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Editorial on the Research Topic 
Advances in Drug Formulation

Advancement instils no ceiling. With vast amelioration of technology and blooming of biomedical information, a tremendous effort for improvement in drug delivery technology has been observed. The advancement of drug formulation has also been leading more toward further sophistication of drug transport systems that could deliver drug to site-specific cells/tissues/organs in vivo. Such target–specific drug delivery systems are needed because they can decrease dose and frequency of administration of drugs and thereby, reduce drug-related toxicity (Chakraborty et al., 2020). The present issue has highlighted several current areas related to the advancement of drug formulations.
In an interesting study, Wu et al. (2020) showed that doxorubicin-loaded liposomes enhanced the efficiency of electromagnetic waves (Microwave ablation, MWA) at solid tumors during hepatocellular carcinoma therapy. The investigators showed that doxorubicin-loaded nanoliposomes robustly enhanced mild MWA therapy in hepatocellular carcinoma, indicating their substantial tumor sensitizing ability. The researchers have claimed that the chemoablation therapy improved survival rates by enhancing the targeting efficiency. The formulations showed considerable promise for clinical HCC therapy.
Li et al. (2019) described the potentials of tocopherol polyethylene glycol 1,000 succinate (TPGS)/curcumin (CCM) micellar nanoparticles as a drug delivery system against colon cancer. The investigation showed that loading CCM into TPGS nanoparticles significantly enhanced its systemic absorption, increasing its Cmax, and producing a more sustained release profile, and increased apoptosis, and inhibited migration of HT-29 colon cancer cells. The nanoparticles efficiently released CCM in simulated colonic fluid and were significantly more efficacious than free CCM in reducing ROS concentration. Thus, the findings of the investigation shed light to test the nanoparticles against colon cancer in animal model in future study.
Moles et al. (2019) showed how malaria can be potentially managed with liposomal systems of diprotic basic drugs. The researchers have theorized novel distribution models to describe the partitioning behavior of diprotic basic drugs in 1,2-dioleoyl-sn-glycero-3-phosphocholine-based and red blood cell-analogous liposome suspensions. They further directed stable internalization of ionized drug microspecies into neutrally charged and anionic lipid bilayer leaflets in the form of ion pairs in association with anionic lipids. They have further claimed RBC as a clinically safe long-circulating carrier for polyprotic drugs, and the optimization of antimalarial therapies using RBC-targeted liposomal drug formulations.
Wang et al. (2019) showed that hepatic inflammatory proteins, CRP and TNF-α, and serum levels of IL1α were significantly increased in 5-PAHSA (palmitic acid esterified at the fifth carbon of hydroxy stearic acid)-treated db/db mice compared to the control mice. However, the effects of 5-PAHSA were not dose-dependent. Likewise, 5-PAHSA did not produce inflammatory factors in the experimental mice, suggesting chronic 5-PAHSA administration may induce systemic inflammatory responses. The researchers also showed that 5-PAHSA treatment improved glucose tolerance and insulin sensitivity in mice that received a high fat diet. But simultaneously, 5-PAHSA treatment showed no metabolic benefit in db/db mice. Thus, hyperglycemia condition in db/db mice may impair 5-PAHSA effects on metabolism. Finally, they postulated that the hyperglycemic conditions might impair 5-PAHSA action by inhibiting AMPKα mediated signals and promoting NF-κB-mediated inflammation.
Hua presented two interesting reviews and a mini-review article. In her first review Hua described the physiological and pharmaceutical considerations for rectal drug formulations (Hua (2019a)). Her profound scientific insights on the rectal route for drug delivery as a preferred route for drug administration with pronounced clinical or pharmaceutical perspectives are worth-mentioning. The rectal route may represent a practical alternative and drugs can be administered for both local and systemic action. The oral route of administration is the most preferred route by patients for gastrointestinal diseases. In her another review, she has provided a vivid understanding of the physiology of the gastrointestinal tract in healthy and diseased states and the use of it in drug delivery by modulating various physiological factors. Hua has opined for multiparticulate dosage systems to improve gastrointestinal drug delivery compared to single-unit dose common formulations (Hua, 2012). In her next erudite article (minireview), Hua showed her prudence describing significant advantages for the sublingual and buccal routes of systemic drug administration, substantiated by many current and focused research works in the areas (Hua, 2019b).
Many new thoughts and ideas along with their implementation have been enriching formulation development. Among the most recent approaches in the research of drug formulations, idea of nanorobots has emerged as a powerful therapeutic tool to develop highly efficacious precision medicines to localize the drug at the target site (da Silva Luz et al., 2016). The nanorobots have the ability to convert the minimum levels of physiological energy into propulsion and movement and can be steered to a target location under physiological environment and conditions leading to predominant improvement in therapeutic efficacy and reduction of systemic side-effects. They can also be programmed to release the therapeutic payloads with a precise release mechanism. Laser-driven nanoformulation for drug delivery is also another novel approach that needs attention.
In summary, drug-targets have already been preset in many diseases. Many sophisticated technologies, unique and powerful methodologies, and many novel pharmaceutical materials are available. Formulation scientists simply need to assemble them to develop smart and intelligent drug consignments that can accurately deliver the drug loads to preset targets. Successful development of many such accurate drug targeting-systems can bring a revolutionary change in drug formulations and human health care.
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Recently, the endogenous fatty acid palmitic acid-5-hydroxystearic acid (5-PAHSA) was found to increase insulin sensitivity and have anti-inflammatory effects in mice with high-fat diet (HFD)-induced diabetes. However, it is unknown if 5-PAHSA affects glucose and lipid metabolism in db/db mice, which are characterized by extreme hyperglycemia. Here, we aim to determine the effect of continued 5-PAHSA administration on glucose and lipid metabolism in db/db mice. We also used 3T3-L1 cells and HepG2 cells to investigate the mechanism behind this effect. HepG2 cells and 3T3-L1 cells were induced to become models of insulin resistance. The models were used to test the effect of 5-PAHSA on insulin signaling. 5-PAHSA was administered orally to db/db mice for 1 month to assess its effects on glucose and lipid metabolism. We also exposed HepG2 cells to high glucose concentrations to investigate the influence on 5-PAHSA’s effects on hepatic lipid metabolism and inflammation. 5-PAHSA improved glucose uptake and insulin signaling in HepG2 cells and 3T3-L1 cells. However, after 1 month of treatment, 5-PAHSA did not reduce blood glucose levels, but increased inflammation and promoted fatty liver in db/db mice. In HepG2 cells under normal glucose conditions, 5-PAHSA treatment reduced lipogenesis and increased lipid oxidation. Notably, a high glucose concentration in cell media abolished the positive effects of 5-PAHSA treatment. These changes were associated with: decreased phosphorylation of AMP-activated protein kinase (AMPK) and acetyl-CoA carboxylase (ACC); upregulation of sterol-regulatory element-binding protein 1c (SREBP1c), and fatty acid synthase (FAS); and downregulation of carnitine palmitoyltransferase 1 (CPT1). Besides, the anti-inflammatory effect of 5-PAHSA was also impaired by high glucose conditions. Thus, high glucose concentrations impaired 5-PAHSA action by inhibiting the AMPK signaling pathway and promoting nuclear factor-kappa-B (NF-κB) mediated inflammation.

Keywords: 5-PAHSA, insulin resistance, inflammation, fatty liver, high glucose


INTRODUCTION

Type 2 diabetes mellitus (T2DM) is a disease that affects more than 400 million people worldwide (Nathan, 2015). The medical and economic burdens of diabetes present an important public health challenge for the developed and the developing world (American Diabetes Association, 2013; Le et al., 2013; Seuring et al., 2015; Bao et al., 2017). Further, there is an urgent need for safe and effective interventions for T2DM because most currently used medications for long-term T2DM treatment have side effects, such as hypoglycemia, weight gain, and gastrointestinal reactions (Stein et al., 2013).

There is a strong association between T2DM and dyslipidemia, as >70% of patients with T2DM develop non-alcoholic fatty liver disease (NAFLD) with the inflammatory complication, non-alcoholic steatohepatitis (NASH) (Williams et al., 2011; Loomba et al., 2012). Several studies have demonstrated that elevated levels of free fatty acids play a causative role in metabolic syndrome (Devaraj et al., 2008; Sun and Chen, 2010; Perry et al., 2015). However, Yore et al. (2014) reported recently that the endogenous fatty acid, 5-PAHSA, had favorable metabolic effects via binding and activating its G-protein-coupled receptor 120 (GPR120). Consistent downregulation of 5-PAHSA was found in all adipose depots and the serum of insulin-resistant mice, as well as in the white adipose tissue and serum of insulin-resistant humans. Acute oral administration of 5-PAHSA in insulin-resistant high-fat diet (HFD)-fed mice lowered basal glycemia and improved glucose tolerance (Yore et al., 2014). Moreover, chronic 5-PAHSA treatment improved insulin sensitivity in chow- and HFD-fed mice (Syed et al., 2018). Besides, 5-PAHSA might also reduce inflammatory cytokine production from immune cells and ameliorate adipose inflammation in obesity.

Discovery of the anti-diabetic and anti-inflammatory effects of 5-PAHSA make it a promising candidate for further research and drug development. However, when considering clinical applications, the effect of repeated and continuous administration of 5-PAHSA for diabetic metabolic disorders should be better understood.

Leptin receptor deficient db/db mice are widely used as a diabetic model for T2DM research (Wang et al., 2014). The db/db mouse is the most popular animal model used by pharmaceutical companies to test blood glucose lowering agents, insulin sensitizers, insulin secretagogues, and anti-obesity agents (Reed and Scribner, 1999). Since the effect of 5-PAHSA treatment on db/db mice has not been characterized, one aim of this study was to investigate the effects of repeated 5-PAHSA treatment on glucose and lipid metabolism in db/db mice. We found that 1 month of 5-PAHSA administration had no beneficial effect on glucose metabolism in db/db mice. Moreover, we found that the course of 5-PAHSA treatment promoted hepatic fatty infiltration and inflammatory responses in these mice. The mechanisms governing these negative effects of 5-PAHSA treatment, particularly in the liver, are not fully understood. Given that high blood glucose levels are characteristic of db/db mice, we hypothesized that hyperglycemia may alter the effects of 5-PAHSA treatment and tested this hypothesis in human liver-derived HepG2 cells. Thus, the other aim of this study was to study the role of hyperglycemia in the impairment of 5-PAHSA action.



MATERIALS AND METHODS

Reagents

Radio-immunoprecipitation assay (RIPA) buffer, Dulbecco’s Modified Eagle’s Medium (DMEM), TRIzol reagent, fetal bovine serum (FBS), penicillin/streptomycin, phenylmethylsulfonyl fluoride (PMSF), and Halt protease and phosphatase inhibitor cocktail were obtained from Thermo Fisher Scientific (Waltham, MA, United States). D-glucose, bovine serum albumin (BSA), insulin and Dimethylsulfoxide (DMSO) were obtained from Sigma-Aldrich (St. Louis, MO, United States). Phosphate-buffered saline (PBS) was obtained from GE Healthcare Life Sciences (Beijing, China). The bicinchoninic acid (BCA) protein assay and primary antibody dilution buffer were obtained from Beyotime (Nanjing, China). Antibodies against insulin receptor substrate 1 (IRS1), pThr896-IRS1, insulin receptor substrate 2 (IRS2), pSer731-IRS2, protein kinase B (Akt), pSer473-Akt, GPADH, AMP-activated protein kinase alpha (AMPKα), pThr172-AMPKα, acetyl-CoA carboxylase (ACC), pSer79-ACC, carnitine palmitoyltransferase 1 (CPT1), fatty acid synthase (FAS), IκB alpha, pSer36-IκB alpha, NF-κB, pSer536-NF-κB, and β-actin were obtained from Abcam (Cambridge, MA, United States), and the antibody against sterol-regulatory element-binding protein 1c (SREBP1c) was obtained from Santa Cruz (Dallas, TX, United States).

Synthesis and Verification of 5-PAHSA

Detailed information on synthesis and verification of 5-PAHSA is outlined in the Supplementary Information.

Cell Culture and Treatments

3T3-L1 cells and human hepatoma HepG2 cell line were obtained from the Chinese Academy of Medical Sciences and Peking Union Medical College (Beijing, China). 3T3-L1 cells were grown in DMEM supplemented with 10% FBS, 200 U/ml penicillin, and 200 U/ml streptomycin in 5% CO2 humidified atmosphere at 37°C until confluence. Two days after confluence, to induce adipocyte differentiation, cells were incubated for 48 h in DMEM supplemented with 10% FBS containing 500 μM 3-isobutyl-1-methylxanthine (IBMX), 0.25 μM dexamethasone, and 10 μg/ml insulin. Then the cells were maintained in culture medium supplemented with insulin only, which were changed every 2 days until complete differentiation. To induce insulin resistance, mature 3T3-L1 cells were treated with recombinant mouse tumor necrosis factor (TNF)-α (4 ng/ml). Media was changed daily for TNF-α treatment, for a total incubation time of 4 days. For 5-PAHSA treatment, 3T3-L1 cells were treatment with 5-PAHSA (20 μM) for 2 days, and then harvested for RNA or protein isolation.

We cultured HepG2 cells in DMEM, with either a normal glucose concentration (5.5 mM D-glucose) or a high glucose concentration (30 mM). To induce insulin resistance, HepG2 cells were treatment with high insulin (100 nM). Media was changed daily for a total incubation time of 3 days. For 5-PAHSA treatment, HepG2 cells were treated with 5-PAHSA (20 μM) for 2 days, and then harvested for RNA or protein isolation.

Immunofluorescence Staining

Immunofluorescence staining was conducted based on standard procedures for the Glut4 membrane translocation analysis. Briefly, cells were blocked with 5% BSA for 30 min at room temperature with membrane rupture treatment by Triton to detect total Glut4 or without membrane rupture to determine membrane distribution. Cells were incubated at 4°C with anti-Glut4 antibody overnight. Equal PBS was added instead of Glut4 as a negative control. The Cy3-conjugated secondary antibody was applied to the samples at room temperature for 1 h. After washing with PBS, images were immediately captured under an immunofluorescence microscope.

Glucose Uptake Assay

Cells in 96 well dishes were washed twice with PBS and incubated with 100 μl KRPH/2% BSA for 40 min. Prepare sample background controls, insulin stimulated cells and non-stimulated control samples. (1) Sample background control (untreated) cells: Do not add insulin and 2-deoxyglucose (2-DG). (2) Insulin stimulated cells: KRPH/2% BSA contained with 10 μM insulin for 20 min and add 10 μl of 10 mM 2-DG for 20 min. (3) Non-stimulated control samples: Non-insulin stimulated cells, but add 10 μl of 10mM 2-DG for 20 min. Prepare Reaction Mix A and add in all samples. And incubate for 1 h. Add 90 μl Extraction buffer in each well and heat at 90°C for 40 min. Prepare Reaction Mix B fresh and add 38 μl in all wells. Measure output OD at 412 nm wavelength on a microplate reader in a kinetic mode, every 2–3 min, at 37°C protected from light.

Animals

All animal experiments were approved by Fudan University Animal Care and Use Committee. Male db/db and wild-type (WT) C57BL6/J mice were purchased from the Model Animal Research Center of Nanjing University (Nanjing, China). At 3 weeks of age, the C57BL/6 mice were given high fat diet (HFD, Shanghai SLAC Company) for 20 weeks. Mice with random blood glucose >11.1 mmol/L were considered as insulin-resistant mice. Individual db/db mouse weighed 40 ± 5 g, WT mouse weighed 28 ± 2 g and HFD-induced insulin-resistant mouse weighed 32 ± 2 g. All mice were housed in colony cages with ad libitum access to food and water. Mice were kept on a 12/12 h light/dark cycle in a temperature-controlled environment.

Groups and Intervention

Mice were divided into six groups: db/db control group (db/db/C); db/db+5-PAHSA (50 mg/kg per day) group (db/db/L); db/db+5-PAHSA (150 mg/kg per day) group (db/db/H); WT control group (WT/C); WT+5-PAHSA (50 mg/kg per day) group (WT/L). WT+5-PAHSA (150 mg/kg per day) group (WT/H) (n = 5 for each group). For glucose metabolism studies, we added HFD-induced diabetic mice (control; HFD plus 50 mg/kg 5-PAHSA, n = 5 mice) to the above two groups.

We administered 5-PAHSA by gavage once a day for 1 month. The control mice were given with the same volume of vehicle [50% polyethylene glycol (PEG) 400, 0.5% Tween-80, 49.5% H2O] at the corresponding time points.

Oral Glucose Tolerance Tests (OGTT)

We performed OGTT 5 h after food removal in awake mice. At 4.5 h after food removal (0.5 h before initiation of the OGTT), we gavaged mice with 50 mg/kg/150 mg/kg 5-PAHSA, or with an equivalent volume of vehicle. We gave mice 1 g/kg glucose by gavage 30 min after administration of 5-PAHSA or vehicle and monitored blood glucose over a 2 h period. Before the 5-PAHSA gavage and 5 min after the glucose gavage, we bled mice from the tail vein using heparin coated capillary tubes and determined blood glucose by Accu-Check active bands (Roche Diagnostics) (n = 5 mice for each group).

Measurement of Blood Glucose

We collected blood from the tail vein of each mouse using heparin coated capillary tubes. We measured blood glucose with Accu-Check active bands (Roche Diagnostics) (n = 5 mice for each group).

Staining of Mice Liver Specimens

We fixed liver specimens in 10% formalin, embedded in paraffin, sectioned the tissue (4 μm), and then stained sections with hematoxylin-eosin. We blindly assessed infiltration of inflammatory cells in liver on four random fragments from different areas of each liver (n = 5 mice for each group).

Enzyme-Linked Immunosorbent Assay (ELISA)

We collected blood from the abdominal aorta of mice at the time of sacrifice. Serum C-reactive protein (CRP), TNF-α, interleukin (IL)-1α, and insulin levels were measured by ELISA kit (Sigma-Aldrich, St. Louis, MO, United States), according to the manufacturer’s instructions (n = 5 mice for each group).

We extracted hepatic proteins from 50 mg of mouse liver homogenate by homogenization in 1.5 mL of phosphate-buffered saline (PBS) using TissueLyser (Qiagen, CA, United States). We centrifuged the homogenate for 10 min at 1000 g and collected the protein from the lower phase. We quantified CRP and TNF-α in the liver with ELISA (Sigma-Aldrich, St. Louis, MO, United States) (n = 5 mice for each group).

Levels of interleukin 6 (IL-6) and monocyte chemotactic protein 1 (MCP1) in HepG2 cells-conditioned medium were measured using ELISA (Sigma-Aldrich, St. Louis, MO, United States).

Gene Expression Analysis

TRIzol reagent was used to extract total RNA from HepG2 cells. A total of 1 μg RNA was subjected to reverse transcription using the PrimeScriptTM RT Reagent kit (Takara, Shiga, Japan). Gene expression was evaluated by Quantitative reverse transcription PCR (qPCR) analysis using SYBR Green reagents (SYBR® Premix Ex TaqTM) and the LightCycler® 480 Real-Time PCR System (Roche Diagnostics, Basel, Switzerland). The primers for qPCR of HepG2 cells are shown in Table 1.

TABLE 1. The primers for qPCR of HepG2 cells.
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Oil Red O Staining

Cells were washed with PBS, fixation in 10% formalin for 20 min at room temperature, and further washing with PBS. A mixture of Oil Red O solution and water with ratio of 3:2 was layered onto cells for 60 min, followed by washing three times with deionized water. Images were subsequently captured under a microscope.

Intracellular Triglyceride and Cholesterol Content Assay

We pre-incubated HepG2 cells in a 6-well cell culture plate for 72 h. The cells were cultured in DMEM containing either normal glucose or high glucose, supplemented with 5-PAHSA or vehicle control. After a 72 h incubation, we collected and centrifuged cells at 1000 rpm for 10 min. Cell pellets were washed once with PBS, resuspended in 400 μL PBS buffer, and transferred to a microsmashing tube for ultrasonication (ultrasonic output power of 400 w, intermission/ultrasonication time of 30 s/5 s, total extraction time of 15 s). After ultrasonication, we determined the concentration of cellular triglyceride using an EnzyChromTM triglyceride assay kit (Bioassay Systems, Hayward, CA, United States) and normalized the measured value to the protein concentration, according to the manufacturer’s protocol.

Western Blot Analysis

We applied equal amounts of protein (15 μg/lane) to a 10% SDS-polyacrylamide gel electrophoresis and transferred to a polyvinylidene fluoride (PVDF) membrane (Bio-Rad, CA, United States). We blocked membranes with 5% non-fat dry milk in Tris-buffered saline (TBS) (Amersham Biosciences, Uppsala, Sweden) containing 0.05% Tween-20 (T-TBS) (Bio-Rad, CA, United States) and then incubated overnight at 4°C with antibodies to reveal the expression of them. Then we washed the membranes with T-TBS and incubated with specific secondary antibodies for 1 h. We visualized peroxidase activity with an enhanced chemiluminescence substrate system (ECL; Santa Cruz Biotechnology, Santa Cruz, CA, United States) and quantified the bands using Quantity One (Bio-Rad, CA, United States).

Statistical Analysis

All data are representative of at least three different experiments and are expressed as the mean ± standard error (SE). All data were analyzed using GraphPad Prism software (GraphPad Software Inc., San Diego, CA, United States). We used the analysis of variance (ANOVA) to compare the differences between multiple groups. The non-paired t-test was used to analyze two groups after the homogeneity of variance test. We considered differences to be statistically significant at p < 0.05.



RESULTS

Effects of 5-PAHSA on Insulin Resistance in vitro

To test the effects of 5-PAHSA on insulin resistance, HepG2 cells and 3T3-L1 cells were treated with high insulin and TNF-α, respectively, to become experimental models of insulin resistance (IR). The models were assessed by the ability of insulin to stimulate glucose uptakes. In HepG2 cells, high insulin treatment impaired the action of insulin to stimulate glucose uptake, indicating the successful establishment of IR model using HepG2 cells. However, the defect could be rescued by 5-PAHSA treatment (Figure 1A). We also examined the effect of 5-PAHSA on various parameters of insulin signaling. The results showed that treatment with high insulin decreased levels of insulin-stimulated IRS1 phosphorylation at Thr896 and Akt phosphorylation at Ser473, increased IRS2 phosphorylation at Ser731, whereas co-treatment with 5-PAHSA largely prevented this actions (Figures 1B,C).
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FIGURE 1. Effects of 5-PAHSA treatment on glucose uptake and insulin signaling pathway in HepG2 cells. (A) Rates of glucose transport in HepG2 cells. Basal glucose transport (black) and insulin stimulated glucose transport (gray) are shown. Cells were untreated, treated with high insulin or high insulin plus 5-PAHSA. Basal rate refers to the rate of glucose transport in the absence of insulin. Insulin-stimulated rate was calculated as the rate of transport in the presence of insulin minus the basal rate. ∗∗p < 0.01 versus basal rate (t-test). (B) Insulin signaling was examined by western blot analysis in HepG2 cells. Cells were untreated, treated with high insulin or high insulin plus 5-PAHSA. (C) Quantification of western blotting. ∗p < 0.05 versus control, #p < 0.05 versus high insulin (one-way ANOVA). Data are representative of at least three different experiments. All data represent means ± standard error (SE).



In 3T3-L1 adipocytes, insulin-dependent glucose uptake was decreased by TNF-α treatment. The results showed the successful establishment of IR model using 3T3-L1 adipocytes. However, the defect in insulin action was reversible by 5-PAHSA treatment (Figure 2A). TNF-α treatment decreased levels of insulin-stimulated phosphorylation on IRS1 (Thr896) and Akt (Ser473), increased phosphorylation on IRS2 (Ser731), but 5-PAHSA treatment largely prevented this effects (Figures 2B,C). TNF-α alone or together with 5-PAHSA had no effect on total Glut4 levels (Figures 2B–D). However, the expression levels of Glut4 on cell surface were decreased in TNF-α treated 3T3-L1 adipocytes compared with control based on immunofluorescence detection. In contrast, 5-PAHSA treatment significantly increased Glut4 plasma membrane translocation (Figure 2E). Together, our results indicated that 5-PAHSA can significantly reduce high insulin- and TNF-α-induced insulin resistance in HepG2 cells and 3T3-L1 cells.
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FIGURE 2. Effects of 5-PAHSA treatment on glucose uptake and insulin signaling pathway in 3T3-L1 cells. (A) Rates of glucose transport in 3T3-L1 cells. Basal glucose transport (black) and insulin stimulated glucose transport (gray) are shown. Cells were untreated, treated with TNF-α alone or TNF-α plus 5-PAHSA. ∗p < 0.05 versus basal rate (t-test). (B) Insulin signaling was examined by western blotting analysis in 3T3-L1 cells. Cells were untreated, treated with TNF-α alone or TNF-α plus 5-PAHSA. (C) Quantification of western blotting. ∗p < 0.05, ∗∗p < 0.01 versus control, ##p < 0.01, ###p < 0.001 versus TNF-α (one-way ANOVA). (D) Glut4 plasma membrane translocation in 3T3-L1 adipocytes treated with TNF-α alone or together with 5-PAHSA. (E) Quantification of Glut4 translocation in (D). ∗∗∗p < 0.001 versus control, ##p < 0.01 versus TNF-α (one-way ANOVA). Data are representative of at least three different experiments. All data represent means ± standard error (SE).



5-PAHSA Treatment Improved Glucose Tolerance in HFD-Induced Insulin-Resistant Mice, While Had No Effect on Glucose Tolerance, Blood Glucose, Insulin Levels or Body Weight in db/db Mice

We nest sought to extend these observations from cellular models to in vivo models of insulin resistance, the HFD-induced insulin resistant mice and the leptin receptor-deficient db/db mice. To test whether administration of 5-PAHSA can improve glucose tolerance, an OGTT was performed in insulin-resistant HFD-fed mice and db/db mice. The results showed that 5-PAHSA treatment improved glucose tolerance with a reduced area under the glucose excursion curve in 5-PAHSA treated HFD-fed mice. However, low dose (50 mg/kg) and high dose (150 mg/kg) of 5-PAHSA treatment did not improve glucose tolerance in db/db mice (Figure 3A). Then we further test whether continuing 5-PAHSA treatment would affect glucose metabolism in db/db mice, blood glucose levels were tested after 5-PAHSA treatment for 10 and 30 days in db/db mice. There was still no significant differences in blood glucose levels as compared to before treatment (Figures 3B,C). To determine whether continuing administration of 5-PAHSA influenced insulin secretion, serum insulin levels were tested after 30 days of low dose and high dose of 5-PAHSA treatment. They had no effect on insulin secretion (Figure 3D). Further, 30 days of 5-PAHSA treatment did not significantly change body weight (Figure 3E) or food intake (data not shown) in db/db mice. Besides, 5-PAHSA treatment also had no effects on glucose metabolism in WT mice.
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FIGURE 3. 5-PAHSA treatment improved glucose tolerance in HFD-induced insulin-resistant mice, while had no effect on glucose tolerance, blood glucose, insulin levels or body weight in db/db mice. All mice were divided randomly as follows: control db/db group (db/db/C), db/db plus low-dose 9-PAHSA group (50 mg/kg per day; db/db/L), db/db plus high-dose 9-PAHSA group (150 mg/kg per day; db/db/H), control WT group (WT/C), WT plus low-dose 9-PAHSA group (50 mg/kg per day; WT/L), and WT plus high-dose 9-PAHSA group (150 mg/kg per day; WT/H); HFD control and HFD plus 50 mg/kg 5-PAHSA. (A) HFD-induced insulin-resistant mice, db/db mice and WT mice were gavaged with 5-PAHSA or a vehicle control 4.5 h after food removal. After 30 min, an oral glucose tolerance test (OGTT) was performed. Area under the curve (AUC) was calculated from –30 to 120 min. ∗p < 0.05 (t test), ∗∗∗p < 0.001 (two-way ANOVA) versus HDF/C. (B,C) Changes in blood glucose of db/db mice and WT mice after 10 and 30 days of 5-PAHSA treatment. (D) Serum insulin levels in db/db mice and WT mice after 30 days of 5-PAHSA treatment. (E) Body weight changes in db/db mice and WT mice after 30 days of 5-PAHSA treatment. n = 5 mice per group. All data represent means ± standard error (SE).



Chronic 5-PAHSA Administration Induced Liver Steatosis and Secretion of Inflammatory Factors in db/db Mice

Since we didn’t observe hypoglycemic action of chronic 5-PAHSA treatment in db/db mice, we further investigated whether 5-PAHSA treatment could affect lipid metabolism in the livers of db/db mice. In low dose and high dose of 5-PAHSA treated db/db mice, more severe liver steatosis was observed, compared with vehicle control. And these effects of 5-PAHSA were not be depend on dosage (Figure 4A). In addition, the infiltration of inflammatory cells was also been seen in livers of low dose of 5-PAHSA-treated db/db mice (Figure 4A). In addition, no significant differences were observed in 5-PAHSA-treated WT mice and vehicle control.
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FIGURE 4. Effects of repeated 5-PAHSA administration on hepatic lipid accumulation and inflammatory cytokines secretion in db/db mice and WT mice. (A) Hematoxylin and eosin staining of hepatic tissue sections after 30 days of 5-PAHSA treatment. Pictures were taken at 200× magnification and show: db/db/C, Mild steatosis; db/db/L, Severe steatosis and inflammatory cells infiltration; db/db/H, Severe steatosis; WT/C, None steatosis; WT/L, None steatosis; WT/H, None steatosis. (B) TNF-α and CRP levels in liver after 30 days of 5-PAHSA treatment. (C) Levels of serum inflammatory cytokines, including CRP, IL-1α and TNF-α after 30 days of 5-PAHSA treatment. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, ∗∗∗∗p < 0.0001 versus db/db/C or WT/C. n = 5 mice per group. Data represented means ± standard error (SE).



We then tested the secretion of liver inflammatory factors, CRP and TNF-α. The protein levels of CRP and TNF-α were significantly increased in 5-PAHSA-treated db/db mice than vehicle control (Figure 4B). Similarly, serum levels of IL-1α, TNF-α, and CRP were significantly higher in 5-PAHSA-treated db/db mice than vehicle control (Figure 4C). However, the effects of 5-PAHSA were not dose-dependent. Likewise, 5-PAHSA had no effect on inflammatory factors in WT mice (Figures 4B,C). These results suggest that chronic 5-PAHSA administration may induce systemic inflammatory responses in db/db mice.

High Glucose Impaired the Effects of 5-PAHSA on Lipid Metabolism in HepG2 Cells

In HFD-induced insulin-resistant mice, 5-PAHSA improves glucose metabolism (Yore et al., 2014). In the study, we also found that 5-PAHSA treatment improved glucose tolerance and insulin sensitivity in HFD-fed mice, HepG2 cells and 3T3-L1 cell (Figures 1, 2). However, 5-PAHSA treatment did not metabolically benefit db/db mice. Based on it, we hypothesized that hyperglycemia condition in db/db mice impaired 5-PAHSA effects on metabolism. To test this hypothesis, we exposed HepG2 cells to either a normal level of glucose or a high level of glucose. To determine whether the effects of 5-PAHSA on metabolic parameters are distinct from effects of ordinary free fatty acids, we performed similar studies with PA since 5-PAHSA is made up of palmitate and hydroxystearic acid. We found that 5-PAHSA treatment enhanced phosphorylation levels of key lipid metabolism enzymes in normal glucose conditions compared to control and PA treatment. As expected, 5-PAHSA treatment increased phosphorylation of AMPKα on Thr172 (Figure 5A). Consequently, phosphorylation of ACC on Ser79, an AMPKα target, also increased slightly (Figure 5A), indicating that 5-PAHSA treatment inactivated this rate-limiting enzyme of fatty acid synthesis. In high glucose conditions, 5-PAHSA treatment of HepG2 cells decreased phosphorylation levels of AMPKα, but had no significant influence on ACC phosphorylation (Figure 5A). PA treatment had similar effects (Figure 5A).
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FIGURE 5. Effects of 5-PAHSA treatment on lipid metabolism under normal and high glucose conditions in HepG2 cells. HepG2 cells were cultured with normal glucose (NG) or high glucose (HG) for 72 h. Cells were untreated (vehicle), treated with 5-PAHSA (5P) or palmitic acid (PA). (A) Western blotting analysis of protein expression, including total AMPKα and pThr172-AMPKα, total ACC and pSer79-ACC. (B) The mRNA expression of CPT1, FAS, and SREBP1c were evaluated by qPCR. (C) Western blotting analysis of protein expression, including CPT1, FAS, and SREBP1c. (D) Lipid accumulation was detected by Oil Red O staining (magnification, 200×). (E) The levels of intracellular triacylglycerols and cholesterol in HepG2 cells were tested by ELISA. ∗p < 0.5, ∗∗p < 0.01, ∗∗∗p < 0.001 versus Vehicle under normal glucose condition; #p < 0.5, ##p < 0.01, ###p < 0.001 versus vehicle under high glucose condition (one-way ANOVA). Data are representative of at least three different experiments. Data represent means ± standard error (SE).



In normal glucose conditions, 5-PAHSA treatment upregulated mRNA and protein expression of CPT1, downregulated mRNA and protein expression of FAS or SREBP1c compared to control and PA treatment (Figures 5B,C). These effects of 5-PAHSA were lost when cells were subjected to high glucose conditions (Figures 5B,C).

As 5-PAHSA treatment in the presence of high glucose increased mRNA and protein levels of genes involved in lipid synthesis and reduced fatty acid oxidation, we further investigated whether this treatment promoted lipid accumulation in HepG2 cells. Oil Red O staining showed no signs of lipid accumulation among control group, 5-PAHSA group and PA group incubated with normal glucose. In contrast, in the high glucose conditions, 5-PAHSA and PA treatment showed significantly lipid accumulation compared with control group (Figure 5D). In addition, quantification of lipid content in HepG2 cells revealed that, in the normal glucose conditions, 5-PAHSA decreased intracellular levels of triglycerides and cholesterol in HepG2 cells, as compared to control and PA treatment (Figure 5E). In the high glucose conditions, 5-PAHSA treatment significantly increased intracellular levels of triglycerides and cholesterol, as effectively as PA treatment (Figure 5E).

High Glucose Impaired the Anti-inflammatory Effects of 5-PAHSA in HepG2 Cells

5-PAHSA treatment promoted the secretion of liver and serum inflammatory factors in db/db mice. To determine whether 5-PAHSA treatment increased inflammation induced by high glucose concentrations, HepG2 cells were incubated with either normal or high glucose concentrations in the absence or presence of 5-PAHSA. In the normal glucose conditions, 5-PAHSA treatment inhibited phosphorylation of IκBα and NF-κB, prevented IκBα degradation and then NF-κB activation, as compared to control and PA treatment (Figure 6A). Interestingly, all of these effects of 5-PAHSA were completely abrogated by high glucose concentrations (Figure 6A). Consistent with this, 5-PAHSA treatment decreased mRNA and protein levels of MCP1 and IL-6 in normal glucose compared with control and PA treatment (Figures 6B,C). Similar to PA, 5-PAHSA increased mRNA and protein levels of MCP1 and IL-6 in high glucose conditions (Figures 6B,C). These results indicated that high glucose impaired the anti-inflammatory function of 5-PAHSA.
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FIGURE 6. Effects of 5-PAHSA treatment on the NF-κB-mediated signaling pathway under normal and high glucose conditions in HepG2 cells. (A) Western blotting analysis of expression of total IκBα and pSer36-IκBα, total NF-κB and pSer536-NF-κB. (B) The mRNA expression of MCP1 and IL-6 were evaluated by qPCR. (C) The protein levels of MCP1 and IL-6 were tested by ELISA. ∗p < 0.5, ∗∗p < 0.01 versus vehicle under normal glucose condition; #p < 0.5, ##p < 0.01, ###p < 0.001, ####p < 0.0001 versus vehicle under high glucose condition (one-way ANOVA). Data are representative of at least three different experiments. Data represent means ± standard error (SE).





DISCUSSION

In the study, we found that the HFD-induced insulin-resistant mice exhibited improved glucose tolerance after 5-PAHSA treatment, evidenced by reduced area under the glucose excursion curve. Moreover, 5-PAHSA improved insulin sensitivity in 3T3-L1 cells and HepG2 cells. Specifically, 5-PAHSA treatment significantly increased insulin stimulated glucose uptake, thus improved insulin resistance induced by high insulin/TNF-α. Besides, 5-PAHSA treatment increased IRS1 phosphorylation at Thr896 and Akt phosphorylation at Ser473, two signaling proteins correlated with increases in glucose uptake. And 5-PAHSA treatment decreased IRS2 phosphorylation at Ser731, which related with insulin resistance. 5-PAHSA treatment also enhanced Glut4 translocation in 3T3-L1 cells, leading to increased uptake of glucose. Consistent with these findings, previous studies have reported acute oral administration of 5-PAHSA to insulin-resistant HFD-fed mice lowered basal glycemia and improved glucose tolerance (Yore et al., 2014). Chronic 5-PAHSA treatment also improved insulin sensitivity and glucose tolerance in chow- and HFD-fed mice (Syed et al., 2018). However, Pflimlin et al. (2018) challenge these findings that 5-PAHSA improves glucose control in vivo. They reported that acute and repeated treatment with 5-PAHSA in insulin-resistant diet-induced obese mice did not improve the metabolic status. Likewise, we found that repeated administration of 5-PAHSA for 1 month didn’t metabolically benefit db/db mice.

The important methodological issues that may contribute to the different results among these researches. The db/db mouse is one of the most widely used animal models in T2DM research (Wang et al., 2014). However, unlike HFD-induced insulin-resistant mice, the diabetic characteristics of db/db mice derive from mutation of leptin receptor genes. In db/db mice at 10 weeks of age, fasting blood glucose levels can reach ∼600 mg/dl in comparison to ∼150 mg/dl in control mice (Han et al., 2008), indicating extreme hyperglycemia. High levels of glucose may impair 5-PAHSA signaling pathway in db/db mice. Our in vitro results also confirmed this hypothesis.

Here, we showed that 5-PAHSA treatment reduced lipogenesis and increased fatty acid oxidation in HepG2 cells in normal glucose conditions. In contrast, 5-PAHSA treatment under high glucose conditions promoted fatty acid accumulation and reduced fatty acid oxidation in HepG2 cells. This promotion of lipogenesis was associated with upregulation of SREBP1c and its downstream target genes, FAS. Inhibition of fatty acid oxidation was associated with downregulation of phosphorylation of AMPKα and ACC, as well as downregulation of CPT1 expression. Consistent with in vitro results, hepatic pathology in vivo showed that continuous administration of 5-PAHSA for 1 month in db/db mice caused liver steatosis, suggesting that 5-PAHSA treatment may induce liver damage in db/db mice. As a primary metabolic organ in human body, the liver plays a key role in the regulation of lipid and glucose metabolism. Dysregulation of hepatic lipid metabolic pathways contributes to the development of insulin resistance (Farese et al., 2012; Quiroga et al., 2012). Liver steatosis induced by 5-PAHSA treatment may one of the reasons that result in failure of glucose control in db/db mice.

Metabolic inflammation in tissue can interfere with insulin action through inhibiting insulin signaling pathway (Nie et al., 2017). We observed that 1 month of 5-PAHSA administration in db/db mice induced inflammatory responses, which may indicate a possible cause for the observed negative effects on insulin resistance. Specifically, serum IL-1α, CPR, and TNF-α were significantly higher in 5-PAHSA treated db/db mice than in db/db control mice. Hepatic pathology showed that continuous 5-PAHSA treatment in db/db mice aggravated hepatic inflammation. In addition, the levels of CPR and TNF-α in liver were significantly higher in 5-PAHSA treated db/db mice. These results were contrary to the report by Yore et al. (2014), which showed that oral administration of 5-PAHSA in HFD mice for 3 days improved adipose tissue inflammation by reducing the levels of macrophages that were positive for the proinflammatory cytokines TNF-α and IL-1β. Moreover, chronic 5-PAHSA treatment in chow-fed and HFD-fed mice reduces adipose inflammation (Syed et al., 2018). Based on this, we hypothesized that discrepancies between findings may be due to different animal models, since db/db mice had higher hyperglycemia. And our in vitro results supported the hypothesis.

