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Abstract

:

Polyethylene glycol (PEG) coated Poly lactic-co-glycolic acid (PLGA) nanoparticles (NPs) for cancer treatment are biocompatible, nonimmunogenic and accumulate in tumour sites due to the enhanced permeability and retention (EPR). Doxorubicin (DOX) is a potent but cardiotoxic anticancer agent. Hyaluronic acid (HA) occurs naturally in the extra-cellar matrix and binds to CD44 receptors which are overexpressed in cancer metastasis, proven to be characteristic of cancer stem cells and responsible for multidrug resistance. In this study, an athymic mice model of breast cancer metastasis was developed using red fluorescent protein (RFP)-labelled triple negative cancer cells. The animals were divided into four treatment groups (Control, HA-PEG-PLGA nanoparticles, PEG-PLGA nanoparticles, and Free DOX). The tumour size growth was assessed until day 25 when animals were sacrificed. Mice treated with HA-PEG-PLGA NPs inhibited tumour growth. The tumour growth at day 25 (118% ± 13.0) was significantly (p < 0.05) less than PEG-PLGA NPs (376% ± 590 and control (826% ± 970). Fluorescent microscopy revealed that HA-PEG-PLGA NPs had significantly (p < 0.05) less metastasis in liver, spleen, colon, and lungs as compared to control and to Free DOX groups. The efficacy of HA-PEG-PLGA NPs was proven in vivo. Further pharmacokinetic and toxicity studies are required for this formulation to be ready for clinical research.
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1. Introduction


Failure in clinical trials after positive in vitro-in vivo results [1,2,3] has become a great challenge in nanomedicine. New technologies are constantly being proposed by researchers to consider the complexity of human physiology, leading to a better clinical translation of research outcomes [4]. Poly lactic-co-glycolic acid (PLGA) polymer nanoparticles (NP) are among the most important candidates for the near future development of cancer nanomedicine [5].



PLGA nanoparticulate systems are prone to be uptaken by the reticuloendothelial cells in the liver, after being opsonized by the compliment enzymes due to their hydrophobic characteristics. To overcome this obstacle, the surface of the nanoparticles is coated with a hydrophilic compound. The most important among these compounds is PEG [6], which helps the nanoparticles to target tumours passively as their size and surface hydrophilicity favors their leak into tumor pores ranging in size between 100–3000 nm [7,8]. The impaired lymph vessels of the tumour then prevent the nanoparticles from leaking out of the tumour microenvironment. This phenomenon is called the enhanced permeability and retention (EPR) or passive targeting [9].



Active targeting on the other hand utilises the affinity of one or more of the components of the nanoparticulate system to certain target parts of the tumour, whether it is the extracellular matrix, the vasculature, the surface, or other different parts of the cancer cells. In these targeting techniques, hyaluronic acid (HA) which binds to C44 receptors has gained significant interest in the last decade [10].



When nanoparticles are formed from amphiphilic block copolymers such as PEG-PLGA, nanoprecipitation becomes a favorable method as it reduces or eliminates the need for a surfactant and simplifies the preparation method [11]. It is also particularly useful with highly potent drugs such as Doxorubicin, which is an excellent model for anticancer research because of its high toxicity and its well-studied pharmacodynamic and pharmacokinetic behaviors. However, its low logP puts it at a disadvantage when using nanoprecipitation. To counter that while keeping the simplicity of the formulation, pH can be increased [12] and the compound needs to be released from its salt form [13]. Anthracyclines, however, are considered ideal hydrophilic candidates for nanoprecipitation as their high potency can overcome the problem with the low concentration of the formulation [11].



This work represents in vivo efficacy testing on a previously developed and reported cancer metastasis targeted nanoparticle formulation proven to significantly decrease resistance to doxorubicin in hypoxia stressed breast cancer metastatic cells.




