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Abstract

:

Mitochondria are important organelles that play key roles in generating the energy needed for life and in pathways such as apoptosis. Direct targeting of antitumor drugs, such as doxorubicin (DOX), to mitochondria into cells is an effective approach for cancer therapy and inducing cancer cell death. To achieve targeted and effective delivery of antitumor drugs to tumor cells, to enhance the therapeutic effect, and to reduce the side effects during the treatment, we prepared a cationic amphiphilic polymer with aggregation-induced emission (AIE) characteristic. The polymer could be localized to mitochondria with excellent organelle targeting, and it showed good mitochondrial targeting with low toxicity. The polymer could also self-assemble into doxorubicin-loaded micelles in phosphate buffer, with a particle size of about 4.3 nm, an encapsulation rate of 11.03%, and micelle drug loading that reached 0.49%. The results of in vitro cytotoxicity experiments showed that the optimal dosage was 2.0 μg/mL, which had better inhibitory effect on tumor cells and less biological toxicity on heathy cells. Therefore, the cationic amphiphilic polymer can partially replace expensive commercial mitochondrial targeting reagents, and it can be also used as a drug loading tool to directly target mitochondria in cells for corresponding therapeutic research.
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1. Introduction


Doxorubicin (DOX) is effective against tumor cells, but the systemic application of this drug usually causes severe side effects in other tissues, such as irreversible cardiotoxicity or nephrotoxicity. Therefore, the clinical application of DOX has been limited [1,2,3]. How to effectively deliver drugs to tumor cells in a targeted manner is one of the key issues in the treatment of cancer.



Mitochondria are important organelles that control multiple signaling pathways critical for cell survival and cell death [4]. In recent years, more and more evidence has shown that mitochondria, as a powerful intracellular power source, plays important roles in cellular metabolism, energy production, apoptosis, and signal transmission, and are related to carcinogenesis [5,6,7]. The malignant transformation of tumor cells is often the result of long-term damage to reactive oxygen species (ROS), a toxic by-product of oxidative phosphorylation, and mitochondria are the main source of ROS [8,9,10]. ROS overproduction promotes mutations in oncogenes. When mutated cells survive this oxidative stress, they may emerge as immortalized cells and initiate tumor progression [10,11]. There is evidence that ROS can mediate the abnormal activity of human telomerase reverse transcriptase (hTERT) in cancer cells. In addition, hTERT can activate telomerase activity, maintain telomere length, prevent telomere degradation, and induce cell immortalization, which are the main hallmarks of cancer [12,13,14]. Therefore, mitochondria are reasonable targets for anticancer therapy. A drug such as doxorubicin is a broad-spectrum antineoplastic agent, known for its accumulation in the nuclear compartment and inhibition of topoisomerase II upon intercalation into DNA [15]. Using mitochondria as a surrogate target for DOX can extend the therapeutic curve and overcome the effects of multidrug resistance (MDR). In the meanwhile, its mitochondria-specific delivery has been shown to exert cytotoxic effects through insertion into mitochondrial DNA or through oxidative damage to DNA, membrane-bound proteins, and enzymes. Inhibition of P-gp significantly reduced drug efflux and mitochondrial damage led to activation of mitochondria-specific apoptotic pathways in tumor cells [16,17,18,19,20].