In an inactive form, NF-κB is composed of a p65-p50 heterodimer bound with IκBα in the cytoplasm. After cellular stimulation, IκBα is degraded after phosphorylation and NF-κB is released to become the bioactive form. Active NF-κB is then translocated into nucleus and adjusts transcriptional activity of target genes, such as MCP1 and IL-6 (Baldwin, 1996). In the normal glucose condition, 5-PAHSA treatment inhibited inflammation via downregulation of IκBα phosphorylation and NF-κB phosphorylation, prevented IκBα degradation, NF-κB activation and then decreased MCP1 and IL-6 secretion. However, hyperglycemia impaired the anti-inflammatory effects of 5-PAHSA via promoting IκBα degradation and activating NF-κB pathway. Furthermore, since 5-PAHSA treatment caused a systemic inflammatory response in db/db mice, and chronic low-grade inflammation contributes to obesity-related insulin resistance (Odegaard and Chawla, 2013; Castoldi et al., 2015), our findings may provide insight into the exacerbated insulin resistance in db/db mice.



CONCLUSION

We studied the effect of repeated 5-PAHSA treatment on glucose and lipid metabolism in db/db mice. Our results indicate that continuous 5-PAHSA treatment for 1 month might increase insulin resistance, promote lipid accumulation in the liver, and induce inflammatory responses. In mechanism, hyperglycemia impaired 5-PAHSA action by inhibiting the AMPKα signaling pathway and promoting NF-κB-mediated inflammation. In our future work, we plan to modify 5-PAHSA to further provide therapy for metabolic disease.
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Curcumin (CCM) has many potential uses in anticancer chemotherapy, but its low water solubility poses a major problem, preventing its translation into clinical use. TPGS is a water-soluble derivative of vitamin E that acts as a surfactant with the ability to form micellar nanoparticles in water. More importantly, TPGS acts as a potent antioxidant that can neutralize intracellular reactive oxygen species (ROS). In this study, we solubilized CCM with TPGS using thin-film rehydration to prepare aqueous formulations containing CCM at clinically relevant concentrations. We found that the minimal TPGS:CCM ratio for producing nanoparticles was 5:1 (w/w): at or above this ratio, stable nanoparticles formed with an average particle diameter of 12 nm. CCM was released from TPGS/CCM micelles in simulated colonic and gastric fluids. These TPGS/CCM nanoparticles were shown to decrease intracellular ROS levels and apoptosis and inhibited migration of HT-29 human colon cancer cells more potently than free CCM. Pharmacokinetic analysis showed TPGS/CCM to be more bioavailable than free CCM after oral administration to rats. Our results suggest that TPGS/CCM may increase therapeutic efficacy of CCM against colon cancer and merits further investigation in a clinical setting.

Keywords: curcumin, ROS, vitamin E TPGS, micellar nanoparticle, synergistic effects, colon cancer

Introduction

In recent years, there has been growing interest in the use of curcumin (CCM) for treating diseases. CCM is the active ingredient of the turmeric plant (Curcuma longa) and has demonstrated many chemopreventive and chemotherapeutic properties. (Scott et al., 2008; Yallapu et al., 2010) CCM has been reported to have antioxidant properties and inhibits pro-inflammatory proteins, cell proliferation, as well as tumor angiogenesis and metastasis (Nair et al., 2012). However, CCM has low water solubility, which limits oral bioavailability (Yen et al., 2010). As a result, CCM only has limited physiological effects unless very high doses are used.

One method to overcome poor aqueous solubility is to use nanoparticle techniques (Allam et al., 2015; Vecchione et al., 2016; Bagheri et al., 2018; Cheng et al., 2018). Encapsulation of CCM in nano-sized micelles enables the drug to be formulated as an aqueous dispersion at therapeutically relevant concentrations that can be administered orally with increased bioavailability and cellular uptake.

Colorectal cancer is the third most common type of cancer in the world, comprising about 10% of all cancer cases. The incidence of colorectal cancer has steadily increased over the last 25 years due to factors such as obesity (Scott et al., 2008). In 2012 alone, 1.4 million new cases of colorectal cancer were diagnosed and 694,000 deaths occurred globally (Liang and Dominitz, 2019). Colorectal cancer manifests as adenomatous polyps and malignant cells in the colon (Yallapu et al., 2010) and is one of the most aggressive cancers (Dahlhaus et al., 2018). Current screening and detection methods for colorectal cancer are also inadequate, such that most diagnoses occur at the more advanced stages of the disease when treatments are no longer effective (Dolan et al., 2018; Shimada et al., 2018; Wrobel and Ahmed, 2018).

Nanotechnology is the development and application of nanoparticles, defined as particles ranging from 10 to 100 nm, for pharmaceutical purposes (Chen et al., 2017; Mo et al., 2017; Wang et al., 2018; Zambrano et al., 2018). Nanosuspensions, nanospheres, polymeric nanoparticles, liposomes, microemulsions, and microsomes have all been developed to enhance drug delivery by modifying the rate of drug release, circulation half-life, and targeting of the drug to specific cells or tissues (Chen et al., 2018; Ni et al., 2018). Nanoparticles have been synthesized from various materials. The small size of these micellar systems and their hydrophilic interface with blood plasma components allow them to evade uptake by the reticuloendothelial system (RES) and therefore remain longer in circulation (Sharma et al., 2017). While the hydrophobic core of these micelles provides a pocket in which poorly water-soluble drugs can be dissolved, the hydrophilic shell allows the micelles to remain stably dispersed in aqueous media. This acts as a physical barrier to reduce interaction between the drug cargo and blood components or non-target cells (Huang et al., 2017).

One technique used to produce polymeric nanoparticles is the thin-film rehydration method (Chen et al., 2017). This process uses amphiphilic surfactant molecules to stabilize the nanoparticles in aqueous media. One such surfactant is polyvinyl alcohol (PVA), which has been used extensively to produce polymer nanoparticles (Ghaffari et al., 2018). However, PVA is difficult to remove completely from the final nanoparticle product, and residual PVA may cause unwanted side effects when used in health care products. For these reasons, the preferred materials for biomedical nanoparticles are natural surfactants such as cholesterol, polysaccharides, phospholipids, and vitamins.

Our laboratory has previously synthesized stable phosphate calixarene-based micellar formulations of CCM using the thin-film rehydration method (Chen et al., 2017). In the present study, we build on these efforts to formulate nanoparticles with hydrophobic drugs by replacing Pluronic F127 with d-α-tocopheryl polyethylene glycol 1000 succinate (TPGS). TPGS is a water-soluble derivative of natural vitamin E that is produced by esterifying vitamin E succinate with polyethylene glycol 1000 (Zou and Gu, 2013; Gaonkar et al., 2017). The TPGS molecule is amphiphilic, with a lipophilic alkyl tail (tocopherol succinate moiety) and a hydrophilic polar head (polyethylene glycol chain). This allows TPGS to be used as a surfactant to encapsulate hydrophobic drugs into micellar structures. Given its ability to act simultaneously as a surfactant, emulsifier, solubilizer, absorption enhancer, and antioxidant (Zhang et al., 2015). TPGS has been studied extensively in recent years as an excipient for drug delivery systems.

We hypothesized that the combined use of CCM and TPGS in a nanoparticle may have synergistic effects in the treatment of colon cancer because both CCM and TPGS can reduce levels of reactive oxygen species (ROS). We also reasoned that loading TPGS micelles with CCM (TPGS/CCM) would protect CCM from degradation in the upper digestive tract, improving CCM pharmacokinetics. Therefore, in the present study, we used the thin-film rehydration method to synthesize TPGS/CCM nanoparticles, and we evaluated their characteristics using dynamic light scattering (DLS) and UV-visible (UV-Vis) spectrophotometry. We also evaluated in vitro release profiles of TPGS/CCM in simulated gastric and colonic fluids and tested whether loading CCM into nanoparticles improves its anti-migratory and pro-apoptotic effects on a human colon cancer cell line. Finally, we compared the pharmacokinetic profiles of free CCM and TPGS/CCM in rats to determine whether encapsulation of the drug improves its bioavailability.

Materials and methods

Materials

Curcumin (purity 95.0%, C110685), tween-80, was purchased from Aladdin Chemical Reagents, Shanghai, China; TPGS was obtained from Professional Compounding Centers of America, Houston, TX, USA. Chloroform [high performance liquid chromatography (HPLC) grade] was provided by Scharlau, Barcelona, Spain and 0.2-µm filter was purchased from SARSTEDT AG & Co. KG, Nümbrecht, Germany. Methanol (analytical grade) was obtained from Univar, New South Wales, Australia. Apoptosis kits based on staining with annexin V-FITC and propidium iodide (PI) were purchased from Lianke Technology (Hangzhou, China). Emodin, which was used as internal standard was obtained from National Institutes for Food and Drug Control, Beijing, China. 35-mm glass-bottom culture dishes were purchased from NEST Biotechnology Co., Ltd. Jiangsu, China. All other materials and solvents (analytical grade) were obtained from Sigma Aldrich, St Louis, MO, USA.

Cell Culture

HT-29 cells were obtained from Guilin UniK Biotechnology (Guilin, China) and cultured at 37.5°C in Dulbecco’s modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 1 mM l-glutamine. All cell culture reagents were purchased from Thermo Fisher (Pittsburgh, PA) unless otherwise mentioned.

Animals

Male Wistar rats (200 ± 20 g) were provided by the Model Animal Research Center of Nanjing University (Nanjing, China). All animal experiments were approved by the Ethics Committee of Guilin Medical University (ethics number YXLL-2017-085).

Preparation of TPGS/CCM Nanoparticles and Empty TPGS Micellar Particles

TPGS/CCM nanoparticles were prepared using the thin-film rehydration method developed in our laboratory. As CCM is highly hydrophobic and light-sensitive, it was handled only in glass vessels wrapped in aluminum foil. A stock solution of 10% (w/v) CCM was first prepared by dissolving 10 mg of CCM in 100 ml methanol. Solid TPGS was liquefied at 50°C, then dissolved in 50 ml HPLC-grade chloroform to produce a TPGS solution at concentrations of 0.01–1.00% (w/v) as required.

Nanoparticles were prepared at a TPGS:CCM weight ratio ranging from 50:1 to 1.5:1. For each batch of nanoparticles, relevant volumes of the CCM stock solution and the TPGS solution were mixed in a round-bottom flask, which was attached to a rotary evaporator (Eyela N1000, Japan). The solvents were evaporated at 50°C for at least 1 h or until a thin, dry film formed on the inner surface of the flask. The flask was then attached to a vacuum line for at least 12 h to dry. The dried film was rehydrated with double-deionized water that had been pre-heated to 37°C then vortexed (Vortex-Genie, New York, USA) until the thin dry film was no longer visible. We concentrated TPGS to ≥0.02% (w/v) in the final dispersion, based on the sum of masses of CCM and TPGS added at the outset. This was well above the critical micellar concentration of TPGS in water [0.02% (w/v)] (Mu and Feng, 2002). The sample was then centrifuged at 3,913 g for 10 min at 5°C in a refrigerated centrifuge (Sigma 2-16PK, Germany) and the supernatant was collected and filtered through a 0.2-µm filter to remove any unencapsulated CCM precipitate. The filtrate was considered a dispersion of TPGS/CCM nanoparticles, and it was lyophilized and stored in glass vials at −20°C. The nanoparticle dispersion was visually inspected for color, opacity, and presence of sediment at three stages: after rehydration of the dried film, after centrifugation, and again after filtration. TPGS/CCM samples were prepared in triplicates. Nanoparticles were resuspended in double-deionized water before use in experiments.

As blank/empty controls, TPGS micellar particles without CCM (MTPGS) were prepared using the same protocol as described above, except methanol was used instead of the CCM stock solution.

Nanoparticle Size Determination and Stability Testing in 0.9% Saline

Nanoparticle morphology was checked using DLS following centrifugation and filtration to ensure removal of precipitated particles. DLS was performed using the Zetasizer Nanoseries (Malvern Instruments, Worcestershire, UK), and each batch was checked in quadruplicate. The morphology of MTPGS and TPGS/CCM at 12.5:1 was investigated by transmission electron microscopy (JEM-1200EX, JEOL). MTPGS and TPGS/CCM at 12.5:1 were diluted with water and then placed over 400-mesh copper-coated grids. The grids were dried at room temperature (RT) before inspection with transmission electron microscope (TEM). The UV-Vis spectra of free and TPGS-encapsulated CCM were measured at 800–200 nm using a UV-Vis spectrophotometer (Cary 50 Bio UV-visible spectrophotometer, Varian, CA, USA). Nanoparticle samples were diluted with water to give absorbances within the measurable range. A control solution of free CCM was prepared by diluting the stock solution of CCM in methanol with water.

For in vitro stability tests, 1 mg of freshly produced TPGS/CCM at 5:1 and 12.5:1 were incubated in 10 ml 0.9% saline at 37°C for 9 days. At different time points, the particle size distribution profiles, polydispersity index (PDI), and zeta potential values of the corresponding samples were characterized by DLS.

In vitro Release Profiles of TPGS/CCM in Simulated Colonic and Gastric Fluids

In vitro CCM release profiles were measured using a dialysis sac in combination with a United States Pharmacopeia dissolution/release apparatus (7000/7010 Dissolution Apparatus, Agilent Technologies, Santa Clara, CA, USA). Nanoparticles were suspended in enzyme-free simulated gastric fluid (SGF) containing 0.2% tween-80 (pH 2.4) or simulated colonic fluid (SCF) containing 0.2% tween-80 and 0.13 U/ml β-galactosidase in phosphate buffer (pH 7.4). (Singh et al., 2004) The SGF was prepared by dissolving NaCl in Milli-Q (18Ω) water to a final concentration of 34.2 mM and then adjusted to pH 2.4 using 70 mM HCl (Axson et al., 2015).

TPGS/CCM sacs were dialyzed in 500 ml of either simulated fluid at 37 ± 0.5°C for 24 h with stirring at 100 cycles/min. At 0, 1, 2, 4, 8, 16, and 24 h, 0.5 ml of the release medium was sampled and the absorption at 425 nm was measured using a LAMBDA 950 UV-Vis Spectrophotometer (PerkinElmer, Wellesley, MA, USA). Each batch was analyzed in triplicates.

Intracellular ROS Detection

Intracellular ROS generation in HT-29 cells was measured using an ROS Assay Kit. HT-29 cells were seeded in a 35-mm glass-bottom culture dishes at a density of 1 × 106 cells/well and cultured overnight in 2 ml DMEM with 10% FBS at 37°C in a 5% CO2 humidified atmosphere. On the next day, the medium was replaced with fresh DMEM+FBS, followed by the addition of 10 µM free CCM, TPGS/CCM, or 125 µM MTPGS. Control cultures were without treatment. After 24 h, the medium was removed, 2 ml of fresh DMEM medium was added, and the mixture was incubated for another 20 min. The cells were then washed three times with ice-cold phosphate-buffered saline (PBS) and imaged under a fluorescent confocal laser scanning microscope (Leica TCS SP5, Germany). The ROS-mediated decomposition of 2,7-Dichlorodihydrofluorescein diacetate (DCFH-DA) to dichlorofluorescein (DCF) was tracked based on DCF fluorescence at an excitation wavelength of 488 nm and emission wavelengths of 500–540 nm. The mean fluorescent intensity of HT-29 cells were quantified after counting 10,000 cells by flow cytometry (BD Biosciences, Franklin Lakes, NJ, USA).

In vitro Cytotoxicity

HT-29 cells were plated at a density of 1 × 105 cells/well in 96-well plates. After a 24-h incubation, the culture media was replaced with 100 μl fresh media and then 100 μl formulation (TPGS/CCM, free CCM (dissolved in 0.1% DMSO), or MTPGS) was added to a final concentration of 10 or 125 µM. Control wells received 100 μl of water instead of any formulation. After incubation for 48 h, 20 μl MTT (5 mg/ml) was added to each well, the absorbance was measured at 570 nm using a UV-Vis spectrophotometer, and IC50 was calculated according to manufacturer protocols.

Annexin V/PI Apoptosis Detection

HT-29 cells were seeded at a density of 1 × 105 cells/well and incubated with 5 μM of MTPGS, TPGS/CCM, or free CCM for 48 h. Cells were then digested with trypsin and collected by centrifugation at 157 g for 5 min. The cells were rinsed twice with PBS, resuspended in 500 μl binding buffer, then mixed with 2.5 μl annexin V and 5 μl PI. The cells were incubated in the dark for 15 min and cell apoptosis was analyzed using flow cytometry.

Wound Healing Assay

To investigate the effects of TPGS/CCM on cell migration, we performed a wound healing assay. Cells were seeded into six-well plates at a density of 1 × 106 cells/well and cultured at 37°C in a 5% CO2 incubator for 24 h until completely confluent. The cell monolayer was scratched with a 200-μl pipette tip, the well was washed twice with PBS to remove any floating cells, and then the medium was replaced with DMEM containing 0.5% FBS. Cells were treated with 60 μM MTPGS, 5 μM free CCM, 5 μM TPGS/CCM, or no treatment (control) for 48 h. Migrating cells were photographed at the leading edge of the wound using a light microscope. Cell migration was quantified by dividing the area of the wound at 48 h after scratching by the area at 0 h (immediately after scratching).

Pharmacokinetics

Male Wistar rats were fasted overnight and randomly divided into three groups (n = 6 per group). TPGS/CCM, MTPGS, or free CCM was then administered at a dose of 150 mg/kg by oral gavage. For the preparation of free CCM suspension, 2 ml of CCM solution (1.5 mg/ml in acetone) was added dropwise into 10 ml of 0.5% CMC-Na solution and sonicated for 0.5 h. Blood samples (0.5 ml) were collected from the suborbital vein into heparinized tubes at predetermined time points after administration. Plasma was collected by centrifugation at 10,000 g for 5 min and stored at –20°C.

For quantification, 200 μl plasma was mixed with 50 μl 1 mM emodin (internal standard) and then the mixture was extracted using 200 μl ethyl acetate. After vortexing for 3 min and centrifuging at 10,000 g for 5 min, the supernatant was transferred to a clean tube and the solvent was evaporated under nitrogen gas flow. The residue was redissolved in 200 μl mobile phase [acetonitrile: 0.5% phosphoric acid (56:44, v/v)], vortexed for 3 min and centrifuged at 10,000 g for 5 min. Finally, 20 μl of dissolved sample was analyzed by HPLC (Prominence, Shimadzu Corp., Japan), using a 150 × 4.6 mm Symmetry C18, 5-μm column (Kinetex, Phenomenex, CA, USA), and the mobile phase pumped at a flow rate of 1 ml/min. Pharmacokinetic parameters were calculated using the non-compartmental model in DAS 2.0 (Mathematical Pharmacology Professional Committee of China, Shanghai, China).

Statistical Analysis

All batches were produced in triplicates, otherwise mentioned. Each experiment was repeated twice. Experimental results are presented as mean ± SD and were analyzed using ANOVA and Student’s t test. A p-value of <0.05 was considered statistically significant.

Results

Characterization of TPGS/CCM Nanoparticles

Nanoparticle dispersions prepared with a TPGS:CCM weight ratio ≥5:1 consistently formed transparent yellow dispersions with no sediment visible (Figure 1A), indicating that the whole CCM load was successfully solubilized (i.e. 100% loading efficiency). These preparations remained stable based on visual inspection for at least 7 days, with stability increasing with higher TPGS:CCM ratio. In contrast, dispersions prepared with TPGS:CCM at ratios <5:1 formed a translucent orange liquid (Figure 1B) that yielded a sediment upon centrifugation, indicating the presence of unencapsulated, insoluble CCM.
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Figure 1 | Gross appearance of nanoparticle dispersions prepared using TPGS:CCM ratios of (A) 3.5:1 and (B) 12.5:1. Sample (A) was translucent orange with visible precipitation, while (B) was transparent yellow. Size distribution of (C) MTPGS micelles and (D) 12.5:1 of TPGS/CCM micelles, based on dynamic light scattering. Transmission electron micrographs of (E) MTPGS micelles and (F) 12.5:1 of TPGS/CCM micelles. Scale bar, 20 nm.



Nanoparticle size and size distribution were examined using dynamic laser scattering. As shown in Figures 1C and D, loading TPGS micelles with CCM (at 12.5:1, w/w) did not visibly affect their sizes or size distribution. The average particle sizes of MTPGS and TPGS/CCM at 12.5:1 were 12.7 ± 0.1 nm (PDI = 0.18) and 12.3 ± 0.1 nm (PDI = 0.17), respectively (n =  3, P > 0.05), suggesting a narrow size distribution. Transmission electron micrographs revealed that MTPGS and TPGS/CCM (at 12.5:1) nanoparticles were spherical and their sizes are consistent with the results of dynamic light scattering (Figures 1E and F). The lack of change in particle size and size distribution observed due to drug loading is consistent with previous studies (Saxena and Hussain, 2012; Meng et al., 2017). One of the possible reasons for this phenomenon is that the relatively low concentration (7.58%, w/w) and low molecular weight (368.39 g/mol) of CCM has negligible impact on TPGS micelles formation.

Nanoparticle size as measured by DLS is summarized in Table 1. A scatterplot of particle size versus TPGS:CCM ratio revealed an inflexion point at a ratio of 5:1, suggesting that this was the threshold for effective nanoparticle formation (Figure 2). Nanoparticles formed at TPGS:CCM ratios ≥5:1 were smaller, with a mean size of 11.6–12.7 nm. These sizes were comparable to that of MTPGS (12.7 nm). In contrast, nanoparticles formed at TPGS:CCM ratios <5:1 were about 10-fold larger (117.6–179.9 nm).





	
Table 1 | Nanoparticle morphology, size, and stability of nanoparticle dispersions at different TPGS:CCM ratios.





	
TPGS:CCM

ratio (w/w)


	
Size, mean ± SD (nm, n = 8)


	
Polydispersity index


	
Color


	
Other observations





	
*1:0 (blank)


	
12.7 ± ٠.١


	
0.18


	
Colorless 


	
Transparent





	
50:1


	
12.3 ± 0.1


	
0.15


	
Yellow 


	
Transparent





	
25:1


	
12.7 ± 0.1


	
0.18


	
Yellow


	
Transparent





	
20:1


	
12.5 ± 0.1


	
0.22


	
Yellow 


	
Transparent





	
12.5:1


	
12.3 ± 0.1


	
0.17


	
Yellow 


	
Transparent





	
5:1


	
11.6 ± 0.2


	
0.16


	
Yellow


	
Transparent





	
3.5:1


	
117.6 ± 17.2


	
0.28


	
Orange 


	
Translucent; sediment upon centrifugation





	
3:1


	
129.0 ± 1.5


	
0.17


	
Orange 


	
Translucent; sediment upon centrifugation





	
2.5:1


	
135.4 ± 1.6


	
0.12


	
Orange 


	
Translucent; sediment upon centrifugation





	
1.5:1


	
179.9 ± 50.3


	
0.38


	
Orange 


	
Translucent; sediment upon centrifugation
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Figure 2 | Sizes of nanoparticle prepared at different TPGS:CCM ratios.



Stability of Nanoparticles at Different TPGS:CCM Ratios in 0.9% Saline

As shown in Figure 3A and B, though there were no significant changes in the mean particle size upon incubation of the TPGS/CCM at weight ratio of 12.5:1 in 0.9% saline for up to 7 days (p > 0.05), the size distribution widened. Moreover, the PDI and zeta potential increased with extended incubation times (Figures 3C, D), indicating that the TPGS/CCM at 12.5:1 were not stable beyond 7 days and required preparation at the time of use or lyophilization for storage.
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Figure 3 | Stability of nanoparticle with TPGS:CCM ratios at (A–D) 12.5:1 and (E–H) 5:1 in 0.9% saline solution after 9 days. Changes in size distribution profiles of (A) 12.5:1 and (E) 5:1, and mean diameter of (B) 12.5:1 and (F) 5:1; zeta potential of (C) 12.5:1 and (G) 5:1 and polydispersity index (PDI) of (D) 12.5:1 and (H) 5:1 nanoparticle dispersions in 0.9% saline for up to 9 days. Results are mean ± SD (n = 3).



The hydrolytic stability of TPGS/CCM at weight ratio of 5:1 was shown to be poorer than that of TPGS/CCM at 12.5:1 (Figure 3). After 9 days of incubation in 0.9% saline, the TPGS/CCM at 5:1 aggregated into bigger particles and formed multiple peaks due to a sharp decrease in absolute value of zeta potential. In contrast, the size distribution of TPGS/CCM at 12.5:1 remained narrow, indicating higher hydrolytic stability under the same conditions. Thus, a TPGS:CCM ratio of 12.5:1 was chosen to be used in this study, because of the relatively higher stability of the resulting drug-loaded nanoparticles.

All nanoparticle dispersions showed an absorption peak at 425 nm, which corresponds to the absorption peak of free CCM (Figure 4). This suggests that the chemical structure of CCM was retained regardless of the TPGS:CCM ratio used to prepare the samples, and that there was no chemical reaction between CCM and TPGS. This is consistent with our hypothesis that the hydrophobic CCM is physically trapped within the core of the TPGS micelles. Absorbance at this peak wavelength changed with CCM concentration in accordance with the Beer–Lambert Law.
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Figure 4 | UV-visible spectra for nanoparticle dispersions prepared at different TPGS:CCM ratios. The spectrum for free CCM is shown as a green line.



TPGS/CCM Nanoparticles Release CCM More Effectively in Simulated Colonic Fluid Than Simulated Gastric Fluid

In vitro CCM release profiles of TPGS/CCM in each type of simulated fluid are shown in Figure 5A and B. The total amount of CCM released was lower in SGF than in SCF, with only about 25% of initial CCM released in gastric fluid after 24 h at 37°C. In contrast, more than 40% of initial CCM was released in colonic fluid within only 2 h and 95% was released by 24 h. We suggest that the greater release in colonic fluid may reflect oxidation of TPGS by β-galactosidase, which destabilizes the nanoparticles and thereby accelerates CCM release.
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Figure 5 | Fluorescence spectra of CCM released from TPGS/CCM in (A) simulated gastric fluid and (B) simulated colonic fluid at different time points. The spectrum of free CCM is shown as a black line.



TPGS/CCM Nanoparticles Reduce the Intracellular Concentration of ROS in HT-29 Cells

Treatment of HT-29 cells with blank MTPGS or free CCM alone significantly decreased DCF fluorescence intensity compared to control cells, indicating a reduction in the level of intracellular ROS (Figure 6). Furthermore, DCF fluorescence was significantly lower in HT-29 cells treated with TPGS/CCM than in cells treated with free CCM or MTPGS.
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Figure 6 | DCF fluorescence in HT-29 cells treated with TPGS/CCM. (A) Representative images of cells treated with TPGS/CCM, MTPGS, free CCM, or no treatment (control). DCF fluorescence is shown in green overlaid on the bright-field image. Magnification, 500X. (B) Quantitation of DCF fluorescence in treated cells as a percentage of fluorescence in control cells. *p < 0.05.



Cytotoxicity of the TPGS/CCM Against HT-29 Cells

HT-29 cells treated with TPGS/CCM had a significantly lower IC50 (5.7 ± 0.5 μM) than those treated with free CCM (16.8 ± 1.4 μM), which in turn had a significantly lower IC50 than cells treated with MTPGS (598.7 ± 27.4 μM) (Figure 7A). These results indicate that TPGS/CCM is more efficient at lower doses than free CCM alone.
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Figure 7 | HT-29 cell viability after treatment with TPGS/CCM, MTPGS, or free CCM. (A) Cytotoxicity was measured using the MTT assay. The inset in (A) shows a magnified view of the CCM and TPGS/CCM groups. (B) Flow cytometric analysis of HT-29 cells treated with different formulations. (C) Percentage of apoptotic cells in different treatment groups. *p < 0.05, ***p < 0.001.



Effects of CPM on BT-549 Apoptosis

The apoptosis results reflected by the flow cytometric analysis are shown in Figure 7B. Treatment of HT-29 cells with 5 μM free CCM resulted in 6.47 ± 1.4% annexin V-positive cells while cells treated with 5 μM TPGS/CCM resulted in 21.4 ± 3.0%. In other words, loading CCM into TPGS nanoparticles resulted in a 3.3-fold increase in HT-29 cell apoptosis. The collective data shown in Figure 7C suggests that CCM loaded in TPGS had evident superiority as compared with the free CCM or the carrier alone.

TPGS/CCM is More Effective Than Free CCM at Reducing Colon Cancer Cell Migration

After 48 h of incubation, the HT-29 cells in the control group had migrated to nearly completely cover the wound area, as had cells treated with MTPGS (Figure 8A). In contrast, migration was markedly reduced in the CCM-treated groups. Cells treated with free CCM had a wound area that was 23.2 ± 4.1% of the original size, while cells treated with TPGS/CCM showed a wound area that was 58.8 ± 4.3% of the original size (Figure 8B).
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Figure 8 | Wound healing assay in HT-29 cells treated for 48 h with TPGS/CCM, MTPGS, free CCM, or no treatment (control). (A) Phase-contrast micrographs of the wound area at 0 h (upper row) and 48 h (lower row) later. Magnification, 100X. Cell edges along the scratch are falsely colored brown for visibility. (B) Quantitation of the wound area in each treatment group at 48 h, expressed as a percentage relative to the wound size at time 0. *p < 0.05.



Pharmacokinetic Profiles of Orally Administered TPGS/CCM

The pharmacokinetic parameters of free CCM and TPGS/CCM are summarized in Table 2 and the CCM blood concentration shown in Figure 9. For free CCM, the maximum drug concentration (Cmax) achieved was 311.42 ± 15.51 ng/ml, which occurred immediately after administration (Tmax = 0). In contrast, the Cmax of TPGS/CCM was substantially higher at 794.97 ± 43.94 ng/ml, and occurred much later at 2 h after administration. The AUC0→24 of TPGS/CCM was 3,461.48 ± 102.47 ng/ml/h, nearly 6.5-fold higher than that of free CCM (529.49 ± 22.32 ng/ml/h). These results indicate that loading CCM into TPGS nanoparticles significantly enhances its systemic absorption, increasing its Cmax and producing a more sustained release profile.





	
Table 2 | Pharmacokinetic parameters of free curcumin (CCM) and TPGS/CCM.





	
Parameter


	
Free CCM


	
TPGS/CCM





	
Cmax (ng/ml)


	
311.42 ± 15.51


	
794.97 ± 43.94





	
Tmax (h)


	
0


	
2





	
T1/2 (h)


	
0.35 ± 0.07


	
3.16 ± 0.78





	
Ke (h−1)


	
0.133


	
0.133





	
AUC0–24 (ng • h/ml)


	
529.49 ± 22.32


	
3,461.48 ± 102.47
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Figure 9 | Mean plasma CCM concentrations after oral administration of either free CCM or TPGS/CCM in rats (n = 6 per group).



Discussion

Loading lipophilic drugs into nanoparticles renders them dispersible in water (Bosselmann and Iii, 2012). CCM has great therapeutic potential but is poorly soluble in water (Nair et al., 2012). In this study, we demonstrate a method for loading CCM into nanoparticles using the surfactant, TPGS.

Optimizing the surfactant:drug ratio in nanoparticles is important for ensuring that their dispersions show low viscosity, high stability, and minimal particle aggregation (Tang et al., 2013). We found that the ratio of TPGS:CCM used was critical to the formulation of TPGS/CCM nanoparticles where stable dispersions were observed only for nanoparticles formulated at ratios >5:1. UV spectrophotometry analysis showed that the chemical structure of CCM was unchanged after encapsulation in TPGS/CCM nanoparticles. This suggests that CCM maintains its chemical properties and therefore its pharmacological activities within the TPGS micelles.

Two issues arose when dispersions were prepared using TPGS:CCM ratios below 5:1. First, precipitation was observed, even when the concentration of TPGS was well above its critical micellar concentration. This suggests that TPGS micellar volume could not accommodate the CCM load, leading to precipitation of excess CCM. Second, the nanoparticles formed were much larger than blank MTPGS micelles. We interpret this to mean that these dispersions did not contain TPGS micellar structures. The increase in particle size may also be indicative of decreasing nanoparticle stability, although the relatively low polydispersity indices for these dispersions suggests a narrow particle size range. These results, together with the observation that nanoparticles >100 nm are unable to enter cells by receptor-mediated processes (Montes-Burgos et al., 2010), leads us to recommend formulating TPGS/CCM nanoparticles at TPGS:CCM ratios >5:1.

We found that loading CCM into TPGS/CCM nanoparticles significantly improved the effects of the drug on HT-29 cells in vitro. ROS are known to be a key determinant of metabolic phenotype in cancer cells. Studies have shown that cancer cells have higher steady-state ROS levels than normal cells, and treating cancer cells with antioxidants can prevent their proliferation, invasion, migration, and metastasis (Nishikawa et al., 2009; Subramani et al., 2016). In our study, neither free CCM nor blank MTPGS affected intracellular ROS levels, whereas TPGS/CCM nanoparticles effectively reduced these levels. Both TPGS and CCM individually are known to have antioxidant properties at their rather high concentrations. One possible reason that only TPGS/CCM strongly reduced ROS levels is that TPGS and CCM simultaneously enter single cell and act synergistically to neutralize ROS.

TPGS/CCM was also more effective than free CCM at inducing apoptosis and inhibiting cell migration of HT-29 cells. One possibility is that loading into nanoparticles allows CCM to enter the cells more effectively by endocytosis and act synergistically with TPGS. Together, these results indicate that packaging CCM into TPGS nanoparticles increases drug potency.

Pharmacokinetic assessment of orally administered TPGS/CCM shows that the absorption modes of free CCM and TPGS/CCM are not the same, which is consistent with in vitro results. Loading CCM into TPGS/CCM nanoparticles provides greater drug bioavailability than free CCM when orally administered, which may mean that lower doses can be used. In other words, loading CCM into nanoparticles that are readily dispersible in aqueous media may allow administration of clinically relevant CCM doses by any route.

Conclusion

We showed that the thin-film rehydration method can be used to produce water-soluble CCM-loaded TPGS micellar nanoparticles. These nanoparticles efficiently release CCM in simulated colonic fluid and are significantly more effective than free CCM at reducing ROS concentration, increasing apoptosis, and inhibiting migration of HT-29 colon cancer cells in vitro. We also showed that CCM orally administered to rats is more bioavailable when formulated as TPGS/CCM than free CCM. These TPGS/CCM nanoparticles may therefore form the basis for the development of novel CCM formulations for treatment of colon cancer.
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Understanding how polyprotic compounds distribute within liposome (LP) suspensions is of major importance to design effective drug delivery strategies. Advances in this research field led to the definition of LP-based active drug encapsulation methods driven by transmembrane pH gradients with evidenced efficacy in the management of cancer and infectious diseases. An accurate modeling of membrane-solution drug partitioning is also fundamental when designing drug delivery systems for poorly endocytic cells, such as red blood cells (RBCs), in which the delivered payloads rely mostly on the passive diffusion of drug molecules across the cell membrane. Several experimental models have been proposed so far to predict the partitioning of polyprotic basic/acid drugs in artificial membranes. Nevertheless, the definition of a model in which the membrane-solution partitioning of each individual drug microspecies is studied relative to each other is still a topic of ongoing research. We present here a novel experimental approach based on mathematical modeling of drug encapsulation efficiency (EE) data in liposomal systems by which microspecies-specific partition coefficients are reported as a function of pH and phospholipid compositions replicating the RBC membrane in a simple and highly translatable manner. This approach has been applied to the study of several diprotic basic antimalarials of major clinical importance (quinine, primaquine, tafenoquine, quinacrine, and chloroquine) describing their respective microspecies distribution in phosphatidylcholine-LP suspensions. Estimated EE data according to the model described here closely fitted experimental values with no significant differences obtained in 75% of all pH/lipid composition-dependent conditions assayed. Additional applications studied include modeling drug EE in LPs in response to transmembrane pH gradients and lipid bilayer asymmetric charge, conditions of potential interest reflected in our previously reported RBC-targeted antimalarial nanotherapeutics.

Keywords: partition coefficient, distribution coefficient, polyprotic drug, pH-controlled drug encapsulation, targeted drug delivery, liposomal systems, malaria therapy, nanomedicine



Introduction

A wide range of therapeutic nanoparticles in the form of nanocarrier-based delivery systems have been developed so far for the management of several medical conditions aiming to improve treatment outcomes while minimizing drug dosages (Anselmo and Mitragotri, 2016; Bobo et al., 2016). Among these, liposomes (LPs) have proven to be notably effective in the treatment of cancer, fungal infections, and age-related disorders, among other therapeutic purposes, as well as in analgesia and vaccine formulations (Allen and Cullis, 2013; Bulbake et al., 2017). Given their biphasic character analogous to biological membranes, LPs are capable of entrapping both lipophilic and hydrophilic compounds as well as buffer solutions (Torchilin, 2005; Pattni et al., 2015; Sercombe et al., 2015). Such particular features have been exploited for the generation of transmembrane pH and chemical gradients, which in turn drive the encapsulation of water-soluble, amphiphilic polyprotic drugs as a result of pH-driven variations in drug microspecies abundance (Madden et al., 1990; Cullis et al., 1991) and/or following the formation of drug precipitates in complexation with multivalent salts (Haran et al., 1993; Clerc and Barenholz, 1995; Wei et al., 2018).

Aforesaid encapsulation strategies rely on the selective partitioning and passive diffusion of unionized drug molecules, i.e., unionized microspecies, across the LP membrane. Such migratory process is triggered in response to drug concentration gradients between LP compartments (Gubernator, 2011; Sercombe et al., 2015) and persists until an equilibrium concentration is reached between the LP membrane (organic) and solvent (aqueous) fractions. Such ratio is indicative of drug lipophilicity and is generally expressed in the literature in the form of partition or distribution coefficients (P and D), depending on the respective absence or presence of ionized drug molecules, i.e., ionized microspecies, in solution (Leo et al., 1971; Scherrer and Howard, 1977; Hansch et al., 1995; Warhurst et al., 2003; Warhurst et al., 2007). An example of P and D calculation for a diprotic basic drug is illustrated in Equations 1–5. Furthermore, coefficient D is utilized to calculate LP encapsulated amounts for polyprotic drugs in the presence of predefined transmembrane pH gradients (Cullis et al., 1991), as exemplified in Equation 6. The resulting distribution model is referred here as DP given the initial assumption of unionized drug molecules as sole microspecies able to diffuse into the lipid bilayer (Hansch et al., 1995; Warhurst et al., 2003; Tetko and Poda, 2004; Warhurst et al., 2007; Omodeo-Salè et al., 2009). This assumption has been theorized in a large number of works and is represented in Figure 1 as an adaptation for liposomal systems.
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However, amphiphilic polyprotic drugs, which indeed account for most of the therapeutic agents used in the clinic (Charifson and Walters, 2014), exhibit complex structural and physicochemical properties with multiple ionization states being present in physiological conditions, each one displaying a different degree of lipophilicity depending on (i) the overall number of ionized groups, as well as (ii) their position within the drug structure. In particular, some degree of interaction with biological membranes would be expected for drugs with size and 3D configuration similar to phospholipid molecules and, above all, those microspecies with the lowest ionization state and/or in which ionized moieties are excluded from the most lipophilic regions. Some examples of drugs fulfilling these requisites include quinoline derivatives, such as the 4-/8-aminoquinoline and naphtoquinoline compounds, aminoalcohols, acridine derivatives, and anthracyclines, among many other drugs utilized for malaria and cancer therapy (Vennerstrom et al., 1999; Kaschula et al., 2002; Bawa et al., 2010; Shaul et al., 2013; Soares et al., 2015).



[image: ]

Figure 1 | DP distribution model. Illustration adapted for amphiphilic diprotic basic drugs in liposomal systems. Primaquine is used as drug example.




Variations in the interaction of polyprotic drugs with lipid bilayers have been reported as a function of pH and phospholipid charge, feature reflected by experimental changes in coefficient D (Ottiger and Wunderli-Allenspach, 1997; Krämer et al., 1998; Xia et al., 2005; Nair et al., 2012). Nevertheless, the separate contribution of each single microspecies to define the overall distribution of drugs in liposomal systems has never been studied. A detailed understanding of the partitioning behavior of all microspecies present in the system is essential to accurately model drug interactions with biological and synthetic membranes, and for the development of more effective drug delivery strategies.

Based on the above considerations and our experimentally collected data, we present here novel distribution models that accurately predict the distribution in LP suspensions of various diprotic basic antimalarials of major clinical significance. Using experimental encapsulation data in phosphatidylcholine-LPs, and the knowledge of P and pKa values for antimalarial drugs, microspecies-specific partition coefficients were estimated as a function of pH and phospholipid compositions that simulate the membrane properties of the red blood cell (RBC), the host cell for Plasmodium falciparum blood stages. With the aim to improve the design of our previously developed RBC-targeted LP models for severe malaria therapy (Moles et al., 2015; Moles et al., 2017), the distribution models described here were applied to estimate antimalarial drug encapsulation and release in response to transmembrane pH gradients along with their distribution within RBC compartments.




