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Photodynamic therapy (PDT) provides an effective therapeutic option for different types of cancer in addition to surgery, radiation, and chemotherapy. The treatment outcome of PDT is largely determined by both the light and dark toxicity of photosensitizers (PSs), which can be technically improved with the assistance of a drug delivery system, especially the nanocarriers. Toluidine blue (TB) is a representative PS that demonstrates high PDT efficacy; however, its application is largely limited by the associated dark toxicity. Inspired by TB’s noncovalent binding with nucleic acids, in this study, we demonstrated that DNA nanogel (NG) could serve as an effective TB delivery vehicle to facilitate anticancer PDT. The DNA/TB NG was constructed by the simple self-assembly between TB and short DNA segments using cisplatin as a crosslinker. Compared with TB alone, DNA/TB NG displayed a controlled TB-releasing behavior, effective cellular uptake, and phototoxicity while reducing the dark toxicity in breast cancer cells MCF-7. This DNA/TB NG represented a promising strategy to improve TB-mediated PDT for cancer treatments.
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1 INTRODUCTION
Photodynamic therapy (PDT) for cancers has gained increasing research interest due to its advantages, such as light-controlled toxicity, minimal invasiveness, feasibility of repeated treatments, and the potential to elicit anticancer immune responses (Agostinis et al., 2011; Li et al., 2020). With the presence of molecular oxygen and light, a photosensitizer (PS) generates reactive oxygen species (ROS) that can destroy the cell components, including DNA, proteins, and lipids, which collectively causes cell death (Pham et al., 2021). However, because of the intrinsic properties of PSs, PDT also suffers from several disadvantages, such as limited light penetration, poor solubility, and lack of cancer-targeting capability. Intensive efforts were made to improve the anticancer PDT performance including synthesizing near-infrared PS to obtain better light penetration, engineering the PS structure to improve the bioavailability and PDT efficiency, and encapsulating PSs in carriers to target the tumor cells (Wang et al., 2016; Pham et al., 2021; Marino-Ocampo et al., 2022). Generally, the ideal cancer PDT relies on an optimized light/dark toxicity ratio of PS, corresponding to a precise phototoxicity of tumor and a minimized side effect.
Toluidine blue (TB) is a cationic phenothiazinium dye that has been widely used as PS due to its near-infrared absorption (∼630 nm), good water solubility, and high ROS generation ability (Wainwright and McLean, 2017; Wiench et al., 2021). TB has been clinically used as a vital stain to highlight oral lesions. In addition, it has entered clinical trial as an antibacterial PS (Sridharan and Shankar, 2012; Singh et al., 2020). These examples of clinical application suggest TB’s excellent translational potential as an anticancer PS. However, TB also demonstrated a clear dark toxicity (Tremblay et al., 2002; Blazquez-Castro et al., 2009) and caused undesired side effects, which inevitably limited its administered dose. Recent studies have demonstrated that TB’s anticancer PDT effects could be improved by loading it into nanocarriers. The nanocarriers could help realize the cancer-targeted delivery through both enhanced permeation and retention (EPR) effects and the targeted nanomedicine (Xie et al., 2021). In addition, the controlled release of TB via nanocarriers effectively ameliorated its dark toxicity and improved the pharmacokinetics to favor cancer treatment (Lucky et al., 2015; Zhang and Tung, 2018). Until now, several nanomaterials, including gold, PLGA, and upconversion nanoparticles, have been exploited to deliver TB for anticancer PDT applications (Popp et al., 2012; Wang et al., 2020; Yang et al., 2021), while a delivery vehicle with intrinsic biological activities is of great significance to facilitate TB’s anticancer PDT.