So far, numerous research attempts have been made on mitochondria-targeting drug carriers. Because the mitochondria of cancer cells are markedly different from those of normal cells, there are a variety of potential mitochondrial targets [21], for example, mitochondrial membrane potential (ΔΨm), mitochondrial protein import machinery, hexokinase 2 (HK2), ion channels, ROS inducer, mitochondrial autophagy inducer, mtDNA, electron transport chain, etc. Glycyrrhetinic acid can interact with mitochondrial ETC, resulting in decreased mitochondrial membrane potential. Glycyrrhetinic acid (GA)-functionalized graphene oxide (GO) can deliver doxorubicin (Dox) to the mitochondria of cancer cells, improve mitochondrial permeability, and enhance mitochondrial drug absorption [22]. However, the cytoplasm is highly viscous, which hinders the diffusion of targeted drug molecules within the cell. However, the method based on nanotechnology can ensure the integrity of the original form of the drug, which has made remarkable progress in mitochondrial drug transport. For example, the distinguishing feature of lipophilic cations is that their positive charge is delocalized over a large and hydrophobic surface area that can easily pass through the phospholipid bilayer [23], enabling them to accumulate into the mitochondrial matrix in response to membrane potential [24,25,26]. However, the inherent toxicity associated with lipophilic cations has hindered their clinical development, and thus, has limited applications [27,28]. Synthetic peptides by altering lipophilicity and charge composition can also act as mitochondria-targeting carriers, which exhibit strong affinity for mitochondria. However, the main problems of these peptides are their large molecular weight and poor water solubility [29,30].



Usually, drug-loaded micelles formed from amphiphilic copolymers are highly impermeable and can maintain long-term stability in blood circulation, thereby, reducing the side effects of drugs on healthy tissues [31,32]. Based on the above considerations, we designed a fluorescent amphiphilic polymer micelle (PTD) as a drug carrier to load doxorubicin by electrostatic interaction. Its hydrophobic shell can dissolve hydrophobic drugs, while the hydrophilic shell can make the entire micellar assembly readily soluble in aqueous environments. We characterized it by UV-visible and fluorescence spectra.The drug loading, formation mechanism, organelle targeting and cytotoxicity of DOX-loaded PTD were studied. The polymeric micelles exhibited excellent targeting selectivity to mitochondrial organelles, even better than the commercial mitochondrial fluorescent probe, MitoRed, in some aspects. The DOX-loaded micellar system designed in this paper is expected to realize the function of combining diagnostic imaging and therapeutic capabilities.




2. Materials and Methods


2.1. Materials


MitoRed (Ex/Em = 579 nm/600 nm) and LysoGreen (Ex/Em = 443 nm/505 nm) were purchased from KeyGEN BioTECH (Jiangsu, China); 1X phosphate-buffered saline was purchased from Biosharp (Beijing, China); RPMI Medium 1640 basic, fetal bovine serum (FBS), Trypsin-EDTA (0.25%), and penicillin streptomycin were purchased from Gibco (Beijing, China); doxorubicin hydrochloride (98%) was purchased from Aladdin (Shanghai, China); dimethyl sulfoxide was purchased from Guangzhou Chemical Reagent Factory; and the Cell Counting Kit-8 was purchased from Dojindo (Shanghai, China). All other chemicals were purchased from Guangzhou Chemical Reagent Factory.




2.2. Synthesis of the Cationic Amphiphilic Aggregation-Induced Luminescent Polymer, PTD


The cationic polymer, PTD (Figure 1), was synthesized according to the method described in our previous work [33]. In this work, the content of segment dimethyl diallyl ammonium chloride (the cationic segment) was fixed at 0.1 mol% (m:n = 99.9:0.1).




2.3. Synthesis of DOX-Loaded PTD


To load DOX in polymer PTD, first, we desalted the commercially available doxorubicin hydrochloride. A certain amount of doxorubicin hydrochloric acid was dissolved in deionized water, 1–2 drops of dilute ammonia (5%) were added dropwise, and the mixture was repeatedly extracted with dichloromethane. Then, the dichloromethane was removed. The obtained doxorubicin was dissolved in DMSO (10 mL), mixed with 10 mL of PTD phosphate-buffered solution (100 mg PTD), and the mixture was stirred at room temperature for 24 h. The mixture was dialyzed against DMSO for 24 h, and then dialyzed against deionized water for another 48 h (the molecular weight cut-off of the dialysis bag is 8000). After lyophilization, the DOX-loaded PTD, a dark purple product (90 mg), was obtained.



