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Abstract

:

The aim of this study was to probe whether the transferrin (Tf) transport pathway can be exploited for intestinal delivery of nanoparticles. Tf was adsorbed on 100 nm model polystyrene nanoparticles (NP), followed by size characterisation of these systems. Cell uptake of Tf and Tf-adsorbed NP was investigated in intestinal epithelial Caco-2 cells cultured on multi-well plates and as differentiated polarised monolayers. Tf-NP demonstrated a remarkably higher cell uptake compared to unmodified NP in both non-polarised (5-fold) and polarised cell monolayers (16-fold difference). Application of soluble Tf significantly attenuated the uptake of Tf-NP. Notably, Tf-NP displayed remarkably higher rate (23-fold) of epithelial transport across Caco-2 monolayers compared to unmodified NP. This study therefore strongly suggests that the Tf transport pathway should be considered as a candidate biological transport route for orally-administered nanomedicines and drugs with poor oral bioavailability.
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1. Introduction


The oral drug administration route offers the ultimate patient convenience, preference and therefore adherence to drug therapy. However, with a few exceptions, oral administration is currently an option only for small drug molecules that show acceptable intestinal absorption. As a rapidly expanding class of drugs, biologics are presently predominantly given by injection. Significant research efforts over a number of decades have explored technologies to enable oral delivery of biologics, but progress has been relatively poor. Drug delivery strategies in this area mostly utilise absorption or permeation enhancers and focus on smaller biologics, such as glucagon-like peptide 1 (GLP-1) analogues [1]. However, safety concerns, including those related to many surfactants [2], have hindered the clinical translation of these approaches. Recent progress in this area seeks to utilise advances in materials, engineering and electronics, leading to swallowable “devices”, such as mucoadhesive patches [3] and the microneedle “robotic pill” [4].



The key challenge in the field of oral delivery of macromolecular biologics concerns the difficulty in overcoming the formidable intestinal epithelial barrier, rather than additional barriers such as the stomach acid and mucosal enzymes, which can be addressed via relatively established technologies. A key requirement for technologies enabling therapeutically-relevant oral delivery of biologics is safety. Rather than disrupting and increasing the permeability of the intestinal epithelium non-selectively (i.e., an effect that a classical permeation enhancer would display), it is desirable to engineer delivery systems that selectively permeate the intestinal mucosa. This can be achieved by targeting and hijacking the natural, physiological transport processes present in the intestinal epithelium. This approach usually requires a ligand or transport-enabling entity capable of intestinal translocation, which is linked (e.g., conjugated or fused) to the biotherapeutic. Alternatively, the ligand can be presented on the surface of drug carriers, particularly nanocarriers [5,6,7], which may also serve to protect the drug against mucosal enzymatic degradation or enable targeted delivery post absorption.



Transferrin (Tf) has been explored as a potential ligand to enable drug targeting and delivery across biological barriers, particularly the blood-brain barrier (BBB) [8,9], because of its high expression in BBB endothelium [10]. The transferrin receptor (TfR) is expressed in the human gastrointestinal epithelial cells [11]. Furthermore, TfR is overexpressed in colon cancer (similarly to other types of cancer) [12] and the inflamed colon; it was detected in both basolateral and apical sides of enterocytes from the colon tissue biopsies of inflammatory bowel disease (IBD) patients and rats with colitis [13]. Therefore, TfR and TfR-mediated transcytosis could be exploited as a biological system for systemic delivery of biologics, in addition to its potential as a targeting receptor for local delivery in intestinal cancer or IBD.