2. Materials and Methods


2.1. Materials


PLGA with 6kDa MW was purchased from LACTEL® (Hoover, AL, USA) and Methoxy polyethylene glycol (MPEG) (MW 2000Da) and diamine polyethylene glycol (PEG) (MW 2000Da) were purchased from Laysanbio® (Arab, AL, USA). Hyaluronic acid (MW 1.38 mDa) was obtained from Lifecore® Biomedical (Chaska, MI, USA). 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) and N-hydroxysuccinimide (NHS) were purchased from Sigma (St. Louis, MO, USA). Doxorubicin HCl (DOX) was from BOC Sciences (Upton, NY, USA). Ultracentrifuge tubes and slides were obtained from Pall (Port Washington, NY, USA). Slide-A-Lyzer Dialysis disks (MWCO 3000kDa) from Fisher Scientific (Waltham, MA, USA), while the MDA-MB-231/RFP (tagged with red fluorescent protein) triple negative breast cancer cell-line was purchased from Cell Biolabs Inc. (San Diego, CA, USA). Other chemicals include acetate buffer, triethylamine, Phosphate-Buffered Saline, and analytical grade solvents.




2.2. Nanoparticle Preparation


2.2.1. Preparation of Block Copolymer


The preparation method was detailed in our previous publication [14] using the carbodiimide reaction. Hence, 60–200 mg of PLGA were dissolved in 1-2 mL acetonitrile. Then, 5 times molar excess of EDC and NHS were added and stirred for two hours. The activated PLGA was then precipitated and washed three times with excess of methyl alcohol and centrifuged at 2500 g for 10 min. The activated PLGA-NHS was then dried by nitrogen and redissolved in acetonitrile. After that, a 3-fold molar excess of PEG (MPEG for untargeted nanoparticles and diamine PEG for nanoparticles coated with HA) was added and stirred for 24 h. The resulting copolymer was then spun at 5000 g with 10 times the volume of the reaction solution of methanol. To get rid of the excess non-reacted PEG, the process was repeated three times. To prepare the copolymer for use later, it was dried under nitrogen and kept at −20 °C.




2.2.2. Preparation of NPs


A modified nanoprecipitation was used to create the nanoparticles [15]. In short, 100 L of DMSO was used to dissolve 2 mg of doxorubicin HCl, which was subsequently desalted for three hours while being stirred using a 2× molar ratio of TEA buffer [16]. The mixture was then diluted to 1 mL using acetone. The dried PEG-PLGA copolymer was added in amounts of approximately 10 mg and mixed completely until dissolved. Under a chemical hood, 9 mL of pH-adjusted PBS solution was rapidly stirred before the organic phase was added slowly and dropwise with a 100 L micropipette. Utilizing ice bags to maintain a cold temperature, stirring continued for eight hours to completely remove the acetone. To remove the DMSO, Slide-A-Lyzer-G2-Dialysis-Cassettes were used, and the dialysis was performed over 48 h with water replaced at 3, 6, 12, 24, and 36 h.




2.2.3. Hyaluronic Acid Coating


High MW HA-Na (HANaweight = 0.1 × PEGPLGAweight) was dissolved in sodium acetate buffer for 3 h and pH was adjusted to 4.5. Then, HA was activated using 5× molar ratio of EDC and NHS for 2 h. The activated HA-NHS was then stirred with PEG-PLGA NPs for one day before the targeted NPs solution was ready [17].




2.2.4. Nanoparticle Characterization


Nanoparticles were checked for chemical composition using FTIR and NMR, size, surface charge, encapsulation efficiency, and morphology and the results were detailed in our previous publication [14].




2.2.5. In Vivo Athymic Nude Mice Study


Animal ethics approval was obtained from The Animal Ethics Committee, Malaysia Division of Eman Research Ltd. (Ethic No. 112120A2413151120). Athymic NCr female nu/nu nude mice (Taconic Farms Inc., USA) were used in this experiment. Figure 1 shows the experimental design of this study.




2.2.6. Drug Dose Toxicity Test


Three animals per group were used for this experiment. Each was injected with 25 mg/kg of free doxorubicin (DOX), Doxorubicin loaded PEG-PLGA nanoparticles (PEG-PLGA), or Hyaluronic acid coated Doxorubicin loaded PEG-PLGA nanoparticles (HA-PEG-PLGA). The experiment was repeated after two weeks. Animal were observed for their weight as well as food and water intake measured once every week to ensure no significant changes in their weight compared to the growth chart provided by the company [18].




2.2.7. Animal Model Establishment


An animal breast cancer model was established by using MDA-MB-231/RFP cells which were injected into nude mice at a concentration of 45 × 105 cells in 200 µL of cell culture media and 200 µL of Matrigel matrix into the right lower abdomen mammary fat pad of 50 mice. At day 21 from injection, only 32 mice developed a visible tumour and were divided into 4 groups (Control, DOX, PEG-PLGA, HA-PEG-PLGA). Two animals from each group died before the end of the experiment.