The molecular structure of PTD contains both hydrophilic quaternary ammonium segment and hydrophobic tetraphenyl ethylene group, a typical characteristic group with aggregation-induced emission (AIE) properties (Figure 2). Thus, when placed in an aqueous solution, the hydrophobic segments coalesce to form nucleation, while the hydrophilic segments attach to the surface of the nucleus to form corresponding aggregates. As shown in Figure 1, the purple line represents the tetraphenyl group, which is a hydrophobic chain segment. The black line is the quaternary ammonium group and a hydrophilic chain segment. The red dot is DOX. After dispersing PTD and DOX in an aqueous solution, PTD is positively charged and can bind to negatively charged DOX through hydrogen bonding and electrostatic interaction, and then can be loaded to the hydrophobic tetraphene inner surface to form drug-carrying micelles and protect them from degradation.




2.4. In Vitro Cytotoxicity Assay


For the cytotoxicity to 4T1 mouse breast cancer cells, the polymer and DOX-loaded polymer were both prepared in 5 mg/mL stock solutions with phosphate buffer solution. The culture solution (RPMI 1640 with 10% fetal bovine serum and 1% penicillin streptomycin) was prepared into a dispersion liquid according to a certain concentration gradient (0.125, 0.25, 0.5, 1.0, and 2.0 μg/mL). Breast cancer cells were counted and seeded in a 96-well plate, containing 100.0 μL of medium, at a density of 1.2 × 105 cells per well. The plate was incubated overnight for 15 h to observe whether the cells adhered. Then, 1640 culture medium containing different concentrations of polymer or DOX-loaded polymer was added according to the area, and the incubation was continued for another 24 h. Subsequently, all wells were enriched with 100.0 μL solution which contained 10% CCK-8 reagent and 90% RPMI 1640 medium. After 2 h incubation, the cell viability was measured by using a microplate reader at a wavelength of 450 nm. The cytotoxicity to 3T3 mouse fibroblasts was also investigated by using a similar method.




2.5. Organelle Staining Experiments


For lysosome staining, the 4T1 mouse breast cancer cells were seeded in a culture dish, and after the cells had grown to about 80% of the bottom, the culture medium was removed and washed three times with PBS buffer. The pre-prepared PTD solution (5 μg/mL) was added and incubated for 12 h. Then, the lysosomal probe solution (LysoGreen) with a concentration of 1 μM was added in the dark and placed in an incubator for staining for 1 h.



For mitochondrial staining, the mitochondrial staining method was similar to lysosome staining, except that the concentration of mitochondrial probe solution (MitoRed) was 0.25 μM and the staining time was 20 min.





3. Results


3.1. In Vitro Cytotoxicity Assay to 4T1 Mouse Breast Cancer Cells


Biotoxicity data are very important for PTD polymers used as drug carriers. The polymer system loaded with doxorubicin should have strong biotoxicity to cancer cells, and at the same time have no or low biotoxicity to healthy cells. After co-incubating breast cancer cells with different concentrations of PTD and DOX-loaded PTD for 24 h, we could see that the cell viability of PTD polymer reached more than 80% in the concentration range from 0.125 μg/mL to 2.0 μg/mL. However, the biotoxicity of DOX-loaded PTD became stronger and stronger with an increase in its concentration. At the concentration of 1.0 μg/mL, cell viability began to decrease significantly, and when the concentration increased to 2.0 μg/mL, cell viability was greatly reduced to about 10% (Figure 3). Therefore, in the drug loading system, DOX-loaded PTD has a good inactivation effect on cancer cells when the concentration is greater than 2.0 μg/mL.




3.2. In Vitro Cytotoxicity Assay to 3T3 Mouse Fibroblasts Treated


However, it is well known that cationic polymers are biologically toxic at higher concentrations [34]. Therefore, we also investigated the biotoxicity of this polymer system to healthy cells. Here, we chose 3T3 mouse fibroblasts treated as the research object. Although free DOX has a strong inactivation effect on healthy cells, very low toxicity of the DOX-loaded PTD could be found in our system. It can be seen from Figure 4 that the cell viability of PTD and DOX-loaded PTD is above 80% in the concentration range from 0.125 to 2.0 μg/mL. We speculate that the weak acid environment of breast cancer cells may promote the release of loaded DOX, which in turn, leads to increased toxicity of the material system and inactivation of cancer cells. However, for healthy cells, the neutral and/or alkaline environment is not easy for DOX to dissociate, and therefore, the material remains consistently low in biotoxicity even at higher concentrations. This also indicates that drug-loaded micelles formed by PTD are very stable.