Materials and Methods



Reagents and Chemicals

Except where otherwise indicated, reagents were purchased from Merck and Co., Inc. (Kenilworth, NJ, USA), and reactions were performed at room temperature (22 to 24°C). Anhydrous quinine (QN, ≥98% purity, 173–175°C mp), primaquine diphosphate salt (PQ, ≥98% purity, 205–206°C mp), tafenoquine succinate (TQ, ≥95% purity, 146–149°C mp), quinacrine dihydrochloride (QC, ≥90% purity, 248–250°C mp), and chloroquine diphosphate salt (CQ, ≥98% purity, 200°C mp) were purchased in solid form and used without further purification. The lipids 1,2-dioleoyl-sn-glycero-3-phosphocholine (PC), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (PE), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000] (PE-PEG), and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-[lissamine rhodamine B sulfonyl] (PE-Rho, used for LP tracking purposes) were purchased as solid material from Avanti Polar Lipids, Inc. (Alabaster, AL, USA). Phosphatidylserine (PS, average relative molar mass of 788) was obtained from bovine spinal cord, and was supplied in solid form by Lipid Products, Ltd. (South Nutfield, Redhill, UK). Purity for purchased lipids (≥95%), cholesterol (≥99%, 360°C bp), and drugs is reported by the respective suppliers according to HPLC analysis.




LP Phospholipid Compositions, LP Preparation, and Drug Partitioning Analysis

Phospholipid compositions (mole ratios) for the LP suspensions assayed in this work were: 1) PC-LPs (cholesterol:PE-Rho:PC, 20:0.5:77.5); 2) PC:PS-LPs (cholesterol:PE-Rho:PC:PS, 20:0.5:53.1:26.4); 3) PC:PS:PE-LPs (cholesterol:PE-Rho:PC:PS:PE, 40:0.5:13.9:19.8:25.8); and 4) PC:PS:PE:PEG-LPs (cholesterol:PE-Rho:PC:PS:PE:PE-PEG, 40:0.5:13.9:19.8:20.8:5).

LP suspensions were prepared by the lipid film hydration method in combination with particle extrusion through polycarbonate membranes (MacDonald et al., 1991). Briefly, stock lipids in chloroform were mixed and dissolved in chloroform:methanol (2:1 v/v) in a round-bottom flask, and the organic solvents were subsequently removed by rotary evaporation under reduced pressure at 37°C. The resulting dry lipid film was then hydrated in phosphate-buffered saline (PBS) (pH 7.4), or alternatively in citrate-/phosphate-/tris-buffered saline solutions at pH 4.0/6.5/9.0 when studying drug partitioning in non-physiological pH conditions. PBS was used as solvating buffer for drug partitioning analysis in the presence of negatively charged, PS-containing LPs. Unilamellar vesicles at 10 mM lipid, ca. 135 to 185 nm in diameter, were obtained upon lipid film hydration by four cycles of constant vortexing coupled to bath sonication (3 min each), followed by extrusion through 200-nm polycarbonate membranes in an extruder device (Avanti Polar Lipids, Inc.). Throughout the lipid film hydration and downsizing processes, samples were maintained above the lipids’ transition temperature. Sterility of LP suspensions was preserved by rinsing all material in 70% ethanol and working in a laminar flow hood. For the characterization of LP surface charge and size by ζ-potential determination and dynamic light scattering, samples were diluted 1:30 in deionized water (Milli-Q® system; Millipore) and PBS, respectively, and analyzed in a Zetasizer NanoZS90 instrument (Malvern Ltd, Malvern, UK). Electrolyte concentration in diluted samples was sufficient for ζ-potential measurement.

When studying antimalarial partitioning in LP suspensions, 5 mM drug stocks were initially prepared in water and subsequently mixed with LPs at a 1:40 drug to lipid mole ratio (0.25 mM drug for 10 mM lipid), followed by 24-h incubation under orbital stirring. According to previous works, this incubation time led drugs to reach partition equilibrium upon their passive entrapment in LP organic and aqueous fractions, i.e., LP lipid bilayer plus aqueous core (Moles et al., 2015). As expected, given the drug:lipid ratio used, particle size and ζ-potential remained minimally affected after the addition of drugs with <10% percentual differences obtained (Table S1). Similar variations were also obtained at the different pH values studied here (data not shown).

To quantify entrapped drug amounts in LPs, these were pelleted by ultracentrifugation (150,000g, 4°C, 1 h) and treated with 1% sodium dodecyl sulphate coupled to 60°C bath sonication as previously reported (Moles et al., 2017). Drug extracts were analyzed by UV-visible spectroscopy using an EpochTM spectrophotometer (BioTek Instruments, Inc., Winooski, VT, USA) in 96-well plate mode. Drug standards for quantification were prepared in 1% sodium dodecyl sulphate, and the same solvent was used as blank control for absorbance subtraction. Standard curves were obtained by linear regression from at least three independent measurements (Figure S1). Unencapsulated drug amounts were determined by UV-visible spectroscopy from LP supernatants. Drug encapsulation efficiency (EE) was finally determined as the percentual amount of drug retained in LPs relative to the total amount present in the sample (LPs + external solution).




Antimalarial Drug Theoretical Distribution Modeling

The modeling of antimalarial drug distribution in liposomal systems was performed through the design of a sequential experimental method that comprises the following steps: i) an initial construction of a vesicular-like multicompartment system with aqueous/organic volumetric fractions corresponding to the experimental conditions used (e.g., lipid concentration, LP size, pH); ii) the subsequent theorization of a distribution model (DP, DP,PH+, and DP,PH+,P2H+ defined here) which will delineate the abundance of drug microspecies present in aqueous solution along with their partitioning behavior, dependent on drug pKa and microspecies-specific partition coefficients (e.g., P, PH+, and P2H+ for diprotic basic drugs); iii) estimation of hypothetical PH+, P2H+ values (log10 units) and computing of theoretical EE values for the predefined vesicular system and distribution model; iv) isolation of PH+, P2H+ values with least experimental versus theoretical EE variance; v) a final analysis of the goodness of the distribution model considered along with fitted PH+, P2H+ values to describe experimental data. All calculations and graphical representations were performed using an algorithm created for Wolfram Mathematica 8.0 computing software (The Wolfram Centre, Oxford, UK). The complete set of algorithms used in this work are reported in Supplementary Material.



Construction of LP- and RBC-Like Vesicular Systems and Antimalarial Drug Distribution Modeling

For the pH- and lipid charge-dependent modeling of antimalarial drug distribution in our liposomal systems (LPs at 10 mM lipid in aqueous solution), we constructed a vesicular-like multicompartment system using the following parameters reported elsewhere (Lewis and Engelman, 1983; Petrache et al., 2000; Rawicz et al., 2000; Maurer et al., 2001; Leitmannova Liu, 2006): i) vesicles of 100 nm diameter; ii) lipid bilayer thickness of 5 nm, which includes phospholipid fatty acid chains (ca. 2.6–3.0 nm), glycerol (0.3 nm), and phosphocholine head group (0.7–1 nm); iii) vesicle internal aqueous versus membrane volume ratio of 2.7; iv) vesicle internal aqueous volume relative to total lipid molecules in the system of 2.4 µl solution/µmol lipid; and v) lipid molecule ratio between outer and inner lipid bilayer leaflets of 54/46. Resulting volumetric ratios for all organic/aqueous fractions present in the system at 10-mM lipid concentration are as follows: 2.40 (total LP aqueous cargo), 0.48 and 0.41 (outer and inner LP lipid bilayer leaflets), and 96.71 (solution external to LPs).

For the modeling of antimalarial distribution in RBC suspensions, a second vesicular multicompartment system was constructed replicating human RBC dimensions, physiological hematocrit and phospholipid charge asymmetry, i.e., i) total volume of the system occupied by vesicles of 40%; ii) vesicle volume and surface area of, respectively, 90 fl and 140 µm2 (McLaren et al., 1987; Schrier, 2012; Parisio et al., 2013); iii) lipid bilayer thickness of 5 nm (Maurer et al., 2001; Leitmannova Liu, 2006), which makes an organic volume of 0.45 fl for each single vesicle; and iv) phosphate buffer at pH 7.4 as extravesicular solution. Resulting volumetric ratios for all organic/aqueous fractions present in the system at 40% hematocrit are as follows: 39.8 (total RBC aqueous cargo), 0.1/0.1 (outer and inner RBC plasma membrane leaflets), and 60.0 (extracellular solution).

Antimalarial distribution in aforesaid LP- and RBC-like vesicular systems was subsequently computed through the following sequential steps: i) determination of the molecular abundance of major drug microspecies present in aqueous fractions for the experimental pH range studied (pH 4.0–9.0), providing previous knowledge of drug pKas (Equation 4); ii) drug microspecies partitioning between aqueous solution and organic (LP and RBC lipid bilayer leaflets) fractions was thereafter determined as a function of the distribution model considered (DP, DP,PH+, or DP,PH+,P2H+) and microspecies-respective partition coefficients (P, PH+ and P2H+). The percentual amount of drug molecules retained within LP and RBC fractions (lipid bilayer leaflets and aqueous cargo) relative to their total amount present in the system (LP and RBC fractions plus extravesicular solution) was finally expressed as theoretical EE (EEt). More information about the volumetric fractions considered in our LP- and RBC-like vesicular systems, along with examples of drug microspecies distribution and resulting EEt in the abovementioned systems, can be found in Supplementary Material (Figures S2–S4 and Tables S3–S6).





Statistical Methods

All reported experimental data are defined as mean ± standard deviation from at least three independent sample replicates. Significant differences (p values <0.05) in drug theoretical versus experimental EE were determined by Z-test estimation comparing theoretical EE values (single value for each condition studied) with the corresponding mean ± standard deviation of experimentally retrieved EE (population mean). The significance of variations among drug experimental EE for the conditions studied here, comparing mean ± standard deviation of pH- and lipid composition-dependent retention yields, was analyzed by t-test score; differences were considered significant for p values <0.05.





Results and Discussion



Rationale Behind LP Formulation and Drug Partitioning Analysis

The initial aim of this work was to study the effect of differences in pH and RBC membrane-analogous phospholipid compositions over the distribution of polyprotic antimalarials in LP suspensions. To do so and following previous works (Moles et al., 2015; Moles et al., 2016), a neutrally charged LP formulation based on phosphatidylcholine (PC):cholesterol at mole ratios 80:20 (PC-LPs), pH 7.4, was selected as standard physiological condition. Choline-containing phospholipids, mainly PC and phosphatidylethanolamine (PE), account for half of all lipids found in mammalian cell membranes, followed by 30% to 40% cholesterol (Chabanel et al., 1983; Virtanen et al., 1998; Arbustini, 2007; Leventis and Grinstein, 2010). Variations in solution pH and phospholipid composition were applied during LP preparation by, respectively, i) PC-LP lipid film hydration in different pH buffer solutions, and ii) the replacement of stock phospholipids in organic lipid mixtures followed by their subsequent hydration at pH 7.4 buffer.

Considering our ultimate goal to advance in the design of RBC-targeted, LP-based nanotherapeutics with improved prophylactic activity against P. falciparum intraerythrocytic stages, an alternative lipid composition consisting of 40% cholesterol and 60% phospholipid, mainly PC:phosphatidylserine (PS):PE at mole ratios 23:33:44 (PC:PS:PE-LPs), was studied reproducing the RBC inner membrane leaflet (Maguire et al., 1991; Virtanen et al., 1998; Ingólfsson et al., 2014). Similar to other works using RBCs as vascular supercarriers (Muzykantov, 2010; Villa et al., 2016), this strategy relies on the selective intracellular loading of therapeutic agents into non-infected RBCs, inhibiting parasite growth upon cell invasion (Moles and Fernàndez-Busquets, 2015; Moles et al., 2015; Moles et al., 2017).

Two additional LP formulations were considered to assess i) the influence on PC-based bilayers of PS (PC:PS-LPs) as major anionic phospholipid responsible for the asymmetric charge properties found in mammalian cell membranes (Fadeel and Xue, 2009; Marquardt et al., 2015), and ii) the effect of LP surface steric stabilization in RBC-like lipid bilayers by including 5% PEG-derivatized PE (PC:PS:PE:PEG-LPs).

Moreover, drug partitioning in LP suspensions was assessed in terms of Encapsulation Efficiency (EE), the percentual amount of drug retained within the LP fraction (LP internal aqueous core + lipid bilayer) relative to its total amount present in the system (LP fraction + external solvent). To prevent LP membrane saturation by supplemented antimalarials, these were assayed at 1:40 drug:lipid mole ratio, well below the maximum 1:20 reported for lipophilic compounds not disturbing the lipid bilayer structure (Fahr et al., 2005).




pH-Dependent Partitioning of Antimalarial Drugs in PC-LP Suspensions

The polyprotic antimalarials studied in this work were all diprotic weak bases and belong to the amino-alcohol (quinine, QN), 8-aminoquinoline (primaquine, PQ, and tafenoquine, TQ), 4-aminoquinoline (chloroquine, CQ), and 9-aminoacridine (quinacrine, QC) drug classes (Figure 2). These agents were selected considering: i) their clinical and translational significance (World Health Organization, 2012; World Health Organization, 2015); ii) applicability for LP-based nanotherapeutics relying on pH gradient and ammonium sulfate active encapsulation systems (Haran et al., 1993; Moles et al., 2017); iii) the presence of at least two ionizable groups at a pH range of 4.0 to 9.0, selected to avoid causing harmful effects on phospholipid stability while maintaining LP charge (Tsui et al., 1986; Moncelli et al., 1994), and iv) their lipophilic nature, reflected by drug P values >2 log10 units. All the antimalarials tested here exhibit sizes similar to phospholipid molecules, which can reach approximately 60 to 70 Å2 average area for choline phospholipids (Petrache et al., 2000). This feature was prioritized to facilitate stable drug diffusion across lipid bilayers.
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Figure 2 | Structure and physicochemical properties of the antimalarial drugs studied here. Molecular abundances in solution at pH 0 to 13 are illustrated for major drug microspecies: unionized (Drug), monoprotonated (DrugH+) and diprotonated (Drug2H+). pKa, molecular mean projection area (Am), and log P values were determined using the Chemicalize software developed by ChemAxon Ltd., except for CQ and PQ, whose pKa and log P have been experimentally determined elsewhere (Omodeo-Salè et al., 2009; Nair et al., 2012).




In accordance with antimalarial lipophilicity and basic nature, a positive correlation between experimental EE (EEe) and pH was found for all drugs when incubated for 24 h in PC-LP suspensions (Figure 3A). EEe rates exceeding 40% were reached at pH ≥7.4, which highlights the increased capacity of antimalarials to accumulate in LPs in basic conditions. Analogously, lowest EEe values were obtained at the most acidic condition assayed, pH 4.0. Due to the noticeable differences in drug microspecies abundance at pH 4.0 to 9.0 (Figure 2), we classified the tested compounds into two main groups: monoprotonated (QN, PQ, TQ; pKa1,2 ca. 10, 3.2–4.0) and diprotonated types (CQ, QC; pKa1,2 ca. 10.2, 8.4) with the respective presence of DrugH+ and Drug2H+ as major microspecies for the pH range studied. Significantly larger pH-dependent variations in drug EE were likewise found to be associated with diprotonated-type antimalarials (Table S2), such differences reflecting the major role of pKa2 8.4 in defining CQ and QC partitioning at pH ≥4.0.
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Figure 3 | Experimental EEs of antimalarials in LP suspensions. EE was determined as a function of (A) solution pH for PC-LP suspensions, and (B) phospholipid composition at pH 7.4.




Moreover, all five antimalarials exhibited EEe values far higher than the theoretical EE (EEt) that would be expected when considering DP as preliminary distribution model, in which the drug unionized form is postulated as the sole microspecies capable of interacting with the lipid bilayer (Figure 1). EEt (DP) data are reported in Table 1 and were calculated as detailed in Materials and Methods. Variations in EEe versus EEt (DP) were expressed as percentual difference, or ΔEE (Equation 7). In overall, median |ΔEE|, or [image: ], ranging 55.7% to 85.9% were obtained for all antimalarials considering all four pH conditions studied (Table 1). Largest increases in EE were remarkably obtained for monoprotonated-type antimalarials at pH 6.0 (EEe >45% vs. EEt (DP) ≤7.3%), condition in which DrugH+ microspecies are dominant with abundances close to 100% (Figure 2). This observation evidenced the likely existence of ionized microspecies being stably incorporated in the LP membrane in mild acidic conditions.

(7)	[image: ]

By contrast, lower EEe values (<25%) were obtained for diprotonated-type antimalarials at pH 6.0 (Figure 3A), a condition in which Drug2H+ is the dominant microspecies reaching molecular abundances >95% (Figure 2). A higher ionization state and consequent decrease in lipophilicity for Drug2H+ in comparison with DrugH+ microspecies would explain such variations in EEe. Increases in QC and CQ EEe in the pH range 6.0 to 9.0 further highlighted the role of Drug2H+ to DrugH+ conversion in modulating their interaction with LPs (Figure 3A). Similarly, the observation of ca. fourfold higher EEe values than those theoretically expected at pH 4.0 hinted at the existence of additional partitioning events involving the effective incorporation of diprotonated microspecies into the LP membrane.




Table 1 | Experimental vs. theoretical EEs for PC-LP suspensions as a function of pH and DP, DP,PH+, DP,PH+,P2H+ drug distribution models. 
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Antimalarial Drug Partitioning in LPs Simulating RBC-Like Phospholipid Compositions

Significant EEe increases of >30% (Figure 3B and Table S2) were obtained at pH 7.4 for all antimalarials (except TQ, 8%), in the presence of PS (PC:PS-LPs, −61 ± 1.2 mV, Table S1) when compared to neutrally charged lipid bilayers (PC-LPs, −6.49 ± 4.7 mV, Table S1). As previously observed for PC-LPs comparing distinct pH values, significantly higher experimental EE values than those theoretically expected according to DP were obtained for all antimalarials when assayed in all three PS-containing lipid formulations: PC:PS-LPs, PC:PS:PE-LPs, and PC:PS:PE:PEG-LPs (Table 2). These results additionally revealed the interaction and possible internalization of cationic microspecies into LP bilayers and, particularly, the role of PS negative charge in stabilizing such interactions.



Table 2 | Experimental vs. theoretical EEs for LP suspensions at pH 7.4 as a function of phospholipid composition and DP, DP,PH+ drug distribution models. 
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The remarkable drug EEe obtained in LPs simulating the RBC membrane inner leaflet (PC:PS:PE-LPs), which ranged from 60% (CQ) to >86% (rest of drugs), further highlighted the potential role of RBCs as drug carriers for malaria therapy and validated their capacity to stably encapsulate weakly basic antimalarials (Figure 3B). Finally, non-significant differences in antimalarial EEes were detected in RBC-like LPs upon surface steric stabilization (PC:PS:PE-LPs versus PC:PS:PE:PEG-LPs, Figure 3B and Table S2). This observation likely suggested the stable internalization into the LP membrane of ionized drug microspecies, which account for ca. 100% of all microspecies found at pH 7.4 (Figure 2), rather than the existence of transitory ionic interactions at the LP surface.




Determination of Partition Coefficients for Ionized Drug Microspecies in PC-LP Suspensions

The discrepancies observed between EEe and EEt (DP) for PC-LPs (pH 4.0–9.0, Table 1) called for the definition of a revised distribution model that envisages the existence of partitioning events for antimalarial drug ionized microspecies in the LP bilayer. As an initial approximation, we first studied the simultaneous participation of P (Equation 1) together with a second partition coefficient defined here as PH+ and relative to monoprotonated drug microspecies. The resulting DP,PH+ distribution model is represented in Figure 4.
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Figure 4 | DP,PH+ distribution model. Illustration adapted for amphiphilic diprotic basic drugs in liposomal systems. Primaquine is used as drug example. Dimensions of the bilayer hydrophobic core and associated headgroup polar surface considering 18-carbon PC have been retrieved from previous publications (Petrache et al., 2000; Maurer et al., 2001). Primaquine molecular dimensions were determined using the Chemicalize software developed by ChemAxon Ltd.




Given this second distribution model, hypothetical log PH+ values were considered in the range of 1.0 to 6.0 units (0.1 interval) a range comprising 90% of marketed drugs (Mandić, 2014), and the resulting EEt data were calculated as detailed in Materials and Methods. Variances in estimated EEt versus EEe were then determined for all pH conditions assayed (Figure 5A) and added up for each given PH+ value (Figure 5B and Equation 8). Finally, the PH+ value exhibiting least cumulative variance was independently retrieved for each antimalarial (Table 3 and Equation 9).
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Calculated log PH+ values for all antimalarials ranged between 1.9 and 3.2 units and resulted to be remarkably smaller than their log P counterpart, with an average of 1.7 ± 0.7 units lower (Table 3). The ionized amino group present in monoprotonated microspecies would be responsible in this case for their reduced lipophilicity and consequent decreased internalization into the LP lipid bilayer. Ionized moieties are nevertheless located away from the hydrophobic regions of aromatic rings and hydrocarbon chains (Figure 2) thereby enabling these regions to stably internalize into LP membrane leaflets. Such lipophilic character would be reflected by the modest log PH+ values obtained.
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Figure 5 | Estimation of antimalarial PH+ coefficient values for PC-based LPs. (A) PH+-dependent drug EEt vs. EEe variances for all experimental pH values studied in accordance with the DP,PH+ distribution model. (B) Isolation of PH+ coefficient exhibiting least cumulative variances. Normalized variances are individually illustrated for each drug and pH value using the Hue color function (light blue and dark red as maximum and minimum variance levels, respectively).





Table 3 | Summary of antimalarial partitioning coefficients estimated in LP suspensions.

[image: ]




The estimated theoretical drug EE values based on the DP,PH+ distribution model, EEt (DP,PH+), and retrieved PH+ are summarized in Table 1, and an example of drug microspecies overall abundance for all fractions present in the system is illustrated in Table S3. EEt values better fitting EEe data were obtained for all drugs in comparison to the DP model (Table 1), i.e., [image: ] (DP) = 55.7–85.9 versus [image: ] (DP,PH+) = 9.3–50.4, and especially at pH values ≤7.4, where ionized microspecies are predominantly found, i.e., [image: ] (DP) = 78.8–93.7 vs. [image: ] (DP,PH+) = 8.4–30. The best fitting to experimental data with ΔEE <30%, along with an overall ca. 6-fold reduction in [image: ] in comparison to DP, was obtained for monoprotonated-type antimalarials (QN, PQ, TQ), which illustrates the capacity of DP,PH+ to accurately model their distribution in PC-LP suspensions at pH 4.0 to 9.0.

Moreover, given the large variations in EEe versus EEt (DP,PH+) of >64% obtained for diprotonated-type antimalarials (CQ, QC) at pH 4.0 and 6.0 (Table 1), an additional partition coefficient, defined here as P2H+, was contemplated describing the partitioning of diprotonated drug microspecies. The resulting DP,PH+,P2H+ distribution model is represented in Figure 6.
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Figure 6 | DP,PH+,P2H+ distribution model. Illustration adapted for amphiphilic diprotic basic drugs in liposomal systems. Primaquine is used as drug example. Dimensions of the bilayer hydrophobic core and associated headgroup polar surface considering 18-carbon PC have been retrieved from previous publications (Petrache et al., 2000; Maurer et al., 2001). Primaquine molecular dimensions were determined using the Chemicalize software developed by ChemAxon Ltd.




Similarly to PH+ determination, log10 values ranging from 0.5 to 4.0 (0.1 interval) were considered for P2H+ and the resulting EEt data were calculated as detailed in Materials and Methods. Predefined PH+ values were maintained constant for EEt calculation. EEe versus EEt variances were determined for all pH conditions assayed (Figure 7A), subsequently added up for each given P2H+ value (Figure 7B and Equation 10), and the P2H+ value exhibiting least cumulative variance was individually retrieved for CQ and QC (Table 3 and Equation 11). Calculated P2H+ values (1.2 log10 units) were considerably lower than their associated P and PH+ coefficients, a result that suggests the likely impaired solubility of diprotonated microspecies in the LP membrane due to their doubly ionized state and the consequent reduction in drug nonpolar surface area.
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Theoretical EE data for diprotonated-type antimalarials obtained according to the DP,PH+,P2H+ distribution model, EEt (DP,PH+,P2H+), are summarized in Table 1. Table S4 illustrates an example of CQ microspecies overall partitioning in our LP system. Using this model, an improved fitting to EEe data was obtained with respective ca. threefold and fivefold reductions in [image: ] when compared to the DP,PH+ and DP distribution models (Table 1). Furthermore, the DP,PH+,P2H+ model resulted in a better approximation to EEe data at pH ≤6.0 when compared to previous distribution models, i.e., [image: ] (DP) = 81.9–84.1 versus [image: ] (DP,PH+) = 71.1–76.2 versus [image: ] (DP,PH+,P2H+) = 22.8–44.3. The largest ΔEE of 58.7% was found for CQ at pH 4.0. Such improved fitting to EEe data provided by DP,PH+,P2H+ evidences the important and combined role of both PH+ and P2H+ coefficients to more accurately model the distribution of diprotic basic antimalarials in LP suspensions.
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Figure 7 | Estimation of P2H+ coefficient values for diprotonated-type drugs in PC-based LPs. (A) P2H+-dependent drug EEt vs. EEe variances for all experimental pH values studied in accordance with DP,PH+,P2H+ distribution model. (B) Isolation of P2H+ coefficient exhibiting least cumulative variances. Normalized variances are individually illustrated for each drug and pH value using the Hue color function (light blue and dark red as maximum and minimum variance levels, respectively).






Determination of Partition Coefficients for Ionized Drug Microspecies in RBC-Like LPs

Additional partition coefficients were determined aiming to better describe the interaction of antimalarial drug ionized microspecies in physiological conditions with LP suspensions that contain RBC-like phospholipid compositions. To do so, DP,PH+ was considered as simplest distribution model of reference given its previously demonstrated capacity to model EEe data for all studied antimalarials at pH 7.4 (ΔEE = 3.5–16.3, Table 1). Analogously to PH+ estimation related to pH changes, we considered log PH+ values in the range of 1.0 to 6.0 units (0.1 interval), followed by EEt calculation as explained in Materials and Methods. EEt versus EEe variances were subsequently calculated for all lipid compositions studied (Figure 8) and the single least variant PH+ value was finally extracted for each antimalarial (Table 3 and Equations 12–13).
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(13)	[image: ]

In an analogous manner to EEe data, a positive correlation between PH+ and the presence of PS was observed for all antimalarials, with mean log PH+ of 2.88 to 3.14 and 2.60 for all PS-containing LPs and PC-LPs, respectively (Table 3). These results are in accordance with the suggested role of PS in increasing the accumulation of cationic drug molecules in lipid bilayers. Overall decreases in ca. 1.4- and 1.6-fold log10 units were furthermore noticed for PH+ in, respectively, all PS-containing LPs and PC-LPs when compared to drug-associated P values, which reflects again the function of PS in regulating antimalarial partitioning along with the effect of drug ionized groups on diminishing their stable internalization into LPs. Moreover, PH+ small variations of <0.5 log10 units were obtained between PS-LPs and RBC-like LPs (Table 3), which could be caused by the increased cholesterol amounts present in the latter formulations along with the consequent reduced number of total phospholipid molecules. Undetectable differences in log PH+(<0.1 units) were obtained after LP steric stabilization (PC:PS:PE:PEG-LPs versus PC:PS:PE-LPs).
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Figure 8 | Estimation of antimalarial PH+ coefficient values for RBC-like LPs. PH+-dependent drug EEt vs. EEe variances are illustrated for all the experimental phospholipid compositions studied in accordance with DP,PH+ distribution model. Normalized variances are individually illustrated for each drug and lipid composition using the Hue color function (light blue and dark red as maximum and minimum variance levels, respectively).




In summary, the definition of DP,PH+, together with the estimation of PH+ coefficients relative to phospholipid composition allowed for the calculation of EEt values properly fitting experimental data (Table 2). Non-significant differences (p value <0.05) in EEe versus EEt (DP,PH+) were obtained in this regard for all antimalarials, with ΔEE ≤7% in all conditions assayed. All together, these results importantly stress the role of lipid composition and phospholipid charge in modulating the partitioning of polyprotic drugs in liposomal systems, as well as the potential role of RBCs as supercarriers for weakly basic antimalarials, which might potentially accumulate within the cell membrane inner leaflet as ion pair in association with PS.




Determination of Antimalarial Drug Distribution Coefficient Based on DP,PH+ and DP,PH+,P2H+

The new distribution models reported here enabled the reformulation of the initially considered D coefficient (Equations 2–5) to properly represent our experimental EE data. Modified D coefficients in accordance with DP,PH+ and DP,PH+,PH+ models, i.e., D(P,PH+) and D(P,PH+,P2H+), Equations 14–17, were calculated for the pH range 4.0 to 9.0, using the previously estimated PH+ and P2H+ values relative to PC-LP suspensions (Figure 9). As expected, a sustained reduction in D was obtained when lowering pH, as a reflection of the increased drug ionization state and consequently reduced lipophilic character. In more detail, a drastic fall in D reaching negative log10 values below pH 7.0 (PQ, CQ, QC), pH 6.0 (QN), and pH 5.0 (TQ), was calculated for DP, whereas the application of DP,PH+ and DP,PH+,P2H+ alternative models provided positive log D values still maintained below pH 4.0. Such differences in antimalarial lipophilicity in acidic conditions would be expected as a result of the predicted capacity of drug ionized microspecies in DP,PH+ and DP,PH+,P2H+ models to stably internalize into the LP lipid bilayer.
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Figure 9 | Reformulation of antimalarial D coefficient for PC-LPs according to the new drug distribution models reported here. The original DP model is included for comparison. (A) Monoprotonated-type drugs quinine (QN), primaquine (PQ), and tafenoquine (TQ). (B) Diprotonated-type antimalarials chloroquine (CQ) and quinacrine (QC).






Modeling Antimalarial Drug EE in Response to Transmembrane pH Gradients

Considering our previously reported use of a transmembrane pH 4.0in to 7.4out gradient for the active encapsulation of diprotic antimalarials into RBC-targeted PC-based LPs (Moles et al., 2015; Moles et al., 2017), we evaluated a possible application of the novel DP,PH+ and DP,PH+,P2H+ distribution models in estimating drug EE and intravesicular distribution in LPs as a function of their internal pH (pHin range, 4.0–7.4). Modeled EE (Figure 10A) along with drug microspecies molecular abundance within LP fractions (lipid bilayer leaflets and aqueous core, Figure 10B), were calculated considering 10 mM PC-LP suspensions at pH 7.4 together with estimated drug PH+ and P2H+ values (Table 3). An exemplification of microspecies overall abundance for all fractions present in the system is illustrated in Table S5.
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Figure 10 | Modeling antimalarial EEs and intravesicular distribution for PC-LP suspensions in response to pH gradients. (A) EEs calculated considering all distribution models studied in this work for 10 mM lipid particles containing internal pH 4.0 to 7.4 values and suspended in aqueous solution at pH 7.4. (B) Molecular abundances for all monoprotonated- and diprotonated-type antimalarial encapsulated microspecies (spp.) according to, respectively, DP,PH+ and DP,PH+,P2H+ distribution models. Drug spp. and intravesicular fractions comprise: (i) all spp. located inside the LP aqueous core (Aqin), (ii) monoprotonated (DrugH+) and diprotonated (Drug2H+) ionized spp. incorporated into outer and inner lipid bilayer leaflets (LBout, LBin), and (iii) membrane-solubilized unionized spp., LB(Drug).




Given the lipophilic character evidenced here for antimalarial ionized microspecies, larger EEs were predicted for DP,PH+ and DP,PH+,P2H+ models when compared to DP (Figure 10A). Such differences were more pronounced for pHin >4.0, and particularly in the range of pH 5.0 to 7.4, where monoprotonated microspecies abound (Figure 2). Drug EE ≥90% was estimated to be maintained up to pHin 6.4 when following DP,PH+ and DP,PH+,P2H+, with >70% drug molecules being predicted to localize at the LP bilayer (Figure 10B). Ionized microspecies, in particular monoprotonated molecules, were estimated to be the dominant form in the LP bilayer at pHin ≤7.4 with abundances reaching >50%.

The new distribution models further led to the hypothesis that whereas only minor amounts (<10%) of ionized microspecies are exposed at the LP surface at pHin ≤6.0, a slight pHin increase to 7.4 triggers their massive exposure to the extraliposomal environment reaching abundances of >50%. Such increase in LP internal pH could be triggered during in vivo conditions by the sustained leakage of the encapsulated buffering agent and/or as result of membrane destabilization by plasma components, as already demonstrated in the literature (Allen and Cleland, 1980; Silvander et al., 1998; Russell et al., 2018) and evidenced in our previous publications (Moles et al., 2015; Moles et al., 2017). Exposed antimalarial molecules would then become rapidly exchanged with other lipid bilayers found in solution (Moles et al., 2016; Moles et al., 2017), which represents an attractive operating mechanism for delivering drugs to cells lacking endocytic mechanisms and intracellular vesicle trafficking such as RBCs (Ji et al., 2011).




Modeling Antimalarial Drug EE and Distribution in RBC-Like Vesicular Systems

In view of our dual purpose of using RBCs as nanotherapeutic target and ultimate vascular drug carrier against blood-borne pathogens (Anselmo et al., 2013; Moles et al., 2015; Moles et al., 2017), we envisaged the application of DP,PH+ and DP,PH+,P2H+ to model antimalarial drug encapsulation and distribution within RBC fractions (plasma membrane and cytoplasm) at physiological pH 7.4. For this purpose, we considered a RBC-like vesicular system simulating the human RBC dimensions, its asymmetric lipid composition (100% PC and 67:33 PC:PS as phospholipid composition for outer and inner membrane leaflets, respectively), and a typical human blood hematocrit, as detailed in Materials and Methods. A similar vesicular system but entirely composed of PC, and therefore displaying an absence of lipid charge asymmetry, was considered for comparison. These vesicular systems are referred here as PC/PS and PC, and an example reproducing CQ distribution in PC/PS is reported in Table S6.

EEs exceeding 50% were predicted for all antimalarials in both PC and PC/PS systems (Table 4), which encourages once more the utilization of RBCs as effective drug carrier for polyprotic basic drugs (Muzykantov, 2010; Villa et al., 2016). Larger EEs were estimated in the presence of lipid charge asymmetry, with 4% to 6% increases for TQ and CQ and up to 20% to 30% for QN, PQ and QC, a result in good correlation with the previously noticed superior PH+ values in PS-containing lipid mixtures (Table 3).



Table 4 | Modeling antimalarial EEs and distribution in RBC-like PC/PS versus PC vesicular systems.
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Moreover, when looking at the distribution of antimalarials within RBC fractions, a clear shift in QN, PQ, and QC molecular abundance was determined for PC versus PC/PS vesicular systems, with drugs preferentially accumulating in the RBC cytoplasm (49–66% of all drug molecules) and the plasma membrane leaflets (65–78% of all drug molecules), respectively (Table 4). By contrast, TQ was found to be concentrated mostly within membrane leaflets in ≥70% and CQ exhibited a cytoplasmic preference (>63% molecules) regardless of the vesicular system considered. Additionally, the presence of lipid charge asymmetry in PC/PS resulted in two major compelling changes when compared to PC that encourage the use of RBCs as drug carriers: a remarkable boost in drug abundance within the plasma membrane inner leaflet (increases of 133–238% for QN, PQ and QC, and of 40–76% for TQ and CQ) and a mild decrease in the number of drug molecules exposed at the RBC surface (reductions of 41–55% for QN, PQ and QC, and of 12% for TQ and CQ).

Based on the distribution data obtained for the RBC-like PC/PS vesicular model and considering a clinical scenario, all diprotic basic antimalarials studied in this work are predicted to largely accumulate in circulating RBCs upon their intravenous administration (>50% EEs, Table 4). A preferential distribution would then be expected to take place within either the cell aqueous core (CQ), and/or the internal side of the RBC membrane (QN, PQ, QC, and to a lesser extent, TQ), whereas minor amounts of drugs would remain exposed at the cell surface. This particular subcellular distribution is attractive because it would contribute to preventing the easy exchange of drug molecules with circulating structures (e.g., other cells and high-/low-density lipoproteins) (Fahr et al., 2005; Hefesha et al., 2011; Loew et al., 2011), as well as a potential loss of drug function due to its degradation in both extracellular (blood plasma and body tissues) and cytoplasmic aqueous environments (Waterman et al., 2002). Our models omit the participation of other circulating organic bodies and particles that are known to affect drug distribution in vivo, such as plasma lipoproteins and albumin aggregates (Yamasaki et al., 2013; Sobansky and Hage, 2014), though point out at the remarkable potential of RBCs as vascular carriers and prompt the utilization of ex vivo RBC loading techniques for drug delivery-based therapeutics (Zhou et al., 2010; Biagiotti et al., 2011; Villa et al., 2016).





Conclusion

Based on pH- and lipid composition-dependent experimental encapsulation data acquired using liposomal systems, we have theorized here novel distribution models (DP,PH+ and DP,PH+,P2H+) that precisely describe the partitioning behavior of diprotic basic drugs in PC-based and RBC-analogous LP suspensions. Partition coefficients relative to monoprotonated (PH+) and diprotonated (P2H+) microspecies have been estimated in a simple and highly translatable manner for several diprotic antimalarials of clinical significance, for which theoretical EEs have been retrieved in silico closely fitting experimental data (non-significant differences were obtained in >75% of all pH/lipid composition conditions studied).

It is important to note that the distribution models, methods, and resulting partition coefficients have been determined for and are therefore applicable to diprotic drugs with differences in pKa1 versus pKa2 of >2 log10 units and to LP suspensions at a maximum of 1:40 drug:lipid ratio and within a pH range of 4.0 to 9.0 units. It is expected that higher drug:lipid ratios can lead to a saturation and consequent disturbance of the lipid bilayer structure by the supplemented drug with ultimate effects on altering LP morphology, membrane charge, size, and overall drug partition behavior. pH values below/above 4.0/9.0 units can additionally alter the lipid bilayer structure and overall particle charge due to phospholipid ionization at such strongly acidic/basic conditions. However, the reported approach has the potential to be adapted to study the distribution of both polyprotic acids and bases in any type of lipid-based vesicular system, and can be furthermore extended to polyprotic drugs with more than two acid dissociation constants.

Our data importantly stress the role of lipid composition and phospholipid charge in modulating the interaction of water-soluble polyprotic drugs with lipid bilayers as well as the remarkable potential of RBCs as vascular drug carriers against blood diseases. The results and models presented here further hint at the stable internalization of ionized drug microspecies into neutrally charged and anionic lipid bilayer leaflets as suggested in other works (de Souza Santos et al., 2014; Barroso et al., 2015), and likely in the latter in the form of ion pairs in association with anionic lipids.

Potential therapeutic applications for the distribution models and partition coefficients reported here include the accurate design of LP-based controlled drug delivery strategies relying on pH gradients, the study of RBCs as clinically safe long-circulating carrier for polyprotic drugs, and the optimization of antimalarial therapies using RBC-targeted liposomal drug formulations (Moles and Fernàndez-Busquets, 2015; Moles et al., 2015, Moles et al., 2017). The approach and methods reported here have demonstrated to accurately fit experimental encapsulation data and aim at serving as an experimental tool for researchers from different scientific disciplines. Our models can be nevertheless improved to better describe the distribution of ionized drugs and variations in local pH at the lipid–water interface, particularly in the case of ionized bilayers, by means of incorporating concepts from the classic Gouy–Chapman model and novel theories (Shapovalov and Brezesinski, 2006). A further optimization of the vesicular model presented here is required for a more accurate representation of a clinical scenario. Plasma components are known to interact with circulating drugs (Yamasaki et al., 2013; Sobansky and Hage, 2014), and these additionally present large biodistribution volumes broadly diffusing across animal tissues.
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Although the oral route is the most convenient route for drug administration, there are a number of circumstances where this is not possible from either a clinical or pharmaceutical perspective. In these cases, the rectal route may represent a practical alternative and can be used to administer drugs for both local and systemic actions. The environment in the rectum is considered relatively constant and stable and has low enzymatic activity in comparison to other sections of the gastrointestinal tract. In addition, drugs can partially bypass the liver following systemic absorption, which reduces the hepatic first-pass effect. Therefore, rectal drug delivery can provide significant local and systemic levels for various drugs, despite the relatively small surface area of the rectal mucosa. Further development and optimization of rectal drug formulations have led to improvements in drug bioavailability, formulation retention, and drug release kinetics. However, despite the pharmaceutical advances in rectal drug delivery, very few of them have translated to the clinical phase. This review will address the physiological and pharmaceutical considerations influencing rectal drug delivery as well as the conventional and novel drug delivery approaches. The translational challenges and development aspects of novel formulations will also be discussed.
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Introduction

The oral route is the most convenient route for drug administration. However, there are circumstances where this is not possible from either a clinical or pharmaceutical perspective (de Boer et al., 1982; De Boer et al., 1984). In these cases, the rectal route may represent a practical alternative and can be used to administer drugs for both local and systemic actions. The rectal route is already used clinically to deliver a variety of therapies to treat both local (Table 1) and systemic conditions (Table 2). This includes the local treatment of constipation, hemorrhoids, anal fissures, inflammation, and hyperkalemia. Rectal formulations for systemic drug delivery are used clinically for the treatment of pain, fever, nausea and vomiting, migraines, allergies, and sedation. These rectal formulations are based on conventional dosage forms, such as suppositories and enemas, and are typically used for short-term therapy.