2.2.8. Treatment


After 21 days of the tumour induction, animals were randomly assigned into four groups (n = 8). The groups were injected via tail vein with 200 µL of normal saline (control), 5 mg/kg DOX, 5 mg/kg PEG-PLGA, or 5 mg/kg HA-PEG-PLGA. The dose was repeated after two weeks.




2.2.9. Tumor Size Measurement


Tumor size was measured manually using a manual caliper, and the tumour volume was calculated using the following equation:


  T u m o r   v o l u m e =   L e n g t h × w i d t h × h e i g h t  2   



(1)







Tumour growth was defined as the ratio between the tumour size at day X to the tumour size at day 0 when the treatment started.




2.2.10. Fluorescent Microscopy


Harvested organs (liver, spleen, lungs, and colon) were examined under florescent microscopy (EVOS FI Fluorescence microscope AMG, Bothell, WA, USA) with FITC filter to look for the fluorescent emission of the MDA-MB-231/RFP cells. When observed, the organ is considered bearing a metastatic lesion.






3. Results


3.1. Nanoparticle Formulation and Characterization


The chemical composition of the nanoparticles was confirmed, and they had an average size of 106 ± 5 nm, a negative surface charge (−15 ± 3 mV), and encapsulation efficiency of 73.3 ± 4.1% [14].




3.2. Drug Dose Toxicity Test


No noticeable change in animal activity was visually observed and while animal weight dropped when treated with free DOX, animals treated with both nanoparticle formulations continued to increase in weight (Figure 2).




3.3. Tumour Growth


From eight mice per group, two mice died before Day 25 in each group. Only six tumors were harvested per group of animals. Figure 3A shows the difference in tumor growth between four groups of animals, where the control group showed an average 8.25 times increase in tumor size, DOX treated group had 1.33 times increase, PEG nontargeted NPs group had an increase of 3.75 times, while HA targeted NPs treated group had a 1.18 times increase in size at Day 25, respectively. Figure 3B shows the change in body weight for the animals. Images of tumours harvested from the four groups at day 28 after anesthesia are combined in Figure 4.




3.4. Fluorescent Microscopy


Metastatic cells were found in four livers of the control group, five of free DOX- treated mice, and only two in HA targeted NPs and PEG non targeted NPs treated groups. Similar results from other harvested organs (spleen, lungs, and colon) with 16 out of 28 (57.14%) harvested organs in control group had metastatic lesions, while eight out of 24 (33.33%) harvested organs in HA- and PEG-treated groups acquired metastatic cells and 15 out of 23 (65%) harvested organs from free DOX group had metastasis (Figure 5). These results were analyzed using Chi square and found to be significant (p = 0.05). Figure 6 compares examples of images taken from PEG-PLGA group and HA-PEG-PLGA group.




3.5. Biochemistry


For biochemistry parameters, no significant changes were observed between control, DOX, PEG-PLGA, and PEG-PLGA-HA except the alkaline phosphatase (ALP) (Table 1). ALP was elevated significantly p < 0.05 in the HA-treated group as compared to control. Free DOX treated mice showed higher cardiac enzymes (CK and LDH) as compared to control. However, the difference was not significant. Mice treated with HA targeted and non-targeted NPs showed lower CK and LDH enzymes as compared to free DOX, which indicates less cardiotoxicity.





4. Discussion


In this study, we used nanoprecipitation method to prepare PEG-PLGA-HA DOX and the tumour volume demonstrated similar results, as reported by Tsai et al. [19], where the tumor volume was seven times smaller in the targeted nanoparticles group compared to control. They also used nanoprecipitation to prepare poly (HEMA-co-histidine)-g-PLA and diblock PEG-PLA nanoparticles with folate as a targeting moiety. However, the simplicity in formulation, compared to their formulation that needed two block copolymers, the reduction in particle size by half, along with the cancer stem cells targeting rather than the targeting of folate towards fast dividing and less drug resistant cells are added advantages of our formulation.