Based on the previous experimental data, for DOX-loaded PTD, the optimal concentration is 2.0 μg/mL, which can ensure sufficient inactivation efficiency on cancer cells as well as ensure the biological activity on normal healthy cells.




3.3. Organelle Targeting Studies


Relevant studies in the literature have reported that cationic nanocarriers enter tumor cells mainly through energy-dependent endocytosis [35,36] or cell membrane perforation mechanisms [37,38]. Some are transported to lysosomes, and some are transported to cytoplasm or other organelles, avoiding lysosomes. Therefore, in order to study the organelle targeting properties of the PTD system, we selected 4T1 mouse breast cancer cells as the in vitro cell model, and carried out the following research work in combination with commercial lysosome and mitochondrial staining reagents. The blue fluorescence is polymer fluorescence, the green fluorescence is commercial lysosomal fluorescence, and the red fluorescence is commercial mitochondrial fluorescence. The more overlapping areas and the darker the color, the better the overlap effect. As can be seen from Figure 5, the polymer with blue fluorescence has a better color overlap effect than the red commercial mitochondria, indicating that it has better targeting properties to mitochondria than lysosomes. In addition, PTD is structurally formed by connecting a hydrophilic positively charged group with a hydrophobic group through a chemical bond, which can selectively target mitochondria under the drive of mitochondrial membrane potential. This further confirms that PTD can target mitochondria. Mitochondrial organelle staining can be efficiently achieved at a very low polymer concentration. In addition, the polymer is easy to prepare and inexpensive, and can replace more expensive commercial mitochondrial probes on some occasions.





4. Discussion


The purpose of this article is to design and synthesize a class of cationic AIE polymers for partial replacement of more expensive mitochondrial fluorescent markers and to design them as an effective drug carrier for direct entry into organelles. The introduction of cations is for this purpose. It can cause electrostatic adsorption between it and the negatively charged DOX, and with the help of the mitochondrial targeting properties of the PTD polymer, the DOX could smoothly enter the organelles inside the cell. In previous research, we mainly used this polymer for the visual detection of organophosphorus, and its microscopic morphology has been studied in detail [33,39,40]. The particle size distribution of PTD and DOX-loaded PTD used in this paper is shown in Figure S3 and the distribution is relatively uniform. The smaller size PTD facilitates its engulfment by cells and smooth entry into organelle mitochondria. Cytotoxicity experiments have indeed confirmed our speculation.



From the current research results, we cannot directly prove whether DOX is released inside the mitochondria. However, from the cytotoxicity data of the PTD containing DOX, it can be seen that DOX can be released in the cancer cell environment, inhibiting the growth of cancer cells. From the normal cytotoxicity experiments, it can be seen that its toxicity is small, indicating that the release of free state DOX is less. It can also be seen from the drug release curve (Figure S2) that DOX released by the drug loading system in the acidic environment is higher than that in the neutral environment, and the loading system is more stable in the neutral environment. Therefore, we can infer that the acidic environment of cancer cells is conducive to the upspring of DOX from PTD. Using this feature, we can, then, use PTD as a vehicle for DOX drug delivery.



In addition, the commercial mitochondrial fluorescent probe (MitoRed) that we purchased cost about 2000 rmb/400 μg, which is expensive. Whereas the main raw materials for the synthesis of PTD are not too expensive. For example, bromotriphenylethylene is about 500 rmb/100 g, dimethyl diallyl ammonium chloride (DMDAAC) is about RMB 75/500 mL, and (4-aminophenyl) boronic acid is about RMB 600/25 g. Moreover, the yield of the synthesis process is high, and we also have a related Chinese patent [41] for the synthesis route of intermediates, and the final product PTD price is much lower than that of commercialized mitochondrial fluorescent probe. In addition, we could adjust the fluorescence wavelength emitted by the polymer by introducing different substituents to obtain better results.