Table 1 | Examples of rectal formulations clinically approved for local absorption.
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Table 2 | Examples of rectal formulations clinically approved for systemic absorption.
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Rectal dosage forms are generally inexpensive to manufacture and can also be self-administered by patients without the need for a medically trained person in comparison to parenteral dosage forms (e.g., intramuscular and intravenous injections) (Turner et al., 2012; Jannin et al., 2014). This is particularly advantageous for rural communities and developing countries for specific drugs that cannot be delivered by other convenient routes (Abolhassani et al., 2000; Turner et al., 2012; Jannin et al., 2014). However, the rectal route of administration is generally not preferred by patients due to cultural issues and/or potential for discomfort and leakage (de Boer et al., 1982; De Boer et al., 1984; Jannin et al., 2014; Nunes et al., 2014). These factors have contributed to (i) a lack of drugs that are clinically available in rectal dosage forms, (ii) a lack of clinical conditions that are treated with rectal drug formulation, and (iii) a lack of comprehensive bioavailability studies in humans (Jannin et al., 2014).

Further development and optimization of rectal drug formulations have led to improvements in drug availability (i.e., locally and systemically), formulation retention, and drug release kinetics (e.g., rapid or controlled release). However, despite the pharmaceutical advances in rectal drug delivery, very few of them have translated to the clinical phase. This review will address the physiological and pharmaceutical considerations influencing rectal drug delivery as well as the conventional and novel drug delivery approaches. The translational challenges and development aspects of novel formulations will also be discussed.




Functional Anatomy

The rectum is the final portion of the large intestine that starts from the end of the sigmoid colon to the anal canal. It primarily acts as a transportation (conduit) or temporary storage site in the defecation process, with only minimal involvement in the absorption of water and electrolytes from the gastrointestinal contents (Shafik et al., 2006; Leppik and Patel, 2015). Fecal matter is stored by the rectum if it is small in volume until it reaches a degree of rectal distension sufficient to initiate the defecation reflex (Shafik et al., 2006). The main anatomical difference between the rectum of adults and children is based on size. The length of the rectum is ~15–20 cm in adults, with a surface area of around 200–400 cm2 (de Boer et al., 1982; van Hoogdalem et al., 1991; Nunes et al., 2014). In children, further size differences are evident due to the developing gastrointestinal tract. For example, the rectum is ~3 cm in length and has a surface area of ~18 cm2 at 1 month of age compared to ~12 cm in length and ~230 cm2 at 10 years of age (Woody et al., 1989; Jannin et al., 2014). Although the rectum is formed at birth, it is only functional when the baby starts to feed orally (Jannin et al., 2014).

In general, the environment in the rectum is relatively constant and static in comparison to other parts of the gastrointestinal tract (Jannin et al., 2014). The rectum has an average fluid volume of 1–3 ml and a neutral pH of 7–8, with minimal buffering capacity (Evans et al., 1988; Jannin et al., 2014; Nunes et al., 2014; Purohit et al., 2018). There have been conflicting reports regarding the rectal pH in children. Jantzen et al. (1989) measured the rectal pH in 100 healthy pediatric patients (25 infants and 75 children). Mean rectal pH was reported as 9.6; however, there was a wide range in rectal pH values (pH 7.2–12.1). Conversely, Turner et al. (2012) reported an average rectal pH of 6.75 from 100 well and 45 unwell infants, with no significant difference between the two groups. Interestingly, the mean rectal pH of well neonates (pH 6.47) was significantly lower than that of older infants (> 28 days of age, pH 6.90). The reason for the discrepancy in results may be due to physiological or technical differences in the studies; however, they should still be considered when developing or evaluating rectal dosage forms for pediatric patients, as this may affect drug partitioning and absorption. In addition, although the colon contains the majority of the gastrointestinal microbiome, it has been suggested that some residual bacterial enzymes are found in the rectum (Sartor, 2008; Macfarlane and Macfarlane, 2011). However, presystemic loss of drug by intraluminal degradation by microorganisms or metabolism within the mucosal cells in the rectum is generally not considered to be significant (de Boer et al., 1982; De Boer et al., 1984; Jannin et al., 2014).

In terms of histology, the rectal mucosa forms the innermost layer of the rectum that is in contact with fecal matter. The rectum does not have villi or microvilli on the luminal surface, hence the relatively small surface area for absorption in comparison to the small intestine (van Hoogdalem et al., 1991; Nunes et al., 2014; Reinus and Simon, 2014). The mucosal surface of the rectum is structured with a single layer of columnar cells to form the epithelium (Reinus and Simon, 2014). The epithelium also consists of numerous goblet cells that are interspersed among the absorptive cells (Reinus and Simon, 2014). Goblet cells are important for secreting mucus, which protects the rectal epithelia and helps to lubricate fecal matter as they pass through the rectum. At the anorectal junction, the mucosa transitions to non-keratinized stratified squamous epithelium and eventually to keratinized stratified squamous epithelium at the external anal sphincter (Nunes et al., 2014; Reinus and Simon, 2014).

The rectal region is drained by rectal (hemorrhoidal) veins and lymphatic vessels (de Boer et al., 1982; De Boer et al., 1984; van Hoogdalem et al., 1991; Dujovny et al., 2004; Nunes et al., 2014; Purohit et al., 2018). The superior rectal vein drains the upper part of the rectum, and the inferior and middle rectal veins drain the lower part of the rectum. More specifically, the superior rectal vein drains into the portal vein, which passes the blood through the liver prior to reaching the systemic circulation. In contrast, the inferior and middle rectal veins drain into the inferior vena cava and, therefore, directly into the systemic circulation. Between these three rectal veins exist extensive anastomoses, which connect all three veins throughout the rectum. The rectum is also extensively drained by the lymphatic system that originates in the mucosa and submucosa. The influence of the lymphatic vessels on the absorption of drugs is not well established; however, it may contribute to the systemic absorption of highly lipophilic drugs (Jannin et al., 2014; Nunes et al., 2014; Purohit et al., 2018). Lymphatic drainage also avoids the hepatic first-pass effect (de Boer et al., 1982; van Hoogdalem et al., 1991).




Comparison of the Rectal Route of Administration to Other Sections of the Gastrointestinal Tract

For a balanced view of rectal drug delivery in the clinical setting, it is important to compare this route of drug administration to other sections of the gastrointestinal tract. In general, the oral route is the most preferred by patients, due to its advantages such as ease of use, non-invasiveness, and convenience for self-administration (Homayun et al., 2019; Shreya et al., 2018). The major site of drug absorption following oral administration is the small intestine, which has a much larger surface area compared to the rectum (Marieb and Hoehn, 2010; Reinus and Simon, 2014). Although the small intestine has been estimated to have a surface area of 200 m2 in an adult, recent reports have suggested this to be more closer to approximately 32 m2 for the interior of the gastrointestinal tract, with approximately 2 m2 representing the large intestine (Helander and Fandriks, 2014). However, drugs administered orally can be unpleasant in taste, cause gastric irritation, and suffer from high first-pass drug elimination processes in the intestine and/or liver (Martinez and Amidon, 2002; Homayun et al., 2019). The physiological environment in the gastrointestinal tract can also affect the stability, solubility, and permeability of drugs, including the acidic gastric pH, gastrointestinal transit time, gastrointestinal mucus, and metabolism through enzymatic or microbial degradation (Martinez and Amidon, 2002; Homayun et al., 2019; Shreya et al., 2018). In addition, oral drug delivery can be challenging as the physiology of the human gastrointestinal tract can display both intra-individual and inter-individual variability (Martinez and Amidon, 2002). Therefore, the oral route of administration is less attractive for drugs that are significantly affected by these conditions.

The rectal route for drug delivery can be useful for drugs that have poor stability, solubility, or permeability following oral administration. It can also be used when oral ingestion is precluded—for example, in patients experiencing nausea and vomiting, when the patient is unconscious, or for patients that have swallowing difficulties (e.g., pediatric and geriatric patients). Although the surface area of the rectum is considerably smaller than that of the small intestine, the environment in the empty rectum is considered relatively constant and stable (Jannin et al., 2014). This favors a reproducible absorption process and has low enzymatic activity as compared to other sections of the gastrointestinal tract. In addition, drugs can partially bypass the liver following systemic absorption, which reduces the hepatic first-pass effect. Therefore, rectal drug formulations can be useful for drugs that: (i) undergo high hepatic first-pass metabolism, (ii) have limited absorption in the upper gastrointestinal tract, (iii) are readily degradable or unstable in the gastrointestinal tract, (iv) cause irritation to the gastric mucosa, (v) cannot be easily formulated for other routes of administration, and (vi) have localized actions in the rectum or distal colon (de Boer et al., 1982; De Boer et al., 1984; Jannin et al., 2014; Nunes et al., 2014).




Biopharmaceutical Considerations Influencing Rectal Drug Absorption

Drug absorption following rectal administration is determined by a combination of formulation-related factors, drug-related factors, and physiology-related factors. The latter has been covered in other sections of the review (refer to “Functional anatomy” and “Physiological factors influencing rectal drug delivery”). For absorption to occur, drugs must first be released from the formulation and then be solubilized in the low volume of rectal fluid before crossing the mucus layer and epithelium (van Hoogdalem et al., 1991). This is highly dependent on the formulation, with liquid dosage forms that contain drugs in solution (e.g., enemas) having faster absorption rates in comparison to solid dosage forms (e.g., suppositories and tablets) that require disintegration, liquefaction, and/or dissolution of the formulation to release the drug. Suspended drug particles will then need to dissolve in the luminal fluid before absorption can occur. It should be noted that the drug release rate from the formulation will depend on the partition coefficient of the drug between the vehicle and the aqueous rectal fluid (Nunes et al., 2014). For example, drugs with a high partition coefficient will be more lipophilic. This may lead to slow release of the drug from formulations that have fatty bases in comparison to more hydrophilic bases, which may produce a more sustained release effect. Therefore, the rate limiting step for drug absorption differs based on the formulation and the physical state of the drug in the formulation.

The physicochemical characteristics of the drug will also affect its ability to be absorbed via the rectal route. This includes solubility, degree of ionization, partition coefficient, and particle size. Following release from the formulation, the solubility of the drug in the rectal fluid will determine the maximum concentration available for absorption and will also establish a concentration-dependent gradient to drive absorption. In general, higher drug solubility is associated with faster dissolution rates and more rapid absorption. Drug molecules are predominantly transported passively via paracellular diffusion (between cells) or transcellular diffusion (through the cell), depending on its physicochemical characteristics. Paracellular transport is preferred for more hydrophilic molecules, ionized molecules, and high molecular weight compounds (Muranishi, 1984; Hayashi et al., 1997; Nunes et al., 2014); however, it can be restricted by the narrow tight junction space (Madara, 1998; Reinus and Simon, 2014). Therefore, the transcellular route is the main mechanism for drug absorption in the rectum (Muranishi, 1984; Hayashi et al., 1997; Nunes et al., 2014). Transcellular diffusion is affected by many factors, but it is usually proportional to the lipid solubility of the drug. Drug molecules in the non-ionized form are much more lipophilic than the ionized form (Allen et al., 2011; Jannin et al., 2014; Nunes et al., 2014; Purohit et al., 2018). At the relatively neutral pH of the rectum, basic drugs with an acid dissociation constant (pKa) near or above the physiologic range tend to be more readily absorbed, as they will predominantly be in their non-ionized form.

Having the optimal balance between hydrophilicity and lipophilicity is important for effective rectal drug delivery. Ideally, drugs should have adequate hydrophilic properties to be soluble in the rectal fluid and be lipophilic enough to cross the epithelium. As many drugs, including more than 40% of new chemical entities, have significant solubility issues in water, various techniques have been investigated to enhance their solubility. This includes particle size reduction, salt formation, use of surfactants, and encapsulation into nanoparticulate formulations (Savjani et al., 2012). In particular, the particle size distribution of active ingredients and excipients is an important physical characteristic of a formulation that has a strong impact on the rate of drug dissolution and absorption (Savjani et al., 2012; Sandri et al., 2014). Smaller particles tend to have higher dissolution rates due to the larger surface area to volume ratio and, therefore, a better chance for faster absorption. The larger surface area allows greater interaction with the solvent, thereby increasing its solubility. It should be noted that particle size has little effect on drugs that are readily water-soluble. However, particles in the size range of 50–100 µm are considered ideal, as they minimize both agglomeration and sedimentation (Sandri et al., 2014).




Physiological Factors Influencing Rectal Drug Delivery

Rectal drug delivery can provide significant local and systemic levels for various drugs, despite the relatively small surface area of the rectal mucosa. However, the rectal route of administration can be affected by a number of physiological factors that will be discussed in this section. These factors should be considered in rectal formulation design, as they can affect drug bioavailability, efficacy, and safety.



Anatomical Considerations

When developing rectal dosage forms for different age groups, it is important to consider the anatomical size difference between the rectum of adults and children (Jannin et al., 2014; Linakis et al., 2016). Any new formulations should be evaluated for bioavailability, efficacy, and safety in the target population. However, there are a few patient groups in which rectal dosage forms should be avoided or used with caution. In general, drugs are not commonly administered rectally in neonates (term or preterm), as it is associated with erratic absorption as well as a risk of damage to the delicate rectal lining that could lead to infection (Jannin et al., 2014). Similarly, the risk of trauma and subsequent infection with rectal dosage forms is also high for immunocompromized patients (Berlin et al., 1997).

In addition, it is anatomically easier for rectally administered drugs to reach the distal colon than the proximal colon. Drugs given by this route are typically formulated in solid dosage forms (e.g., suppositories) or in liquid/semi-liquid dosage forms (e.g., enemas and foams). In general, foams and suppositories are retained mainly in the rectum and sigmoid colon, while enema solutions have a greater spreading capacity (van Hoogdalem et al., 1991; Brown et al., 1997; Loew and Siegel, 2012). Enemas are able to spread over an area situated between the rectum and the splenic flexure, which is the sharp bend between the transverse colon and the descending colon (van Hoogdalem et al., 1991; Brown et al., 1997). Therefore, rectal administration of drugs for local action may be more suitable for conditions that affect the distal part of the large intestine, such as proctitis (inflammation of the lining of the rectum), hemorrhoids, and distal colitis.




Site of Drug Absorption

The site of drug delivery in the rectum can affect the amount of the drug that reaches the systemic circulation. In general, drug absorption in the upper part of the rectum is transported to the liver via the portal system and thus undergoes first-pass metabolism, whereas drug absorption in the lower rectum is transported directly to the systemic circulation (de Boer et al., 1982; De Boer et al., 1984; Dujovny et al., 2004; Nunes et al., 2014; Purohit et al., 2018). This is of particular significance for drugs that have high hepatic clearance. However, it can be difficult to differentiate between the upper and lower regions when drugs are administered rectally. Anatomical differences in the venous drainage of the rectum between individuals can also significantly affect the amount of drug absorbed in the systemic circulation (de Boer et al., 1982; De Boer et al., 1984; van Hoogdalem et al., 1991). In addition, although systemic absorption cannot be completely avoided via rectal administration, limiting the amount of drug that is systemically absorbed is ideal for the treatment of local pathologies. Although a broad approximation, it has been reported that ~50% of a drug that is absorbed from the rectum will bypass the liver, thus reducing the hepatic first-pass effect (De Boer et al., 1984; Brunton et al., 2018). However, wide variations of bioavailability can occur due to the aforementioned issues.




Retention of the Formulation

For local or systemic drug absorption to occur, the formulation needs to be retained in the rectum for an adequate period of time. However, rectal formulations, particularly conventional dosage forms, can have problems with leakage, retention, and bloating (Allen et al., 2011). The contact time of the drug with the rectal mucosa is also important for absorption, as this will influence its bioavailability and efficacy. For absorption to occur, drugs need to be able to penetrate the mucus layer in order to reach the epithelial cells lining the rectum. Rectal mucus is mainly composed of water and mucins to form a fluid layer of ~150 μm in thickness (range 75–250 μm) (Pullan et al., 1994; Johansson et al., 2013), with an estimated turnover time of 3–4 h (MacDermott et al., 1974; Nunes et al., 2014). This layer can act as a barrier for drug absorption.




Fluid Volume and pH

The small fluid volume in the rectum and distal colon can affect rectal drug delivery. Compared to the small intestine, the volume of liquid in this region is significantly less, which may produce problems with the dissolution of some drugs (Jannin et al., 2014; Nunes et al., 2014; Purohit et al., 2018). As mentioned earlier, the pH in the rectum is typically considered neutral, which favors the absorption of drugs with pKa values near or above the physiologic range (Allen et al., 2011; Jannin et al., 2014; Nunes et al., 2014; Purohit et al., 2018). Changes in rectal pH can affect drug uptake by altering the ionization state of drugs. The rectal fluid has low buffering capacity, which means that administration of external products can significantly alter the pH in the rectum (Evans et al., 1988; Jannin et al., 2014; Nunes et al., 2014; Purohit et al., 2018). Variations in pH can impact on the absorption of drugs as well as lead to irritation or damage to the rectal mucosa (Allen et al., 2011; Nunes et al., 2014). These factors should be taken into account during formulation design to ensure efficient rectal drug delivery.




Viscosity of Rectal Contents and Bowel Movements

The presence of stool in the rectum affects the viscosity of the rectal contents, which can subsequently affect drug dissolution, drug stability as well as contact of the drug with the mucosal wall for absorption (de Boer et al., 1982; van Hoogdalem et al., 1991; Nunes et al., 2014). These factors can lead to irregular drug absorption and non-specific interaction of drugs with fecal matter and mucus. Early expulsion of the drug, including following defecation, will also affect the concentration available to undergo passive absorption. Hence, it is important to consider the time of dosing with respect to an individual’s bowel movements (Sathyan et al., 2000). Frequency of bowel movements can be highly variable. For example, colonic transit times can vary significantly within and between individuals, with ranges from 6 to 70 h reported (Coupe et al., 1991; Rao et al., 2004). In addition, increased colonic motility in diarrhea can lead to reduced retention of rectal dosage forms and incomplete drug release (de Boer et al., 1982; van Hoogdalem et al., 1991; Nunes et al., 2014).




Pathophysiological Factors Influencing Rectal Drug Delivery

Pathological conditions can influence the effectiveness of rectally administered drugs. This includes colorectal diseases such as inflammatory bowel disease (IBD), irritable bowel syndrome (IBS), hemorrhoids, anal fissures, bowel incontinence, and acute gastrointestinal infections. Variations in the amount of drug absorbed can occur with changes in tissue integrity, mucosal inflammation, and bowel motility. Conditions that affect the integrity and the barrier qualities of the rectal mucosa (e.g., local trauma, anal fissures, and ruptured hemorrhoids) can lead to increased drug absorption that can be difficult to predict as well as being painful to administer (Reinus and Simon, 2014). Likewise, mucosal inflammation can enhance epithelial permeability and, therefore, increase the amount of drug absorbed across the colorectal mucosa. For example, mucosal inflammation in IBD causes pathophysiological changes, including a disrupted intestinal barrier due to the presence of mucosal surface alterations, ulcers, and crypt distortions, as well as infiltration of immune cells (e.g., macrophages, lymphocytes, neutrophils, and dendritic cells) that promote inflammation (Li and Thompson, 2003; Antoni et al., 2014). Inflammation of the lining of the rectum (proctitis) can also occur in infections (e.g., sexually transmitted infections and gastrointestinal infections) and anal trauma (Hoque et al., 2012; Hatton et al., 2018).

Diseases that alter the motility of the gastrointestinal tract can also impact the effectiveness of rectally administered drugs by influencing retention, mucosal interaction, and the time available for disintegration, dissolution, and/or drug absorption. For example, diarrhea can occur in many acute gastrointestinal infections (Grover et al., 2008; Albenberg and Wu, 2014), in bowel incontinence (e.g., from muscle or nerve damage), and in chronic conditions such as IBD (Hua et al., 2015). Conversely, constipation is common in IBS and systemic pathologies that affect the endocrine system (e.g., hypothyroidism and diabetes) or central nervous system (e.g., multiple sclerosis and Parkinson’s disease) (Konturek et al., 2011; Hatton et al., 2019). Similarly, drugs that alter gastrointestinal motility can also affect rectal drug delivery (Watts et al., 1992; Brunton et al., 2018). This includes drugs that can cause constipation (e.g., opioids, anticholinergic agents, antidiarrheal agents, antacids containing aluminium or calcium, iron/calcium supplements, diuretics, verapamil, and clonidine) and drugs that can cause diarrhea (e.g., laxatives, antibiotics, colchicine, cytotoxic agents, digoxin, magnesium, NSAIDs, orlistat, acarbose, and metformin). Therefore, understanding the effect of disease comorbidities and co-administered drugs on gastrointestinal physiology is important when considering rectal drug formulations.





Conventional Rectal Drug Delivery Approaches

Conventional rectal dosage forms can be categorized into three groups—liquid dosage forms (e.g., enemas), solid dosage forms (e.g., suppositories, capsules, and tablets), and semi-solid dosage forms (e.g., gels, foams, and creams). Rectal formulations have been developed to deliver drugs either locally or systematically and have been investigated to release the drug immediately or over a prolonged period of time (Purohit et al., 2018). The physicochemical properties of the drug (e.g., molecular weight, solubility, pKa, stability) and the required speed of absorption are important factors to determining which formulation to use (Jannin et al., 2014). For solid dosage forms, disintegration, liquefaction, and dissolution are required before drug absorption into the mucosa can occur. Therefore, absorption is generally slower from solid dosage forms compared to liquid dosage forms (Jannin et al., 2014; Purohit et al., 2018). This section will discuss the main conventional rectal dosage forms and the developments to improve their effectiveness for rectal drug delivery.



Liquid Dosage Forms

Enemas are the main liquid dosage form for rectal drug delivery. They contain drugs in solution, suspension, or emulsion that are typically administered from disposable plastic squeeze bottles with an extended tip for rectal insertion. The solubility characteristics of the drug and additional solutes should be considered during pharmaceutical formulation, especially for solutions (Allen et al., 2011). Suspensions generally contain finely divided drug particles distributed throughout a vehicle in which the drug has minimal solubility. This formulation is particularly useful for drugs that are chemically unstable in solution (Allen et al., 2011). Emulsions are liquid preparations that have a dispersed phase composed of small globules of a liquid distributed throughout a vehicle in which it is immiscible. Emulsification enables the preparation of relatively stable and homogenous mixtures of two immiscible liquids (Allen et al., 2011). Enemas are mainly used to deliver drugs for the acute treatment of seizures, IBD, constipation, and as a bowel preparation for gastrointestinal diagnostic or surgical procedures (Tables 1, 2).

There have been limited advances in the formulation of conventional enemas. Self-emulsifying drug delivery systems (SEDDS) were developed as a means to improve the bioavailability of poorly soluble drugs (Cherniakov et al., 2015). In general, SEDDS are composed of an oily base and a surfactant, with or without a hydrophilic co-solvent or cosurfactant. This creates a liquid dosage form that transitions to an oil-in-water emulsion once in contact with the aqueous phase at the site of administration. SEDDS are thought to improve bioavailability by enhancing drug solubility and improving membrane permeability (Cherniakov et al., 2015). Although more commonly studied for the oral route of administration (Gupta et al., 2013; Cherniakov et al., 2015; Karamanidou et al., 2016), the advantages of SEDDS have shown promise for rectal drug delivery (Kim and Ku, 2000; Kauss et al., 2018). For example, Kauss et al. (2018) evaluated the use of SEDDS to improve the systemic bioavailability of ceftriaxone for potential use as a rectal antibiotic therapy in neonates. In vivo results in rabbits showed rapid absorption of ceftriaxone in the SEDDS formulation following rectal administration, achieving 128% bioavailability compared to rectally delivered ceftriaxone capsule (powder control formulation).

The properties of the enema itself can influence rectal drug delivery. Maisel et al. (2015) demonstrated that the composition of the enema can determine whether drugs are delivered locally or systemically. In particular, strongly hypotonic (absorption-inducing) and hypertonic (secretion-inducing) enemas caused rapid systemic drug uptake, whereas moderately hypotonic enemas (with ion compositions similar to feces) resulted in high local tissue levels with minimal systemic drug absorption. Interestingly, hypertonic enemas caused extensive epithelial tissue damage in the colorectal region, which promoted systemic drug absorption. Hypotonic enemas, however, caused no detectable epithelial damage. Strongly hypotonic enemas were suggested to transport drug through the epithelium by both transcellular and paracellular fluid absorption to the systemic circulation. Moderately hypotonic enemas were able to flow through the mucus layer and increase local drug bioavailability in the colorectal tissues, but they were mild enough to minimize systemic absorption.

Further study is required to determine the safety of various enema ion compositions in humans and for repetitive use (Maisel et al., 2015). In addition, the interaction of specific drugs in liquid dosage forms with the colorectal mucosa can also impact on the efficiency of drug absorption, and therefore, should be comprehensively evaluated. The use of liquid dosage forms generally allow faster absorption since drug release and dissolution issues are usually circumvented (Allen et al., 2011). However, the volume administered can affect drug retention in the rectum. For example, smaller volumes have been shown to have greater retention, while volumes higher than 80 ml can stimulate defecation (van Hoogdalem et al., 1991; Nunes et al., 2014). All conventional liquid dosage forms can suffer from various degrees of leakage, which can lead to irregular drug absorption.




Solid Dosage Forms

Suppositories are the most common rectally administered dosage form used clinically. They are solid dosage forms containing drugs that are either dispersed or dissolved in a suitable base (Allen et al., 2011). Drugs are typically mixed with the suppository excipients during manufacturing to form a homogenous system. Suppositories are generally composed of either a lipophilic base (e.g., cocoa butter, coconut oil, hydrogenated vegetable oils, and hard fats) or hydrophilic base (e.g., glycerinated gelatin and polyethylene glycols) (Allen et al., 2011; Jannin et al., 2014; Ham and Buckheit, 2017). Lipophilic bases are immiscible with body fluids and readily melt at body temperature to release the drug on the mucosal surface, whereas hydrophilic bases need to dissolve in the physiological fluids for drug release (Allen et al., 2011; Jannin et al., 2014; Ham and Buckheit, 2017).

Suppositories can be designed to have different rates and degrees of drug release for absorption. In particular, the composition of the suppository base, including the use of surfactants or other additives, and the physicochemical properties of the drug (e.g., solubility and particle size) can confer different drug release profiles (Nunes et al., 2014; Leppik and Patel, 2015). For drugs that are dissolved (soluble) in the suppository base, drug release occurs as the suppository dissolves or melts onto the mucosal surface where the drug molecules then diffuse out. For drugs that are dispersed (insoluble) in the suppository base, the opposing solubility properties encourage the drug to leave the dosage form and then begin solubilizing in the physiological fluid (Jannin et al., 2014; Ham and Buckheit, 2017). Therefore, hydrophilic drugs tend to show better release in lipophilic bases, and lipophilic drugs have better release in hydrophilic bases. In this case, particle size of the drug will also influence the rate of absorption and bioavailability (Leppik and Patel, 2015).

Despite the advantages of conventional suppositories for rectal drug delivery, they are associated with issues such as irregular drug absorption, leakage, and discomfort. Several advances have been made to improve on bioavailability, formulation retention, and patient acceptability of these solid dosage forms. This includes the addition of surfactants (e.g., polysorbate 80, Tween 20, and Span 60) to either the hydrophilic or lipophilic phase of the formulation to create solid emulsion-type suppositories (Abd el-Gawad et al., 1988; Gugulothu et al., 2010; Abou el Ela Ael et al., 2016). Emulsion bases were reported to have higher rates of drug release compared to lipophilic and hydrophilic suppository bases (Abd el-Gawad et al., 1988; Jannin et al., 2014; Abou el Ela Ael et al., 2016). The presence of surfactants in the formulation improved the wettability of the suppository base matrix, thereby enhancing the release and dissolution of the embedded drug particles (Abd el-Gawad et al., 1988; Jannin et al., 2014; Abou el Ela Ael et al., 2016).

Hollow-type suppositories have been developed and modified to enhance the absorption of various drugs (Watanabe et al., 1986; Watanabe et al., 1986; Matsumoto et al., 1989; Uekama et al., 1995; Watanabe et al., 1998; Kowari et al., 2002; Kaewnopparat et al., 2004; Shiohira et al., 2009). This type of suppository essentially contains a hollow space in the center that is filled with the drug in solid, liquid, or semi-solid form. The solid outer shell of the suppository can be composed of hydrophilic or lipophilic base materials and can incorporate other constituents to confer additional release properties, such as mucoadhesion and sustained release. This design has the benefits of controlling the dose of the drug, allowing convenient interchangeability of the drug, and preventing any interactions between the drug and the base material.

Furthermore, dimple-type suppositories were developed by Matsumoto et al. (2017) to improve the rectal delivery of poorly absorbable drugs such as peptides and oligonucleotides. These suppositories have one or more dimples on the surface where drugs are embedded. It was proposed that concentrating the drug to a limited area on the surface of the suppository would lead to a higher rate of drug release and absorption when administered into the rectum. In addition, limiting the drug concentration toward the surface of the suppository increases its contact with the rectal mucosal surface and creates a concentration gradient for passive absorption of the drug across the mucosa. Interestingly, in vitro release studies showed that the time to 50% drug release was dependent on the melting point of the lipid used for sealing the dimples and not on the number of dimples (Matsumoto et al., 2017).

Additional studies are required to comprehensively evaluate the pharmacokinetics, efficacy, and safety of drugs formulated in the different suppository dosage forms in humans for both local and systemic absorption. Evaluations should also be compared between single dose and multiple dose therapies to ensure reproducibility of the results. This data will determine the clinical translatability of the formulations.




Semi-Solid Dosage Forms

Gels and foams are the most common semi-solid dosage forms used for rectal drug delivery. These formulations generally require the use of an applicator that has to be filled with the drug formulation prior to dose administration (Allen et al., 2011). Rectal gels are a semi-solid formulations that contain a solvent trapped within a polymer network to create a viscous consistency. Viscosity of the gel can be modified by the addition of co-solvents (e.g., glycerin and propylene glycol) and electrolytes (Allen et al., 2011; Nunes et al., 2014). They are easy and inexpensive to manufacture, however can suffer from stability issues, leakage, and messiness upon administration. The spreading features of rectal gel formulations are highly dependent on properties such as mucoadhesion and viscosity (Allen et al., 2011; Nunes et al., 2014). These properties can also affect the site of drug delivery and the fraction that undergoes hepatic first-pass metabolism.

One of the main advancements in conventional rectal dosage forms is the development of liquid suppositories, which more closely resemble semi-solid dosage forms rather than solid dosage forms. This includes the development of liquid suppositories containing thermosensitive polymers (Miyazaki et al., 1998; Fakhar Ud and Khan, 2019), mucoadhesive polymers (Koffi et al., 2008; Ye et al., 2016; Xu et al., 2017; Shi et al., 2019), or a combination of thermosensitive and mucoadhesive polymers (Choi et al., 1998; Yun et al., 1999; Ryu et al., 1999; Koffi et al., 2008; Barakat, 2009; Lo et al., 2013; Liu et al., 2018; Akl et al., 2019). Poloxamers are the most commonly used thermosensitive polymers in pharmaceutical formulation. They are nontoxic amphiphilic molecules that exhibit reverse thermal gelation. This allows them to remain in a liquid state at room temperature and convert into a gel consistency at body temperature, thereby allowing ease of administration into the body, reduced leakage, restricted spreading in the rectal cavity, and improved contact with the rectal mucosal surface (Yong et al., 2001; Barakat, 2009; Akl et al., 2019). Poloxamer molecules form small micellar units at room temperature and large micellar cross-linked network at body temperature (Akl et al., 2019). However, poloxamer gels on their own can have inadequate mucoadhesion, weak mechanical strength, and high permeability to water (Yong et al., 2001; Barakat, 2009; Akl et al., 2019).

Mucoadhesive polymers (e.g., carbopol, sodium alginate, polycarbophil, hydroxypropyl methylcellulose, hydroxyethyl cellulose, and methylcellulose) have been used in combination with thermosensitive polymers to improve gel strength and mucoadhesion. For example, the carboxyl groups in the mucoadhesive polymers can bind strongly with the cross-linked poloxamer gel, thereby positioning its molecules in between the gel to enhance overall strength (Barakat, 2009; Akl et al., 2019; Fakhar Ud and Khan, 2019). In addition, mucoadhesion is enhanced by hydrogen bonding of the polymers with the oligosaccharide chains of the rectal mucosal layer through hydroxyl and carboxyl groups (Lehr et al., 1990; Qi et al., 2006; Barakat, 2009; Akl et al., 2019). The enhanced mucosal retention of these hydrogels promotes improved drug release and absorption. It should be noted that cellulose ether polymers (e.g., hydroxypropyl methylcellulose, hydroxyethyl cellulose, and methylcellulose) also possess controlled release characteristics. These hydrogels are able to swell over time, which would also allow the encapsulated drug to be released at a continuous rate (Vueba et al., 2006; Barakat, 2009; Shi et al., 2019).

Foams are generally considered a colloidal dosage form, with a hydrophilic liquid continuous phase containing a foaming agent and a gaseous dispersion phase distributed throughout (Allen et al., 2011). Following rectal administration, they transition from a foam state to a liquid or semi-solid state on the mucosal surface. The structure of the foam is affected by parameters such as concentration and nature of the foaming agent, pH and temperature of the system, and viscosity of the liquid phase (Arzhavitina and Steckel, 2010). Foaming agents are amphiphilic substances that are important for foam generation and stabilization. The molecules contain hydrophilic components that are soluble in the aqueous phase and hydrophobic components that form micelles to minimize contact with the aqueous phase (Arzhavitina and Steckel, 2010). Rectal foams are mostly aerosol foams that are formulated to treat anorectal inflammation (e.g., hemorrhoids and anal fissures) and distal proctocolitis (e.g., distal ulcerative colitis) (Campieri et al., 1992; Lee et al., 1996; Arzhavitina and Steckel, 2010; Loew and Siegel, 2012; Sandborn et al., 2015). The advantages of foams for rectal drug delivery include convenient administration with minimal discomfort and leakage. Despite these advantages, there are not many rectal foam formulations that are commercially available. This is partly due to the issues with foam stabilization, accuracy of the dose administered, and irregular drug absorption (Arzhavitina and Steckel, 2010). Developments in this area have included the addition of mucoadhesive polymers to improve the retention of the formulation with the rectal mucosa for drug absorption (Arzhavitina and Steckel, 2010; Petkova et al., 2012; Politova et al., 2012).





Nanoparticulate Rectal Drug Delivery Approaches

Incorporation of nanoparticulate systems into rectal dosage forms has been investigated to improve the therapeutic effectiveness of drugs for both local and systemic therapy. Nanoparticulate rectal dosage forms differ from conventional rectal dosage forms by encapsulating or loading the drug into nanoparticles prior to dispersion in a formulation base (e.g., gel, suppository, and enema). From a pharmaceutical perspective, nanoencapsulation allows the ability to improve the solubility of hydrophobic compounds, modify drug release kinetics (e.g., controlled release or sustained release), and protect compounds that are sensitive to degradation (Shajari et al., 2017; Hua et al., 2018; Mesquita et al., 2019). From a biological perspective, nanoparticulate systems confer the following advantages: (i) improve cellular uptake into mucosal tissues and cells, (ii) promote accumulation to the site of mucosal disease (e.g., inflamed tissues), (iii) prolong residence time of encapsulated compounds (even when colonic motility is increased in diarrhea), and (iv) enable easier transport in the gastrointestinal tract to provide more uniform distribution and drug release within the colorectal region (Hua et al., 2015; Zhang et al., 2017; Hua et al., 2018; Mesquita et al., 2019).

For nanoparticulate dosage forms to be effective for rectal drug delivery, two main factors should be considered. First are the physicochemical properties of the nanoparticles (e.g., size, charge, composition, and surface properties) for optimal interaction with the rectal or colorectal mucosa. These properties can promote better contact with the mucosal surface for improved mucosal penetration, cellular uptake, and drug release (Hua et al., 2015; Zhang et al., 2017). Second is the interaction of the nanoparticles with the formulation base. The nanoparticles should be stable when incorporated into the pharmaceutical base, especially during manufacturing and storage. In addition, the formulation base should increase the retention of the formulation in the rectum, without impeding the transport and interaction of the nanoparticles with the mucosal tissue. Adhesion to the mucosa is a requirement for effective rectal drug delivery, as it reduces the clearance of nanoformulations by mucus, leakage, or rapid transit time (e.g., diarrhea) (Mesquita et al., 2019). A number of different nanoparticulate systems have been evaluated for rectal drug delivery. This section will discuss the effectiveness of each of the systems in terms of the formulation base.



Nanoparticulate Liquid Dosage Forms

Liquid dosage forms are typically used in initial studies to evaluate the potential of nanoparticulate systems for rectal drug delivery. This is likely due to convenience, as the nanoparticles are usually manufactured in aqueous liquid such as water and buffered solutions (Mesquita et al., 2019). In addition, it is common for proof-of-concept studies to be evaluated in aqueous liquid to minimize the interference of the formulation base with the nanoparticles. This is evident in a large portion of studies focused on colon-targeted drug delivery, whereby nanoparticles are administered rectally to determine efficacy and safety early on in animal models (Lamprecht, 2010; Hua et al., 2015; Maisel et al., 2015; Zhang et al., 2017) and humans (Schmidt et al., 2013), prior to the added complexities of formulation design for clinical translation. For example, Maisel et al. (2015) evaluated the effect of surface chemistry on nanoparticle interaction and distribution in the gastrointestinal tract following oral and rectal administration in healthy mice and in a mouse model of ulcerative colitis. Various nanoparticle sizes (40, 100, 200, and 500 nm) were also assessed. The study showed that nanoparticles coated with polyethylene glycol (PEG) of all sizes were able to be efficiently distributed over more of the colorectal tissue surface in both healthy mice and mice with TNBS-induced colitis, which is likely to provide improved drug delivery for both local and systemic applications. Surface PEGylation of nanoparticles creates a hydrophilic surface chemistry that reduces interaction of the nanoparticles with the gastrointestinal environment and confers mucus-penetrating properties (Cu and Saltzman, 2008; Lai et al., 2009; Tang et al., 2009; Hua et al., 2015).

There are fewer studies focused on nanoparticulate drug delivery in a liquid dosage form to specifically the rectal mucosa for local and/or systemic action (das Neves et al., 2013; Kamel et al., 2013; Schmidt et al., 2013; Maisel et al., 2015; Nunes et al., 2018). Of these studies, Schmidt et al. (2013) were the first to investigate the potential of conventional nanoparticle (mean particle size of 250 nm) and microparticle (mean particle size of 3 µm) uptake into the rectal mucosa of humans with and without IBD. Both poly(lactic-co-glycolic acid) (PLGA) nanoparticles and microparticles were dispersed in saline solution containing 10% human albumin. The addition of the protein in the dispersion medium sterically stabilized the particles and reduced their surface charge by adsorption to the particle surface. The results showed accumulation of microparticles in ulcerous lesions of patients with both rectal Crohn’s disease and ulcerative colitis. There was a clear size-dependent difference regarding the accumulation of particles in IBD patients, with nanoparticles only detectable in traces in the mucosa of these patients. The study demonstrated that microparticles exhibited accumulation and bioadhesion to the inflamed mucosal wall; however, no absorption across the epithelial barrier was detected. Conversely, nanoparticles were translocated to the serosal compartment of IBD patients, possibly leading to systemic absorption. In healthy control patients with the rectal mucosal surface intact, nearly no nanoparticles or microparticles were visible. The study suggested that nanoparticles might not be required for local drug delivery to intestinal lesions in humans. However, the reason for the discrepancy of particle size between animal and human studies is unclear. It should be noted that, while particle accumulation in ulcerated areas was statistically significant, the total fraction of particles penetrating into the rectal mucosa was relatively low in the study.