On the other hand, Lu et al. [20] used hollow poly(N-vinylimidazole-co-Nvinylpyrrolidone)-g-poly(d,l-lactide) graft copolymers and methoxyl/functionalized-PEG-PLA diblock copolymer NPs on HeLa bearing mice and their findings are comparable to our results in terms of tumour size reduction.



Triple negative breast cancer is defined as the type of breast cancer where cells do not express estrogen, progesterone or HER2 receptors. Thus, it is not affected with treatments that target these types of receptors and exhibits bad prognoses [21]. HA-CD44 targeted nanoparticles are being investigated against this subtype of breast cancer [22,23,24] as it is not responsive to other common receptors and effective current treatments, though generalizing results to other subtypes remains logical and CD44 is expressed in various subtypes of breast cancer that are drug resistant.



Several animal models are proposed for breast cancer. However, when it comes to cancer metastasis and secondary tumour monitoring, most of these models are insufficient [25] and lack enough focus on the metastatic process. While there is no ideal model for human breast cancer or breast cancer metastasis, choosing immunocompromised athymic mice has the advantages of being fast and affordable. In addition, they relatively mimic human tumor development, have easily measured/resected tumors, and have an appropriate tumor microenvironment [26].



One of the simple methods to overcome the limitations of mice models of metastasis is to use fluorescent protein labelled cell lines in immunosuppressed nude mice, which can be tracked with relative ease and high precision as well as allow us to monitor the metastatic progression at different regions [27]. It is important to note that the growth of the breast cancer cells in the animal model may require continuous supply of sexual hormones depending on the type of breast cancer cell line. Choosing a triple negative cell line, such as MDA-MB-231 cells, would eliminate this confounder factor, which adds to advantages of this cell line. In this study, the nontargeted nanoparticles did not reduce the tumour size as compared to the free doxorubicin and targeted nanoparticles This trend was also reported elsewhere [28]. However, the nontargeted nanoparticles can still be considered efficacious based on the organ metastasis study, which showed that the intensity of metastatic lesions and the number of organs involved in metastasis are also lower for targeted nanoparticle as compared to free dox.



It is important to note that comparing the results of such studies is extremely difficult due to the wide variation of animal models used and the variety of cancer diseases chosen to test the complex nano formulations.



The result from tumour metastasis study showed that there was a significant difference between HA-treated group VS. control and no significant difference between HA-treated group vs. free DOX. However, when we take into consideration the result on the tumor size, our formulation can be considered superior to both free DOX (in the tumour size reduction) and PEGylated NPs (in the metastasis reduction).



There are also no significant differences in all serum biochemistry profiles between all treatments showing the safety profiles of all the formulations. However, there is a significant increase in alkaline phosphatase for the HA-PEG-PLGA DOX treated group which can be related to the liver or other tissue damage [29]. However, in a study published by [30], its level was reported to be decreased with HA supplementation. This contradictive result is of value for further investigation of our formulation in term of its toxicity profiles to various organ especially the liver. Cardiac markers CK and LDH were higher in the mice treated with free DOX as compared to untreated mice control. This indicates cardiotoxicity, with a reported adverse effect of DOX. However, the cardiac enzymes were lower in the mice treated with the targeted NPs and this suggests that our formulation has less cardiotoxicity as compared to free DOX.




5. Conclusions


The prepared targeted NPs formulation, HA-PEG-PLGA was proven in this study, to significantly reduce the tumor size in an animal model by half as compared to the PEG-PLGA, and more interestingly it reduces metastasis by half as compared to free DOX. Although the number of organs having metastasis appeared to be the same in targeted and non-targeted groups, the photos clearly show that the amount of metastasis is less in the targeted HA-PEG-PLGA group. Using hyaluronic acid as targeting moiety (targeting CD44 overexpressing cancer cells) makes it superior to both conventional therapy and stealth-technology based NPs, which are currently available in the market.



More research should be conducted to investigate the molecular level of the particle’s tumour interactions, such as measurement of targeting affinity, which can help in optimizing the HA molecular weight to be used. Further investigation is proposed to establish the pharmacokinetics and toxicity profile, focusing on the cardiotoxicity of the formulation, and histologic analysis can be useful to detect other signs of toxicity and in assessing the metastatic lesions in order to move forward to successful clinical trials and commercialization.