However, it must be noted that it is currently unclear whether TfR-mediated transcytosis offers opportunity for improving intestinal delivery of biologics in the context of systemic delivery, or local, targeted delivery to the intestinal diseased tissue. This is because of predominant distribution of TfR on the basolateral surface in polarised cells, which presents an obvious obstacle for receptor-mediated mucosal delivery [14]. There are however reports of TfR-mediated transcytosis being explored for oral delivery of biologics via a Tf recombinant fusion protein approach [15] or Tf conjugation to therapeutic macromolecule [16]—both these approaches have shown evidence and potential for the use of TfR-mediated transport as a strategy to enhance the intestinal absorption (i.e., in the apical-to-basolateral direction) of biologics. Importantly, a recent landmark study clearly showed a complete and enhanced apical-to-basolateral transcytosis of Tf-functionalised nanogranules in Caco-2 cells, with Tf modification upregulating the expression of trafficking-related (endocytosis and transcytosis) proteins [17].



This study probed the possibility of improving the intestinal epithelial delivery of nanoparticles (NP), as potentially useful carriers of biologics, by targeting TfR-mediated transcytosis. A fundamental study of this nature is imperative to assess the possibility that TfR-mediated transcytosis may be utilised to facilitate intestinal translocation of nanomedicines. This is important as, with the exception of two studies [17,18], TfR-mediated transcytosis has not been investigated for intestinal delivery of nanosystems. We show here that TfR targeting of NP significantly improves their uptake into intestinal epithelial cells (Caco-2), as well as translocation across cell monolayers serving as an in vitro intestinal model.




2. Materials and Methods


2.1. Materials


Hank’s balanced salt solution (HBSS; with sodium bicarbonate, without phenol red), Dulbecco’s Modified Eagle’s Medium (DMEM) and all other reagents (including cell culture media supplements, antibiotic-antimycotic solution and foetal bovine serum), unless otherwise stated, were purchased from Sigma-Aldrich (Poole, UK). Fluorescently-labelled (“fluospheres”), carboxylate-modified polystyrene microspheres of 0.1 μm diameter (referred to as “NP”) and multiwell cell culture plates were purchased from Thermo Fisher Scientific (Waltham, MA, USA). Human holotransferrin (Tf) was purchased from LEE biosolutions (Maryland Heights, MO, USA), while fluorescently-labelled human Tf-CF®488A dye conjugate was purchased from Biotium (Fremont, CA, USA). Transwell permeable inserts of 12 mm diameter and polycarbonate filters and 0.4μm pore size were obtained from Corning (Corning, NY, USA).




2.2. Adsorption of Tf to Nanoparticles


Tf-adsorbed nanoparticles (Tf-NP) were prepared based on a procedure that was previously reported [19]. A 1:2 Tf to NP mass ratio (1.1 mg/mL Tf and 2.2 mg/mL carboxylic-modified NPs) was used, with adsorption achieved by incubation in 50mM 2-(N-morpholino)ethanesulfonic acid (MES) buffer at pH 5.9 for 2 h at 20 °C. A previous study characterising Tf adsorption to latex NP reported the 1:1 mass ratio to produce full surface coverage on the same NP systems [19]. Given that we used a lower amount of Tf (below adsorption saturation), the presence of unadsorbed Tf was assumed to be very low and dialysis was not carried out.




2.3. Nanoparticle Characterisation


Average hydrodynamic size (dynamic light scattering, DLS), polydispersity and zeta potential of NP before and post Tf adsorption were measured by using a Malvern zetasizer (Malvern Instruments Ltd., Malvern, UK). Unmodified and Tf-NP were diluted in HBSS (biological buffer used in cell experiments). Measurements were conducted at a scattering angle θ = 173 and at a temperature of 25 °C. For DLS, each measurement was an average of 12 repetitions of 10 s each. Both DLS and zeta potential measurements were repeated three times.




2.4. Cell Culture


Caco-2 cells were cultured on 24-well plates for two days as undifferentiated system and Transwell inserts as differentiated monolayers, following plating at 105 cells/cm2 using DMEM. Cells were cultured on inserts for at least 21 days prior to the experiments, with culture medium replaced every other day. For differentiated Caco-2 system, transepithelial electrical resistance (TEER) was measured periodically and before uptake and transport experiments to ensure integrity of the monolayer and tight junction formation (polarisation). Prior to cell uptake and transport experiments, both undifferentiated and differentiated Caco-2 cells were equilibrated in HBSS for 45 min to minimise the potential impact of media change on cell uptake and transport studies.




