroids treated with free ICG, NP/IT, iRGD+NP/IT, iNP/IT and negative 

control. (B) Confocal microscopy images of spheroids after different treatments (X, Y and Z 

direction). (C) and (D) Accumulation of ICG in 4T1 cells from spheroids as indicated with 

mean fluorescence intensity and positive cell percent after flow cytometry analysis. Results 

are shown as mean ± SD, n = 3. ***p < 0.001 vs. iRGD+NP/IT. (E) Representative confocal 

images of live/dead viability assay in 4T1 spheroids treated with different formulations for 

24 h (w or w/o NIR irradiation). Live cells were stained with calcein AM (green), the dead 

cells were labeled with EthD-1 (red). Nucleus was stained with Hoechst 33258 (blue).
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Figure 5. 
Improved tumor delivery and penetration of nanoparticles in vivo in 4T1 orthotopic tumor-

bearing mice. (A) In vivo imaging of mice at 4, 24, and 48 h after intravenous injection of 

free ICG and different nanoparticles. (B) Ex vivo images of tumors and other tissues at 48 h 

after injection. (C) Semi-quantification of nanoparticle biodistribution in mice tissues 

collected at 48 h post-injection. Results are expressed as mean fluorescence intensity ± SD 

(n = 3). *p < 0.05. (D) Confocal images of frozen tumor sections. Tumor blood vessels were 

labeled with FITC-CD31 antibody (green). ICG is shown in red and nucleic in blue (Hoechst 

33258). (E) Hypoxia visualization in 4T1 tumors. Representative confocal images of frozen 

tumor sections stained with pimonidazole antibody (green).
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Figure 6. 
Therapeutic efficacy and antimetastatic activity in metastatic 4T1 orthotopic tumor model. 

(A) Tumor growth profiles in mice treated with saline, iNP/T, iNP/I, free ICG+TPZ, NP/IT, 

iNP/T+iNP/I, and iNP/IT w or w/o laser irradiation. (B) Representative images and weight 

of collected tumors. Results are expressed as mean ± SD (n = 5). **p< 0.01. (C) Histological 

analysis of tumor sections stained with H&E and Ki-67. Scale bars are 100 µm. (D) The 

corresponding proliferating index in the tumor tissue in Ki-67 staining assay. Data are 

expressed as mean ± SD (n = 3). ***p< 0.001 vs. control. (E) Average number of surface 

lung metastases. Results shown as average number of metastases observed under dissecting 

microscope ± SD (n = 5). ***p < 0.001, vs. untreated control. (F) Representative 

photographs of the whole lungs from mice treated with different formulations and H&E 

staining of the lung tissue sections (4×, 10× and 20×). Blue circles denote surface lung 

metastases.
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Scheme 1. 
Mechanism of action of tumor-penetrating nanoparticles in combined PDT and hypoxia-

activated treatment strategy.
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Table 1
Sample identification

Sample Description

ICG+TPZ Mixture of free ICG and TPZ

NP/IT NP loaded with ICG and TPZ

iRGD+NP/IT Mixture of free iRGD peptide and NP loaded with ICG and TPZ

iNP/IT iRGD-conjugated NP loaded with ICG and TPZ

iNP/I iRGD-conjugated NP loaded with ICG

iNP/T iRGD-conjugated NP loaded with TPZ

iNP/T+ iNP/I Mixture of iRGD-conjugated NP loaded with ICG and iRGD-conjugated NP loaded with TPZ

ACS Nano. Author manuscript; available in PMC 2017 March 02.


	Abstract
	Graphical abstract
	Results and Discussion
	Preparation and characterization of nanoparticles
	Enhanced cell uptake of iRGD-conjugated nanoparticles
	Intracellular ROS generation by the nanoparticles
	Anticancer activity of the nanoparticles in vitro
	Improved penetration and cell killing activity of iRGD-conjugated nanoparticles in tumor spheroids
	In vivo tumor accumulation and penetration
	In vivo antitumor efficacy

	Conclusion
	Materials and Methods
	Materials
	Cell Culture
	Preparation of nanoparticles
	Nanoparticle characterization
	Cell uptake and ROS analysis
	Cytotoxicity and apoptosis assay
	Nanoparticle activity in multicellular tumor spheroids
	In vivo biodistribution of nanoparticles
	In vivo therapeutic efficacy
	Statistical Analysis

	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Scheme 1
	Table 1