Author Contributions


Conceptualization, H.A.A., M.A.A. and Z.C.; Data curation, H.A.A., M.A.A. and F.S.R.A.-S.; Methodology, S.A.A.; Supervision, M.A.A. and Z.C.; Validation, F.S.R.A.-S., A.M.S.A.M. and Z.C.; Writing—original draft, H.A.A.; Writing—review & editing, M.A.A., S.A.A., A.M.S.A.M. and Z.C. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by The Ministry of Higher Education Malaysia Fundamental Research Grant Scheme, FRGS FP031-2014A and Prototype Research Grant Scheme PRGS PR002-2021.




Institutional Review Board Statement


The animal study protocol was approved by The Animal Ethics Committee-Malaysia Division) of Eman Research (Ethic No. 112120A2413151120, 15 November 2020).




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Bae, Y.H.; Park, K. Targeted drug delivery to tumors: Myths, reality and possibility. J. Control. Release 2011, 153, 198–205. [Google Scholar] [CrossRef]

	



Bosetti, R.; Vereeck, L. Future of nanomedicine: Obstacles and remedies. Nanomedicine 2011, 6, 747–755. [Google Scholar] [CrossRef] [PubMed]

	



Ruenraroengsak, P.; Cook, J.M.; Florence, A.T. Nanosystem drug targeting: Facing up to complex realities. J. Control. Release 2010, 141, 265–276. [Google Scholar] [CrossRef] [PubMed]

	



Florence, A.T. Reductionism and complexity in nanoparticle-vectored drug targeting. J. Control. Release 2012, 161, 399–402. [Google Scholar] [CrossRef] [PubMed]

	



Danhier, F.; Ansorena, E.; Silva, J.M.; Coco, R.; Le Breton, A.; Préat, V. PLGA-based nanoparticles: An overview of biomedical applications. J. Control. Release 2012, 161, 505–522. [Google Scholar] [CrossRef] [PubMed]

	



Fattal, E.; Hillaireau, H.; Mura, S.; Nicolas, J.; Tsapis, N. Targeted Delivery Using Biodegradable Polymeric Nanoparticles. In Fundamentals and Applications of Controlled Release Drug Delivery; Springer: Berlin, Germany; Boston, MA, USA, 2012; pp. 255–288. [Google Scholar]

	



Barua, S.; Mitragotri, S. Challenges associated with penetration of nanoparticles across cell and tissue barriers: A review of current status and future prospects. Nano Today 2014, 9, 223–243. [Google Scholar] [CrossRef] [PubMed]

	



Miao, L.; Huang, L. Exploring the Tumor Microenvironment with Nanoparticles. Cancer Treat. Res. 2015, 166, 193–226. [Google Scholar] [CrossRef]

	



Chen, S.; Yang, K.; Tuguntaev, R.G.; Mozhi, A.; Zhang, J.; Wang, P.C.; Liang, X.-J. Targeting tumor microenvironment with PEG-based amphiphilic nanoparticles to overcome chemoresistance. Nanomed. Nanotechnol. Biol. Med. 2016, 12, 269–286. [Google Scholar] [CrossRef]

	



Mattheolabakis, G.; Milane, L.; Singh, A.; Amiji, M.M. Hyaluronic acid targeting of CD44 for cancer therapy: From receptor biology to nanomedicine. J. Drug Target. 2015, 23, 605–618. [Google Scholar] [CrossRef]

	



Almoustafa, H.A.; Alshawsh, M.; Chik, Z. Technical aspects of preparing PEG-PLGA nanoparticles as carrier for chemotherapeutic agents by nanoprecipitation method. Int. J. Pharm. 2017, 533, 275–284. [Google Scholar] [CrossRef]

	



Govender, T.; Stolnik, S.; Garnett, M.C.; Illum, L.; Davis, S.S. PLGA nanoparticles prepared by nanoprecipitation: Drug loading and release studies of a water soluble drug. J. Control. Release 1999, 57, 171–185. [Google Scholar] [CrossRef] [PubMed]

	



Pinkerton, N.M.; Grandeury, A.; Fisch, A.; Brozio, J.; Riebesehl, B.U.; Prud’Homme, R.K. Formation of Stable Nanocarriers by in Situ Ion Pairing during Block-Copolymer-Directed Rapid Precipitation. Mol. Pharm. 2012, 10, 319–328. [Google Scholar] [CrossRef] [PubMed]

	