Liquid bases at physiological pH and osmolality are commonly used for rectal drug delivery. However, Maisel et al. (2015) showed that the composition of enemas can be optimized for the local and/or systemic delivery of nanoparticles. Hypotonic sodium-based enemas were shown to be an ideal liquid formulation base to enhance the distribution of PEGylated polystyrene nanoparticles (mean particle size of 60 and 230 nm) on the colorectal epithelial surface in comparison to isotonic and hypertonic enemas and potassium-based enemas. In particular, hypotonic sodium-based enemas induced fluid absorption that promoted uniform nanoparticle distribution over the epithelial surface, whereas hypertonic sodium-based enemas caused fluid secretion and bowel distension that prevented nanoparticles from being in close contact with the mucosal surface. Although when used as a pretreatment, strongly hypertonic enemas were able to damage the colorectal epithelium, which allowed penetration of the hypotonically delivered nanoparticles into the tissue.

Overall, nanoparticulate liquid dosage forms would still have the same issues as conventional liquid dosage forms that were mentioned earlier. Although liquid dosage forms have greater spreading capacity in the rectum, they can suffer from low retention and leakage—both of which can lead to irregular drug absorption. Their use will be highly dependent on the clinical application and frequency of dosage. Importantly, the initial results from liquid dosage forms support the potential of nanoparticles (and microparticles) for improving rectal drug delivery.




Nanoparticulate Solid Dosage Forms

There are only a few studies which have incorporated nanoparticles into solid dosage forms for rectal drug delivery. Abdelbary et al. (Abdelbary and Fahmy, 2009) developed solid lipid nanoparticles (SLN) containing the water-insoluble drug, diazepam, to confer both rapid onset of action and prolonged drug release for the potential acute management of severe seizures. Results showed that varying the concentration or type of lipid matrix or surfactant affected the particle size, entrapment efficiencies, and release profiles of the nanoparticles. Transmission electron microscopy and laser diffractometry studies revealed that 60% of the formulations had particle sizes less than 500 nm. The nanoparticles were effectively incorporated into suppositories composed of hard fats (Witepsol W35 and Witepsol S58). In vitro studies showed significantly prolonged drug release from the SLN-containing suppositories in comparison to suppositories containing free drug (control). However, drug release from the control formulation was significantly faster than the SLN-containing suppository formulations. Further investigation is necessary to determine the efficacy of the rectal formulations in vivo. The release profile of the diazepam-loaded SLNs in a primarily hydrophilic base would also be of interest, as this may allow a faster release of drug into the physiological fluid that would be beneficial in emergency clinical applications.

This concept of having opposing solubility properties of the drug-loaded nanoparticles and suppository base was investigated by Mohamed et al. (2013). This study incorporated the hydrophilic drug, metoclopramide, into SLNs (particle size range of 24.99–396.8 nm) that were then formulated into suppositories with a lipophilic base. Suppositories containing a cocoa butter base demonstrated the highest release of metoclopramide from SLNs, which was likely due to it having a lower melting point and its lack of hydrophilicity. The formulation also demonstrated sustained release of the drug due to coating with lipids in the nanoparticles. In particular, metoclopramide-loaded SLN suppositories produced the same gastric emptying percentage as the marketed metoclopramide suppository (Primperan) with additional sustained release characteristics in vivo, thereby avoiding the need for multiple dosing.

Similarly, Siczek et al. (2018) used cocoa butter suppositories to validate the possibility of effectively releasing silver from silver-coated glass beads for local anti-inflammatory action in conditions such as IBD. It should be noted that the borosilicate glass beads had an initial diameter of 1,000 µm before coating with silver. In vitro drug release assays of the silver-coated glass beads showed rapid release of silver, with nearly half of the amount of the deposited metal being released in the first 30 min of incubation. After 24 h, approximately 30% of the silver remained on the glass beads. Further studies are still needed to evaluate the rate of silver release from silver-coated glass beads from the suppository as well as the effectiveness of the formulation in vivo. Analysis of the prepared suppositories containing silver-coated glass beads using X-ray CT demonstrated an effective method to attain homogenous distribution of the beads in the entire volume of the suppository with minimal sinking or agglomeration.

Despite there being only a few studies to date that have incorporated nanoparticles into solid dosage forms for rectal drug delivery, the basis for further investigation is warranted. In particular, the in vitro data and initial in vivo data show potential of the formulation strategy in terms of drug release profiles. Proof-of-concept studies are still required to demonstrate the bioavailability, efficacy, and safety of these nanoparticulate formulations.




Nanoparticulate Semi-Solid Dosage Forms

Gels are the most likely of the formulation bases to have translational potential for the delivery of nanoparticles rectally. The viscous consistency of gels promotes improved retention of formulations in the rectum and enhances contact with the rectal mucosa for drug absorption. As mentioned previously for conventional semi-solid dosage forms, a number of advances have been made for rectal drug delivery with the use of mucoadhesive polymers and/or thermosensitive polymers in the formulation base. The choice of gel base and its composition are dependent on the physicochemical properties of the nanoparticles and ideally should not interfere with drug release from the nanoparticles or the interaction of nanoparticles with the rectal mucosa.

Mucoadhesive bases alone have not been evaluated for nanoparticle delivery into the rectum. Instead, the use of thermosensitive polymers in the formulation base has been more common for the rectal delivery of nanoparticles (Seo et al., 2013; Din et al., 2015; Din et al., 2017; Melo et al., 2019). These polymers create an initial liquid dosage form at room temperature that allows ease of administration and mucosal spreading, before transitioning to a gel phase at body temperature. Melo et al. (Melo et al., 2019) investigated the colorectal distribution and retention of PLGA nanoparticles (mean particle size of 170–180 nm) incorporated into a thermosensitive base (poloxamer 407). In vitro drug release assays of dapivirine loaded into this nanoparticle formulation showed faster and overall higher drug release over 8 h in comparison to free drug in thermosensitive base and dapivirine-loaded nanoparticles in PBS. In addition, in vivo studies in mice indicated that the thermosensitive base exhibited slower but wider distribution of the nanoparticles in the colorectal region. Enhanced retention of the nanoparticles was also evident in the colorectum.

Similarly, Din et al. (2017) developed a novel rectal formulation of irinotecan for the local treatment of rectal cancer. This nanoparticulate dosage form consisted of thermosensitive irinotecan-encapsulated SLNs (mean particle size of 190 nm) dispersed in a thermosensitive poloxamer solution to create a double-reverse thermosensitive nanocarrier system (DRTN). Therefore, the formulation base transitions from a liquid to a gel state after rectal administration, whereas the SLNs are composed of lipids that are solid at 25°C and melt at body temperature. The DRTN dosage form showed sustained drug release with minimal burst effect and a relatively constant plasma concentration of irinotecan at 1–3 h in healthy rats. Interestingly, in vivo evaluation in tumor xenograft athymic nude mice showed significant decreases in tumor volume with both DRTN and the control hydrogel (irinotecan in thermosensitive base) in comparison to intravenous irinotecan solution. Histopathological analysis suggested that DRTN had significantly improved anti-tumor activity compared to both controls due to its sustained plasma concentrations.

The combination of thermosensitive and mucoadhesive polymers in the formulation base for the rectal delivery of nanoparticles has not been extensively examined. Moawad et al. (2017) developed nanotransfersomes (mean particle size of 150 nm) that were incorporated into a formulation base containing poloxamer 407 (thermosensitive polymer) and hydroxypropyl methylcellulose (mucoadhesive polymer) to improve the bioavailability of tizanidine (myotonolytic drug). In vivo pharmacokinetic studies in rabbits showed enhanced drug bioavailability by approximately 2.2-fold and 1.4-fold for nanotransfersome gel and free drug in gel, respectively, in comparison to oral drug solution. This enhancement in bioavailability was likely to be due to the partial avoidance of hepatic first-pass metabolism by the rectal route. Higher bioavailability of the nanotransfersome gel was also attributed to the permeation enhancing effect of the nanoparticles. In addition, both rectal formulations significantly increased the half-life of tizanidine (10.13 h for nanotransferome gel and 7.21 h for free drug gel) compared to oral drug solution (3.41 h). The results suggest that the use of the thermosensitive-mucoadhesive gel base as well as nanoparticulate encapsulation of the drug both delayed the release of tizanidine to produce a sustained release effect.

The limited studies to date support the use of semi-solid dosage forms for the rectal delivery of nanoparticles. Further studies are needed to determine the interaction of the semi-solid dosage forms on the nanoparticulate systems, including: (i) distribution following rectal administration, (ii) retention of the formulation in the rectum, (iii) adhesion and/or uptake of nanoparticles in the rectal mucosa, (iv) movement of nanoparticles in the semi-solid dosage form, (v) drug release from nanoparticles entrapped in the semi-solid dosage form, and (v) stability of the formulation during manufacturing and storage.





Rectal Formulations Approved and in Clinical Trials

A number of rectal formulations are on the market with more in clinical development. Tables 1 and 2 show examples of the rectal formulations that are clinically approved for local absorption and systemic absorption, respectively. These formulations generally contain drugs that have a wide therapeutic window between the concentration that causes therapeutic effects and the concentration that causes toxicity. This allows a safe margin that accounts for the variability in rectal drug absorption. Approved rectal formulations are typically indicated for conditions that require short-term therapy. Exceptions include a few locally acting formulations, such as mesalazine or corticosteroids that are used for a longer duration to induce remission in patients with ulcerative proctitis or ulcerative proctosigmoiditis that occurs in IBD. Clinical studies have demonstrated budesonide rectal foam and enema to be efficacious in these conditions, while reducing the risk of systemic steroid-related adverse effects (Gross et al., 2006; Sandborn et al., 2015).

The majority of the rectal formulations in clinical trials (Table 3) incorporate already approved drugs or novel compounds into conventional rectal dosage forms—in particular, suppositories, enemas, and rectal gels. Many of these formulations are still in the early clinical phases of investigation and are indicated for local pathologies, including hemorrhoids, constipation, bowel preparation, anal fissure, IBD, fecal microbiota transplant, and infections (e.g., HIV prevention). The very few that are focused on systemic drug absorption with rectal formulations are for the treatment of pain. Similar to the approved rectal formulations, those in clinical trials are predominantly used for short-term therapy. Furthermore, innovative rectal dosage forms, such as nanoparticulate systems, have yet to reach the clinical development phase. Thermosensitive rectal gels are likely the most innovative platform in clinical trials. They have been evaluated for parameters such as safety, preference, distribution, and retention in healthy patients as well as in patients with ulcerative colitis. With further advances in rectal drug formulation and comprehensive preclinical evaluation, we should expect to see more progressing to clinical studies.



Table 3 | Rectal formulations in clinical trials (Ref: clinicaltrials.gov).
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Considerations for Translational Development

The rectal route of administration has significant advantages for both the local and systemic delivery of drugs. However, there has been a general lack of research in this important area of drug formulation when compared to other routes for gastrointestinal drug delivery. In particular, there is a need for comprehensive studies on the biological interactions of rectal drug delivery in both adults and children, as well as continued innovations in rectal drug formulations.

From a biological perspective, there should be comprehensive analysis of the in vivo fate and interactions of drugs delivered in existing and new rectal dosage forms with the blood, tissue, cellular, and intracellular compartments in both healthy and diseased states (Nehoff et al., 2014; Sercombe et al., 2015; Hare et al., 2017; Hua et al., 2018). This includes pharmacokinetics, stability, permeability, efficacy, and safety of the formulation. Attention should also be given to the performance of these dosage forms in the heterogeneous nature of the human gastrointestinal environment (Hua et al., 2015; Zhang et al., 2017). As discussed earlier, rectal drug delivery can be affected by a number of physiological factors, which can lead to wide variations in the amount of drug absorbed. This is particularly problematic for drugs with a narrow therapeutic index or serious conditions that require predictable drug levels. Therefore, use of the rectal route of administration is unlikely to be clinically feasible in these situations.

In addition, there are an increasing number of studies investigating the potential of rectal drug delivery for the treatment of more chronic conditions, including diabetes (Matsumoto et al., 2017; Shi et al., 2019), infections (das Neves et al., 2013; Ham and Buckheit, 2017; Nunes et al., 2018), hypertension (Abou el Ela Ael et al., 2016), asthma (Shiohira et al., 2009), chronic anal fissure (Ivanova et al., 2019), and cancer (Lo et al., 2013; Seo et al., 2013; Ye et al., 2016; Din et al., 2017). Although encouraging results were reported in these studies, with many designed for sustained release activity, they generally did not evaluate the formulations over a long study period. Further studies are required to assess the reproducibility and variation in the pharmacokinetics, efficacy, and safety of these formulations for long-term dosing. Dosing frequency of rectal formulations will also be a major factor for clinical translation, with once daily dosing providing better patient compliance.

For innovative platforms, such as nanoparticles, safety of the different carriers following uptake needs to be explored further, including both acute and chronic toxicity (Nystrom and Fadeel, 2012; Accomasso et al., 2018). Studies focused on the toxicology of these delivery systems in the human gastrointestinal tract have been limited and is likely to vary according to the particle size and composition (Bergin and Witzmann, 2013; Talkar et al., 2018; Vita et al., 2019). The pace for the clinical translation of nanoparticulate dosage forms has been relatively slow as the development trajectory is very costly, complex, and time-consuming (Hua et al., 2018). There has to be a clear positive benefit-to-risk ratio that will accompany the use of nanoparticles for rectal drug delivery, especially when compared to an approved counterpart or existing therapies (Hua et al., 2018). Therefore, in vivo evaluation of innovative platforms should be compared with appropriate control formulations to provide meaningful data on the influence of the drug, carrier, and/or formulation base for effective rectal drug delivery (Hua et al., 2018).

Furthermore, the evaluation of many of the rectal dosage formulations has been limited to in vitro (e.g., drug release and cellular uptake) and/or ex vivo (e.g., mucoadhesion) studies. Therefore, caution should be taken when interpreting the data, as the same effect in animals or humans cannot be guaranteed. Use of rodents for in vivo studies can also have its limitations for examining rectal drug delivery for clinical use. For example, the anatomy and physiology of rodents can affect the distribution of the dosage form as well as the amount of the formulation that can be administered rectally (Melo et al., 2019). In comparison to humans, rodents tend to defecate more frequently, have more intense bowel movements, and have faster turnover of mucus in the rectum (Mule et al., 2010; Ermund et al., 2013; Padmanabhan et al., 2013; Melo et al., 2019). These factors should be taken into account when designing in vivo studies. Although assessment in larger animal models with similar gastrointestinal transit times to humans (e.g., pigs and dogs) would be more applicable for clinical translation (Kararli, 1995; Maisel et al., 2015), this is generally not feasible and is associated with its own ethical considerations. Therefore, previous studies have suggested an alternate time scale to evaluate colorectal retention of drug formulations administered rectally in rodents, with 15 min, 2 h, and 6 h corresponding to short, medium, and long retention times, respectively (Maisel et al., 2015; Nunes et al., 2018; Melo et al., 2019).

From a commercial development point of view, the complexity in the design and development of rectal dosage forms also needs to be minimized as much as possible, to create dosage forms that are able to be reproducibly prepared and characterized (Hua et al., 2018). The pharmaceutical characterization of different rectal dosage forms has been comprehensively addressed in other reviews (Jannin et al., 2014; Nunes et al., 2014; Purohit et al., 2018) and is an important consideration for translational development. This includes the availability of appropriate testing methods and standardized protocols for quality control that meet regulatory requirements. For example, rectal formulations should be physically and chemically stable after the manufacturing process, during long-term storage, and upon clinical administration to ensure reproducible release kinetics. In addition, rectal dosage forms should be tailored for use in adults and children, with the latter also having further anatomical size differences and dose requirements that should be taken into consideration (Jannin et al., 2014; Linakis et al., 2016). Ideally, they should deliver single doses to provide reproducible bioavailability, efficacy, and safety. Other considerations include potential for scale-up for large-scale manufacturing, availability of materials and industrial equipment, and overall cost of dosage form development (Hua et al., 2018; Purohit et al., 2018). As mentioned for nanoparticulate formulations, there also needs to be a clear benefit of efficacy and/or safety with any new drug formulation compared to clinically available dosage forms for clinical translation to be justified (Hua et al., 2018).




Conclusion

The rectal route for drug delivery is still relatively underutilized despite its advantages. Although the oral route is the most convenient and preferred route for drug administration, there are a number of circumstances that have been discussed where this is not possible from either a clinical or pharmaceutical perspective. In these cases, the rectal route may represent a practical alternative and can be used to administer drugs for both local and systemic action. Continued innovations in rectal drug formulation and comprehensive studies on the biological interactions of rectal drug delivery are required to fully exploit the potential of this route to treat systemic and local diseases.
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The sublingual and buccal routes of administration have significant advantages for both local and systemic drug delivery. They have shown to be an effective alternative to the traditional oral route, especially when fast onset of action is required. Drugs can be rapidly and directly absorbed into the systemic circulation via venous drainage to the superior vena cava. Therefore, they are useful for drugs that undergo high hepatic clearance or degradation in the gastrointestinal tract, and for patients that have swallowing difficulties. Drugs administered via the sublingual and buccal routes are traditionally formulated as solid dosage forms (e.g., tablets, wafers, films, and patches), liquid dosage forms (e.g., sprays and drops), and semi-solid dosage forms (e.g., gels). Conventional dosage forms are commonly affected by physiological factors, which can reduce the contact of the formulation with the mucosa and lead to unpredictable drug absorption. There have been a number of advances in formulation development to improve the retention and absorption of drugs in the buccal and sublingual regions. This review will focus on the physiological aspects that influence buccal and sublingual drug delivery and the advances in nanoparticulate drug delivery approaches for sublingual and buccal administration. The clinical development pipeline with formulations approved and in clinical trials will also be addressed.

Keywords: buccal, sublingual, drug delivery, mucosal, formulation, nanoparticles, physiological factors, translation



Introduction

Drugs are generally administered in the oral cavity to either treat local conditions (e.g., infections and ulcers) or for the systemic absorption of drugs. In particular, the sublingual and buccal mucosal regions are highly vascularized and, therefore, are useful for systemic drug delivery. Sublingual administration involves placing a drug under the tongue and buccal administration involves placing a drug between the gums and cheek. The sublingual and buccal routes are considered promising alternatives to the traditional oral route for drug delivery.

Figure 1 shows a schematic diagram of the sublingual and buccal regions in the oral cavity. The oral cavity has a relatively neutral pH of approximately 6.2–7.4 and has limited enzymatic activity. The surface area of the oral mucosa is relatively small (100–200 cm2), with the sublingual and buccal regions having an estimated surface area of 26.5 ± 4.2 cm2 and 50.2 ± 2.9 cm2, respectively (Czerkinsky and Holmgren, 2012; Kraan et al., 2014). These regions in the oral cavity are lined by non-keratinized, stratified squamous epithelium that is 100–200 μm and 8–12 cells thick in the sublingual region, and 500–800 μm and 40–50 cells thick in the buccal region (Czerkinsky and Holmgren, 2012; Kraan et al., 2014). Components from the saliva also binds to the surface of the buccal and sublingual epithelium to create a mucus layer with an average thickness of 70–100 μm (Teubl et al., 2013). Underneath the epithelium is the lamina propria and submucosa that consists of connective tissue with a network of blood vessels, lymphatic vessels and smooth muscles. Drugs can be rapidly and directly absorbed into the systemic circulation via venous drainage to the superior vena cava.
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Figure 1 | Schematic diagram of the sublingual and buccal regions in the oral cavity.




A number of advances in drug formulation have been made in the area of sublingual and buccal drug delivery. This review will focus on the physiological aspects that influence buccal and sublingual drug delivery and the advances in nanoparticulate drug delivery approaches for sublingual and buccal administration. The clinical development pipeline with formulations approved and in clinical trials will also be addressed.




Advantages and Disadvantages of the Sublingual and Buccal Routes for Drug Delivery

The sublingual and buccal routes of administration have a number of advantages (De Boer et al., 1984; Allen et al., 2011; Teubl et al., 2013), especially for systemic drug delivery. In general, they produce faster onset of action compared to orally ingested drug formulations. Drug absorption is relatively faster across the sublingual mucosa compared to the buccal mucosa due to the thinner epithelium. In addition to rapid absorption, the portion of drug that is absorbed through the blood vessels directly enters the systemic circulation and bypasses hepatic first-pass metabolic processes. Therefore, this route is particularly useful for highly soluble drugs that undergo high hepatic clearance or decomposition in the gastrointestinal tract. The non-adherent saliva in the buccal and sublingual regions also contains less mucin and limited enzymes (e.g., salivary amylase). Drugs may also be more stable owing to the pH in the mouth being relatively neutral compared to other parts of the gastrointestinal tract. Patients can easily self-administer doses and in most cases the effect of the drug can be quickly terminated, for example, by spitting out or swallowing the tablet. It is also beneficial for patients who suffer from swallowing difficulties.

In terms of disadvantages (De Boer et al., 1984; Allen et al., 2011; Teubl et al., 2013), the sublingual and buccal routes can be inconvenient for patients as it can involve some technical procedures to maintain the drug in the sublingual or buccal area for absorption without swallowing the drug. Not all drugs can be delivered via this route and generally only small doses can be administered. Drugs may also be unpalatable, bitter, or cause irritation to the oral mucosa, which may lead to voluntary expulsion or swallowing. Although the risk is low, there is a chance of accidental aspiration of the medication. Therefore, patients are recommended to be in an upright position when administering a dose. For similar reasons, sublingual or buccal medication should be avoided when a patient is unconscious or uncooperative. Furthermore, the buccal and sublingual routes are generally not suited or preferred for sustained drug release or for prolonged administration due to discomfort or inconvenience, especially when eating or drinking.




Physiological Factors Influencing Sublingual and Buccal Drug Delivery

For effective drug delivery via the sublingual or buccal route of administration, several physiological factors should be considered in drug formulation design and development. These factors may influence drug bioavailability, stability, efficacy, and safety.


	Residence time of the formulation: Absorption is highly dependent on the residence time of the drug in the sublingual and buccal area. This may vary considerably depending on the formulation and the patient. Sublingual and buccal drugs are generally formulated as tablets, films, wafers, or sprays. The formulations differ in terms of need for disintegration and dissolution prior to drug absorption. In addition, patients should avoid eating, drinking, chewing, or swallowing until the medication has been absorbed (De Boer et al., 1984; Allen et al., 2011). Swallowing the medication will decrease the drug’s effectiveness. This can be particularly difficult for some patients, such as younger children.

	Drug absorption: For effective absorption to occur, the drug needs to have a balance between hydrophilic and lipophilic properties (De Boer et al., 1984; Allen et al., 2011; Brunton et al., 2018). That is, the drug needs to be soluble in aqueous buccal fluids and should also have high lipid solubility to be able to cross the epithelial membrane in these regions, which is usually by passive diffusion. This route is also more suitable for low to medium molecular weight drugs (De Boer et al., 1984; Allen et al., 2011; Brunton et al., 2018)— refer to examples in Table 1. In addition, drug absorption can be affected if the gums or mucosal membranes have open sores or areas of inflammation. This may lead to enhanced or irregular drug absorption and, therefore, should be avoided or used with caution. Conversely, smoking can decrease the sublingual or buccal absorption of medications due to vasoconstriction of the blood vessels.

	pH of the saliva: The pH of the saliva can affect drug absorption by affecting the ionization state of drugs. Drug molecules predominantly undergo passive absorption pathways via transcellular diffusion (through the cell) or paracellular diffusion (between cells), depending on their physicochemical characteristics (De Boer et al., 1984; Allen et al., 2011; Brunton et al., 2018). Transcellular diffusion is the most common mechanism and is usually proportional to the lipid solubility of the drug. Therefore, absorption is favored when the drug molecule is in the non-ionized form, which is much more lipophilic than the ionized form. For sublingual and buccal administration, this means that drugs with a high pKa value are preferred due to the relatively neutral pH of the saliva. Conversely, the paracellular pathway is favored for more hydrophilic or ionized molecules. It should be noted that the pH of the saliva can be temporarily altered by environmental (e.g., foods and drinks) or personal factors [e.g., oral disease (Baliga et al., 2013)], which can affect the sublingual and buccal absorption of drugs.

	Flow of saliva: Saliva flow can influence buccal and sublingual drug delivery by altering the rate of disintegration of the formulation and dissolution of the drug. For example, if the mouth is dry, this can negatively affect drug absorption. Conversely, if saliva flow is considerable, this can lead to the drug being swallowed before absorption. Saliva flow can be affected by age, medications (e.g., anticholinergic drugs), and medical conditions (e.g., Sjögren’s syndrome, cheilosis, glossodynia, dehydration, dysphagia, and problems with mastication) (Dawes, 1987; von Bultzingslowen et al., 2007).





Table 1 | Sublingual and buccal formulations marketed and in clinical trials
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Nanoparticulate Drug Delivery Approaches

Nanoparticulate systems have previously been shown to improve the accumulation, uptake, and absorption of drugs across a variety of biological barriers, including the skin (Hua, 2015) and gastrointestinal tract (Hua et al., 2015). Therefore, it was inevitable for nanoparticles to be investigated for sublingual and buccally drug delivery. Nanoparticulate dosage forms differ from conventional dosage forms by loading the drug or active compound into nanoparticles prior to dispersion in a formulation base. They have been incorporated into various dosage forms for sublingual and buccal drug delivery, including gels (Marques et al., 2017), sprays (Baltzley et al., 2018), tablets (Gavin et al., 2015; El-Nahas et al., 2017), films (Giovino et al., 2013; Mortazavian et al., 2014; Al-Dhubiab et al., 2016; Masek et al., 2017; Castro et al., 2018a; Mahdizadeh Barzoki et al., 2018; Al-Nemrawi et al., 2019), and patches (Mahdizadeh Barzoki et al., 2016). These nanoparticulate formulations have been shown to: (i) improve drug permeability across the epithelium; (ii) modify drug release kinetics (e.g., controlled release or sustained release); (iii) provide solubilization (i.e., to deliver compounds which have physicochemical properties that strongly limit their aqueous solubility); and/or (iv) protect compounds that are sensitive to degradation (e.g., peptides) (Morales and Brayden, 2017; Hua et al., 2018). These factors all aim to promote higher sublingual or buccal bioavailability of drugs for subsequent systemic absorption.

For nanoparticulate dosage forms to be effective for sublingual or buccal drug delivery, two main factors should be considered. Firstly, the physicochemical properties of the nanoparticles themselves (e.g., size, charge, composition, and surface properties) for optimal interaction with the sublingual or buccal mucosa. A number of different nanoparticulate systems have been evaluated for sublingual and buccal drug delivery, with polymer-based and lipid-based compositions being the most common (He et al., 2009; Roblegg et al., 2012; Teubl et al., 2013; Teubl et al., 2015; Mouftah et al., 2016; Patil and Devarajan, 2016; Chaves et al., 2017; Xu et al., 2018). The composition and structure of nanoparticles can be designed to confer a number of different properties, including mucoadhesion, bioadhesion, mucus-penetration, controlled release, and deformability (Hua et al., 2015). For example, inclusion of a hydrophilic polyethylene glycol (PEG) coating to the surface of nanoparticles has been shown to reduce its interaction with the mucus constituents, increase particle translocation through the mucus and mucosa, and enhance its delivery into lymph nodes (Wang et al., 2008; Hua et al., 2015; Masek et al., 2017).

In terms of optimal nanoparticle size for sublingual or buccal administration, most of the studies in this area have used nanoparticles between approximately 100 to 300 nm in size. Very few studies have comprehensively evaluated a range of particle sizes for optimal interaction with the buccal or sublingual mucosa. For example, Teubl et al. (2013) demonstrated in ex vivo studies using porcine buccal mucosa that neutral polystyrene nanoparticles (25, 50, and 200 nm) dispersed in an aqueous base were able to penetrate into the mucosal tissue intact, with the 200-nm sized nanoparticles penetrating more rapidly and into deeper regions of the mucosa. It was suggested that the smaller nanoparticles were readily entrapped and immobilized in the mucus network. This is also supported by Holpuch et al. (Holpuch et al., 2010) which showed that 200-nm nanoparticles (FluoSpheres® polystyrene nanoparticles) were able to penetrate through the epithelium and basement membrane into the underlying connective tissue of intact normal human oral mucosal tissues that were obtained from patients undergoing surgical procedures. It should be noted that both studies used polystyrene nanoparticles, which are unable to be metabolized and can interfere with cell metabolism pathways (Holpuch et al., 2010). Therefore, further studies would be useful to evaluate the effect of more clinically translatable nanoparticulate compositions over a range of particle sizes for mucosal permeability and drug absorption for sublingual and buccal drug delivery.

There are conflicting results regarding the influence of surface charge on nanoparticle interaction with the oral mucosa. Roblegg et al. (2012) showed that 20 nm anionic (negatively charged) and 200 nm cationic (positively charged) nanoparticles were both able to permeate the mucus layer of porcine buccal mucosa. The cationic nanoparticles (200 nm) penetrated deeper into the buccal mucosal tissue compared to the 20 nm anionic nanoparticles, which remained in the top third region of the epithelium. The study reported that 200 nm anionic nanoparticles were entrapped within the mucus, formed agglomerates, and were unable to penetrate the epithelium. Similar differences in the interaction of the mucosa with nanoparticles of opposite charges were observed by Chaves et al. (2017). However, other studies have reported that cationic nanoparticles interacted more with the mucus and exhibited lower mucosal permeability in comparison to anionic nanoparticles (Chen et al., 2010; Yuan et al., 2011; Mouftah et al., 2016; Patil and Devarajan, 2016; Xu et al., 2018). This is also supported by studies in the lower gastrointestinal tract, whereby electrostatic interaction between cationic nanoparticles and the negatively charged mucins impeded the transport of the nanoparticles through the mucus layer (Hua et al., 2015). Anionic nanoparticles were able to interdiffuse among the mucus network due to less electrostatic interaction with the mucus (Hua et al., 2015).

The second main factor that should be considered for effective sublingual or buccal drug delivery is the interaction of the nanoparticles with the formulation base. The nanoparticles should be stable when incorporated into the pharmaceutical base, especially during manufacturing and storage. In addition, the formulation base should increase the residence time of the formulation in the sublingual or buccal region to optimize drug permeability and systemic absorption. There are inconsistent results as to the actual interaction of the nanoparticle-embedded formulations with the mucosal tissue. The majority of the studies have demonstrated sustained drug release from the nanoparticles embedded in the dosage form, with the drug then being diffused into the formulation base and absorbed into the adhered mucosa. These include nanoparticles incorporated into gels (Marques et al., 2017), sprays (Baltzley et al., 2018), tablets (Gavin et al., 2015; El-Nahas et al., 2017), films (Giovino et al., 2013; Mazzarino et al., 2014; Mortazavian et al., 2014; Al-Dhubiab et al., 2016; Masek et al., 2017; Castro et al., 2018a; Mahdizadeh Barzoki et al., 2018; Al-Nemrawi et al., 2019), and patches (Mahdizadeh Barzoki et al., 2016). Very few studies have demonstrated release of nanoparticles from the formulation base and mucosal penetration of intact nanoparticles for drug delivery (Mortazavian et al., 2014; Masek et al., 2017). For example, Masek et al. (2017) developed nanofiber-based mucoadhesive films consisting of an electrospun nanofibrous reservoir layer (with nanoparticles reversibly adsorbed to the surface of the nanofibers or deposited in the pores between the nanofibers), a mucoadhesive film layer, and a protective backing layer. The results from both ex vivo and in vivo studies in pigs demonstrated that the nanofibrous mucoadhesive films were able to avoid rapid clearance of nanoparticles from the site of application, maintain a long-term concentration gradient of nanoparticles at the mucosal surface, and ensure unidirectional diffusion of nanoparticles towards mucosal surfaces. Histological samples excised 2 h after in vivo administration showed penetration of intact nanoparticles into the mucosa as well as regional lymph nodes.

The reasons for the discrepancy in the mechanism of action of nanoparticles when administered in a liquid base (e.g., water or buffered solution) or embedded into a formulation base (e.g., films, gels, and tablets) for sublingual or buccal drug delivery are still incompletely understood. Further studies are needed to determine whether it is more beneficial for nanoparticles to be used as a scaffold to promote stability and control drug release kinetics from within the formulation base or following mucosal penetration as intact particles. The former mechanism would place more importance on the retention of the formulation base to the mucosa and the stability of the nanoparticles in the formulation base for drug release, whereas the latter mechanism would place more importance on the physicochemical characteristics of the nanoparticles themselves for mucosal penetration. Most of the studies have only been conducted in in vitro and/or ex vivo models, with very limited in vivo studies available. In vivo studies provide better insights into the real-time performance of the formulation, as drug absorption is affected by a number of physiological factors as discussed earlier. In addition, there are significant anatomical differences in the sublingual and buccal mucosa among species. Porcine mucosa is the most similar to human mucosa and is widely used in ex vivo studies, however it is more common to use rodents in in vivo studies which have keratinized mucosa (Masek et al., 2017). Keratinization of the mucosa acts as an additional barrier for the penetration of drugs and nanoparticles, which should be taken into account when evaluating the results. Although the results to date support the use of nanoparticulate drug delivery approaches for sublingual and buccal administration, further comprehensive mechanistic and preclinical studies are required to ensure reproducibility of efficacy and safety outcomes.




Sublingual and Buccal Formulations Approved and in Clinical Trials

A number of sublingual and buccal formulations are on the market with more in clinical development. Table 1 shows examples of the sublingual and buccal formulations that are approved or in clinical trials. Those approved for clinical use have varied indications that also benefit from faster onset of action, including sedation, insomnia, angina, pain, and smoking cessation. The drugs incorporated vary in their therapeutic index as well as their duration of use, which indicate the prospect of using drugs with a narrow therapeutic index and for long-term therapy. Biologics have also made its way into the market with the delivery of allergen extracts and polyvalent mechanical bacterial lysate for use in allergic rhinitis and chronic obstructive pulmonary disease (COPD), respectively. Sublingual and buccal formulations approved for clinical use generally incorporate drugs in conventional dosage forms such as solid dosage forms (e.g., tablets, wafers, lozenges, and films), liquid dosage forms (e.g., sprays and oral liquid drops), and semi-solid dosage forms (e.g., gels and paste) (Allen et al., 2011). Solid dosage forms are typically manufactured to disintegrate or dissolve rapidly in a small quantity of saliva to allow fast drug absorption through the mucosa, without the need for water. In contrast, liquid dosage forms for sublingual and buccal use contain the drug dissolved (solution) or dispersed (suspension) in a vehicle. This is then administered as oral liquid drops or sprays, with the latter typically having a metered valve to control the dose of the drug delivered.

The majority of the formulations in clinical trials (Table 1) incorporate already approved drugs or novel compounds into conventional sublingual and buccal dosage forms—in particular, tablets, films, and oral liquids. It should be noted that drugs evaluated in the early phases of clinical investigation are commonly administered as a powder or oral liquid. Powders are typically formulated by opening clinically available capsules or crushing tablets, whereas oral liquids are attained by dispersing the powder into a liquid base or using the parenteral formulations of the drug. These studies are mainly focused on evaluating the pharmacokinetics and efficacy of the drug following sublingual or buccal administration, rather than assessing the performance of novel formulations.

Very few innovative dosage forms for sublingual and buccal drug delivery have reached the clinical development phase. The main strategies have been the incorporation of permeation enhancers or mucoadhesive constituents to conventional dosage forms. Conventional dosage forms are commonly affected by physiological factors (e.g., saliva and swallowing), which can reduce the contact of the formulation with the mucosa and lead to unpredictable drug absorption. In addition, the multicellular thickness and stratified nature of the sublingual and buccal epithelium can contribute to reduced drug absorption across these regions. These strategies have been shown to improve mucosal retention and/or permeability of conventional dosage forms. For example, permeation enhancers (e.g., surfactants, bile salts, fatty acids, cyclodextrins, and chelators) have been shown to improve the mucosal permeability and absorption of various compounds (Tsutsumi et al., 1998; Shojaei et al., 1999; Bird et al., 2001; Burgalassi et al., 2006; Sohi et al., 2010; Tian et al., 2012; Prasanth et al., 2014; Patil and Devarajan, 2014; Ojewole et al., 2014; Marxen et al., 2018) by: (i) changing mucus rheology; (ii) increasing the fluidity of the lipid bilayer membrane; (iii) acting on the components at tight junctions; (iv) inhibiting mucosal enzymes; and (v) increasing the thermodynamic activity of drugs (Chinna Reddy and Chaitanya, 2011). In addition, the incorporation of mucoadhesive constituents has been demonstrated to enhance formulation retention time with the sublingual or buccal mucosa (Das and Das, 2004; Razafindratsita et al., 2007; Perioli and Pagano, 2013; Ikram et al., 2015; Yildiz Pekoz et al., 2016; El-Nabarawi et al., 2016; Ammar et al., 2017; Parodi et al., 2017; Celik, 2017; Salehi and Boddohi, 2017; Vasseur et al., 2017; Khan and Boateng, 2018; Razzaq et al., 2018; Sharma et al., 2018). This has been done primarily for solid dosage forms and semi-solid dosage forms. In particular, mucoadhesive polymers are commonly used in these formulations, including synthetic polymers (e.g., cellulose derivatives and poly(acrylic acid)-based polymers) and those from natural sources (e.g., chitosan, hyaluronic acid, agarose, and various gums). An impermeable backing layer may be incorporated in solid dosage forms (e.g., films, patches, and tablets) to allow unidirectional drug delivery (Guo and Cooklock, 1996; Benes et al., 1997; Shojaei et al., 1998; El-Nabarawi et al., 2016).

It is expected that more innovative dosage forms will eventually reach clinical trials following comprehensive preclinical assessment and optimization. This includes nanoparticulate formulations, especially for the systemic delivery of drugs. Ropivacaine liposomal gel is the only nanoparticulate formulation that has reached clinical studies for sublingual and buccal drug delivery. It has been evaluated for local drug delivery as a topical anesthetic in Phase I clinical studies. Furthermore, slow-disintegrating and non-disintegrating dosage forms, particularly for buccal drug delivery, have been extensively investigated in the literature to extend or control the release of active substances over a prolonged period (Scholz et al., 2008; Bahri-Najafi et al., 2014; Kaur et al., 2014; Jaipal et al., 2016; Celik, 2017; Lindert and Breitkreutz, 2017; Celik et al., 2017; Farag et al., 2018; Castro et al., 2018b). For example, multilayered films have been developed for controlled drug delivery and are generally designed to remain in their form and slowly release drug over a specified time (Lindert and Breitkreutz, 2017). It should be noted that formulations that have prolonged contact with the mucosa may cause irritation and/or discomfort for the patient, especially with concurrent eating or drinking. There is also a possibility for the dosage form to detach from the mucosa and be swallowed, which can lead to subsequent adherence to other parts of the gastrointestinal tract (e.g., esophagus). The results from clinical studies will determine the feasible of these dosage forms in clinical practice.




Conclusion

The sublingual and buccal routes of administration have significant advantages for systemic drug delivery. They have shown to be an effective alternative to the traditional oral route, especially when fast onset of action is required. In addition, they are useful for drugs that undergo high hepatic clearance or degradation in the gastrointestinal tract, and for patients that have swallowing difficulties. Although significant advances in drug formulation have been reported in the literature, particularly to improve retention and absorption in the buccal and sublingual regions, very few of them have translated to the clinical phase. For clinical translation to be justified, there needs to be a clear benefit of efficacy and/or safety with any new drug formulation compared to clinically available dosage forms (Hua et al., 2018). In addition, comprehensive evaluations of the pharmacokinetics, stability, efficacy, and safety of the formulations are required in appropriate animal models as well as in clinical studies, based on regulatory standards and protocols. For innovative platforms, such as nanoparticles, mechanism of action and safety of the different carriers following mucosal interaction and/or uptake need to be explored further (Bergin and Witzmann, 2013; Talkar et al., 2018; Vita et al., 2019). Complexity in drug formulation is also a key factor that can be a barrier to clinical translation, irrespective of its therapeutic efficacy (Hua et al., 2018). Therefore, simplification in formulation design is required to allow efficient and reproducible large-scale manufacturing. The availability of standardized testing methods can also be a limitation to reliably assess the quality of more complex or innovative formulations for regulatory standards.
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Objective

The aim of the present study was to investigate the absorption routes as well as the potential application of the oral transmucosal delivery of risperidone orodispersible film (ODF) using physiologically based pharmacokinetic modeling.