2.5. Cell Uptake of Tf


Human Tf CF488A conjugate was applied to Caco-2 cells (cultured on 24-well plates) at 50 μg/mL and cells incubated at 37 °C for two hours. This was followed by removing the applied sample and repeated cell washing using HBSS. Triton X-100 (1% v/v) was applied to cells for 10 min to permeabilise and detach the cells. Permeabilised cells were then centrifuged and the supernatant harvested. Tf CF488A conjugate was quantified by measuring the fluorescence of supernatant using a Tecan Fluorescence Plate Reader (Tecan Trading AG, Männedorf, Switzerland) at 515 nm emission/490 nm excitation. Quantitation of samples was carried out via a calibration curve.




2.6. Cell Uptake of Tf-NP


Tf-NPs (1:2 mass ratio) were applied to Caco-2 cells cultured on 24-well plates at 40 μg/mL. Cells were incubated with the samples at 37 °C for two hours, following washing with HBSS. Cells were then permeabilised via the application of Triton X-100 (1% v/v in HBSS). Cells were then harvested and transferred to 1 mL vials for centrifugation. Tf-NPs were quantified by measuring NP fluorescence following centrifugation of permeabilised cells and measurement of fluorescence of the supernatant using a Tecan fluorescence plate reader at 590 nm/645 nm (excitation/emission).



2.6.1. Competition Studies


For competition studies, cells were pre-treated with 10 μg/mL of Tf, shortly followed by application of Tf-NP. Cell uptake was examined as above.




2.6.2. Uptake in Differentiated Monolayers


In addition to examining uptake of Tf-NP in multiwell plate-grown Caco-2 cells, we also tested cell internalisation of these systems in differentiated Caco-2 cells (i.e., following culture on Transwell inserts). Only cell monolayers displaying TEER ≥ 500 Ωcm2 were used in the experiments (given the typical range observed in our work of 700–1400 Ωcm2). Application of Tf-NP and cell monolayer permeabilisation was conducted in the same manner as above.





2.7. Transport of Tf-NP across Differentiated Caco-2 Monolayers


Caco-2 cells were cultured as polarised monolayers on Transwell inserts as described above. Prior to the transport study, cells were equilibrated in HBSS. Tf-NP (1:2 ratio) were then applied to the apical side of Caco-2 cells at 40 μg/mL for two hours. Unmodified NPs were also applied at equivalent concentration. Cells were incubated with the samples at 37 °C for two hours, with periodic sampling of the basolateral solution every 20 min (this was replaced with fresh HBSS). Samples were transferred onto a black 96-well plate for NP fluorescence quantitation as above.




2.8. Statistical Analysis


Unpaired, unequal variance t test (or Welch t test) was performed for comparisons of two group means, while one-way analysis of variance (ANOVA) was utilised for comparison of three or more group means. p value of <0.05 was considered statistically significant. ***, ** and * indicate p < 0.001, p < 0.01 and p < 0.05, respectively, whereas “ns” denotes nonsignificant. Statistical analysis was conducted using GraphPad Prism® Software.





3. Results


This study examined whether TfR-mediated transcytosis may be utilised as a biological transport route to facilitate intestinal delivery of nanomedicines (Figure 1).



3.1. Nanoparticle Characterisation


To assess the effect of physical adsorption of Tf to NP on their size, we conducted size characterisation of bare NP and Tf-NP. Data shown in Figure 2 highlight that adsorption of Tf on model polystyrene NP produced an increase in the hydrodynamic diameter of the NP (measured by DLS) from approximately 130 nm to 176 nm, indicating the formation of an adsorbed Tf surface layer of about 23 nm.