DNA is a bioactive material featuring biocompatibility and flexibility to build different DNA materials for biosensing, imaging, and anticancer therapy (Chen et al., 2015; Lv et al., 2021). When combined with sequence design, nucleic acid therapeutics could be incorporated into DNA nanocarriers, thus potentially enhancing PDT efficiency (Li et al., 2019; Qu et al., 2022). For example, CpG DNA and G-quadruplex sequences, that act as immunoadjuvant and photosensitizer anchors, respectively, have been incorporated into DNA nanostructures through rolling circle amplification. This formed multifunctional DNA nanocarriers successfully realized the combination of PDT and immunotherapy for cancer (Wang et al., 2022). In fact, TB could stain the nucleus both in fixed and live cells due to its high affinity toward nucleic acids, especially DNA (Ilanchelian and Ramaraj, 2011; Singh et al., 2020). Inspired by TB’s noncovalent interactions with DNA, e.g., the direct intercalation and electrostatic interaction, in this study, we developed a self-assembled DNA nanogel to deliver TB for anticancer PDT. The TB-loaded DNA nanogel (DNA/TB NG) was comprehensively characterized, and the anticancer PDT effects were evaluated using the breast cancer cell line MCF-7. Compared with free TB, the prepared DNA/TB NG demonstrated excellent photostability, controlled TB-releasing behavior, and reduced dark toxicity. This DNA/TB NG potentially provided a facile and cost-effective strategy to deliver TB toward an improved anticancer PDT application.
2 MATERIALS AND METHODS
2.1 Materials
Herring sperm DNA (hsDNA, <50 bp, #D3159), cisplatin (#479306), o-phenylenediamine (OPDA, #P23938), and toluidine blue (TB, #T3260) were obtained from Sigma (St. Louis, MO, United States). The ROS probe 2’,7’-dichlorofluorescin diacetate (DCFDA) was purchased from Abcam (Cambridge, MA, United States). The MTS assay kit was purchased from Promega (Madison, WI, United States).
2.2 Synthesis of DNA/TB NG
Cisplatin (5 mg/mL) was dissolved in heated water to allow full dissolution. Then, 200 µL of cisplatin was mixed with 250 µL of TB (2 mg/mL in water) before adding 800 µL of hsDNA (5 mg/mL in water). The mixture was quickly heated at 90°C for 5 min and then cooled on ice for 5 min. Then, the DNA/TB NG was acquired by dialysis against pure water (MWCO = 3.5 kDa). The dialysis water was collected to quantify TB based on the absorbance peak at 633 nm using a standard curve. The TB content in DNA/TB NG was calculated by deducting the amount of TB in dialysis water from the input TB during the preparation. Cisplatin retained in the DNA/TB NG was quantified using a modified OPDA method as reported previously (Zhang et al., 2017). Briefly, the DNA/TB NG was diluted with 9% NaCl solution at a 10-fold rate. The diluted NG was mixed with an equal volume of 1.2 mg/mL OPDA in DMF, followed by 10 min heating at 100°C. Then, the absorbance at 705 nm of cisplatin–OPDA adducts was determined on a microplate reader (Tecan Group Ltd., Männedorf, Switzerland). The cisplatin content was correlated using a cisplatin standard curve with a concentration ranging from 0.625 to 20 μg/mL. The drug loading efficiency was defined as the weight of the encapsulated drug divided by the total NG weight. To prepare the blank DNA NG, hsDNA plus cisplatin only was heated and cooled following the same protocol used for the DNA/TB NG.
2.3 Characterization of DNA/TB NG
The diluted DNA/TB NG solution was dropped on a copper grid, left to dry, and then observed using a TEM (JEM-1400, JEOL, Tokyo, Japan). For negative staining, the DNA/TB NG on the copper grid was stained with 1.5% uranyl acetate for 2 min. To measure the size, at least 100 particles from TEM images (with negative staining) were counted. The DNA/TB NG was diluted with an appropriate volume of pure water, and then the dynamic light scattering (DLS) analysis was conducted on a Zetasizer Nano ZS90 (Brookhaven Instruments, Holtsville, NY, United States). The absorption spectra of DNA/TB NG were collected using a Cary 60 UV-Vis spectrophotometer (Agilent Technologies, Santa Clara, CA, United States). To measure the fluorescence spectra, aqueous solution of DNA/TB NG was excited at 620 nm, and emission ranging from 650 to 830 nm was recorded using a microplate reader (Tecan Group Ltd., Männedorf, Switzerland). In drug release analysis, 1 mL of free TB or DNA/TB NG solution was sealed in a dialysis tube and immersed in 80 mL of PBS. The dialysis was conducted in an incubator at 37°C with a rotation speed of 100 rpm. At pre-determined time points, PBS was collected out of the dialysis tube, and an equal volume of fresh PBS was replenished. The TB content in the collected PBS was quantified based on the absorbance, as described previously. Before and after the dialysis in PBS, the hydrodynamic size of DNA/TB NG was measured using a DLS sizer to monitor the stability.