5. Conclusions


In summary, a major problem of current antitumor drug therapy is its broad-spectrum toxicity, which inactivates many normal cells while inactivating tumor cells. To address this problem, in this paper, a cationic amphiphilic AIE polymer system is investigated, which has excellent targeting properties to mitochondria. Once loaded with DOX, the DOX can take advantage of its mitochondrial targeting properties to enter cells by targeting mitochondria. For 4T1 mouse breast cancer cells, due to their inherent weak acidic environment, the loaded DOX can be freed from the loading system inside the cancer cells, thereby, inactivating the cancer cells. When the concentration of DOX-loaded micelles was 2.0 μg/mL, it had a good inactivation effect on cancer cells, and the survival rate of cancer cells was 10%, while at the same time, it was basically non-toxic to normal functional 3T3 mouse fibroblasts treated. The cationic amphiphilic polymer reported in this paper is expected to replace expensive mitochondrial fluorescent probe in some cases, and it also demonstrates a drug-loading tool for cancer therapy.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/pharmaceutics15010103/s1, Figure S1: Fluorescence spectra of PTD with different concentrationsin PBS buffer: 2.5, 5, 10, 20, 40, 80, 320 μg/mL; Figure S2: Cumilative release profile of DOX at different pH value (37 °C); Figure S3: Particle size distribution histograms of (A) PTD and (B) DOX-loaded PTD.





Author Contributions


Conceptualization, J.Z. and S.L.; methodology, J.Z. and H.W.; software, J.Z. and W.W.; validation, J.Z., S.L. and Z.C.; formal analysis, J.Z.; investigation, J.Z.; resources, S.L.; data curation, J.Z.; writing—original draft preparation, J.Z.; writing—review and editing, S.L.; visualization, S.L.; supervision, S.L.; project administration, S.L.; funding acquisition, S.L. All the authors contributed to the analyses of data. All authors have read and agreed to the published version of the manuscript.




Funding


Guangdong Provincial Department of Science and Technology (2020B010179001).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Li, J.; Zhang, B.; Yue, C.; Wu, J.; Zhao, L.; Sun, D.; Wang, R. Strategies to release doxorubicin from doxorubicin delivery vehicles. J. Drug Target. 2018, 26, 9–26. [Google Scholar] [CrossRef] [PubMed]

	



Butowska, K.; Woziwodzka, A.; Borowik, A.; Piosik, J. Polymeric nanocarriers: A transformation in doxorubicin therapies. Materials 2021, 14, 2135. [Google Scholar] [CrossRef] [PubMed]

	



Xue, W.; Trital, A.; Liu, S.; Xu, L. Doxorubicin-loaded micelles with high drug-loading capacity and stability based on zwitterionic oligopeptides. New J. Chem. 2020, 44, 12633–12638. [Google Scholar] [CrossRef]

	



Park, A.; Oh, M.; Lee, S.J.; Oh, K.J.; Lee, E.W.; Lee, S.C.; Bae, K.H.; Han, B.S.; Kim, W.K. Mitochondrial Transplantation as a Novel Therapeutic Strategy for Mitochondrial Diseases. Int. J. Mol. Sci. 2021, 2, 4793. [Google Scholar] [CrossRef]

	



Dong, L.; Gopalan, V.; Holland, O.; Neuzil, J. Mitocans Revisited: Mitochondrial Targeting as Efficient Anti-Cancer Therapy. Int. J. Mol. Sci. 2020, 21, 7941. [Google Scholar] [CrossRef]

	



Ma, C.; Xia, F.; Kelley, S.O. Mitochondrial Targeting of Probes and Therapeutics to the Powerhouse of the Cell. Bioconjug. Chem. 2020, 31, 2650–2667. [Google Scholar] [CrossRef]