In terms of surface charge, the zeta potential of unmodified NP was −35.7 (± 1.57), whereas for Tf-NP this amounted to −14.3 (± 1.03), resulting in a statistically significant reduction of negative surface charge post Tf adsorption (p = 0.0001).




3.2. Cell Uptake of Tf


Uptake of Tf by multiwell-cultured (undifferentiated) Caco-2 cells following application at 50 μg/mL (at 37 °C for two hours) was 0.18 μg/well (24-well plate).




3.3. Cell Uptake of Tf-NP


The internalisation of Tf-NP by intestinal Caco-2 cells was tested under different conditions in non-polarised, multiwell-cultured cells (Figure 3), prior to subsequent examination in differentiated cell monolayers (Figure 4). Considering the multiwell-cultured cells, Figure 2 shows the internalisation of Tf-NP after application alone, or following treatment with soluble Tf (‘+Tf’). The figure also depicts the uptake of bare NP. The data highlight more than five-fold higher cell uptake of Tf-NP compared to bare NP. Importantly, following cell treatment of Tf-NP in conjunction with excess free Tf, cell internalisation of the former was attenuated by more than three-fold.




3.4. NP-Tf Uptake in, and Transport across, Differentiated Monolayers


Cell uptake of Tf-NP in differentiated Caco-2 monolayers is depicted in Figure 4. The data demonstrate more than 16-fold higher cell uptake of Tf-NP compared to bare NP.



Following the demonstration of Tf-NP uptake by intestinal Caco-2 cells, the final set of experiments looked into the transepithelial transport. In this regard, Figure 5 shows that Tf-NP traversed differentiated Caco-2 monolayers remarkably more efficiently; specifically a 23-fold higher rate of NP translocation was observed with Tf-NP compared to bare counterparts.





4. Discussion


The intestinal mucosa acts as a selective barrier to systemic absorption of material present in the lumen. Large and complex biologics are usually not capable of crossing the intestinal epithelium, therefore displaying very low bioavailabilities following oral administration. One way to improve the oral bioavailability of such drugs is to enhance epithelial absorption by targeting the transcytosis pathways as physiological routes of transport in the intestinal epithelium. This strategy has been made possible by advances in biotechnology and nanotechnology, which have facilitated the production of fusion proteins and drug nanocarriers, respectively. We and other groups have demonstrated that a number of physiological transcytosis processes functioning in the intestinal epithelium can potentially be used to shuttle material (nanoparticles and macromolecules) across the intestinal epithelium, including the transport system for IgG [20,21], neurotensin [22] and albumin [23,24]. This study provides further progress in this arena, by demonstrating that the biological machinery for Tf transport can also be considered as a potential pathway for intestinal delivery of nanomedicines.



Tf is an abundant human plasma glycoprotein responsible for transport of iron, binding to TfR when bound to iron, activating receptor mediated endocytosis [25]. As tumour cells generally overexpress the TfR because of high demand for iron, Tf-mediated drug delivery strategy has been predominantly used for its potential to target cancer cells, usually as a ligand to guide NP to these cells.



Transferrin receptor (TfR)-mediated endocytosis and transcytosis in intestinal Caco-2 cells was previously investigated using Tf-fusion proteins. It was shown that apically-endocytosed Tf in Caco-2 cells is transported to a Rab11-positive compartment, which may control its release to follow either slow recycling to apical membrane or progress to transcytotic compartments [26]. Shah and Shen studied the transport of Tf-conjugated insulin across Caco-2 cell monolayers and reported that transport of the complex, which was mediated via the TfR, was increased by 5- to 15-fold compared to free insulin [16]. In another study, Tf recombinant fusion protein approach was explored for oral delivery for human growth hormone (hGH) [15]. Fusion proteins of 100 kDa, which retained bioactivity of both hGH and Tf, were tested in hGH-deficient hypophysectomised rats for in vivo biological activity. It was shown that one of the tested fusion proteins—containing a helical linker as spacer between hGH and Tf domain—induced a statistically significant weight gain after oral dosing.