2.4 Photostability of DNA/TB NG
To evaluate the photostability, free TB and DNA/TB NG solution in a transparent 96-well plate were kept in the dark or irradiated by an LED light source (660 nm, 25 mW/cm2) for 0, 2, 5, and 10 min. After each light irradiation, both the absorption and fluorescence spectra were monitored using the microplate reader.
2.5 Cell culture
The human breast cancer cell line MCF-7 was obtained from the Cell Resource Center of Chinese Academy of Medical Sciences and Peking Union Medical College (Beijing, China). The cells were cultured in RPMI 1640 medium supplemented with 10% FBS and 100 U/mL streptomycin and penicillin. Cells seeded in dishes or plates were kept at 37°C in a humidified incubator with 5% CO2.
2.6 Fluorescence microscopy and FACS analysis
Cells seeded in 8-well chamber µ-slides (ibidi, Martinsried, Germany) were treated with free TB and DNA/TB NG (8 μM TB) for 20 h. Then, the cells were incubated with Hoechst dye for 2 min to stain the nucleus. The cells were observed on an EVOS FL Auto microscope (Thermo Fisher Scientific, Waltham, United States) with a Cy5 channel for TB and a DAPI channel for Hoechst imaging. The intracellular TB fluorescence was quantified using Fiji/ImageJ software. For intracellular ROS analysis, cells were first treated with free TB and DNA/TB with the TB concentration set at 2 μM. Then, the cells were stained using the DCFDA probe following the manufacturer’s instructions. The cells were further irradiated by an LED light source (660 nm, 25 mW/cm2) for 10 min. Immediately after the light irradiation, DCFDA fluorescence from the cells was analyzed on a Gallios flow cytometer (Beckman Coulter, Brea, CA, United States).
2.7 Cell viability analysis
MCF-7 cells were seeded in a 96-well plate and incubated overnight to allow cell adhesion. To evaluate the viability of cells treated by blank DNA NG, cells were treated by the NG with a concentration ranging from 2.7 to 167 μg/mL for 48 h. To determine the dark and light toxicity of the DNA/TB NG, the cells were treated by free TB and DNA/TB NG with TB concentrations set at 0, 0.1, 0.4, 1, 2, and 4 µM. After 20 h of incubation, the cells in the PDT group were irradiated with an LED light source (660 nm, 25 mW/cm2) for 30 min. After 1 day, the cell viability was evaluated using the MTS assay kit following the manufacturer’s instructions. The viability of cells with neither TB nor light treatment was expressed as 100%.
2.8 Statistical analysis
All the results were expressed as the mean ± standard deviation (SD). Student’s t-test was used for statistical analysis, with a p-value <0.05 considered statistically significant.
3 RESULTS AND DISCUSSION
3.1 Preparation of DNA/TB NG
To prepare the self-assembled DNA nanogel, herring sperm DNA (hsDNA) segments (<50 bp) were selected as a model DNA since it is readily available and cost-effective and widely used for studying drug–DNA interactions (Sirajuddin et al., 2013; Xiong et al., 2021). Cisplatin, a common chemotherapeutic drug that could also act as a crosslinker to build different nanoparticles (Li et al., 2014; Zhang and Tung, 2017a; Wang et al., 2021; Sala et al., 2022), was utilized to construct the DNA nanogel, as previously demonstrated (Zhang and Tung, 2017b). A simple mixing of cisplatin, TB, and hsDNA, followed by a heating and cooling process, generated the DNA/TB NG (Figure 1A). As revealed by TEM with or without negative staining, the DNA/TB NG clearly presented as spherical nanostructures (Figures 1B, C). TEM size measurements suggested that the DNA/TB NG had a size of approximately 175.1 nm (Figure 1D). Dynamic light scattering (DLS) analysis revealed that the DNA/TB NG was negatively charged (−25.6 mV), and the hydrodynamic size was approximately 236.1 nm with a narrow distribution, as indicated by a polydispersity index (PDI) of approximately 0.155 (Table 1). This observed larger size from DLS measurements could have resulted from DNA/TB as a nanoscale hydrogel adsorbs water molecules and swells in aqueous solutions.