Almoustafa, H.A.; Alshawsh, M.A.; Chik, Z. Targeted polymeric nanoparticle for anthracycline delivery in hypoxia-induced drug resistance in metastatic breast cancer cells. Anti-Cancer Drugs 2021, 32, 745–754. [Google Scholar] [CrossRef] [PubMed]

	



Karve, S.; Werner, M.E.; Cummings, N.D.; Sukumar, R.; Wang, E.C.; Zhang, Y.-A.; Wang, A.Z. Formulation of Diblock Polymeric Nanoparticles through Nanoprecipitation Technique. J. Vis. Exp. 2011, 55, e3398. [Google Scholar] [CrossRef]

	



Yang, Q.; Tan, L.; He, C.; Liu, B.; Xu, Y.; Zhu, Z.; Shao, Z.; Gong, B.; Shen, Y.-M. Redox-responsive micelles self-assembled from dynamic covalent block copolymers for intracellular drug delivery. Acta Biomater. 2015, 17, 193–200. [Google Scholar] [CrossRef]

	



Vangara, K.K.; Liu, J.; Palakurthi, S. Hyaluronic acid-decorated PLGA-PEG nanoparticles for targeted delivery of SN-38 to ovarian cancer. Anticancer Res. 2013, 33, 2425–2434. [Google Scholar]

	



Rahman, A.; Fumagalli, A.; Barbieri, B.; Schein, P.S.; Casazza, A.M. Antitumor and toxicity evaluation of free doxorubicin and doxorubicin entrapped in cardiolipin liposomes. Cancer Chemother. Pharmacol. 1986, 16, 22–27. [Google Scholar] [CrossRef]

	



Tsai, H.-C.; Chang, W.-H.; Lo, C.-L.; Tsai, C.-H.; Chang, C.-H.; Ou, T.-W.; Yen, T.-C.; Hsiue, G.-H. Graft and diblock copolymer multifunctional micelles for cancer chemotherapy and imaging. Biomaterials 2010, 31, 2293–2301. [Google Scholar] [CrossRef]

	



Lu, P.-L.; Chen, Y.-C.; Ou, T.-W.; Chen, H.-H.; Tsai, H.-C.; Wen, C.-J.; Lo, C.-L.; Wey, S.-P.; Lin, K.-J.; Yen, T.-C.; et al. Multifunctional hollow nanoparticles based on graft-diblock copolymers for doxorubicin delivery. Biomaterials 2011, 32, 2213–2221. [Google Scholar] [CrossRef]

	



Foulkes, W.D.; Smith, I.E.; Reis-Filho, J.S. Triple-negative breast cancer. N. Engl. J. Med. 2010, 363, 1938–1948. [Google Scholar] [CrossRef]

	



Deng, X.; Cao, M.; Zhang, J.; Hu, K.; Yin, Z.; Zhou, Z.; Xiao, X.; Yang, Y.; Sheng, W.; Wu, Y.; et al. Hyaluronic acid-chitosan nanoparticles for co-delivery of MiR-34a and doxorubicin in therapy against triple negative breast cancer. Biomaterials 2014, 35, 4333–4344. [Google Scholar] [CrossRef] [PubMed]

	



Cerqueira, B.B.S.; Lasham, A.; Shelling, A.N.; Al-Kassas, R. Development of biodegradable PLGA nanoparticles surface engineered with hyaluronic acid for targeted delivery of paclitaxel to triple negative breast cancer cells. Mater. Sci. Eng. C 2017, 76, 593–600. [Google Scholar] [CrossRef] [PubMed]

	



Vogus, D.R.; Evans, M.A.; Pusuluri, A.; Barajas, A.; Zhang, M.; Krishnan, V.; Nowak, M.; Menegatti, S.; Helgeson, M.E.; Squires, T.M.; et al. A hyaluronic acid conjugate engineered to synergistically and sequentially deliver gemcitabine and doxorubicin to treat triple negative breast cancer. J. Control. Release 2017, 267, 191–202. [Google Scholar] [CrossRef] [PubMed]

	



Saxena, M.; Christofori, G. Rebuilding cancer metastasis in the mouse. Mol. Oncol. 2013, 7, 283–296. [Google Scholar] [CrossRef]

	