Methods

The pharmacokinetic study after intragastric (i.g.), supralingual, and sublingual administration of risperidone ODF was conducted in Beagle dogs. Then a mechanic absorption model which combined Oral Cavity Compartment Absorption and Transit (OCCAT) model with Advanced Compartment Absorption and Transit (ACAT) model for predicting the absorption routes of risperidone ODF in vivo was constructed using GastroPlus™. A sensitivity analysis was performed to investigate the impact of oral residence time on the in vivo absorption of risperidone ODF. Based on the fraction of intraoral absorption, the potential of the oral transmucosal delivery of risperidone were predicted.



Results

There were no statistical differences in the AUC0–t (P = 0.4327), AUC0-∞ (P = 0.3278), Cmax (P = 0.0531), and Tmax (P = 0.2775) values among i.g., supralingual, and sublingual administration of risperidone ODF in Beagle dogs. The predicted absorption percentage via oral mucosa at oral residence time of 2 min, 5 min, and 10 min was 7.0%, 11.4%, and 19.5%, respectively. No obvious difference was observed for the bioavailability of risperidone ODF within 10 min of oral residence time. The PBPK absorption model for risperidone could be simplified to include ACAT model solely.




Conclusion

The main absorption route for risperidone ODF was the gastrointestine. The absorption percentage via oral mucosa was almost negligible due to the physicochemical properties of risperidone although ODF dissolved completely in the oral cavity of Beagle dogs within 2 min.





Keywords: risperidone orodispersible film, oral cavity compartment absorption and transit model, advanced compartment absorption and transit model, GastroPlus™, oral residence time, oral transmucosal delivery



Introduction

Orodispersible films (ODFs) are single or multilayer sheets of water-soluble polymer materials (Madhav et al., 2009; Hoffmann et al., 2011; Lam et al., 2014; Krampe et al., 2016; Foo et al., 2018). Due to the instant disintegration and release of the drug into the saliva once the film is put into the oral cavity, there is no need of water for the ingestion and it is more convenient than conventional tablets (Poston and Waters, 2007; Hoffmann et al., 2011; Lam et al., 2014). Owing to the characteristic of fast wetting, ODFs may adhere to the oral mucosa site and dissolve rapidly, so they cannot be spat out easily. Therefore, they are very suitable for special patients such as pediatric, geriatric, and psychiatric patients. They can effectively improve the clinical compliance (Poston and Waters, 2007; Krampe et al., 2016).

Risperidone, a benzisoxazole derivative, is a second-generation antipsychotics which has a high affinity for multiple receptors including 5-HT2A serotonin, D2 dopamine, α1, α2 adrenergic, and histamine receptors (Huang et al., 1993; Megens et al., 1994; Meuldermans et al., 1994; Gong et al., 2015). Risperidone has been widely used for acute and chronic schizophrenia (Huang et al., 1993; Mannens et al., 1993; Gong et al., 2015; Narayan et al., 2016). It can also alleviate the symptoms of schizophrenia and improve the social and personal performance (Huang et al., 1993; de Leon et al., 2010). It is available as tablets, oral solutions, capsules, dispersible tablets, orally disintegrating tablets (ODTs), and ODFs in the dose strengths ranging from 0.5 to 4 mg (Khames, 2017). Taken orally, risperidone is completely and rapidly absorbed. The oral bioavailability of risperidone is about 70% and the pre-systemic metabolism yields the active metabolite of 9-hydroxy (9-OH) risperidone via cytochrome P450 2D6, 3A4, and 3A5 (Huang et al., 1993; de Leon et al., 2010; Shimizu et al., 2017).

Heemstra et al. employed a modified Ussing chamber to investigate the permeability of risperidone through porcine buccal mucosa at various concentrations (Heemstra et al., 2010). The results showed that risperidone could permeate through the buccal mucosa in the way of passive diffusion, indicating the potential application of the intraoral delivery for risperidone mucoadhesive gel. ODFs stick to the oral mucosa and dissolve in the oral cavity within minutes, and a portion of the drug may be absorbed directly into the bloodstream via oral mucosa, avoiding pre-systemic metabolism. Thus, it is necessary to understand the absorption routes that are crucial for the development of risperidone ODF.

Physiologically based pharmacokinetic (PBPK) modeling combines the system dependent physiological, anatomical, and biochemical properties, specific properties of compounds as well as the formulation parameters, providing an approach to predict the plasma concentration–time profiles from in vitro data (Upton et al., 2016; Lin and Wong, 2017; Hens et al., 2018). Therefore, it has gained high popularity to support decision making throughout the drug research and development.

In the present study, we aimed to investigate the application potential of the oral transmucosal delivery of risperidone ODF using PBPK model. The pharmacokinetic study was conducted in Beagle dogs to identify the difference among intragastric (i.g.), supralingual, and sublingual administration of risperidone ODF. Then a mechanic PBPK model for understanding how risperidone ODF was absorbed was constructed. To build a model, intravenous (i.v.) data were generated to obtain risperidone disposition parameter (e.g. CL and V), i.g. data were generated to understand the gastrointestinal absorption, and in vitro dissolution was performed to provide information to predict in vivo dissolution. A schematic diagram of the adopted methodology was shown in Figure 1. Based on the fraction of intraoral absorption, the application potential of the oral transmucosal delivery of risperidone was evaluated.




Figure 1 | Schematic diagram of the methodology adopted.





Materials and Methods


Preparation of Risperidone ODF

The formulation design, optimization and evaluation have been described in our previous study (Zhang et al., 2017). Briefly, risperidone ODF was prepared by solvent casting method (Foo et al., 2018).Weighted amount of risperidone was dispersed in purified water at ambient temperature under constant stirring. Subsequently, the required amount of citric acid, PEG 4000, HPMC E3, HPMC E15, aspartame, titanium dioxide, and peppermint essence were added separately under continuous grinding to obtain a homogeneous mixture. The uniform dispersion was processed in the vacuum deaeration pot to remove the air bubbles and then casted onto the backing by using a homemade coating machine with a drying temperature of 80–90 °C. The prepared films were cut into the sizes of 3 cm2 (2.2 cm×1.4 cm) containing 1 mg of risperidone and stored at ambient temperature for further analysis.



In Vitro Dissolution Study

The in vitro dissolution of risperidone ODF was conducted using USP paddle at a rotation speed of 50 rpm in 500 ml of four different media, in 0.1 M HCl (pH 1.0), in acetate buffer of pH 4.0, in phosphate buffer of pH 6.8 and in water. Temperature was maintained at 37 ± 0.5 °C. Samples were collected at predetermined time intervals and filtered through a membrane filter of 0.22 μm.

The amount of risperidone was determined by a reported high-performance liquid chromatography (HPLC, Shimadzu Co. Ltd, Kyoto, Japan) method in our previous study (Zhang et al., 2017). Mobile phases consisted of acetonitrile and 5 mg/ml ammonium acetate in water (11:39, v/v) at a flow rate of 1.5 ml/min. Ten μl of the aliquot was injected into a Waters Atlantis®T3 C18 column (4.6 mm×100 mm, 3 μm, Waters Co. Ltd, Ireland) at a column oven of 40 °C. The quantity of risperidone was measured at ultraviolet wavelength of 275 nm.



Pharmacokinetic Study

The study included a four period, 1 week wash-out, crossover, single dose by i.v., i.g., supralingual, and sublingual administration. For i.v. administration, a 0.2 mg/ml of risperidone solution was prepared by dissolving 5 mg risperidone in 25 ml of 0.05% (m/v) tartaric acid water solution. For i.g. administration, risperidone ODFs which contained 5 mg of risperidone were dissolved in 25 ml of water solution. For supralingual administration, risperidone ODFs were put onto the tongue of Beagle dogs, and for sublingual administration, risperidone ODFs were put on the bottom of the tongue. The dogs were kept still for 2 min. A dose of 1 mg/body was administrated.

Four healthy Beagle dogs (male:female, 1:1) weighting 9.04 ± 1.88 kg (Certificate No. 20150005001131), purchased from Shanghai Jambo Biological Technology Co., Ltd (Shanghai, China), were used in this study. The study protocol was reviewed and approved by the Animal Management and Ethic Committee of the China State Institute of Pharmaceutical Industry. Dogs were housed individually in stainless steel cages. Tap water was given ad-libitum and food was provided once daily. Dogs were fasted for 12 h before drug administration. Blank blood samples were withdrawn prior to the administration of the drugs. Subsequently, blood samples were taken from forelimb vein at 0.167, 0.333, 0.5, 0.75, 1.0, 1.5, 2.0, 3.0, 4.0, 6.0, 8.0, 12, 24, and 32 h into heparin sodium-containing centrifuge tubes which were then centrifuged for 5 min at 3,000 rpm. The supernatant was collected and stored at -20 °C in the refrigerator until further analysis.

The main pharmacokinetic parameters of maximum plasma concentration (Cmax), peak time (Tmax), area under the concentration-time curve from 0 h to the time of last measurable concentration (AUC0-t), and AUC from 0 to infinity (AUC0-∞), mean residue time (MRT), apparent volume of distribution (Vd), elimination half-life (t1/2), and in vivo clearance (CL) were calculated by non-compartmental approach using the software of DAS 2.0 (Cheng et al., 2016). The results were summarized using their arithmetic means and standard deviations (SD). The statistically significant difference of the main pharmacokinetic parameters (Cmax, Tmax, AUC, MRT, Vd, t1/2, and CL) between the administration routes were assessed by the one-way analysis of variance (ANOVA) model using the software of PASW Statistics 18 at a significance level of α = 0.05.



Bioanalytical Method of Risperidone

A validated HPLC tandem mass spectrometry (HPLC-MS/MS) method for the determination of risperidone and the metabolite 9-OH risperidone in Beagle dog plasma were reported previously (Zhang et al., 2017). Calibration curves were constructed in the concentration range of 0.2–200 ng/ml with a lower limit of quantification (LLOQ) of 0.2 ng/ml. The intra-day precision ranged from 1.49% to 11.4% (n = 15) and the inter-day precisions ranged from 3.77% to 9.33% (n = 15). The HPLC system (Shimadzu Co. Ltd, Kyoto, Japan) equipped with a triple quadruple mass spectrometer (Shimadzu Co. Ltd, Kyoto, Japan) operating with ESI in the positive mode was used for the quantification of the analytes. Mobile phases consisted of methanol and water (35:65, v/v), both containing 0.05% formic acid and 5 mM ammonium formate. The flow rate was set at 0.3 ml/min. Ten μl of the aliquot was injected into the Inspire C18 column (2.1 mm×50 mm, 3 μm, Dikma Technologies Inc, Beijing, China) at a column oven of 40 °C. Multiple reaction monitoring (MRM) was utilized to determine risperidone, its metabolite 9-OH risperidone, and diphenhydramine (internal standard, IS) with transitions of m/z 411.10→191.10, m/z 427.10→207.15, and m/z 256.10→167.05, respectively. Direct protein precipitation using acetonitrile was used for the extraction of analytes from dog plasma.



Model Development

The PBPK model of risperidone in Beagle dog was conducted using GastroPlus™ (version 9.7, Simulation Plus, Inc., CA, USA). Extensive and systematic literature search was performed to collect physicochemical parameters (molecular weight, solubility, pKa, and log P), blood to plasma partition coefficient (B/P) of dogs, and dog plasma unbound fraction of risperidone (fu) (PMDA label, 2018; Mannens et al., 1994). The diffusion coefficient of risperidone was predicted using GastroPlus™. Mean precipitation time, drug particle density, and particle size utilized default values in GastroPlus™.

The systemic clearance (CL), elimination rate constants, and volumes of distribution (V) were calculated by fitting the plasma concentration versus time profile of i.v. administration of risperidone in Beagle dogs using the empirical three-compartmental pharmacokinetic (PK) models in DAS 2.0. The obtained PK parameters were used to simulate the in vivo elimination of risperidone in PBPK model without further alteration.

The Advanced Compartment Absorption and Transit (ACAT) model implemented in GastroPlus™ defines the GI tract as one stomach, seven small intestine segment and one colon compartment(s), within each of which, drug can exist in several states simultaneously including unreleased, undissolved, dissolved, degraded, metabolized, and absorbed as it transits through successive compartments (Takano et al., 2006). The kinetics associated with these processes are modeled by a system of coupled linear and non-linear rate equations. The plasma concentration versus time profile of i.g. administration of risperidone in Beagle dogs was used to build the GastroPlus™ ACAT models. The effective permeability (Peff) value of risperidone was optimized to match the plasma concentration-time curves.

The Oral Cavity Compartment Absorption and Transit (OCCAT) model divided the oral cavity into six physiological compartments: buccal, gingival, palate, top of the tongue, bottom of the tongue, and mouth floor, which accounts for drug dissolution in saliva, diffusion through the oral mucosa, and drug absorption into the systemic circulation (Xia et al., 2015). The parameters involved in the intraoral modeling settings, such as fraction unbound in oral tissue (Fu-t), and oral mucosa diffusivity (Diff-t), were estimated using GastroPlus™. The OCCAT model is linked to the ACAT model for the prediction of the percentage of absorbed drug from oral cavity.

Z-factor model (Eq. 1) in the software of GastroPlus™ was chosen to describe the in vivo dissolution kinetics of risperidone ODF (Takano et al., 2006). Z is a dissolution parameter, which is independent of the saturated solubility, applied amount of drug, and the volume of medium, and is determined by fitting to the in vitro dissolution data (Takano et al., 2006).



where Xd,vitro(t) is the mass of dissolved drug at time t, r is the density of the drug, Xs,vitro(t) is the mass of solid drug at time t, X0,vitro is the initial mass of solid drug, Cs is the saturated solubility of the drug, and Vvitro is the volume of the dissolution medium.

The predictive accuracy of the PBPK model was assessed by calculating the fold error based on the following formula:



An accurate prediction was achieved if fold error was within two (Li et al., 2009).



Parameter Sensitivity Analysis and Regional Absorption Prediction

In OCCAT model of GastroPlus™, there are three oral transit models designed for intraoral delivery system, namely, Normal Swallowing, Hold & Swallow as well as Hold Rinse & Swallow. Since ODFs can maintain some time of contact in mucosal surface, the option of Hold & Swallow was chosen. The hold time (residence time) of the drug in oral cavity is a main factor which may affect the absorption via oral mucosa for rapidly-disintegrating formulations. A sensitivity analysis was performed to investigate the impact of residence time on the in vivo performance of risperidone ODF. Since ODFs generally release the drug immediately, we conducted the sensitivity analysis of oral residence time in a range of 0–10 min. A sensitivity factor was calculated for each systemic parameter by Eq. 3 (Hens et al., 2018).






The sensitivity value was between 0 and 1. The higher the value, the more sensitive it is. The percentage of absorbed drug from oral cavity was also evaluated.




Results


In Vitro and In Vivo Dissolution Data

The in vitro dissolution results at different test conditions and in vivo dissolution curve fitted by Z-factor model are shown in Figure 2. The ODF all achieved a complete release of its risperidone contents in different medium within 2 min. This dissolution was generally unaffected by pH at the range of 1–7.




Figure 2 | In vitro dissolution profiles (n = 3) and in vivo fitted dissolution profile for risperidone ODF.





In Vivo Pharmacokinetic Data

The mean plasma concentration-time curves of i.v., i.g., supralingual, and sublingual administration of 1 mg/body risperidone in Beagle dogs are shown in Figure 3. The main pharmacokinetic parameters for risperidone are summarized in Table 1.




Figure 3 | Mean plasma concentration-time curves of risperidone (A), and the metabolite 9-OH risperidone (B) in Beagle dogs (Mean ± SD, n = 4) after i.v., i.g., supralingual, and sublingual administration of 1 mg/body. The error bars represent standard deviation (SD) from the mean.




Table 1 | Main pharmacokinetic parameters of risperidone (Mean ± SD) in Beagle dogs after i.v., i.g., supralingual, and sublingual administration (n = 4).



There were no statistically significant differences in the AUC0–t (P = 0.4327), AUC0-∞ (P = 0.3278), Cmax (P = 0.0531), Tmax (P = 0.2775), MRT0–t (P = 0.2956), MRT0-∞ (P = 0.5141), t1/2(P = 0.2719), Vd (P = 0.5565), and CL (P = 0.3720) values among the sublingual, supralingual, and i.g. administration routes.



Model Development

The input parameters for GastroPlus™ modeling are summarized in Table 2.


Table 2 | Summary of input parameter for GastroPlus™ Simulation of risperidone.





Parameter Sensitivity Analysis

The parameter sensitivity assessed the influence of oral residence time in a range of 0–10 min on the Tmax, Cmax, AUC0-∞, and bioavailability of risperidone ODF, which is depicted in Figure 4. The Cmax, AUC0-∞, and bioavailability of risperidone were almost unchanged when oral residence time increased from 0 to 10 min. The calculated sensitivity factor for Tmax, Cmax, AUC0-∞, and bioavailability were 0.26, 0.10, 0.11, and 0.11, respectively. All of the values were low. No obvious difference was observed for the Cmax, AUC0-∞, and bioavailability of risperidone ODF when oral residence time increased within 10 min based on the calculated value and the graphic trend (Figure 4). The results indicated that oromucosal absorption might not be critical to risperidone ODF in short residence time.




Figure 4 | Simulated the influence of oral residence time at a range of 0–10 min on the Tmax (A), Cmax (B), AUC0-∞ (C), and bioavailability (D) of risperidone ODF.





Regional Absorption Prediction

The fraction absorbed of risperidone ODF in the oral cavity at an oral residence time of 2 min, 5 min, and 10 min was predicted to be 7.0%, 11.4%, and 19.5%, respectively. The extent of absorption increased slightly as the oral residence time prolonged. Since risperidone ODF dissolved completely in the oral cavity of Beagle dogs within 2 min, the absorption percentage via oral mucosa was almost negligible. Thus, the gastrointestine might be the main absorption route for risperidone ODF. The PBPK modeling of risperidone ODF could be simplified to include ACAT model solely.

The results indicated that the reason for the similar PK profiles following sublingual and supralingual administration of risperidone ODF was that the absorption routes of the two administration sites were the same and they were both mainly absorbed by gastrointestinal tract after entering with saliva although sublingual mucosa has the better permeability and higher vascularization.



Model Validation

ODFs are usually designed for supralingual administration, and there are no difference of PK profile of risperidone between supralingual and sublingual administration route. Thus, only the PK data of supralingual administration of risperidone ODF was used for the model validation. The in vivo absorption of risperidone ODF following supralingual administration was predicted using the ACAT model, and was compared with observed data. The simulated plasma concentration-time profiles are described in Figure 5. There is a good match between the predicted plasma concentration-time curve and the observed one.




Figure 5 | Predicted (solid line) and Observed (square frame, error bars represent one standard deviation from the mean) mean plasma concentration profiles following supralingual administration of 1 mg/body risperidone ODF.



The predicted and observed main pharmacokinetic parameters are summarized in Table 3. The fold errors of Tmax, Cmax, and AUC0-∞ for risperidone were 1.17, 1.54, 1.11, respectively. All were within 2-fold, indicating the good prediction of the developed PBPK model for risperidone ODF.


Table 3 | Comparison of main pharmacokinetic parameters of predicted and observed after supralingual administration of 1 mg/body risperidone ODF.






Discussion

ODFs can maintain some time of contact in mucosal surface on which they dissolve rapidly and release drug into the saliva. The drugs may be absorbed into the systemic circulation either through oral mucosa, or intestinal mucosa, or both. It was found that the sildenafil ODF was bioequivalent to that of the conventional tablet (Viagra®). The plasma concentration-time profiles of sildenafil and the metabolite were nearly superimposable between the two dosage forms (Radicioni et al., 2017). However, after sublingual or buccal administration of the ropinirole ODF, a fast absorption was achieved within 15 min. The bioavailability was dramatically improved by about 7-fold compared to that of oral administration route (Lai et al., 2018). Similar result was also seen in selegiline. The bioavailability of 1.25 mg Zydis selegiline (Zelapar®), which was an oral lyophilisate (tablet) that dissolves rapidly when it was put into the oral cavity, was comparable to that of the standard oral tablets of 10 mg. But the principal metabolites were at least 90% lower compared with the oral tablet, leading to a reduction of the dose-related side effect (Poston and Waters, 2007). Therefore, it is important to investigate the mechanism of absorption in the development of these intraoral formulations.

Various models have been developed to investigate the permeability of the compounds in the intraoral formulations across the oral mucosa including in vitro models (animal/human tissue model, TR 146 cell culture, EpiOral™, PermeaPad®, et al), in situ model, in vivo pharmacokinetic study, and in silico absorption model (Patel et al., 2012). The in silico absorption model integrates the compound and formulation properties as well as physiology and anatomy data, and is thus ideally suitable to investigate the in vivo absorption characteristics and mechanism of the intraoral formulations, providing important insights into the factors leading to the different bioavailability.

There are few reports on the application of PBPK modeling to aid the development of the intraoral drug delivery systems. A PBPK model has been built for buprenorphine to predict the pharmacokinetics of buprenorphine sublingual tablets in vivo under different dosing strength, guiding the clinical trial design and the rational use of the drug by Kalluri and his co-workers (Kalluri et al., 2017). Due to the lack of oral cavity physiology module in Simcyp™, the inhalation route was used to simulate the portion of sublingual absorbed. The in vivo absorption properties and quantitative contribution of each absorption route of buprenorphine were predicted using the validated PBPK model. The prediction of buprenorphine utilized a “top-down” strategy, for which the in vivo pharmacokinetic data was used to calculate the contribution percentage of each absorption route based on a great deal of pharmacokinetic data and the general understanding of the absorption mechanism. Additionally, they employed a simple first-order absorption process without the full consideration of the physiological difference between the oral cavity and lung. The oral transmucosal absorption is driven by a complicated partition between saliva and mucosa tissue, permeation through epithelium, absorption into the system circulation, and the portion of the compound swallowed unintentionally. The OCCAT model in GastroPlus™ takes into account the compound dissolution/precipitation in saliva, partition between saliva and mucosa tissue, diffusion through the oral mucosa, and absorption into the blood, as well as the link with the ACAT model to determine gastrointestinal absorption of the swallowed portion. Thus it can directly estimate the oral transmucosal absorption proportion using the physicochemical data of compounds. The predictive capability of the OCCAT model has ever been evaluated by zolpidem sublingual tablets (Intermezzo®). The results showed that the OCCAT model well captured the observed pharmacokinetics of zolpidem (R2 > 0.9). The estimated zolpidem absorption via the oral mucosa was about 18% (Xia et al., 2015). In addition, the validation of the OCCAT model was also conducted for other intraoral drug delivery systems, such as sublingual solution (verapamil), and sublingual tablets (propranolol, asenapine, and nicotine) (Xia et al., 2015). The simulated oral transmucosal absorption portion was comparable with the observed data, except nicotine, a small molecule of low lipophilicity and high solubility, which was underestimated (Xia et al., 2015). Therefore, more data for various kinds of compounds with different physicochemical properties are desired to evaluate and optimize the OCCAT model, so as to improve its utility.

In this study, the combination of OCCAT and ACAT model in the software of GastroPlus was used to investigate the absorption routes of risperidone ODF as well as the potential application of the oral transmucosal delivery. Our results showed the successful application of the OCCAT model to quantify the oromucosal absorption of risperidone, a compound of low solubility and high permeability, providing an example for the development of other ODFs. The OCCAT model has great potential to prospectively predict the intraoral drug products at various stage of the drug development, guide the selection of the lead compounds and dosage forms for oral transmucosal delivery, and replace some preclinical studies as well as clinical trials, which can save much time and cost.

The PBPK model of risperidone was established and validated by pharmacokinetic studies in Beagle dogs. Based on the developed PBPK model, the drug absorption routes were investigated, and the influence of formulation and physiological factors on drug absorption was assessed by parameter sensitivity analysis, which can determine the important physiological factors affecting the bioavailability of dosage forms and help the rational design of formulations. For example, if a drug is mainly absorbed through oral mucosa, we can improve the transport of drugs across the oral mucosa by formulation optimization, such as adding mucoadhesive polymers to prolong the residence time on the mucosal surface, or using permeation enhancer to enhance the drug permeation across the oral mucosa. If a drug is not easily absorbed through the oral mucosa and the gastrointestinal tract is the main absorption site, the formulation only needs to be dispersed in the oral cavity and its dissolution characteristics only needs to meet the requirements of common oral dosage forms. Moreover, in the research and development of the drug, the impact of formulation changes on bioavailability can also be predicted through PBPK, reducing the need for clinical trials and shortening the research process.

This method of PBPK modeling provides some insights for the research of intraoral drug delivery systems such as ODFs, ODTs, sublingual films and mucoadhesive buccal films. For drugs with the possibility of oral mucosa absorption, especially those can be rapidly absorbed through oral mucosa, the absorption model of PBPK which combines the OCCAT model with ACAT model can analyze the impact of dosage forms, formulation and the administration sites of the oral cavity on the oral absorption proportion, and suggest the methods to improve the absorption via oral mucosa and bioavailability. The optimal preparation design and clinical drug dosing strategy can be determined through modeling and simulation. Thus, the preclinical studies and clinical trials can be reduced. Finally, simplified drug development and supervision can be expected to achieve.

The results of PBPK modeling showed that the fraction absorbed via oral mucosa increased from 7.0% to 19.5% when the residence time changed from 2 min to 10 min while the bioavailability of risperidone was almost unchanged. It is not necessary to increase the residence time in formulation design for the fact that the bioavailability of risperidone cannot be significantly improved by prolonging the residence time in the oral cavity. The rapid dissolution and good compliance are the goals in formulation optimization. The slight change of the residence time caused by the change of the formulation will not affect its bioavailability. As risperidone is mainly absorbed through gastrointestine, the individual differences of oral physiological factors such as the amount of saliva and the flow rate of saliva have little effect on its bioavailability. Therefore, risperidone ODF can be developed according to the requirements of oral dosage forms. The quality indexes such as content, content uniformity, stability and dissolution rate can refer to the requirements of conventional oral dosage forms, and bioequivalence evaluation can choose conventional tablets or ODTs as reference formulations.

The absorption rate and extent of drugs via oral mucosa are closely related to the physicochemical properties of the drug including molecular weight, octanol-water partition coefficient, solubility, and ionization constant (Bredenberg et al., 2003; Nicolazzo et al., 2005; Pather et al., 2008). Drugs with fairly good lipophilicity and water solubility are favored to facilitate diffusion across the lipid-rich cytomembrane and the hydrophilic cytoplasm. Furthermore, the drugs in the unionized molecule form can be absorbed across the epithelial cells more effectively (Lam et al., 2014). Therefore, the pKa value, representing the extent of ionization at different pH is of great importance. Risperidone is a small molecule compound which has good lipophilicity and poor water solubility (Khames, 2017). It is a dibasic base with dissociation constants of 8.24 (pKa1) and 3.11 (pKa2) which is easy to ionize at the oral mucosa (Saibi et al., 2012). For these reasons, it's difficult for risperidone to permeate across the oral mucosa. In addition to the physicochemical properties of the drug, the residence time of the formulation in mucosal surface also has an impact on the oral transmucosal absorption. Risperidone ODF dissolves rapidly in the oral cavity, the residence time of the formulation was within 2 min, which limited the absorption of risperidone via oral mucosa.



Conclusion

The PBPK modeling of risperidone ODF indicated that the majority of the absorption occurred in the gastrointestine, and the percent absorbed via oral mucosa was almost negligible as the fact that risperidone ODF dissolved completely in the mouth of Beagle dogs within 2 min. The PBPK mechanistic absorption model which combines OCCAT with ACAT model could be used for the prediction of the in vivo absorption to scientifically and rationally guide the development of the ODF product, accelerating the research and development process.
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Hepatocellular carcinoma (HCC) is the third leading cause of death from cancer, and the 5-year overall survival (OS) rate for HCC remains unsatisfying worldwide. Microwave ablation (MWA) is a minimally invasive therapy that has made progress in treating HCC. However, HCC recurrence remains problematic. Therefore, combination therapy may offer better outcomes and enhance MWA efficiency through improved tumor control. We have developed doxorubicin-loaded liposomes (DNPs) as an efficient nanoplatform to enhance MWA of hepatocellular carcinoma even at the mild ablation condition. In this study, we demonstrated that the uptake of DNPs by HCC cells was increased 1.5-fold compared with that of free DOX. Enhanced synergism was observed in the combination of DNPs and MWA, which induced nearly 80% cell death. The combination of mild MWA and DNPs enhanced the ablation efficiency of HCC with significant inhibition of liver tumors and accounted for the longest survival rate among all groups. A much higher accumulation of the DNPs was observed in the transitional zone than in the ablation zone. No apparent systemic toxicity was observed for any of the treatments after 14 days. The present work demonstrates that DNPs combined with MWA could be a promising nanoparticle-based therapeutic approach for the treatment of hepatocellular carcinoma and shows potential for future clinical applications.
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Introduction

Hepatocellular carcinoma (HCC) ranks as the sixth most common malignancy worldwide and is the fourth leading cause of cancer death (Siegel et al., 2019). The 5-year overall survival (OS) rate for HCC remains poor worldwide (Costentin, 2017). Surgery is not always an option among patients with liver cancer as concurrent liver cirrhosis, which many of these patients have, increases the risk of mortality (Johnson and Wright, 2019). Minimally invasive therapies, such as radiofrequency ablation or microwave ablation (MWA) and high-intensity focused ultrasound ablation, offer new therapeutic approaches for HCC,(Zhu et al., 2018; Lyu et al., 2018; Mu et al., 2018; Huang et al., 2019) with the advantages of lower morbidity and mortality and broader indications compared with surgery (Shiina et al., 2018).

Rapid temperature, a larger ablation zone, and low susceptibility to the heat-sink effect are advantages that confer superiority to MWA for HCC therapy compared with other thermal modalities, (Facciorusso et al., 2016) particularly for early-stage HCC (Salati et al., 2017). These advantages overcome several challenges, including how the size of HCC can severely affect MWA efficacy, which may result in postsurgical recurrence or the development of unwanted lesions near important blood vessels and collateral biliary ducts that are difficult to ablate completely (Yu et al., 2017). High temperatures in the central zone near the antenna lead to necrosis and protein denaturation, whereas in the transitional zone, lower temperatures and the resulting energy insufficiency lead to a recurrence of more aggressive phenotypes and worse outcomes (Chu and Dupuy, 2014). Therefore, new strategies have been constantly researched.

Combination therapy may offer better outcomes to obtain an enhanced MWA efficiency with improved tumor control (Zhou et al., 2017). Previous studies have demonstrated that hyperthermia could augment chemotherapy, which in turn, enhanced ablation efficiency; therefore, temperature and chemotherapeutic agents acted to achieve tumor therapy (Yan et al., 2017). Nevertheless, liver cancer chemotherapy is not without its limitations, and the two major challenges are poor delivery efficiency and limited drug penetration into tumors (El Dika and Abou-Alfa, 2017). Nanoparticles as a drug delivery system has brought great improvements to cancer therapy (Dong et al., 2019). Nanoparticle therapeutics, based on natural or synthetic organic geo-macromolecules, have been developed as drug delivery systems by extending circulation times and facilitating uptake into tumors via enhanced permeability and retention (EPR) effect caused by leaky tumor vasculature (Yang et al., 2019). Liposomes were first approved by the US Food and Drug Administration and, since then, have attracted tremendous attention due to their high payload and easy synthesis, facilitating increased drug accumulation at tumor sites (Jha et al., 2016; Wang et al., 2019).

A combination therapy comprising ablation with chemotherapy offers several advantages over single ablation therapy, thereby decreasing ablation energy and enhancing tumor destruction (Fang et al., 2019; Xu et al., 2019). We therefore hypothesised that liposomes possessing optimal targeting properties and compatibility may transfer more necrosis-inducing drugs to the tumor and may thus be an effective chemical enhancer of MWA in HCC therapy. In this study, we used mild MWA energy, defined as small amounts of necrosis achieved through low microwave energy, to mimic the transitional zone. The literature on mild MWA combined with liposomes as an effective therapy to improve ablation outcomes and decrease recurrence is limited. We synthesised liposome-loading doxorubicin (DNPs), which enhanced the mild MWA effect and demonstrated that low microwave energy caused a relapse of all tumors, but a combination therapy could significantly reduce tumor growth and recurrence. Additionally, we provided evidence for the effectiveness of combination therapy in treating HCC or tumors located in difficult-to-access regions.



Materials and Methods


Reagents

Disaturated-phosphatidylcholine (DSPC) and 1,2 distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy (poly-ethylene-glycol)-2000] (DSPE-PEG2000) were purchased from Avanti Polar Lipids, Inc. (USA). Cholesterol (Sigma-Aldrich, USA), DMEM and penicillin/streptomycin (HyClone, USA), fetal bovine serum (Biological Industries, Israel), DOX (Tokyo Chemical Industry, Japan), Gd-DTPA-HPDP (Consun, Guangzhou, China), RIPA Lysis Buffer (Beyotime, Shanghai, China), and a Cell Counting Kit-8 (CCK-8) (Dojindo Laboratories, Japan) were purchased and used as indicated by the manufacturer. Deionized water (18.2 MΩ cm) from a Milli-Q purification system was used for all reagent preparations.



Synthesis and Characterisation of DNPs

The liposome formulation was composed of DSPC: cholesterol: DSPE-PEG-2000 dissolved in chloroform in a 55:40:5 molar ratio. The organic solvent was removed under nitrogen flow until a thin lipid film (10 mg) was formed. Then, the film was further dried for over 2 h under a vacuum. DOX was loaded via remote loading methods (Deng et al., 2014).The procedures were as follows: 1-ml (NH4)2SO4 solution (300 mM) was mixed with the lipid film and then hydrated via sonication at 65°C for 15 min at a frequency of 20 kHz and a power of 130 W for 6 min. The obtained rough liposomes were dialysed for 6 h with degassed water to remove the unloading (NH4)2SO4. Subsequently, the liposome suspension was mixed with 1.0-mg DOX and maintained at room temperature for 24 h. Finally, the particles were purified by centrifugation using 10-kDa molecular weight cutoff filters to remove unloading DOX. The dynamic light scattering (DLS) measurement of DNPs was performed using a Zetasizer (Malvern Nano ZS, UK). The Gd-DTPA-HPDP encapsulated DNPs were synthesised as mentioned above to capture images of the tumor uptake of DNPs. Liquids containing 1-ml (NH4)2SO4 solution and 5-mM Gd-DTPA-HPDP were mixed with the lipid film, and the mixture was sonicated and purified to obtain the encapsulated Gd-DTPA-HPDP DNPs.



In Vitro Cellular Uptake and Ablation–Chemo Treatment

HepG2 and Huh7 cells were seeded into 24-well plates (3 × 105/well), incubated with various concentrations of DNPs and DOX for 1, 3, and 6 h. Cells were washed with PBS to remove the drugs and were harvested for measurement of DOX fluorescence through flow cytometry (Beckman CytoFLEX, USA). Chemotherapeutic efficacy of DNPs was quantitatively evaluated by exposing HepG2 and Huh7 cells seeded into 96-well plates (1 × 105/well) to various concentrations of DNPs and free DOX for 8 h. Cell viability was assessed using CCK-8 detection kits, and absorbance at 450 nm was measured using a multi-plate reader (Biotek, USA). All experiments were designed for three repeating groups.

To evaluate the combined cytotoxicity of DNPs with MWA, 1 × 104 HepG2 cells were seeded into 96-well plates and incubated with 6.0 µg/ml DNPs and 6.0 µg/ml free DOX as a control in a 100 µl fresh medium. Cells were washed with PBS twice after an 8-h incubation and replaced with a 250-µl fresh medium. A microwave antenna (Kangyou Medical, China) was placed into the well, and cells were exposed to MWA (2450 MHz, 1.2 W) for 4 min. Cell viability was determined as described above. MWA followed the DNPs experiment and was conducted further to compare the outcome of chemoablation and ablation chemotherapy. Cells with a 250-µl medium were exposed to MWA (2450 MHz, 1.2 W) for 4 min. Then, cells were incubated with 6.0 µg/ml DNPs and 6.0 µg/ml DOX as a control in a 100 µl fresh medium. Eight hours later, cell viability was determined.



Animal Experiments

Animals received care in accordance with the Guide for the Care and Use of Laboratory Animals published by the US National Institute of Health. The Chinese PLA General Hospital Animal Care and Use Committee approved all procedures employed in this study. Female BALB/c nude mice (6–8 weeks old) were maintained under aseptic conditions in a small animal isolator and were housed in groups of five in standard cages with access to food and water and a 12-h light/dark cycle. Animals were adapted to the animal facility for at least 7 days prior to the experiments. Mouse tumor models were established by subcutaneous injection of 2 × 106 HepG2 cells in the right abdomen, and the tumor volume (mm3) was calculated as length × (width)2/2.



Ablation–Chemo Combination Therapy in HCC Models

For tumor imaging, when the tumor size reached 10 × 10 mm, 100 µl of DNPs (100 µg/ml) was intravenously injected into tumor-bearing mice. An MRI examination (Bruker, Germany) was performed at various time points. To determine the efficiency of ablation–chemo, mice were divided into six groups (five per group), namely: (1) control group, (2) DOX group, (3) DNPs group, (4) MWA group, (5) MWA + DOX group, and (6) MWA + DNPs group. Mice were intravenously injected with 100 μl of PBS, DOX (100 μg/ml) or DNPs (containing 100 μg/ml of DOX), and 24 h later, mice were treated with MWA (2450 MHz, 1.0 W, 60 s). Thermal imaging was recorded through an infrared thermal imaging camera (Magnity Electronics Co., China). Three days later, intravenous injection of PBS, DOX, and DNPs were intravenously injected again, 24 h later, mice were treated with MWA, and the drug dose and MWA parameter were the same as in the first treatment. Changes in tumor volumes and body weight were recorded. Mice were sacrificed after 14 days, blood was collected for a biochemical panel evaluation (Mindary BC-5130, China), and tumors were collected for analysis. The survival experiments were repeated as aforementioned to calculate the survival of six groups. Considering the tumor burden of mice, a cutoff line was set, namely, a mouse burdened with a tumor volume larger than 1200 mm3 was considered dearth.



Mild MWA Contributed to the Tumor Uptake of DNPs

HepG2 cells (1 × 104) were seeded into 96-well plates and treated with a 250-µl fresh medium containing 6.0 µg/ml DNPs with a similar concentration of free DOX as the control. The microwave antenna was placed into the well, and cells were exposed to mild MWA at 1.0 W for 4 min. After an hour, cells were washed and examined with a microscope (Olympus BX43, Japan); at the same time, cells were lysed for quantitative analysis of DOX fluorescence using a multi-plate reader at an excitation wavelength 480 nm and emission wavelength 580 nm.

For in vivo experiments, when the tumor size reached 10 × 10 mm, 100 µl of DNPs (100 µg/ml) was intravenously injected into tumor-bearing mice. Eight hours later, mice were treated with MWA (2450 MHz, 1.0 W, 60 s). Eight hours after that, tumors were harvested from mice and imaged by microscope-based fluorescence imaging.



In Vivo Toxicology Analysis

The blood of mice in the six groups on day 14 was collected for biochemical panel evaluation (Mindary BC-5130, China). Hepatic, heart, and kidney functional indicators of mice in the six groups on day 14 after treatment, such as alanine albumin (ALB), aspartate alkaline phosphatase aminotransferase (ALT), aminotransferase (AST), creatine kinase-MB (CK-MB), blood urine creatinine (Cr), blood urea nitrogen and urea, were tested to measure the responses of the experimental animals to the treatments.



Statistical Analysis

The results are presented as the mean ± SD. Cell viability, tumor volume and weight, and mouse body weight were compared using a one-way ANOVA test and a Student’s t-test. A Student’s t-test was used to compare the blood biochemistry panel and complete blood counts between treatments. Differences were considered significant for p < 0.05.