[image: Figure 1]FIGURE 1 | Preparation of DNA/TB NG. (A) Schematic illustration of the self-assembly of DNA/TB NG. (B) Representative TEM image (no staining). (C) Representative TEM image of the DNA/TB NG with negative staining. (D) Size distribution of DNA/TB NG calculated from TEM (with staining).
TABLE 1 | DLS analysis and TB loading efficiency of DNA/TB NG.
[image: Table 1]3.2 Characterization of DNA/TB NG
In the UV-Vis-NIR absorption spectrum (Figure 2A), the appearance of a TB absorption peak in DNA/TB NG was found. The control nanogel without TB encapsulation (named blank DNA NG) only showed a peak at approximately 260 nm, which was inherent to DNA absorption (Supplementary Figure S1). The absorption of TB in DNA/TB NG demonstrated a blue shift (Figure 2A), which might have resulted from the binding between TB and DNA or part of TB aggregated within the NG. This phenomenon, together with that of TB fluorescence in NG, was quenched compared with free TB (Figure 2B), strongly suggesting that TB was successfully loaded in the NG. The TB loading efficiency in the NG was approximately 9.35%, while only 0.14% of cisplatin was found in DNA/TB NG (Table 1). Considering cisplatin’s role as chemotherapeutics, the biocompatibility of the blank DNA NG containing similar cisplatin content to DNA/TB NG was evaluated using the cell viability assay, and no observable cytotoxicity was found, with the NG content set up to 167 μg/mL (Supplementary Figure S1C). Given the trace amount of cisplatin retained in the NG, the contribution of cisplatin’s cytotoxicity for DNA/TB NG would be neglectable. As the controlled drug release played a pivotal role in determining nanomedicine’s therapeutic efficacy (Farokhzad and Langer, 2006; Zhao et al., 2012), the TB’s release curve in PBS buffer was evaluated at 37°C. The free TB could diffuse through the dialysis membrane and thus was released rapidly within 8 h (Figure 2C). Unlike free TB, the DNA/TB NG demonstrated a slowly releasing behavior within 48 h incubation. The DNA/TB NG appeared slightly swollen in PBS (Figure 2D), possibly due to the removal of TB, as approximately 70% of it had been released after 2 days. The absence of significant aggregation of DNA/TB NG in PBS buffer suggested that it would still behave as a nanoparticle even after being introduced into the biological environment.
[image: Figure 2]FIGURE 2 | Spectra and drug release analysis of DNA/TB NG. (A) Absorption spectra and (B) fluorescence spectra of free TB and DNA/TB NG. The TB concentration was fixed at 20 μg/mL. (C) Drug release of TB in PBS at 37°C. (D) Size distribution of DNA/TB NG dispersed in PBS for 2 days (37°C).
3.3 Photostability of DNA/TB NG
Photostability is a key parameter for PSs. The light-stimulated ROS during the PDT process could also break the PS structure, thereby causing photobleaching (Yogo et al., 2005; Tasso et al., 2019). To evaluate the photostability of DNA/TB NG in comparison to free TB, the aqueous solution of both TB and DNA/TB was exposed to an LED light source (660 nm) for up to 10 min, and the absorption and fluorescence spectra were recorded. As shown in Figures 3A, B, the light exposure could clearly decrease TB absorption and fluorescence intensity in the case of free TB, while minimal photobleaching was found after the same treatment for DNA/TB NG (Figures 3C, D). The improved photostability of TB in DNA/TB NG was understandable, as different nanomaterials were proven to protect the encapsulated dye from photobleaching (Zhao et al., 2009; Zhang et al., 2021). The morphology of DNA/TB NG was also imaged using the TEM before and after the light irradiation. No structural disruption of NG was observed after the light stimulation (Figures 3E, F), thus supporting the favorable photostability of DNA/TB NG.
[image: Figure 3]FIGURE 3 | Photostability of DNA/TB NG. (A) Absorption and (B) fluorescence spectra of free TB after light irradiation at different minutes. (C) Absorption and (D) fluorescence spectra of DNA/TB NG. (E, F) Morphology of DNA/TB NG before (E) and after (F) 10 min light irradiation (660 nm, 25 mW/cm2).