Holen, I.; Speirs, V.; Morrissey, B.; Blyth, K. In vivo models in breast cancer research: Progress, challenges and future directions. Dis. Model. Mech. 2017, 10, 359–371. [Google Scholar] [CrossRef]

	



Shields, A.F.; Price, P. In Vivo Imaging of Cancer Therapy; Springer Science & Business Media: Berlin, Germany, 2007. [Google Scholar]

	



Park, J.; Fong, P.M.; Lu, J.; Russell, K.S.; Booth, C.J.; Saltzman, W.M.; Fahmy, T.M. PEGylated PLGA nanoparticles for the improved delivery of doxorubicin. Nanomed. Nanotechnol. Biol. Med. 2009, 5, 410–418. [Google Scholar] [CrossRef]

	



Li-Fern, H.; Rajasoorya, R. The elevated serum alkaline phosphatase–The chase that led to two endocrinopathies and one possible unifying diagnosis. Eur. J. Endocrinol. 1999, 140, 143–147. [Google Scholar] [CrossRef]

	



Kudo, T.; Nakatani, S.; Kakizaki, M.; Arai, A.; Ishida, K.; Wada, M.; Kobata, K. Supplemented Chondroitin Sulfate and Hyaluronic Acid Suppress Mineralization of the Chondrogenic Cell Line, ATDC5, via Direct Inhibition of Alkaline Phosphatase. Biol. Pharm. Bull. 2017, 40, 2075–2080. [Google Scholar] [CrossRef]








[image: Polymers 15 00284 g001 550] 





Figure 1. Experimental design of the in vivo experiment (DOX: free doxorubicin, PEG-PLGA: Doxorubicin loaded PEG-PLGA nanoparticles, HA-PEG-PLGA: Hyaluronic acid coated Doxorubicin loaded PEG-PLGA nanoparticles). 
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Figure 2. Change in weight of healthy animals after being injected with 25 mg/kg of (DOX: free doxorubicin, PEG-PLGA: Doxorubicin loaded PEG-PLGA nanoparticles, HA-PEG-PLGA: Hyaluronic acid coated Doxorubicin loaded PEG-PLGA nanoparticles). 
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Figure 3. (A): Primary tumour growth results presented in fold increase relative to day 1. * Indicates p ≤ 0.05 compared to control, (B): Animal weight (DOX: free doxorubicin, PEG-PLGA: Doxorubicin loaded PEG-PLGA nanoparticles, HA-PEG-PLGA: Hyaluronic acid coated Doxorubicin loaded PEG-PLGA nanoparticles). 
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Figure 4. Harvested tumours of (A) control (B) DOX (C) PEG-PLGA (D) HA-PEG-PLGA groups. 
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Figure 5. Percentage of organs collected from each group with metastasis detected under fluorescent microscope (* p ≤ 0.05 compared to control group) (DOX: free doxorubicin, PEG-PLGA: Doxorubicin loaded PEG-PLGA nanoparticles, HA-PEG-PLGA: Hyaluronic acid coated Doxorubicin loaded PEG-PLGA nanoparticles). 
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Figure 6. Comparison of the metastatic lesions found in the PEG-PLGA DOX group and the HA-PEG-PLGA- DOX group using fluorescent microscopy. 
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Table 1. Serum biochemistry results obtained at the end of experiment for all treated mice.
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	Sample
	ALP (U/L)
	AST (U/L)
	CK (U/L)
	DBil (μmol/L)
	ALT (U/L)
	LDH (U/L)





	Control
	68.66 ± 14.9
	219.5 ± 78.68
	388.83 ± 317.24
	0.5 ± 0.17
	45 ± 25.62
	1581.6 ± 1309.6



	HA-PEG-PLGA
	142.5 ± 48.8 *
	221.5 ± 74.10
	612.5 ± 442.9
	0.56 ± 0.11
	57.25 ± 12.41
	1343.5 ± 879.3



	PEG -PLGA
	118 ± 51.1
	159.5 ± 27.6
	253.5 ± 125.1
	0.65 ± 0.12
	42.5 ± 11.5
	710 ± 411.4



	DOX
	93.8 ± 25.3
	293.8 ± 94.4
	854.6 ± 1114.7
	1.75 ± 1.9
	34 ± 13.28
	1890.2 ± 833.9







Data are presented as Mean ± SD, * p < 0.05 compared to control.
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