Results


Synthesis and Cellular Uptake of DNPs and the Ablation–Chemo Effect

The mixture of DSPC, cholesterol, and DSPE-PEG2000 at a molar ratio of 55:40:5 generated efficient encapsulation of DOX (>90%) into the liposomes through the remote loading method. DOX encapsulation achieved was at 94.3% ± 1.81%. The DLS results showed the hydrodynamic sizes of DNPs to measure 95.5 ± 4.32 nm with adequate size distribution (Figure 1A) and a negative charge (-20.13 ± 1.04 mV). Cellular uptake of DNPs by HCC cells was evaluated by flow cytometry, which showed that liposome-mediated cellular uptake generated significantly higher DOX fluorescence intensity compared with free DOX (p < 0.05) (Figure 1B). The difference was sustained over 1–6 h. The DOX uptake by DNPs increased 1.5-fold compared with that of free DOX (Figure 1B). The sensitivity of tumor cells to DNPs varied with the concentration when cell viability was tested using a standard Cell Counting Kit-8 (CCK-8) assay. The efficiency of cell death mediated by DNPs was positively correlated to the drug concentration and DOX encapsulation in liposomes showed better antitumor effects than DOX (Figure 1C). Cellular toxicity of DNPs was higher than free DOX, and cell viability of DNPs (41.65% ± 8.88%) was lower than that of DOX (52.77% ± 3.28%) at the concentration of 6.0 µg/ml, and the significance was obvious. Furthermore, another kind of human cancer cell, Huh7, was tested to validate the uptake and cytotoxicity experiments. The results showed that DNPs had higher fluorescence intensity compared with DOX (Supporting S1). The cytotoxicity of Huh7 was the same as the HepG2 result (Supporting S2).




Figure 1 | Characterization and cellular uptake of DNPs and the ablation-chemo effect. (A) DLS distribution of DNPs. (B) Intracellular DOX fluorescence of HepG2 treated with DNPs by flow cytometry. (C) Cell survival of cells treated with DOX and DNPs for 8 h. (D) Survival of cells treated with MWA at 1.2 W for 4 min after free DOX and DNPs at different concentrations incubated for 8 h. *p < 0.05.



To test whether MWA enhanced cellular toxicity mediated by DNPs, tumor cells were preincubated with DNPs and treated by MWA. MWA alone showed little cellular suppression at 1.2 W/cm2 for 4 min, and cell viability was 67.3% ± 4.19% (Figure 1D). For the DNPs group, the viabilities were 57.15% ± 3.24% and 39.15% ± 6.24% at 3 μg/ml and 6 μg/ml, respectively. However, the combination of DOX and MWA enhanced cell death and the cell viability were 44.41% ± 7.52% and 34.41% ± 2.52% at 3 μg/ml and 6 μg/ml, respectively. An enhanced effect was observed with the combination of DNPs and MWA, the cell viability of 31.31% ± 6.18% and 21.31% ± 3.68% at 3 μg/ml and 6 μg/ml, respectively. Thus, chemoablation of DNPs exerted higher cellular toxicity than DOX, which is in accordance with the results of the cellular cytotoxicity test. In addition, we further tested MWA followed by DNPs. The results showed that DNPs followed by MWA had less viability than MWA followed by DNPs (Supporting S3). These experiments illustrated that chemoablation obtained better outcomes than ablation followed by chemotherapy.



In Vivo Imaging of DNPs in HCC by MRI

Gd-DTPA-HPDP encapsulated DNPs as MRI contrast agents can be easily tracked to visualise the drug delivery process through the measurement of T1 relaxation and various concentrations of liposomes. The corresponding quantitative analysis revealed that the MRI signal correlated linearly to the concentration of DNPs from 0 to 0.32 µM of Ga3+ (Figure 2A). An in vivo MRI scan was performed to investigate the accumulation of DNPs in tumors, and it showed a gradual increase in the MRI intensity of DNPs in the tumor, and over a 24 h continuous observation period, a sufficient amount of DNPs efficiently and passively targeted the tumor site (Figure 2B).




Figure 2 | MRI images of Gd-DTPA-HPDP encapsulated DNPs in vivo. (A) Quantitative curve of the MRI intensity of DNPs at different concentrations. (B) MRI images of mice at different time points after DNPs injection.





Ablation Chemotherapy in HCC Models

We measured the intra-tumoral temperature when MWA was carried out by 1 W/cm2 for 60 s. The DNPs had a maximum temperature at 55.8°C, 56.3°C, and 58.3°C at 36, 48, and 60 s, respectively (Figures 3A, B). The maximum temperature of both the MWA and MWA + DOX group did not differ compared with the MWA + DNPs group (data not shown). Investigation of the antitumor properties of chemoablation in HCC models showed that tumors treated with DOX were not significantly different from the control group (1334.68 ± 420.15 mm3 vs 1411.21 ± 209.71 mm3) (Figure 4A). However, in the DNPs group, inhibition of tumor growth was significantly higher than that of the DOX group (969.37 ± 284.08 mm3 vs 1411.21 ± 209.71 mm3). Additionally, combination therapy of DNPs plus MWA injected twice led to a satisfactory tumor remission (256.44 ± 172.35 mm3). It was noted that MWA and MWA + DOX inhibited tumor growth less effectively than MWA + DNPs, which was attributed to the ERP effect of DNPs (Figure 4B). Furthermore, the OS duration of mice treated with MWA, MWA + DOX, and MWA + DNPs significantly increased when compared with the control group. Survival of MWA + DNPs group was 100% on day 14.




Figure 3 | Infrared thermo-graphic maps of the MWA process. (A) Infrared thermo-graphic maps of mice exposed to MWA for 1min at 1.2 W/cm2. (B) Maximum temperature profiles of MWA after injection of DNPs after 24 h.






Figure 4 | Antitumor effect in HCC models. (A) Tumor growth curve of six mice groups after mild MWA treatment. (B) Survival curve of mice of six groups after mild MWA treatment. (C) tumor weights of all mice after being sacrificed on day 14. (D) Body weight change of mice curve for 14 days. *p < 0.05.



On day 14 after MWA, the mean tumor weights were 750.46 ± 144.58 mg, 724.18 ± 189.99 mg, and 576.04 ± 170.4 mg for the control, DOX, and DNPs, respectively (Figure 4C). The reduction in tumor weight in the DNPs group confirmed that DNPs exerted a significant anticancer effect in HCC, owing to accumulated drug cytotoxicity. On the other hand, the mean tumor weights of MWA, MWA + DOX, and MWA + DNPs were 543.46 ± 129.64 mg, 275.98 ± 152.96 mg, and 129.7 ± 96.88 mg, respectively (Figure 4C), which shows that MWA treatment could significantly affect tumor growth. Since the weight curve analysis showed no body weight loss during the observation period in all groups, there was no apparent systemic toxicity observed for any of the treatments after 14 days (Figure 4D).



Mild MWA Promoted Tumor Uptake of DNPs

Uptake of DNPs into the tumor and cells under mild MWA to mimic the transitional MWA condition showed increased tumor uptake of DNPs after MWA treatment. As shown in Figure 5A, an increase in fluorescence of DNPs with MWA duration was observed as fluorescence at 4 min after MWA was more intense than that at 3 min. This was true for both DOX and DNPs. DOX fluorescence was significantly lower than that of the DNPs, and quantitative analysis revealed that the cellular uptake of DNPs was increased 1.1-fold over DOX after mild MWA treatment for 4 min (Figure 5B). The cellular uptake of DNPs was significantly higher than that of DOX, as shown in the in vivo experiments (Figure 5C), where the DNPs in the transitional zone were much higher than those in the ablation zone.




Figure 5 | Mild microwave ablation enhanced the tumor uptake of DNPs. (A) Cellular uptake of DNPs under mild MWA. (B) Quantitative cellular uptake of DOX and DNPs after mild MWA with multiplate reader. (C) Images of tumor tissue uptake of DNPs after mild MWA. *p < 0.05.





In Vivo Toxicology Analysis

Toxicity associated with each treatment was investigated via in vivo blood biochemistry tests, and as shown in Figures 6A−H, MWA, DOX, DNPs, MWA + DOX, and MWA + DNPs showed no significant differences with the control group in the levels of these markers, indicating the favourable hepatic, heart, and renal safety profile of MWA, DOX, DNPs, MWA + DOX, and MWA + DNPs in mice.




Figure 6 | Hepatic, heart, and kidney functional indicators of mice with different treatment. (A) ALB, (B) ALP, (C) ALT, (D) AST, (E) CK-MB, (F) Cr,(G) UN, (H) UREA vis blood biochemistry test.






Discussion

There have been tremendous improvements in HCC therapy during the last two decades, especially in the use of minimal interventional therapies (Facciorusso et al., 2016; Salati et al., 2017; Shiina et al., 2018). Microwave ablation is one such method that has shown promising outcomes for HCC treatment, due to the rapid temperature increase and larger ablation compared with other modalities (Zhang et al., 2019). Despite being a promising technique for HCC ablation, MWA faces some challenges, including the limited ablation zone and the thermal injury risk for adjacent visceral tissues (Facciorusso et al., 2016). Since HCC tumors often recur after MWA, preventing or reducing HCC relapse after MWA is a major clinical challenge. However, we applied a combination therapy, which conferred more benefits than MWA alone, particularly for HCC or tumors adjacent to the gastrointestinal tract to surmount those challenges (Zhou et al., 2017).

The EPR effect endows nanoparticles with unique advantages over chemotherapy (Chen et al., 2018). In this study, we designed DNPs as an effective nanomedicine when combined with MWA to improve the outcome of HCC therapy. Intracellular DOX concentration of DNPs was higher than DOX by liposome-mediated cellular uptake, which led to higher cytotoxicity of DNPs than DOX. Chemotherapy in HCC often achieves underwhelming anticancer effects, and an urgent need for alternative approaches led to a combination therapy to treat HCC. The combination of ablation and nanoparticle-mediated chemotherapy has been demonstrated in several studies to significantly improve tumor control rates and prolong survival (Yang et al., 2012; Wang et al., 2016). We provided evidence in this study for the combination of MWA + DNPs to significantly suppress in vivo tumor growth compared with single treatment with DNPs and MWA, indicating that the combined effect was achieved. Our results suggest that the suppression mediated by MWA could be boosted by combination therapy. Thus, it is plausible that ablation with DNPs exceeded the outcome of MWA and increased its potency. Thus, combination therapy showed better antitumor properties than MWA alone.

Since tumor volume and weight in the MWA + DNPs group were significantly lower than that of other groups, it is plausible that the tumors were completely eradicated during treatment. For tumors larger than 5–10 cm, insufficient ablation of the periphery of the tumor often led to recurrent HCC. Therefore, in this study, we used mild MWA energy to mimic the transitional zone, where the resulting mild hyperthermia in the transitional zone increased tumor temperatures to 42°C, which could not kill all tumor cells (Chu and Dupuy, 2014). However, mild hyperthermia and its secondary effects may be directly lethal to some cancer cells and sensitise cells to chemotherapy (Solazzo et al., 2010). The tumor vascellums could be reconstructed by the thermal effect, and enhanced tumor uptake has been observed in previous photodynamic therapies. In our study, DNPs accumulated more in the transitional zone than in the ablation zone, which led to extravasation of nanoparticles at the site, (Zhen et al., 2014) resulting in a lethal effect on the tumors and an improvement in the outcome of MWA. This could be attributed to the open vasculature in the transitional zone that increased the accumulation of DNPs in the tumor. Our findings are robust and support the notion that further development of chemotherapeutic nanomedicine combined with MWA presents a promising and effective treatment strategy for HCC due to its optimal tumor-targeting properties and enhanced drug delivery efficacy.



Conclusion

In the present study, we described the development of DNPs, a nanoplatform comprising liposomes loaded with DOX that robustly enhance mild MWA therapy in HCC, indicating a substantial antitumor efficacy. Chemoablation therapy in the HCC model used in this study led to improved survival rates by enhancing the precision and efficiency of the targeted approach adopted. Thus, DNPs hold considerable promise for clinical HCC therapy as a result of its favourable HCC targeting properties.
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The oral route is by far the most common route of drug administration in the gastrointestinal tract and can be used for both systemic drug delivery and for treating local gastrointestinal diseases. It is the most preferred route by patients, due to its advantages, such as ease of use, non-invasiveness, and convenience for self-administration. Formulations can also be designed to enhance drug delivery to specific regions in the upper or lower gastrointestinal tract. Despite the clear advantages offered by the oral route, drug delivery can be challenging as the human gastrointestinal tract is complex and displays a number of physiological barriers that affect drug delivery. Among these challenges are poor drug stability, poor drug solubility, and low drug permeability across the mucosal barriers. Attempts to overcome these issues have focused on improved understanding of the physiology of the gastrointestinal tract in both healthy and diseased states. Innovative pharmaceutical approaches have also been explored to improve regional drug targeting in the gastrointestinal tract, including nanoparticulate formulations. This review will discuss the physiological, pathophysiological, and pharmaceutical considerations influencing drug delivery for the oral route of administration, as well as the conventional and novel drug delivery approaches. The translational challenges and development aspects of novel formulations will also be addressed.
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Introduction

The oral route is by far the most common route for drug administration in the gastrointestinal tract (GI tract) and can be used for both systemic drug delivery and for treating local gastrointestinal diseases. It is the most preferred route by patients, due to its advantages, such as ease of use, non-invasiveness, and convenience for self-administration (Shreya et al., 2018; Homayun et al., 2019). Formulations can also be designed to enhance drug delivery to specific regions in the upper or lower GI tract. The upper GI tract consists of the mouth, pharynx, esophagus, stomach, and the first part of the small intestine (duodenum), whereas the lower GI tract includes the other parts of the small intestine (jejunum and ileum) and the large intestine (cecum, colon, and rectum) (Marieb and Hoehn, 2010; Reinus and Simon, 2014). Drugs administered via the oral route, however, generally have slower absorption, which is not preferred during an emergency (Homayun et al., 2019). They might also be unpleasant in taste, cause gastric irritation, and/or undergo first-pass drug elimination processes in both the intestine and liver (Martinez and Amidon, 2002; Homayun et al., 2019). In addition, the physiological environment in the GI tract can also affect the stability and solubility of drugs (Martinez and Amidon, 2002; Shreya et al., 2018; Homayun et al., 2019).

There are generally three main goals in formulation design for the oral route of gastrointestinal drug delivery (Martinez and Amidon, 2002): (i) local drug delivery to treat gastrointestinal disease, whereby the drug generally needs to be taken up into gastrointestinal mucosa but will not be systemically absorbed or will be poorly absorbed; (ii) systemic drug delivery, where drug absorption needs to be able to traverse the mucosal wall into the systemic circulation; and (iii) increase dissolution rate of poorly soluble drugs, which generally does not require the formulation to cross the mucosa or cells. Drug absorption in the GI tract is governed by many factors such as surface area for absorption, blood flow to the site of absorption, the physical state of the drug (such as a solution, suspension or solid dosage form), its water solubility, and the concentration of the drug at the site of absorption (Martinez and Amidon, 2002; Brunton et al., 2018). For absorption to occur, drugs must be able to penetrate the epithelium, which is the innermost layer that forms a continuous lining of the entire GI tract. This epithelial cell barrier selectively regulates transport from the lumen to the underlying tissue compartment. Drug molecules can be transported passively via paracellular diffusion (between cells) and transcellular diffusion (through the cell) or actively via receptor-mediated endocytosis and carrier-mediated transport. Of these pathways, the transcellular route is the main mechanism of drug absorption in the GI tract and is usually proportional to the lipid solubility of the drug (Brunton et al., 2018; Homayun et al., 2019). Therefore, absorption is favored when the drug molecule is in the non-ionized form, which is much more lipophilic than the ionized form.

Oral drug delivery is a significant area of formulation research due to the aforementioned advantages for patients. Significant pharmaceutical advances have been made to improve the regional targeting of drugs in the GI tract, however very few of them have translated to the clinical phase. This review will discuss the physiological, pathophysiological, and pharmaceutical considerations influencing drug delivery for the oral route of administration, as well as the conventional and novel drug delivery approaches. The translational challenges and development aspects of novel formulations will also be addressed.



Functional Anatomy

The GI tract is a muscular tube that is approximately 9 meters in length with varying diameters. The main functions of the GI tract are the digestion of food, absorption of nutrients, and excretion of waste products (Marieb and Hoehn, 2010; Reinus and Simon, 2014). Following oral administration, food and pharmaceuticals transit through the esophagus to the stomach, aided by peristaltic contractions. Most of the digestion then takes place in the stomach by the action of acid and enzymes, especially peptidases (Reinus and Simon, 2014). The stomach also acts as a temporary reservoir for ingested food before it is delivered to the duodenum at a controlled rate. Very little drug absorption occurs in the stomach owing to its small surface area.

The small intestine is the longest (approximately 6 meters in length) and most convoluted part of the GI tract, where digestion is completed with enzymes from the liver and the pancreas, and most of the absorption of nutrients then takes place (Marieb and Hoehn, 2010; Reinus and Simon, 2014). The small intestine is also the major site of drug absorption, due to its large surface area. The surface area of the small intestine is increased enormously to approximately 200 m2 in an adult owing to the presence of villi and microvilli that are well supplied with blood vessels (Marieb and Hoehn, 2010; Reinus and Simon, 2014). Villi are finger-like projections that protrude into the intestinal lumen and are covered by epithelial cells. Interestingly, Helander et al. recently recalculated the mucosal surface area of the intestine in humans using morphometric data obtained by light and electron microscopy on biopsies from healthy adult volunteers or patients with endoscopically normal mucosae. They reported a mean total mucosal surface area of approximately 32 m2 for the interior of the GI tract, with approximately 2 m2 representing the large intestine (Helander and Fandriks, 2014).

The large intestine is the final major part of the GI tract. Its primary function is to process the waste products and absorb any remaining nutrients and water back into the system, which is important for homeostasis (Reinus and Simon, 2014). The remaining waste is then sent to the rectum and discharged from the body as stool. The colon has been investigated as a site for both systemic and local drug delivery. Anatomically, it can be further divided into four parts — ascending, transverse, descending, and sigmoid colon. The mucosa of the colon is smooth and has no specialized villi, hence the surface area is vastly smaller than the small intestine (Marieb and Hoehn, 2010; Reinus and Simon, 2014). However, the surface area of the large intestinal epithelium is amplified by being arranged into crypt structures. The colon is permanently colonized by an extensive number and variety of bacteria, which form the microbiome (Consortium, 2012; Reinus and Simon, 2014).



Physiological Factors Influencing Oral Drug Delivery

Despite the clear advantages offered by the oral route, drug delivery can be challenging as the human GI tract is complex and displays a number of physiological barriers that affect drug delivery. Among these challenges are poor drug solubility, poor drug stability, and low drug permeability across the mucosal barriers (Martinez and Amidon, 2002). Even within healthy individuals, there is variability in the physiology of the GI tract (Figure 1). Therefore, considerations should be made during formulation design to the following factors (Martinez and Amidon, 2002; Hua et al., 2015): (i) how long the formulation resides in specific sections of the GI tract; (ii) the influence of the gastrointestinal environment on the delivery of the formulation at the site of action as well as on the stability and solubility of the drug; (iii) the intestinal fluid volume; and (iv) the degree of metabolism of the drug or formulation in the GI tract through microbial or enzymatic degradation.




Figure 1 | Physiological factors in the gastrointestinal tract that influence oral drug delivery. [Adapted from (Hua et al., 2015)].




Gastrointestinal Transit Time

Gastrointestinal transit time is an important factor for dosage forms and drugs that have region-specific targeting or absorption properties (Figure 1). The amount of time needed for a dosage form to leave the stomach is highly variable and can range from several minutes to several hours (Reinus and Simon, 2014). Gastric transit time depends on many physiological factors, including age, body posture, gender, osmolarity, and food intake (Timmermans and Moes, 1994; Kagan and Hoffman, 2008). For example, gastric transit can range from 0 to 2 h in the fasted state and can be prolonged up to 6 h in the fed state (Reinus and Simon, 2014). In general, the transit time in the small intestine is considered relatively constant at around 3 to 4 h (Hu et al., 2000). However, this can range from 2 to 6 h in healthy individuals (Reinus and Simon, 2014). Colonic transit times can be highly variable, with ranges from 6 to 70 h reported (Coupe et al., 1991; Rao et al., 2004). Additional confounders affecting gastrointestinal transit time include the time of dosing in relation to an individual's bowel movements (Sathyan et al., 2000) and gender, with females having significantly longer colonic transit times (Buhmann et al., 2007).



Gastrointestinal pH

With regards to the gastrointestinal environment, differences in pH along the GI tract have been exploited for the purposes of delayed release therapies (Figure 1). The highly acidic gastric environment (pH 1.5–2 in the fasted state) rises rapidly to pH 6 in the duodenum and increases along the small intestine to pH 7.4 at the terminal ileum (Fallingborg et al., 1993; Bratten and Jones, 2006). It should be noted that the pH in the cecum drops just below pH 6 and again rises in the colon reaching pH 6.7 at the rectum (Evans et al., 1988; Sasaki et al., 1997; Nugent et al., 2001). However, individuals can exhibit variability in pH ranges, with factors such as dietary intake (i.e., food and fluids) as well as microbial metabolism being major determinants (Ibekwe et al., 2008). For example, gastric pH can increase to 3–6 in the fed state. Gastrointestinal pH can also affect the ionization state of drug molecules, which in turn influences drug absorption (Brunton et al., 2018).



Gastrointestinal Mucus

The continuous secretion of mucus in the GI tract is another hurdle for the effective oral delivery of drugs. Mucus secretion acts as a lubricant to facilitate the passage of digestive matter and to protect the underlying epithelium from pathogens and mechanical stress (Atuma et al., 2001). The mucus is composed of water and mucin protein molecules coated with proteoglycans, which gives the mucus a negative charge (Homayun et al., 2019). The mouth and esophagus do not have a distinct mucus layer, but they are washed by mucus from the salivary glands (Johansson et al., 2013). The small intestine has only one type of mucus that is unattached and loose (Atuma et al., 2001; Johansson et al., 2013). In contrast, the stomach and colon have the thickest mucus layer in the GI tract, with a two-layered mucus system comprising of: (i) an inner, attached mucus layer and (ii) an outer, unattached, loose mucus layer (Atuma et al., 2001; Johansson et al., 2013) (Figure 1). The thick mucus layer protects the mucosal tissue from gastric acid in the stomach and also provides a stable environment for the enteric microflora in the colon (Macfarlane et al., 1988; Atuma et al., 2001). It should be noted that mucus is continuously secreted by goblet cells along the GI tract and is subsequently shed and cleared from tissues due to the turnover of cells (Homayun et al., 2019). For drug delivery, the mucus layer acts as an important barrier for the permeability of drug molecules (especially hydrophobic molecules) and can also decrease the residence time of drugs and dosage forms.



Intestinal Fluid Volume

Control of luminal fluidity is central to gastrointestinal function (Chowdhury and Lobo, 2011; Reinus and Simon, 2014). For example, the fluid environment permits contact of digestive enzymes with food particles, assists in the transit of intestinal contents along the length of the GI tract without damage to the epithelial lining, and supports the dissolution and absorption of nutrients and drugs (Reinus and Simon, 2014). Daily water balance in the healthy adult human GI tract includes secretion from saliva (1.5 L), gastric juice (2.5 L), pancreatic juice (1.5 L) and other intestinal components (~1 L), as well as absorption from the small intestine (7 L) and large intestine (1.9 L) (Reinus and Simon, 2014). Fluid-to-matter ratios influence pH and may also affect drug delivery and drug absorption, particularly in the lower GI tract. For example, food intake can significantly alter free fluid volumes, bile salts, and digestive enzyme levels in the GI tract (Reinus and Simon, 2014). In addition, the viscosity of the mucous-gel layer is affected by intestinal fluid secretion (Johansson et al., 2013; Reinus and Simon, 2014), which may influence the ability of drugs to be taken up by cells at the site of action. Increased fluid secretion and decreased reabsorption can dilute digestive enzymes and alter the intestinal microbiome. This can affect carbohydrate and polysaccharide digestion (Yang, 2008) as well as contribute to changes in intestinal transit times (Van Citters and Lin, 2006). Therefore, changes in intestinal fluid volumes can influence the way conventional formulations are processed in the GI tract.



Gastrointestinal Enzymes and Microbiome

Enzymatic and microbial degradation of drugs and dosage forms can occur throughout the GI tract. Table 1 shows the main enzymes in the saliva, gastric fluid, and intestinal fluid that are important in the metabolism of proteins, fats, and carbohydrates. The stomach and small intestine are the site of action for the major enzymes involved in the digestion of food (Marieb and Hoehn, 2010; Reinus and Simon, 2014). These enzymes can affect the stability of susceptible drugs and dosage forms, but they can also be exploited in formulation design for regional drug delivery in the GI tract.


Table 1 | Main enzymes in the gastrointestinal tract.



The intestinal microbiome, which contains over 500 distinct bacterial species (Sartor, 2008; Consortium, 2012), is also important for both digestion and intestinal health, including digestion and metabolism of carbohydrates, fatty acids, and proteins (Macfarlane and Macfarlane, 2011) (Figure 1). The majority of the intestinal microbiome resides in the anaerobic colon and fermentation of carbohydrates is the main source of nutrition for this population (Macfarlane and Macfarlane, 2011). This has been exploited in formulation design with the use of non-starch polysaccharide coatings, which undergo relatively exclusive fermentation by the colonic microbiome (Sinha and Kumria, 2001). Both genetic and environmental factors contribute to the considerable variation in the composition of the microbiome that is seen between individuals (Sartor, 2010). However, the dominant species (Firmicutes, Bacteroidetes, Proteobacteria, Actinobacteria, and Fusobacteria) appear to be consistent and represent the majority of the colonic flora (Frank et al., 2007; Consortium, 2012).

Interestingly, the gastrointestinal microbiome not only resides in the large intestine but is also found in the small intestine. In comparison to the large intestine, the density of the small intestinal microbiota is much lower, which is likely due to the rapid luminal flow, intestinal fluid volume, and the secretion of bactericidal compounds in this part of the GI tract (El Aidy et al., 2015). In addition, the composition of the microbiome in the small intestine can significantly fluctuate over a short period of time (e.g., within a day to several days) and is influenced by variations in dietary intake (Booijink et al., 2010). The small intestinal microbiota (El Aidy et al., 2015) is predominantly composed of subject-specific genera such as Clostridium, Escherichia, and Turicibacter in variable amounts. Streptococcus and Veillonella species are also consistently found in the small intestine. This endogenous microenvironment is thought to play a pivotal role in metabolic regulation (El Aidy et al., 2015). The effect of the small intestinal microbiota on oral dosage forms and drug absorption has not yet been elucidated.




Pathophysiological Factors Influencing Oral Drug Delivery

Adding to this complexity are the changes in gastrointestinal physiology associated with gastrointestinal or systemic disease, concurrent medications, and gastrointestinal surgery. These factors are dynamic, inter-related, and can further affect the efficacy of orally administered formulations. Therefore, they remain an important challenge in formulation design.


Impact of Disease on Oral Drug Delivery

Depending on disease severity, gastrointestinal pathologies can affect some or all of the physiological variables for oral drug delivery (Hatton et al., 2018). For example, many acute gastrointestinal infections can cause temporal impairment in the microbiome (dysbiosis) (Britton and Young, 2014), drive increased intestinal fluid secretion (Patel and McCormick, 2014), and may increase or decrease bowel motility (Grover et al., 2008; Albenberg and Wu, 2014). These can affect the performance of locally acting dosage forms. For example, increased colonic motility in diarrhea can lead to reduced retention of locally acting dosage forms and incomplete drug release (Watts et al., 1992). In addition, toxins secreted by intestinal pathogens can cause intestinal inflammation and increased epithelial permeability, which may alter the concentration of drugs in the colonic mucosa (Hoque et al., 2012; Hatton et al., 2018).

In contrast, chronic diseases, such as inflammatory bowel disease (IBD), can cause significant changes to the physiology of the GI tract. IBD encompasses a group of chronic relapsing gastrointestinal diseases. The two main subtypes of IBD are Crohn's disease and ulcerative colitis (Podolsky, 2002). Both are considered distinct conditions, however, they can display many similar clinical features and typically result in cycles of remitting and relapsing inflammation of the mucosal tissue. The inflammation is continuous in UC and is confined to the colon (Podolsky, 2002). In some cases, the entire colon can also be affected (pancolitis). Crohn's inflammation, however, is generally discontinuous in manner and can affect any region of the GI tract. The commonly affected regions include the terminal ileum and the colon (Podolsky, 2002). The physiological changes associated with chronic inflammation of the GI tract should be considered in the development of improved oral delivery strategies for the management of IBD (Hua et al., 2015). Mucosal inflammation in IBD causes pathophysiological changes, such as: (i) increased mucus production; (ii) a disrupted intestinal barrier due to the presence of mucosal surface alterations, ulcers, and crypt distortions; and (iii) infiltration of immune cells (e.g., macrophages, lymphocytes, neutrophils, and dendritic cells) (Li and Thompson, 2003; Antoni et al., 2014). Together these changes can increase colonic epithelial permeability.

During relapse of IBD, patients suffering from severe mucosal inflammation may exhibit altered gastrointestinal motility and diarrhea, which in turn affects intestinal volume, pH, and mucosal integrity (Hua et al., 2015). In general, delayed orocecal transit times (i.e., the time taken for the meal to reach the cecum) have been reported in IBD patients, except when patients experience dysbiotic conditions (e.g., small intestinal bacterial overgrowth, SIBO) which can be associated with faster transit times (Kashyap et al., 2013; Rana et al., 2013). Studies have also shown that the colonic pH in IBD patients can be highly variable in terms of disease progression and severity, with some patients having more acidic colonic pH in the range of 2.3–5.5 (Fallingborg et al., 1993; Sasaki et al., 1997; Nugent et al., 2001). The inflammatory response at the mucosa, along with severe diarrhea, will also disrupt the resident microbiome by affecting the composition and diversity of the bacterial species (Linskens et al., 2001). This, in turn, can alter microbial metabolism in the GI tract and affect the secretion of enzymes. Therefore, active inflammation significantly alters the physiology of the GI tract, which can particularly affect the efficacy of conventional oral drug delivery approaches (Hua et al., 2015).

Furthermore, there is increasing evidence showing that non-gastrointestinal systemic diseases can also cause physiological and functional changes in the GI tract that can affect the performance of oral dosage forms and the absorption of drugs. This includes cystic fibrosis, Parkinson's disease, diabetes, HIV infection, and pain (Hatton et al., 2019). For example, pain can alter gastrointestinal physiology by affecting motility, secretion, intestinal permeability, mucosal blood flow, and the intestinal microbiome (Konturek et al., 2011).



Impact of Drugs on Oral Drug Delivery

Drugs can alter the physiology of the GI tract and affect the performance of other co-administered oral dosage forms and the absorption of other drugs. For example, drugs used to reduce gastric acid secretion (e.g., proton pump inhibitors and histamine H2-receptor antagonists) or modify pH (e.g., antacids) (Lahner et al., 2009; Brunton et al., 2018) can affect dosage forms that rely on the difference in pH in various regions of the GI tract to trigger drug release. Drugs that alter the motility of the GI tract can also have an impact on the effectiveness of oral drug delivery by affecting the time available for disintegration, dissolution, and/or drug absorption (Watts et al., 1992; Brunton et al., 2018). This includes the following: (i) drugs that act as prokinetics to stimulate gastrointestinal motility (e.g., metoclopramide, domperidone, and cisapride); (ii) drugs that can cause constipation (e.g., opioids, anticholinergic agents, antidiarrheal agents, antacids containing aluminium or calcium, iron/calcium supplements, diuretics, verapamil, and clonidine); and drugs that can cause diarrhea (e.g., laxatives, antibiotics, colchicine, cytotoxic agents, digoxin, magnesium, NSAIDs, orlistat, acarbose, and metformin). In addition, administration of antibiotics can cause dysbiosis (Sartor, 2010; Albenberg and Wu, 2014) and negatively affect biodegradable dosage forms that rely on enzymes of the microbiome for drug release. Therefore, co-administration of other drugs may cause inter-individual and intra-individual variability with respect to oral drug delivery and should be considered in oral formulation design, especially for specific disease indications.



Impact of Gastrointestinal Surgery on Oral Drug Delivery

Surgical resections of the stomach, small intestine or large intestine can significantly affect gastrointestinal anatomy and physiology, as well as the effectiveness of oral dosage forms and drug absorption (Titus et al., 2013; Hua et al., 2015; Hatton et al., 2018). Partial gastric resection or bypass is performed for the treatment of peptic ulcer disease, malignancy, and as a means of weight loss. Although most drugs are minimally absorbed in the stomach, gastric resections and bariatric surgeries can affect gastric emptying and transit time (Titus et al., 2013). For example, vagotomy can delay gastric emptying, whereas resection of the pylorus can accelerate gastric emptying (Titus et al., 2013).

Intestinal resections can be the result of a number of diseases, including in severe IBD, malignancy, and in intestinal malrotation with ischemia. In general, small resections usually pose minimal issues for oral drug delivery, as the remaining intestine can compensate so that no functionality is lost (Kvietys, 1999; Titus et al., 2013). However, when large resections (usually greater than 50%) are performed, there may be profound changes in gastrointestinal function, including motility and drug absorption. For example, shortening of the intestine can reduce the transit distance through the GI tract, which potentially affects the way conventional oral formulations are processed (Kvietys, 1999; Titus et al., 2013). Resection can also significantly change the physiology of the intestinal tract by altering pH, digestion, transit, and nutrient absorption (Spiller et al., 1988; Schmidt et al., 1996; Fallingborg et al., 1998). For example, surgery is one of the main treatments for colorectal cancer which is defined as the development of malignant cells in the colonic epithelium (Patel, 2014; Banerjee et al., 2017). For more advanced disease, a colectomy (surgical procedure to remove all or part of the colon) is required, which will alter the local microenvironment and physiology of the GI tract (Titus et al., 2013). Many IBD patients also undergo surgical resection of intestinal tissues (Byrne et al., 2007). Consequences of these resections include a shortened bowel that may have associated implications for oral dosage form design. This includes altering luminal pH and transit times, impairing regulation of the ileal brake that controls food transit, and reduction of small chain fatty acid digestion (Kvietys, 1999; Titus et al., 2013; Hua et al., 2015).

Similarly, profound changes in gastrointestinal physiology and drug delivery can occur when specific segments of the GI tract are resected. In particular, resection of the terminal ileum alters water absorption and dilutes residual bile acids in the colon, thereby reducing net colonic fatty acid concentrations (Thompson et al., 1998; Gracie et al., 2012). The decrease in fatty acids reduces the ileal brake, which is a nutrient feedback mechanism that slows transit times to allow nutrient absorption (Van Citters and Lin, 1999; Van Citters and Lin, 2006). As fatty acids are the most potent stimulant of the ileal brake, a loss of both fatty acids from digestion and fatty acid receptors from resected tissue lead to a loss of the ileal brake (Lin et al., 2005) and, therefore, cause more rapid intestinal transit and less time for absorption. The terminal ileum is also responsible for bile salt reabsorption and, when removed, can become problematic and is generally manifested by choleretic diarrhea (Titus et al., 2013) that can significantly affect the therapeutic efficacy of conventional oral formulations.




Conventional Oral Drug Delivery Approaches

The main formulations used for oral drug delivery are liquid dosage forms (such as solutions and suspensions) and solid dosage forms (such as tablets and capsules) (Allen et al., 2011). Because solid dosage forms need to disintegrate and then dissolve the drug before absorption can occur, dissolution rate determines availability of the drug for absorption (Martinez and Amidon, 2002). Manipulating the formulation can control the dissolution rate and where the drug is released in the GI tract for subsequent absorption. Their design is based on exploiting physiological conditions in the GI tract. By using modified formulations, it is possible to improve targeting to three different parts of the GI tract — namely the stomach, the small intestine, and the colon.


Gastroretentive Drug Delivery Systems

Prolonging the gastric residence time of dosage forms is particularly beneficial for drugs that are predominantly absorbed in the stomach or upper GI tract, or for drugs that suffer from solubility issues in the intestinal fluid (Mandal et al., 2016). This promotes the slow release of drug in the stomach, which subsequently extends the time available for drug dissolution and absorption in the stomach and/or small intestine. The benefit of this approach also includes sustained or controlled release drug delivery, which can reduce fluctuations in systemic drug concentrations as well as increase patient compliance to medications by minimizing the number of doses required (Awasthi and Kulkarni, 2016). Ideally, gastroretentive dosage forms should remain in the stomach for a specific duration and be able to undergo clearance from the body. For example, they should consist of components that are biodegradable or can undergo disintegration to smaller components after a predetermined time period. However, the prolonged nature of the dosage form would mean that immediate ceasing of a drug would be difficult, especially for patients experiencing adverse effects or hypersensitivity reactions.

The formulation approaches for gastroretention have been extensively reviewed (Streubel et al., 2006a; Mandal et al., 2016; Awasthi and Kulkarni, 2016; Tripathi et al., 2019) and include the following: (i) high-density dosage forms that sink into the folds of the antrum; (ii) floating dosage forms over gastric content; (iii) mucoadhesive dosage forms to gastric mucosa; and (iv) expandable dosage forms which expand or swell in the stomach to larger dimensions. Although there have been an extensive number of studies in the literature on gastroretentive dosage forms, the clinical translation of these technologies has not progressed as rapidly. Of these approaches, the floating dosage forms are the most common commercialized gastroretentive drug delivery system (Kumar and Kaushik, 2018). The major considerations for floating dosage forms are the susceptibility of the dosage form to body position (Timmermans and Moes, 1994) and the requirement to maintain a sufficient stomach content to allow an effective separation between the dosage form and the pyloric region (Whitehead et al., 1998; Kagan and Hoffman, 2008).

Expandable dosage forms have garnered particular attention in recent years. Ideally, these dosage forms should be small enough to swallow and be able to rapidly increase in size once in the stomach to prevent premature emptying through the pylorus (Streubel et al., 2006b). The diameter of the pylorus is approximately 12 ± 7 mm (Timmermans and Moes, 1993), which means that the size of the dosage form needs to be larger. It is generally accepted that a diameter >15 mm is required for prolonging gastric retention, especially during the fasted state (Timmermans and Moes, 1993; Bardonnet et al., 2006). The performance of these particular dosage forms is not dependent on the filling state of the stomach. There are several safety issues that need to be assessed for this type of dosage form, including the potential for accumulation of several dosage units in the stomach following multiple administrations, as well as possible occlusion of the esophagus or pylorus (Kagan and Hoffman, 2008).

Mucoadhesive and high-density dosage forms for gastroretention have translational limitations. For example, mucoadhesive dosage forms can be unpredictable regarding the site of adhesion (including the risk of esophageal binding) and can potentially suffer from elimination due to the high mucus turnover rate in the stomach (Rubinstein and Tirosh, 1994; Streubel et al., 2006b). The main disadvantage of high-density dosage forms is that they can be technically difficult to manufacture, generally requiring a large amount of drug due to the progressive decrease in the weight of the matrix as the drug gets released (Rouge et al., 1998; Awasthi and Kulkarni, 2016).



Regional Drug Targeting in the Small Intestine

Regional targeting of drugs to the small intestine is usually attained with gastroretentive dosage forms, pH-dependent dosage forms, or mucoadhesive dosage forms. Controlled drug delivery formulations with prolonged gastric residence time can be advantageous for drugs that are absorbed in the small intestine, especially those with an absorption window in the upper small intestine (Streubel et al., 2006b). Gastrointestinal transit time through the upper small intestine is rapid, thereby limiting the time available for absorption at this site. The advantages and disadvantages for each of the gastroretentive dosage forms have been discussed above (refer to “Gastroretentive Drug Delivery Systems”).

Formulations that have pH-responsive coatings or matrices are particularly beneficial for drugs that are susceptible to degradation by gastric enzymes or by the acidity of the gastric fluid, as well as for drugs that can cause irritation to the gastric mucosa (Rouge et al., 1996; Thakral et al., 2013; Liu et al., 2017). In particular, enteric-coated solid dosage forms (e.g., tablets and capsules) are commonly used and are available clinically (Thakral et al., 2013; Al-Gousous et al., 2017). An enteric coating is defined as a material, usually a polymer, that forms a barrier over the surface of the dosage form that permits transit through the stomach to the small intestine before the drug is released (Felton and Porter, 2013; Thakral et al., 2013). However, disintegration and absorption from formulations containing enteric coatings or pH-responsive matrices may be erratic, due to the relatively slow dissolution or degradation of the polymers in comparison to the transit time of the formulation through the small intestine (Al-Gousous et al., 2017; Kang et al., 2018). Variability in gastric emptying time can also affect drug release in the small intestine (Al-Gousous et al., 2017). In addition, considerable intra- and inter-individual variability in the pH of the GI tract will affect drug release from pH-dependent dosage forms (Fallingborg et al., 1993; Sasaki et al., 1997; Nugent et al., 2001; Ibekwe et al., 2008; McConnell et al., 2008; Lahner et al., 2009; Brunton et al., 2018).