3.4 Cellular uptake in vitro
Encouraged by the successful preparation of DNA/TB NG, the cellular uptake of DNA/TB and its intracellular localization were evaluated using the breast cancer cell line MCF-7. After 20 h of incubation with free TB, fluorescence microscopy found strong TB fluorescence in a minority of cells, while the fluorescence in the rest of the cells was very dim (Figure 4). In the case of DNA/TB-treated cells, heterogeneous fluorescence intensity in cells was also observed, while stronger fluorescence was presented in most of the cells than those treated with free TB (Figure 4B). This heterogeneous uptake of TB in cells might be dependent on the phenotypic and functional heterogeneity between cancer cells.
[image: Figure 4]FIGURE 4 | Fluorescent microscopy of MCF-7 cells treated with free TB and DNA/TB NG (8 µM of TB) for 20 h. (A) Representative fluorescence images. (B) Intracellular TB fluorescence intensity quantified from the fluorescence images.
3.5 PDT effects in vitro
In order to examine the PDT performance of DNA/TB NG, the ROS generation in cells was measured by DCFDA staining and flow cytometry (FACS). As demonstrated in Figure 5A, with the light irradiation, the ROS-positive rate of TB-treated cells rose from 9.63% to 22.82%, which was similar to that of DNA/TB NG with a ROS-positive rate that increased from 10.38% to 23.01%. The loading of TB in DNA/TB NG did not compromise the ROS generation in cells, as TB would be released following the degradation of DNA NGs. The dark and light toxicity were then evaluated with the presence and absence of light irradiation (660 nm), respectively. The dark toxicity of DNA/TB NG was weaker than that of free TB when the TB concentration was set at 1 and 2 µM (Figure 5B). With the presence of light, clear PDT toxicity was observed for both TB and DNA/TB NG in a concentration-dependent manner. Although DNA/TB NG elicited relatively less phototoxicity at 1 µM of TB, it could compete with free TB at higher TB concentrations. The light condition used here did not affect the cell viability of control cells (Supplementary Figure S2), suggesting that the observed phototoxicity was exclusively from the PS. The IC50 value of DNA/TB NG from dark to light was decreased by 47.2% (from 3.07 to 1.62 µM), while the decrease was 22.1% for free TB (from 1.13 to 0.88 µM). Since TB release in NG was relatively slower (Figure 2C), the DNA/TB NG generated less cytotoxicity in the dark, which is meaningful for advancing TB’s anticancer PDT application. More benefits of DNA NG were expected in vivo as EPR effects might help the accumulation of NGs at tumor sites (Zhang et al., 2014; Xie et al., 2021). Meanwhile, it should be noted that the hsDNA used here is a natural DNA extracted from Herring sperm, and thus potential contamination of endotoxin and immunogenic DNA sequence might exist (Kabbaj and Phillips, 2001; Urban et al., 2021), which would limit the current DNA/TB NG’s in vivo applications. Nevertheless, employing purified functional nucleic acids, such as immunoadjuvant CpG or siRNA, as templates can avoid the biocompatibility concerns of DNA NGs, which would also help fully exploit the biological activities of DNA NGs for TB delivery and anticancer PDT.
[image: Figure 5]FIGURE 5 | Comparison of PDT effects of TB and DNA/TB NG on MCF-7 cells. (A) FACS analysis of ROS in cells. The TB concentration was 2 µM. (B) Cytotoxicity of TB and DNA/TB NG with or without light irradiation.
4 CONCLUSION
To summarize, in this study, we demonstrated that self-assembled DNA NG could be used as an effective TB delivery vehicle for anticancer PDT in the breast cancer cell line. The preparation of DNA/TB NG was assembled by cisplatin coordination and TB’s noncovalent binding with DNA, featuring with low cost, facile synthesis, and good biocompatibility. The acquired DNA/TB NG successfully enabled a controlled TB release, improved photostability, and reduced dark toxicity, thus providing a promising strategy to facilitate anticancer PDT application of TB. Considering the advantages of quick and facile preparation of DNA/TB NG, future efforts may focus on combining functional DNA such as targeting sequence and nucleic acid therapeutics to increase the selectivity and PDT efficacy of DNA/TB NGs toward cancers.
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