	



Fulda, S.; Galluzzi, L.; Kroemer, G. Targeting Mitochondria for Cancer Therapy. Nat. Rev. Drug Discov. 2010, 9, 447–464. [Google Scholar] [CrossRef]

	



Ralph, S.J.; Rodriguez-Enriquez, S.; Neuzil, J.; Saavedra, E.; Moreno-Sanchez, R. The causes of cancer revisited: “mitochondrial malignancy” and ROS-induced oncogenic transformation–why mitochondria are targets for cancer therapy. Mol. Aspects Med. 2010, 31, 145–170. [Google Scholar] [CrossRef]

	



Murphy, M.P. How mitochondria produce reactive oxygen species. Biochem. J. 2009, 417, 1–13. [Google Scholar] [CrossRef]

	



Ma, K.; Chen, G.; Li, W.; Kepp, O.; Zhu, Y.; Chen, Q. Mitophagy, mitochondrial homeostasis, and cell fate. Front. Cell Dev. Biol. 2020, 8, 467. [Google Scholar] [CrossRef]

	



Cheung, E.C.; Vousden, K.H. The role of ROS in tumour development and progression. Nat. Rev. Cancer 2022, 22, 280–297. [Google Scholar] [CrossRef]

	



Indran, I.R.; Hande, M.; Pervaiz, S. hTERT overexpression alleviates intracellular ROS production, improves mitochondrial function, and inhibits ROS-mediated apoptosis in cancer cells. Cancer Res. 2011, 71, 266–276. [Google Scholar] [CrossRef]

	



Miao, B.; Zhang, C.; Stroh, N.; Brenner, L.; Hufnagel, K.; Hoheisel, J.D.; Bandapalli, O.R. Transcription factor TFE3 enhances cell cycle and cancer progression by binding to the hTERT promoter. Cancer Commun. 2021, 41, 1423. [Google Scholar] [CrossRef]

	



Ding, X.; Nie, Z.; She, Z.; Bai, X.; Yang, Q.; Wang, F.; Wang, F.; Geng, X. The regulation of ROS-and BECN1-mediated autophagy by human telomerase reverse transcriptase in glioblastoma. Oxidative Med. Cell Longev. 2021, 2021, 6636510. [Google Scholar] [CrossRef]

	



Imstepf, S.; Pierroz, V.; Rubbiani, R.; Felber, M.; Fox, T.; Gasser, G.; Alberto, R. Organometallic rhenium complexes divert doxorubicin to the mitochondria. Angew. Chem. Int. Ed. Engl. 2016, 55, 2792–2795. [Google Scholar] [CrossRef]

	



Chamberlain, G.R.; Tulumello, D.V.; Kelley, S.O. Targeted Delivery of Doxorubicin to Mitochondria. ACS Chem. Biol. 2013, 8, 1389–1395. [Google Scholar] [CrossRef]

	



Jung, K.; Reszka, R. Mitochondria as subcellular targets for clinically useful anthracyclines. Adv. Drug Deliv. Rev. 2001, 49, 87–105. [Google Scholar] [CrossRef]

	



Lu, P.; Bruno, B.J.; Rabenau, M.; Lim, C.S. Delivery of drugs and macromolecules to the mitochondria for cancer therapy. J. Control Release 2016, 240, 38–51. [Google Scholar] [CrossRef]

	



Wang, H.; Gao, Z.; Liu, X.; Agarwal, P.; Zhao, S.; Conroy, D.W.; Ji, G.; Yu, J.; Jaroniec, C.P.; Liu, Z.; et al. Targeted Production of Reactive Oxygen Species in Mitochondria to Overcome Cancer Drug Resistance. Nat. Commun. 2018, 9, 562. [Google Scholar] [CrossRef]

	