We utilised fluorescently-labelled model polystyrene NP systems and achieved ligand (Tf) presentation on NP via physical adsorption. This produced Tf-NP of approximately 180 nm (Figure 2), which fall within the optimal size range for intestinal epithelial transport [6,20,27,28]. Furthermore, it was previously shown that following presentation as coating on the surface of NP via physical adsorption, Tf retains the ability to target and interact with TfR [29].



We first probed the internalisation of Tf by Caco-2 cells, demonstrating that the extent of Tf uptake by Caco-2 cells (0.18 μg/1.9 cm2) is likely to be comparable with a previous study [16] showing that cell internalization of insulin-Tf conjugate was around 1.9 pmoles per 3.5 cm2 monolayer (Caco-2), equivalent to around 0.15 μg (the final insulin:Tf ratio in the conjugate was 3:1).



Cell internalisation of Tf-NP was tested both in multiwell-cultured cells and differentiated cell monolayers. This was done to determine any potential difference in cell uptake capacity between undifferentiated and differentiated cells (cultured on inserts), given the difference in surface area available for uptake and potential differential receptor expression between undifferentiated and differentiated cells. In undifferentiated cells (multiwell culture) cell uptake of Tf-NP was over five-fold higher relative to bare NP. Furthermore, excess free Tf reduced cell uptake of Tf-NP by more than three-fold (Figure 3). With regards to cell uptake of Tf-NP in differentiated cells, data revealed more than 16-fold higher cell uptake of Tf-NP compared to bare NP (Figure 4), with the latter displaying a similar uptake level to that previously reported by us (around 2 μg here versus 5 μg in previously published work [30]), confirming the pattern observed in undifferentiated cells. The notably larger magnitude of effect (enhanced cell uptake following Tf presentation on NP) may be related to differential TfR expression in undifferentiated versus differentiated cells. The implications of these findings are important, pointing to significant enhancement of cell uptake of NP following presentation of Tf on their surface.



It is noted that the definitive biological pathway of Tf-NP uptake in Caco-2 cells cannot be ascertained from this work. However, suppression of internalisation by excess free Tf does point to a TfR-dependent uptake, similarly to the study by Shah and Shen [16] who demonstrated that the binding and uptake of the radiolabelled insulin-Tf conjugate in Caco-2 cells were inhibited by 70% and 80%, respectively, with excess unlabeled Tf.



We finally considered the transport of Tf-NP across differentiated Caco-2 monolayers. The data concerning this showed remarkably higher (23-fold) transport of Tf-NP across cells compared to bare NP (Figure 5). It must be pointed out that this remarkable enhancement in the permeation of NP across intestinal epithelium in vitro is much higher than that previously seen with other transcytosis receptor systems exploited in a similar manner (i.e., for intestinal NP delivery). This includes the neonatal Fc receptor (FcRn), whereby the uptake into Caco-2 cells of polyethylene glycol-poly(lactic-co-glycolic acid) (PEG-PLGA) NP modified with Fc was improved (compared to non Fc-modified NP) by a maximum three-fold [20]. Similarly, a different study showed that the translocation of 63 nm Fc-targeted poly(lactic acid)-b-poly(ethylene glycol) (PLA-PEG) across Caco-2 monolayers was increased by approximately a factor of two (compared to non-modified NP) [21].



Overall, this work highlights that the TfR transport system shows potential as a pathway for cell entry and transepithelial permeation of NP in the intestinal epithelium. Therefore, this system should be given consideration as a potential pathway for intestinal delivery of nanomedicines intended for systemic effect or local action. The latter is particularly applicable to colon cancer and IBD, given TfR overexpression in the intestinal mucosa in these diseases [12,13]. Therefore, TfR-mediated delivery should be probed further for its potential usefulness in the area of oral or intestinal delivery of nanomedicines.