Mucoadhesive dosage forms, especially intestinal patches, have been investigated to prolong contact with the intestinal mucosa to improve drug absorption (Shen and Mitragotri, 2002; Toorisaka et al., 2012; Banerjee et al., 2016a; Gupta et al., 2016; Banerjee and Mitragotri, 2017). They are also able to protect the drug from degradation during transit in the upper GI tract. Drug release is influenced by formulation factors such as polymer composition, mucosal adhesive strength, drug concentration, drug release rate, and drug release direction (i.e., unidirectional or bidirectional) (Banerjee and Mitragotri, 2017; Homayun et al., 2019). These dosage forms are limited by the fact that they require sufficient binding with the intestinal wall to avoid being washed away by solid boluses of digested food, gastric and intestinal fluids, or by the continuous secretion and turnover of mucus (Banerjee and Mitragotri, 2017; Homayun et al., 2019). Being mucoadhesive in nature, there is a risk of adhesion with other mucosal surfaces following oral administration before entering the small intestine. This may lead to the release of drug into a region where it has minimal absorption capacity or is easily degraded. In addition, specificity in the site of binding in the small intestine, which is already extensive in length and highly convoluted, is also difficult to predict. Adhesion to the proximal region of the duodenum would be most ideal, as the latter regions are exposed to boluses of digested food that are more solid in form, which can more readily detach the patch from the luminal surface (Banerjee and Mitragotri, 2017; Homayun et al., 2019). However, some drugs are known to have preferential absorption sites in the small intestine (Murakami, 2017).



Regional Delivery of Drugs to the Colon

Colon targeted drug delivery is an active area of research, particularly for the treatment of local diseases affecting the colon, such as IBD and colorectal cancer. Improving the delivery of drugs to the colon not only improves the local effectiveness of therapeutics, but it can also reduce the risk of systemic adverse effects. Three main strategies are commonly used in conventional formulations for the regional delivery of drugs to the colon (Van den Mooter, 2006; Kagan and Hoffman, 2008; Vass et al., 2019): (i) utilization of a pH drop on entry into the colon; (ii) delayed release dosage forms that rely on gastrointestinal transit time; and (iii) exploitation of metabolic capabilities of the colonic microbiome.


pH-Responsive Dosage Forms

In general, the first approach uses pH-specific coatings and matrices that are soluble at neutral or slightly alkaline pH to release the drug in the distal part of the small intestine or in the colon. Table 2 shows some examples of pH-dependent polymer coatings that have been used for the purpose of colonic targeting either alone or in combination, including some methacrylic resins (commercially available as Eudragit®) (Khan et al., 1999; Goto et al., 2004; Thakral et al., 2013) and hydroxypropyl methylcellulose (HPMC) derivatives (Nykanen et al., 2001; Gareb et al., 2016). In addition to triggering release at a specific pH range, the enteric coating protects the incorporated active agents against the harsh GI tract environment (e.g., gastric juice, bile acid, and microbial degradation) and can create an extended and delayed drug release profile to enhance therapeutic efficiency (Yang et al., 2002; Van den Mooter, 2006). Targeting the colon with such polymers has proved difficult due to considerable intra- and inter-individual variability in the pH of the GI tract (McConnell et al., 2008), which is also influenced by diet (Ibekwe et al., 2008), disease (Fallingborg et al., 1993; Sasaki et al., 1997; Nugent et al., 2001), and co-administered drugs (Lahner et al., 2009; Brunton et al., 2018). Despite this variability, pH responsive approaches to colonic delivery have been used commercially. For example, mesalazine used for IBD is commercially available as oral tablets coated with Eudragit L-100 (Mesasal® and Colitofalk®) or Eudragit S (Asacol®).


Table 2 | Examples of pH-dependent polymer coatings used for colonic targeting.





Time-Dependent Dosage Forms

Time-dependent formulations essentially use gastrointestinal transit times as a guide to activate drug release into the colon. These formulations typically rely on the relatively constant transit time through the small intestine, and work on the assumption that a dosage form will spend approximately 6 h in the stomach and small intestine in the fasted state. They are typically composed of hydrophilic polymers (e.g., ethyl cellulose and HPMC) in the coating or matrix that are able to gradually swell over time, which creates a lag phase before releasing the drug (Sangalli et al., 2001; Gazzaniga et al., 2006; Gareb et al., 2016). In particular, drug release from hydrophilic matrices depends on several processes, including swelling of the polymer, penetration of water through the matrix, drug dissolution, drug transport through the swelled polymer, and erosion of the matrix (Colombo et al., 1995; Colombo et al., 2000; Caraballo, 2010). Hydration of the polymer when in contact with aqueous fluids changes the structure of the polymer to form a gel layer, which controls the drug release rate (Caraballo, 2010). Drug release is also influenced by formulation factors related to the polymer (e.g., composition, concentration, distribution, viscosity) and drug (e.g., loading, solubility, particle size) (Siepmann and Peppas, 2001; Miranda et al., 2007; Caraballo, 2010).

The main disadvantage of this approach is the huge variability seen in gastrointestinal transit time in the stomach, small intestine, and colon—with many physiological, pathophysiological, and pharmaceutical factors influencing these parameters (refer to sections Physiological Factors Influencing Oral Drug Delivery and Pathophysiological Factors Influencing Oral Drug Delivery). For example, gastric emptying time can be significantly prolonged after eating, which can lead to premature drug release in the small intestine instead of the colon (Ibekwe et al., 2008; Reinus and Simon, 2014). In addition, gastrointestinal transit time can be altered when associated with disease, such as IBD. Colonic transit is typically faster in IBD patients and is likely due to diarrhea, which is typically worse during active disease (Hebden et al., 2000; Podolsky, 2002). This can lead to difficulties in targeting specific regions of the colon with conventional formulations. For example, conventional delayed release formulations have been reported to show asymmetric drug distribution in the colon, with significantly lower drug concentrations in the distal colon and higher drug retention in the proximal colon (Hebden et al., 2000). Therefore, transit time may not be a reliable approach for targeted drug delivery in the colon when associated with some diseases.



Biodegradable Dosage Forms

The consistently high levels of resident bacteria in the colon have been exploited for colon-specific drug delivery and is considered a much more reliable factor (McConnell et al., 2008). Numerous enzymes are produced by the colonic bacterial flora, such as polysaccharidases, azoreductases, and glycosidases (Scheline, 1973; Cummings and Macfarlane, 1991; Rubinstein, 2000), and have been utilized in drug delivery approaches. For example, biodegradable polymers in coatings and/or matrix formulations have been used for regional drug targeting in the colon. In particular, polysaccharide-based systems have shown promising results, with non-starch polysaccharides being commonly used (Hovgaard and Brondsted, 1996; Rubinstein, 2000; Shah et al., 2011). Non-starch polysaccharides are more resistant to digestion and absorption in the small intestine but are metabolized in the large intestine. These polymers are generally hydrophilic and are able to hydrate and swell during transit through the GI tract (hence they are also exploited in time-dependent dosage forms). The hydrated layers allow the penetration of colonic bacteria and enzymes, which lead to degradation and drug release within an acceptable duration (Van den Mooter, 2006; Shah et al., 2011). It should be noted that most of these polymers are strongly hydrophilic, which can lead to premature drug release before the colon is reached (Hovgaard and Brondsted, 1996; Van den Mooter, 2006; Patel, 2015). Premature drug release can also occur with the inter- and intra-individual variability in gastrointestinal transit times (Coupe et al., 1991; Watts et al., 1992; Timmermans and Moes, 1994; Rao et al., 2004; Kagan and Hoffman, 2008; Reinus and Simon, 2014; Brunton et al., 2018). Therefore, few have reached the clinic due to lack of specificity in drug release. Chemical modification of polysaccharides or combining them with other conventional hydrophobic polymers have been investigated as a way to increase their hydrophobicity. It should be noted that a balance between hydrophilic and hydrophobic properties of the polysaccharides is required. Those that have low water solubility may have better capability for drug retention but can suffer from issues with low degradation (Hovgaard and Brondsted, 1996; Shah et al., 2011).

Similarly, azoreductase activity of colonic bacteria has been extensively studied for colon-targeting systems, especially in the development of prodrugs (Rafii et al., 1990; Oz and Ebersole, 2008; Marquez Ruiz et al., 2012). Prodrugs essentially rely on the enzymatic activity of colonic bacteria to break down an inactive precursor and release the active drug moiety. This approach is usually used to improve physicochemical properties of drugs (e.g., solubility, permeability, and stability) and/or to target drug release to a specific site in the GI tract. This occurs with the prodrugs of 5-aminosalicylic acid (5-ASA), such as sulfasalazine and olsalazine, which are used in the treatment of IBD (Oz and Ebersole, 2008). For example, sulfasalazine has low absorption in the upper GI tract and is cleaved by azoreductases of the microflora in the colon to release the active 5-ASA moiety, which is thought to have local actions in the colon. Azoreductase enzymes are largely produced by anaerobes present in the proximal part of the large intestine and onwards (Rafii et al., 1990; Oz and Ebersole, 2008; Marquez Ruiz et al., 2012).

Pathological changes in the microflora can occur in diseases, such as IBD and gastrointestinal infections, as well as with the use of drugs (e.g., antibiotics) (Linskens et al., 2001; Sartor, 2010; Hua et al., 2015). This can affect the composition and diversity of bacterial species and, therefore, the secretion of enzymes that are important in triggering drug release for microbial-dependent drug delivery systems. In addition, considerable loss of biodegradable dosage forms may occur in the case of diarrhea, due to insufficient time for activation or drug release (Sartor, 2010; Albenberg and Wu, 2014).



Combination of Strategies

To circumvent the issues with variability in gastrointestinal physiology, a combination of colon-targeting strategies has been utilized in conventional formulations. For example, both pH and time-dependent strategies are commonly used to improve drug delivery to the colon (Zema et al., 2007; Talaei et al., 2013; Patel, 2015). For example, one of the first formulations of this type was Pulsincap® (Wilding et al., 1992; Stevens et al., 2002; Jain et al., 2011; Patel et al., 2011). It consists of a capsule, half of which is enteric-coated and the other half is non-disintegrating. The enteric coat protects against gastric acid and avoids the problem of variable gastric emptying. This coat dissolves on entering the small intestine, revealing a hydrogel plug that then starts to swell. Timing of drug release is governed by the amount of hydrogel, in that the hydrogel plug is ejected from the bottom half of the capsule with extensive swelling.

In addition, Entocort® EC is another example of a dosage form that uses a combination of pH and gastrointestinal transit time (McKeage and Goa, 2002; Edsbacker and Andersson, 2004). The dosage form contains ethyl cellulose-based granules that are approximately 1 mm in size and contain budesonide (corticosteroid). Each granule is coated with Eudragit® L, which is a pH-dependent coating that dissolves at pH >5.5 to allow drug release in the ileum and ascending colon. The ethyl cellulose granules then ensure time-dependent drug release in the colon. This multiparticulate formulation is indicated for colonic inflammation, particularly for IBD (McKeage and Goa, 2002; Edsbacker and Andersson, 2004). The combination approach has shown promising results in improving drug release in the colon and reducing premature drug release in the upper GI tract. However, it can still suffer from the intra- and inter-individual variability that can occur with each of these gastrointestinal parameters.





Nanoparticulate Oral Drug Delivery Approaches

The development of novel gastrointestinal drug delivery systems has gained increasing interest, due to the inconsistent efficacy and inter-patient variability of conventional approaches that mostly rely on non-stable parameters in the GI tract. In particular, nanoparticulate dosage forms have shown promising results in drug delivery compared to conventional single-unit dosage forms. These formulations contain a number of separate nanoparticle subunits in which the dose of the drug is distributed across. This allows them to overcome the challenges faced by single-unit dosage forms, such as unpredictable disintegration and dissolution, nonspecific drug release, dose dumping, and stability issues in the GI tract (Talaei et al., 2013; Hua et al., 2015; Shahdadi Sardo et al., 2019). Nanoparticles have a larger surface-area-to-volume ratio, which provides a greater surface area for interaction with the mucosal surface and for the solubilization of drugs. Nanoparticulate dosage forms have shown the following advantages for gastrointestinal drug delivery, owing to their smaller size: (i) easier transport through the GI tract; (ii) more uniform distribution and drug release; (iii) increase in residence time of particles in the GI tract, even when colonic motility is increased in diarrhea; (iv) improved uptake into mucosal tissues and cells; and (v) specific accumulation to the site of disease, such as inflamed tissues (Hua et al., 2015; Moss et al., 2018; Reinholz et al., 2018). Nanoparticles generally undergo cellular uptake via the transcellular pathway in the GI tract (Yu et al., 2016; Reinholz et al., 2018). Translocation of nanoparticles can also occur by paracellular transport and persorption through gaps or holes at the villous tips (Hillyer and Albrecht, 2001; des Rieux et al., 2005).


Nanoparticulate Dosage Forms for Gastric Delivery

There are limited studies that have investigated the use of nanoparticulate formulations for gastric drug delivery. A major issue is the rapid passage of nanoparticles through the stomach to the intestine due to their small particle size (Sarparanta et al., 2012). Size is an important parameter for gastroretentive dosage forms, with particles less than 7 mm in diameter being efficiently evacuated (Timmermans and Moes, 1993; Bardonnet et al., 2006). However, the advantage of nanoparticulate formulations is the dispersion of the drug across multiple subunits and, therefore, the distribution of multiple subunits throughout the stomach. This avoids the limitations of single-unit dosage forms. The size of the nanoparticles may also improve mucosal interaction, with the potential for cellular uptake and/or close interaction for efficient drug delivery. The delivery of high drug concentrations in the stomach is particularly beneficial for the treatment of local diseases such as gastritis, gastric ulcer, and bacterial infections (e.g., Helicobacter pylori), as well as for drugs that have better absorption in the stomach (Rouge et al., 1996; Mandal et al., 2016).

To address the potential for rapid clearance from the stomach, studies have incorporated gastroretentive strategies to nanoparticulate formulations, especially mucoadhesive (Umamaheshwari et al., 2004; Ramteke et al., 2008; Ramteke and Jain, 2008; Jain et al., 2009; Ramteke et al., 2009; Sarparanta et al., 2012; Ngwuluka et al., 2015; Jain et al., 2016; Sunoqrot et al., 2017) and high-density systems (Ngwuluka et al., 2015; Sharma et al., 2018). The studies have shown promising results with regard to gastric retention and/or mucoadhesion in both in vitro and ex vivo experiments. However, extrapolation of these results to animals and humans is difficult, as there are a number of significant physiological and pathophysiological factors that affect gastric drug delivery. For example, the success of gastroretentive dosage forms has been limited due to high gastric motility and rapid mucus turnover. The stomach content is also highly hydrated, which can affect the adhesion of many mucoadhesive polymers (Pawar et al., 2011; Sunoqrot et al., 2017).

Initial in vivo biodistribution studies of nanoparticulate dosage forms have demonstrated prolonged gastroretention of up to 3 h in animals that have been fasted (Sarparanta et al., 2012). Although this parameter was not assessed in other in vivo studies on nanoparticles, those on microparticulate dosage forms have shown prolonged gastric retention of over 8 h in the fasted state (Hao et al., 2014). The difference is likely due to the gastroretentive strategy applied to the particles as well as the animal species used in the study. In rodents, the stomach is divided into the forestomach where ingested material is stored, and the glandular stomach where digestion continues (Gartner, 2002). Sarparanta et al. (Sarparanta et al., 2012) reported that the majority of the orally administered mucoadhesive nanoparticles were found to be mixed with material that the animals had ingested during the experiment (e.g., hair and bedding chips) in the forestomach. This is likely to interfere with the adhesion of the nanoparticles with the mucosa. However, sheets of nanoparticles and nanoparticle aggregates were found strongly adhered to the mucosa in the glandular stomach.

Most of the in vivo efficacy studies have been focused on using nanoparticulate formulations for treating Helicobacter pylori infection. Efficacy of drug-loaded nanoparticles have been demonstrated in Helicobacter pylori infected animals, even with once daily dosing, due to their mucoadhesive properties (Umamaheshwari et al., 2004; Ramteke et al., 2008; Jain et al., 2009; Ramteke et al., 2009). The results have been promising, however further in vivo investigations are required in more clinically relevant animal models to determine the translatability and reproducibility of nanoparticulate formulations for gastric drug delivery. It would also be important to understand the performance of nanoparticulate dosage forms under both fed and fasted conditions. For effective clinical translation, it is likely that the nanoparticles will also need to be loaded into a capsule that is able to dissolve rapidly in the stomach. This will ensure stability during transit in the oral cavity and esophagus, as well as maximal release of nanoparticles in the stomach.



Nanoparticulate Dosage Forms for Small Intestinal Delivery

Nanoparticulate formulations have been applied to the regional targeting of drugs in the small intestine to improve both local and systemic absorption. This is particularly beneficial for drugs that have poor solubility in the small intestine or are unstable in the harsh gastric environment (Lundquist and Artursson, 2016). By increasing the bioavailability of drugs into the small intestine, nanoparticles can be designed to: (i) trigger drug release in the lumen for subsequent absorption; (ii) adhere to the mucosal surface for effective drug release and absorption; (iii) enhance mucosal uptake of intact nanoparticles with subsequent drug release for local or systemic absorption; or (iv) enhance mucosal uptake and absorption of intact nanoparticles into the systemic circulation. There are a number of studies which have reported enhanced systemic absorption of drugs in the small intestine from nanoparticulate formulations (Bargoni et al., 1998; Fonte et al., 2011; Zhang et al., 2011; Reix et al., 2012; Zhang et al., 2013a; Tariq et al., 2016; Ahmad et al., 2018; Prajapati et al., 2018). However, in the majority of cases, the specific mechanism of action was not elucidated.

The mucosal uptake of intact nanoparticles is the most challenging, as the nanoparticles would need to cross multiple cellular barriers after penetrating the mucus layer (Reinholz et al., 2018). For example, nanoparticles would need to cross the intestinal epithelium to reach the lamina propria and then traverse a layer of endothelial cells of the blood vessels for systemic delivery. Nanoparticles can cross the intestinal epithelium via three main pathways — paracellular transport (between cells through tight junctions), transcellular transport (through the interior of cells with subsequent exocytosis), and M-cell-mediated transport (Yu et al., 2016; Reinholz et al., 2018). The advantages and limitations of each pathway are summarized in Table 3.


Table 3 | Summary of the main pathways that nanoparticles can take to cross the intestinal epithelium (Yu et al., 2016; Reinholz et al., 2018).




Paracellular Transport

The passage of nanoparticles by paracellular transport is restricted by the narrow tight junction space, which can range from 0.3 nm to 20 nm, depending on the state (Madara, 1998; Camenisch et al., 1998; Acosta, 2009; Chen et al., 2013). Incorporation of charged polymers has been investigated as a means to reversibly open tight junctions and improve drug delivery across the intestinal epithelial barrier. For example, chitosan (cationic polymer) has been reported to facilitate the paracellular transport of nanoparticles (Zhang et al., 2014a; Liu et al., 2016). The rapid and reversible absorption-enhancing effect of chitosan was suggested to be due to changes in intracellular pH caused by the activation of a chloride-bicarbonate exchanger, thereby resulting in the opening of the tight junctions (Rosenthal et al., 2012). Peptides that have the capability of modulating the degree and kinetics of tight junctions have also demonstrated enhanced paracellular transport of drugs (Taverner et al., 2015). However, the size restriction needed for effective paracellular transport would limit most nanoparticulate formulations as well as the potential for toxicity with the passage of other gastrointestinal content in the chyme (Reinholz et al., 2018).



Transcellular Transport

Transcellular transport of nanoparticles across enterocytes is considered the most promising pathway for small intestinal drug delivery, owing to the large representation of these epithelial cells lining the GI tract (Reinus and Simon, 2014). Nanoparticles can then potentially undergo indirect transport to the systemic circulation via the hepatic portal system or direct transport to the systemic circulation via the intestinal lymphatic system. The intestinal lymphatic systemic can be targeted via lacteals, which are lymphatic capillary vessels in the villi of the small intestine (Reinus and Simon, 2014; Managuli et al., 2018). There are several challenges with this particular pathway, including the following: (i) the thick mucus layer overlaying the enterocytes; (ii) the thick glycocalyx coating the surface of the enterocytes; (iii) the luminal enzymes; and (iv) the enzymes in the microvilli of the brush border membrane and within the glycocalyx (Kyd and Cripps, 2008; Lundquist and Artursson, 2016; Yu et al., 2016). Together, these barriers help to prevent pathogens and potential toxins in the gastrointestinal content from entering the body.

Although intestinal barriers play a protective role in the body, they can also restrict the uptake of nanoparticulate formulations by enterocytes, which means that most of the nanoparticles are degraded or eliminated from the body (Yu et al., 2016). Nanoparticles that are internalized within enterocytes face additional challenges that restrict them from undergoing transcytosis. In particular, they are usually transported to lysosomes for degradation. This typically involves the transport of nanoparticles in endosomes, which can eventually fuse with the cell membrane for exocytosis or fuse with lysosomes for degradation (Hofmann et al., 2014; Hu et al., 2015). Lysosomes are intracellular vesicles with an acidic pH of 4.5–5 (Mindell, 2012) and contain a variety of enzymes that have a physiological role in degrading or recycling foreign molecules or cellular compounds (Saftig and Klumperman, 2009). Entrapment and degradation of nanoparticles within lysosomes prevent exocytosis at the basolateral membrane, which affects the efficacy of nanoparticulate formulations (Yu et al., 2016; Reinholz et al., 2018).

Several approaches have been utilized to improve the delivery and transcytosis of nanoparticles across enterocytes in the small intestine. The main parameters are particle size, nanoparticle composition, and surface modification. Studies have demonstrated an inverse correlation between particle size and cellular uptake, with improved uptake with smaller nanoparticles (50 nm > 200 nm > 500 nm > 1000 nm) (Desai et al., 1996; Bannunah et al., 2014; Banerjee et al., 2016b). Following uptake into enterocytes and subsequent basolateral secretion into the interstitial space, nanoparticle size can potentially influence whether they are selectively taken up by the lymphatic system or hepatic portal system, with larger particles having a preference for the lymphatic system (Griffin et al., 2016). In addition, a variety of materials have been used to construct nanoparticles, including lipids and polymers. Further stability studies are required to determine the in vivo small intestinal bioavailability of these nanoparticles following oral administration. For example, the harsh enzymatic environment might be particularly detrimental to lipid-based nanoparticles due to lipolysis (Beloqui et al., 2016; Hu et al., 2016; Shreya et al., 2018). Incorporation of additional strategies may be required to protect nanoparticles from premature degradation in the GI tract (Makhlof et al., 2011a).

The effect of physicochemical parameters, other than particle size, is only beginning to be understood. Only a few studies have investigated the effect of surface charge, hydrophobicity, and shape on the bioavailability and absorption of nanoparticles after oral administration. In general, cationic nanoparticles showed enhanced uptake and transport by enterocytes compared to those with an anionic or neutral charge (Bannunah et al., 2014; Hellmund et al., 2015; Du et al., 2018) as well as significantly increased oral bioavailability in vivo (Du et al., 2018). Importantly, the cationic nanoparticles were not only internalized by the intestinal epithelial cells, but they were also transported through these cells into the lamina propria (Du et al., 2018). In addition, coating the surface of nanoparticles with polyethylene glycol (PEG) to create a hydrophilic surface chemistry minimized strong interaction with the mucus constituents and increased particle translocation through the mucus as well as mucosa (Maisel et al., 2015; Du et al., 2018). With regard to nanoparticle shape, initial studies have demonstrated higher cellular uptake and transcytosis of rod-shaped nanoparticles compared to sphere-shaped nanoparticles (Banerjee et al., 2016b). Nanorods also exhibited significantly longer retention time in the GI tract (especially in the jejunum and ileum) compared to nanospheres, which allowed more time for intestinal absorption (Li et al., 2017). They showed improved penetration into the space between the intestinal villi, with only low absorption of intact nanoparticles (Li et al., 2017).

Improvements in the translocation of nanoparticles within enterocytes have also been achieved with ligand-mediated active targeting. This strategy involves the conjugation of ligands to the surface of nanoparticles and exploits cell-specific differences or disease-induced changes in the expression of receptors, proteins, and adhesion molecules on the surface of tissues (Hua et al., 2015; Sercombe et al., 2015). Interactions between targeting ligands and specific receptors expressed at the site of action are expected to improve bioadhesion of the carrier to specific cells and increase the extent for cellular uptake. Various receptors expressed on the surface of enterocytes have demonstrated improved uptake and transcytosis of nanoparticles, with improve systemic bioavailability and therapeutic efficacy of encapsulated therapeutics (Zhang and Wu, 2014; Griffin et al., 2016). This includes the conjugation of ligands to the surface of nanoparticles that are specific for the following receptors—vitamin B12 (Chalasani et al., 2007), folate (Anderson et al., 2001; Ling et al., 2009; Jain et al., 2012), biotin (Zhang et al., 2014b), and lectins (Zhang et al., 2005; Yin et al., 2006; Zhang et al., 2006b; Makhlof et al., 2011b). Vitamin B12 ligand-mediated transport is limited by the relatively slow uptake of vitamin B12 in the GI tract as well as restricted site for absorption in the distal ileum (Hamman et al., 2007; Zhang and Wu, 2014). In addition, lectins can show nonspecific interactions with the mucus layer of the intestinal epithelium (Irache et al., 1994; Cornick et al., 2015; Managuli et al., 2018) and can have toxicity and stability issues (Zhang and Wu, 2014).

Enhancing the transcytosis of intact nanoparticles across enterocytes is a promising strategy to improve the systemic delivery of drugs that have poor stability or solubility in the GI tract. However, further studies are required to determine the optimal nanoparticulate design that provides translatable and reproducible outcomes in humans. As the small intestine is the target for these nanoparticulate formulations, considerations should also be given to the stability of the nanoparticles during transit in the upper GI tract.



M-Cell-Mediated Transport

Uptake of nanoparticles by M cells (microfold cells), which are mainly localized in Peyer's patches in the small intestine, have become attractive targets for drug delivery. M cells are specialized epithelial cells of the gut-associated lymphoid tissues (GALT) that have a sentinel role for the intestinal immune system by transporting luminal antigens through the follicle-associated epithelium to the underlying immune cells (Miller et al., 2007). The M-cell-mediated pathway has been exploited for nanoparticle drug delivery, as M cells have the advantages of reduced intracellular enzymatic activity as well as a considerably thinner mucus layer and glycocalyx in comparison to enterocytes (Frey et al., 1996; Kyd and Cripps, 2008). These factors promote easier access and intracellular transport. There are two main pathways following uptake into M cells: (i) nanoparticles can be captured by macrophages and dendritic cells in the Peyer's patches, which is beneficial for the development of oral vaccinations (Singh et al., 2015; Yu et al., 2019); and (ii) nanoparticles can undergo passive lymphatic targeting followed by systemic drug delivery (Cavalli et al., 2003; Joshi et al., 2014; Joshi et al., 2016; Managuli et al., 2018). However, the absorption of nanoparticles by M cells is limited due to the low proportion of M cells (~1%) in the intestinal epithelium. In addition, cellular uptake can be low due to a lack of specificity of nanoparticles towards M cells (des Rieux et al., 2006; Yu et al., 2016).

Studies have focused on determining the physicochemical characteristics of nanoparticles for optimal uptake by M cells. In general, nanoparticles larger than 5 µm are taken up by M cells but remain entrapped in Peyer's patches, whereas those smaller than 1 µm are taken up by M cells and transported through the efferent lymphatics within macrophages (Eldridge et al., 1989; Eldridge et al., 1990; Managuli et al., 2018). In addition, non-ionic nanoparticles composed of hydrophobic constituents have better uptake by M cells in comparison to hydrophilic and charged nanoparticles (Bargoni et al., 1998; Shakweh et al., 2004; Managuli et al., 2018).

Active targeting strategies have also been applied to improve specificity of targeting to M cells. Major ligands that have been conjugated to the surface of nanoparticles for targeting Peyer's patches include mannose receptor binding ligands (Fievez et al., 2009; Singodia et al., 2012; Youngren et al., 2013; De Coen et al., 2016), lectin-based ligands (Foster et al., 1998; Clark et al., 2000; Clark et al., 2001; Manocha et al., 2005; Chionh et al., 2009), and integrin specific ligands (Frey et al., 1996; Fievez et al., 2009). It should be noted that there are limited M cell specific targets that have been identified (Zhao et al., 2014), with many also being expressed on other elements in the GI tract. For example, mannose receptors are localized on the apical surface of enterocytes (Fievez et al., 2009; Managuli et al., 2018). In addition, lectins can interact with the carbohydrate residue in the mucus layer of the intestinal epithelium (Irache et al., 1994; Diesner et al., 2012; Cornick et al., 2015; Managuli et al., 2018). Of the targets identified, integrin specific ligands appear to be the most promising target for M cells due to its specificity. However, further in vivo studies are required to determine the translatability of these platforms for clinical use. Common laboratory animal species have been reported to have significantly higher density of Peyer's patches in the intestine compared to humans (Kararli, 1995). This should be taken into account to avoid an overestimation of the nanoparticle transport capacity in humans (Lundquist and Artursson, 2016).




Nanoparticulate Dosage Forms for Colon Delivery

The use of nanoparticulate formulations have demonstrated promising results for colonic drug delivery (Hua, 2014; Hua et al., 2015; Zhang et al., 2017). Reduction in particle size can also enhance targeting and uptake within diseased tissue in the colon. For example, nanoparticles can promote enhanced and selective delivery of drugs into inflamed colonic tissue by exerting an epithelial enhanced permeability and retention (eEPR) effect (Collnot et al., 2012; Xiao and Merlin, 2012), as well as allowing preferential uptake by immune cells that are highly increased in inflamed tissue (Lamprecht et al., 2005a). In addition, nanoparticles are able to avoid rapid carrier elimination that occurs in diarrhea, as these smaller particles are readily taken up into inflamed tissue and cells (Beloqui et al., 2013). When compared to conventional formulations, nanoparticulate formulations have been demonstrated to have improved or similar therapeutic efficacy at lower drug concentrations (Hua et al., 2015).


Basic Physicochemical Strategies for Colon Delivery

Nanoparticulate formulations have been designed to passively or actively target the colon. With regards to the ideal particle size for targeting capability in the colon, there have been varying results (Hua et al., 2015). In healthy rats and rats with induced colitis, it was observed that 100 nm particles showed significantly increased accumulation in inflamed colon in comparison to healthy animals (Lamprecht et al., 2001a). Interestingly, initial studies in humans with IBD demonstrated that microparticles (3 µm) had better bioadhesion and accumulation in the inflamed rectal mucosal wall as well as less propensity for systemic absorption (Schmidt et al., 2013). Nanoparticles (250 nm), however, were translocated to the serosal compartment of IBD patients, possibly leading to systemic absorption (Schmidt et al., 2013). Importantly, the total fraction of particles penetrating the rectal mucosa was relatively low in the study (Schmidt et al., 2013). Further studies are required to determine the reason for the difference in particle size response in animals compared to humans.

Although passive targeting, through modifying particle size, enables prolonged retention and improved permeability of nanoparticles, there have been contradictory findings with regards to specificity to diseased versus healthy tissue in the colon (Lamprecht et al., 2005a; Wachsmann et al., 2013). Modification of the surface charge of nanoparticles has been investigated to improve mucosal retention and targeting to diseased tissue. For example, cationic systems are generally considered mucoadhesive, as they adhere to the mucosal surface within inflamed tissue due to the interaction between the negatively charged intestinal mucosa and the positively charged carrier (Liu et al., 2005; Thirawong et al., 2008; Han et al., 2012; Niebel et al., 2012; Coco et al., 2013; Lautenschlager et al., 2013). Colonic mucins have a negative charge since their carbohydrates are substituted with a number of sialic acid and sulfate residues (Larsson et al., 2009; Antoni et al., 2014). In contrast, anionic delivery systems are considered bioadhesive, as they preferentially adhere to inflamed tissue via electrostatic interaction with the higher concentration of positively charged proteins (Lamprecht et al., 2001b; Jubeh et al., 2004; Meissner et al., 2006; Beloqui et al., 2013). In particular, high amounts of eosinophil cationic protein and transferrin have been observed in the inflammatory tissue of the colon in IBD patients (Carlson et al., 1999; Peterson et al., 2002; Tirosh et al., 2009). Anionic nanoparticles are able to interdiffuse among the mucus network due to less electrostatic interaction with the mucus in comparison to cationic nanoparticles, which can suffer from immobilization following binding to the mucus (Hua et al., 2015).

Similarly, PEGylated nanoparticles have been demonstrated to improve particle translocation through the mucus as well as mucosa (Tobio et al., 2000; Vong et al., 2012; Lautenschlager et al., 2013). The hydrophilic surface has also been shown to accelerated drug delivery into the leaky inflamed intestinal epithelium (Lautenschlager et al., 2013). Both surface charge and PEGylation are promising pharmaceutical strategies for mucosal targeting, however it is likely that additional colon-specific pharmaceutical strategies are needed to localize the nanoparticles in the colon following oral administration and to further improve targeting to diseased tissue (Hua et al., 2015). It should be noted that there have been conflicting results on the effect of surface charge on colonic targeting, with results mainly based on ex vivo tissue binding studies or in vivo studies following rectal administration (Hua et al., 2015). There is also a potential for electrostatic interactions and subsequent binding of charged nanoparticles with other charge-modifying substances (e.g., soluble mucins and bile acids) during gastrointestinal transit following oral administration (Hua et al., 2015).



Colon-Specific Pharmaceutical Strategies

Colon-specific pharmaceutical strategies are likely required to improve nanoparticle accumulation, retention, and drug release in the colon, as well as minimize drug release in the upper GI tract. Colon-specific approaches can be applied to single-unit dosage forms (e.g., capsules) that are loaded with nanoparticles or applied to each of the individual nanoparticle subunits. The latter approach has been investigated in a number of studies, whereby nanoparticles are modified with components that are sensitive to pH, enzymes, reactive oxygen species (ROS), and overexpressed receptors (Hua et al., 2015). For example, pH-dependent nanoparticulate formulations typically involve coating nanoparticles with pH-sensitive biocompatible polymers to trigger drug release in the colon and protect the incorporated active agents against the harsh gastrointestinal environment in the upper GI tract (Lamprecht et al., 2005b; Makhlof et al., 2009; Kshirsagar et al., 2012; Ali et al., 2014; Beloqui et al., 2014). Although preclinical studies of pH-dependent carriers for colon targeting have been promising, a major concern has been the inherent intra-individual and inter-individual variability of pH and emptying times from the GI tract as well as the change in luminal pH due to disease state.

Biodegradable nanoparticulate formulations take advantage of the consistently high levels of resident bacteria and enzymes in the colon to trigger drug release (Bhavsar and Amiji, 2007; Moulari et al., 2008; Laroui et al., 2010; Kriegel and Amiji, 2011; Kriegel and Amiji, 2011; Laroui et al., 2014a; Xiao et al., 2014). These factors are known to be more consistent to allow efficient colon-targeted drug delivery. Biodegradable polymers have been used in the coatings or matrix of the nanoparticles, including poly-lactic acid (PLA), poly(lactic-co-glycolic acid) (PLGA), and chitosan. In addition, nanoparticles have also been embedded in hydrogel matrices containing polymers that have been shown to be specifically degraded by enzymes in the colon (Laroui et al., 2010; Laroui et al., 2014a; Laroui et al., 2014b; Xiao et al., 2014). Hydrogels are dosage forms that provide a platform for protecting therapeutics through the GI tract and can achieve site-specific delivery by including polymers that exploit fundamental physiological changes (Sharpe et al., 2014). As previously discussed for conventional formulations, biodegradable polymers can suffer from premature drug release or burst release based on their hydrophilicity and solubility in the upper GI tract.

Redox-based nanoparticulate formulations have shown promise for enhancing drug accumulation at sites of colonic inflammation (Wilson et al., 2010). They are able to target diseased tissue of the colon by taking advantage of the abnormally high levels of ROS that are produced at the sites of inflammation to trigger drug release. For example, 10- to 100-fold increase in mucosal ROS concentrations have been reported in biopsies taken from ulcerative colitis patients (Simmonds et al., 1992; Lih-Brody et al., 1996). These were found to be confined to sites of disease and correlated with disease progression (Simmonds et al., 1992; Lih-Brody et al., 1996). The high concentration of ROS is typically generated by activated phagocytes (Mahida et al., 1989). Although there are very few studies available, the initial in vivo results have demonstrated localization and efficacy of these nanoparticles to sites of intestinal inflammation in mice with colitis following oral administration (Wilson et al., 2010).

Ligand-mediated active targeting is another promising strategy to enhance drug accumulation and uptake to sites of disease within the colon. This includes the conjugation of ligands to the surface of nanoparticles that are specific for the following — macrophage receptors (e.g., mannose receptors and macrophage galactose-type lectin) (Coco et al., 2013; Xiao et al., 2013; Zhang et al., 2013b; Laroui et al., 2014b), intercellular adhesion molecule-1 (ICAM-1) (Mane and Muro, 2012), transferrin receptors (Harel et al., 2011), and glycoprotein CD98 (Xiao et al., 2014). Additional in vivo studies are required to evaluate the efficacy and stability of different targeting ligands and formulations in animal models of colitis (Hua et al., 2015). Commonly used targeting moieties include peptides and monoclonal antibodies, which have been shown to have high targeting specificity and potential mucopenetrative properties (Saltzman et al., 1994). However, oral administration of antibody and peptide-based formulations can suffer from degradation by gastric acid and enzymes in the GI tract. Therefore, further formulation design may be needed for effective oral administration.





Considerations for Translational Development

Significant advances in the development of oral formulations to improve the regional targeting of drugs in the GI tract have been reported in the literature. However, very few of them have translated to the clinical phase, which is likely due to a combination of biological and pharmaceutical factors. Understanding the relationship between biology and pharmaceutics are important determinants for the successful translation of new formulations (Hua et al., 2018). This includes understanding the effect of physiology and/or pathophysiology on the distribution, retention, disintegration, and release of drugs from oral dosage forms in the GI tract, as well as correlation with in vivo behavior (e.g., efficacy and safety) in animals and humans. Differences in the anatomy and/or physiology of the animal species used in in vivo studies compared to humans should also be taken into account when evaluating new formulations (Kararli, 1995; Hatton et al., 2015). Considerations should also be given to physiological heterogeneity in the GI tract of both healthy patients and those with specific pathological conditions (Titus et al., 2013; Hua et al., 2015; Hatton et al., 2018; Hatton et al., 2019).

For innovative platforms, such as nanoparticles, safety of the different carriers following uptake needs to be evaluated further. For example, there has been limited studies focused on the toxicology of nanoparticles in the GI tract of humans — this is likely to vary according to the size and composition of the particles (Bergin and Witzmann, 2013; Talkar et al., 2018; Vita et al., 2019). Preclinical studies should be conducted under appropriate blinding and randomization to reduce bias. In addition, assessment against proper controls, including the gold standard treatment and not just free drug solution, is required to determine the potential place in therapy of the innovative platform (Hua et al., 2018). These factors are currently lacking in many published studies, which makes it difficult to assess clinical translatability of the results. Considerations should also be given to the “final product” for clinical use. Nanoparticles can either be delivered as an oral liquid suspension or loaded into solid-dosage forms (e.g., capsules). Depending on the target region in the GI tract, pharmaceutical strategies may need to be incorporated to protect the nanoparticles from premature interaction or degradation during transit. For example, coating capsules or nanoparticles with pH sensitive polymers.

Furthermore, the complexity in the design and development of new formulations should be minimized as much as possible for clinical translation to be justified (Hua et al., 2015; Hua et al., 2018). Platforms that require complex and/or laborious synthesis procedures generally have limited clinical translation potential, as they can be quite problematic and costly to pharmaceutically manufacture on a large scale. Other considerations include availability of materials and industrial equipment, insufficient batch-to-batch reproducibility to set specifications, and overall cost of dosage form development (Hua et al., 2018). Last but not least, there needs to be a clear benefit of efficacy and/or safety with any new oral formulation compared to clinically available dosage forms.



Conclusion

The oral route of administration is the most preferred route by patients for gastrointestinal drug delivery. However, the performance of the dosage forms and drug absorption are highly dependent on the physiology of the GI tract. Gastrointestinal physiology is complex and can display both large intra- and inter-individual variability. Attempts to overcome these issues have focused on improved understanding of the physiology of the GI tract in both healthy and diseased states. Innovative pharmaceutical approaches are also being explored to improve regional drug targeting in the GI tract, with the majority still in the infancy stages of translational development. For example, the use of multiparticulate dosage systems, such as nanoparticles, has shown promising results in improving gastrointestinal drug delivery compared to single-unit dose formulations. Effective translation will depend on rational dosage form design to enable improvements in gastrointestinal drug delivery for the treatment of both systemic diseases and local gastrointestinal diseases.
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