Tuguntaev, R.G.; Chen, S.; Eltahan, A.S.; Mozhi, A.; Jin, S.; Zhang, J.; Li, C.; Liang, X.-J. P-gp Inhibition and Mitochondrial Impairment by Dual-Functional Nanostructure Based on Vitamin E Derivatives to Overcome Multidrug Resistance. ACS Appl. Mater. Interfaces 2017, 9, 16900–16912. [Google Scholar] [CrossRef]

	



Mani, S.; Swargiary, G.; Tyagi, S.; Singh, M.; Jha, N.K.; Singh, K.K. Nanotherapeutic approaches to target mitochondria in cancer. Life Sci. 2021, 281, 119773. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, C.; Liu, Z.; Zheng, Y.; Geng, Y.; Han, C.; Shi, Y.; Sun, H.; Zhang, C.; Chen, Y.; Zhang, L.; et al. Glycyrrhetinic Acid Functionalized Graphene Oxide for Mitochondria Targeting and Cancer Treatment In Vivo. Small 2018, 14, 1703306. [Google Scholar] [CrossRef]

	



Smith, R.A.J.; Hartley, R.C.; Murphy, M.P. Mitochondria-targeted small molecule therapeutics and probes. Antioxid. Redox. Signal. 2011, 15, 3021–3038. [Google Scholar] [CrossRef] [PubMed]

	



Li, J.; Kwon, N.; Jeong, Y.; Lee, S.; Kim, G.; Yoon, J. Aggregation-Induced Fluorescence Probe for Monitoring Membrane Potential Changes in Mitochondria. ACS Appl. Mater. Interfaces 2018, 10, 12150–12154. [Google Scholar] [CrossRef] [PubMed]

	



Deshmukh, S.; Biradar, M.R.; Kharat, K.; Bhosale, S.V. Aggregation induced emission (AIE) materials for mitochondria imaging. Prog. Mol. Biol. Transl. Sci. 2021, 184, 179–204. [Google Scholar] [PubMed]

	



Spivak, A.Y.; Nedopekina, D.A.; Gubaidullin, R.R.; Dubinin, M.V.; Belosludtsev, K.N. Conjugation of natural triterpenic acids with delocalized lipophilic cations: Selective targeting cancer cell mitochondria. J. Pers. Med. 2021, 11, 470. [Google Scholar] [CrossRef]

	



Modica-Napolitano, J.S.; Aprille, J.R. Delocalized lipophilic cations selectively target the mitochondria of carcinoma cells. Adv. Drug Deliv. Rev. 2001, 49, 63–70. [Google Scholar] [CrossRef]

	



Song, H.; Xing, W.; Shi, X.; Zhang, T.; Lou, H.; Fan, P. Antitumor and toxicity study of mitochondria-targeted triptolide derivatives using triphenylphosphine (TPP+) as a carrier. Bioorg. Med. Chem. 2021, 50, 116466. [Google Scholar] [CrossRef]

	



Xi, J.; Li, M.; Jing, B.; An, M.; Yu, C.; Pinnock, C.B.; Zhu, Y.; Lam, M.T.; Liu, H. Long-circulating amphiphilic doxorubicin for tumor mitochondria-specific targeting. ACS Appl. Mater. Interfaces 2018, 10, 43482–43492. [Google Scholar] [CrossRef]

	



Xiao, Q.; Dong, X.; Yang, F.; Zhou, S.; Xiang, M.; Lou, L.; Yao, S.Q.; Gao, L. Engineered Cell-Penetrating Peptides for Mitochondrion-Targeted Drug Delivery in Cancer Therapy. Chem. Eur. J. 2021, 27, 14721–14729. [Google Scholar] [CrossRef]

	



Jiao, Z.; Wang, X.; Chen, Z. The advance of amphiphilic block copolymeric micelles as drug delivery. Polym. Bull. 2010, 12, 78–83. [Google Scholar] [CrossRef]

	



Liu, H.; Chen, H.; Cao, F.; Peng, D.; Chen, W.; Zhang, C. Amphiphilic block copolymer poly (acrylic acid)-b-polycaprolactone as a novel pH-sensitive nanocarrier for anti-cancer drugs delivery: In-Vitro and in-vivo evaluation. Polymers 2019, 11, 820. [Google Scholar] [CrossRef]

	



Chen, J.; Chen, X.; Huang, Q.; Li, W.; Yu, Q.; Zhu, L.; Zhu, T.; Liu, S.; Chi, Z. Amphiphilic polymer-mediated aggregation-induced emission nanoparticles for highly sensitive organophosphorus pesticide biosensing. ACS Appl. Mater. Interfaces 2019, 11, 32689–32696. [Google Scholar] [CrossRef]

	



Hong, D.; Yang, S.H. Cationic polymers for coating living cells. Macromol. Res. 2018, 26, 1185–1192. [Google Scholar] [CrossRef]

	



Xiang, S.; Tong, H.; Shi, Q.; Fernandes, J.C.; Jin, T.; Dai, K.; Zhang, X. Uptake mechanisms of non-viral gene delivery. J. Control Release 2012, 158, 371–378. [Google Scholar] [CrossRef]

	



Iversen, T.G.; Skotland, T.; Sandvig, K. Endocytosis and intracellular transport of nanoparticles: Present knowledge and need for future studies. Nano Today 2011, 6, 176–185. [Google Scholar] [CrossRef]

	



Hong, S.; Leroueil, P.R.; Janus, E.K.; Peters, J.L.; Kober, M.M.; Islam, M.T.; Orr, B.G.; Baker, J.R.; Holl, M.M.B. Interaction of polycationic polymers with supported lipid bilayers and cells: Nanoscale hole formation and enhanced membrane permeability. Bioconjug. Chem. 2006, 17, 728–734. [Google Scholar] [CrossRef]

	



Leroueil, P.R.; Hong, S.; Mecke, A.; Baker, J.R.; Orr, B.G.; Holl, M.M.B. Nanoparticle interaction with biological membranes: Does nanotechnology present a Janus face? Acc. Chem. Res. 2007, 40, 335–342. [Google Scholar] [CrossRef]

	



Chen, J.; Chen, X.; Zhao, J.; Liu, S.; Chi, Z. Instrument-free and visual detection of organophosphorus pesticide using a smartphone by coupling aggregation-induced emission nanoparticle and two-dimension MnO2 nanoflake. Biosnes. Bioelectron. 2020, 170, 112668. [Google Scholar] [CrossRef]

	



Chen, J.; Chen, X.; Wang, P.; Liu, S.; Chi, Z. Aggregation-induced emission luminogen@manganese dioxide core-shell nanomaterial-based paper analytical device for equipment-free and visual detection of organophosphorus pesticide. J. Hazard Mater. 2021, 413, 12530. [Google Scholar] [CrossRef]

	



Zhang, Y.; Zhou, Z.; Yang, T.; Meng, Y.; Xu, J.; Liu, S.; Chi, Z. A Diamine Compound with Aggregation-Induced Luminescent Group and Preparation Method and Application. Chinese Patent ZL201710487490.6, 22 September 2017. [Google Scholar]








[image: Pharmaceutics 15 00103 g001 550] 





Figure 1. Schematic diagram of PTD assembly and loading DOX in aqueous. 
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Figure 2. FL spectra of PTD in water-THF mixture with different water fractions, indicating that PTD has typical AIE characteristics. 






Figure 2. FL spectra of PTD in water-THF mixture with different water fractions, indicating that PTD has typical AIE characteristics.



[image: Pharmaceutics 15 00103 g002]







[image: Pharmaceutics 15 00103 g003 550] 





Figure 3. Survival rate of breast cancer cells with different concentrations of blank and DOX-loaded PTD solution within 24 h. 
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Figure 4. Survival rate of fibroblasts in different concentrations of blank and DOX-loaded PTD solution within 24 h. 
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Figure 5. (A) The fluorescence image of PTD polymer was observed by confocal laser scanning microscope; (B) normalized fluorescence spectrum of PTD; (C) normalized fluorescence spectrum of DOX-loaded PTD. 
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