Author Contributions


Conceptualization, D.V.; Methodology, D.V., J.M. and J.M.Y.; Software, D.V., J.M.Y.; Validation, J.M.Y. and J.M.; Formal Analysis, D.V., J.M.Y. and J.M.; Investigation, J.M.Y., Y.C. and J.M.; Resources, D.V.; Data Curation, J.M.Y., Y.C. and J.M.; Writing-Original Draft Preparation, D.V. and J.M.Y.; Writing-Review & Editing, D.V.; Supervision, D.V.




Funding


This research was partially funded by the Engineering and Physical Sciences Research Council (EPSRC); grant reference number EP/P002544/2.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Nordisk, N. Available online: https://www.novonordisk.com/content/Denmark/HQ/www-novonordisk-com/en_gb/home/media/news-details.2226662.html (accessed on 17 December 2018).

	



Vllasaliu, D.; Shubber, S.; Fowler, R.; Garnett, M.; Alexander, C.; Stolnik, S. Epithelial toxicity of alkylglycoside surfactants. J. Pharm. Sci. 2013, 102, 114–125. [Google Scholar] [CrossRef] [PubMed]

	



Anselmo, A.C.; Gokarn, Y.; Mitragotri, S. Non-invasive delivery strategies for biologics. Nat. Rev. Drug Discov. 2018, 18, 19–40. [Google Scholar] [CrossRef] [PubMed]

	



Therapeutics, R. Available online: https://www.ranitherapeutics.com (accessed on 17 December 2018).

	



Vllasaliu, D.; Alexander, C.; Garnett, M.; Eaton, M.; Stolnik, S. Fc-mediated transport of nanoparticles across airway epithelial cell layers. J. Control. Release 2012, 158, 479–486. [Google Scholar] [CrossRef] [PubMed]

	



Kim, K.S.; Suzuki, K.; Cho, H.; Youn, Y.S.; Bae, Y.H. Oral Nanoparticles Exhibit Specific High-Efficiency Intestinal Uptake and Lymphatic Transport. ACS Nano 2018, 12, 8893–8900. [Google Scholar] [CrossRef] [PubMed]

	



Pridgen, E.M.; Alexis, F.; Farokhzad, O.C. Polymeric nanoparticle drug delivery technologies for oral delivery applications. Expert. Opin. Drug Deliv. 2015, 12, 1459–1473. [Google Scholar] [CrossRef] [PubMed]

	



Lajoie, J.M.; Shusta, E.V. Targeting receptor-mediated transport for delivery of biologics across the blood-brain barrier. Annu. Rev. Pharmacol. Toxicol. 2015, 55, 613–631. [Google Scholar] [CrossRef]

	



Lam, F.C.; Morton, S.W.; Wyckoff, J.; Han, T.L.; Hwang, M.K.; Maffa, A.; Balkanska-Sinclair, E.; Yaffe, M.B.; Floyd, S.R.; Hammond, R.T. Enhanced efficacy of combined temozolomide and bromodomain inhibitor therapy for gliomas using targeted nanoparticles. Nat. Commun. 2018, 9, 1991. [Google Scholar] [CrossRef]

	



Uchida, Y.; Ohtsuki, S.; Katsukura, Y.; Ikeda, C.; Suzuki, T.; Kamiie, J.; Terasaki, T. Quantitative targeted absolute proteomics of human blood-brain barrier transporters and receptors. J. Neurochem. 2011, 117, 333–345. [Google Scholar] [CrossRef]

	



Banerjee, D.; Flanagan, P.R.; Cluett, J.; Valberg, L.S. Transferrin receptors in the human gastrointestinal tract. Relationship to body iron stores. Gastroenterology 1986, 91, 861–869. [Google Scholar] [CrossRef]

	



Shen, Y.; Li, X.; Dong, D.; Zhang, B.; Xue, Y.; Shang, P. Transferrin receptor 1 in cancer: A new sight for cancer therapy. Am. J. Cancer Res. 2018, 8, 916–931. [Google Scholar]

	



Tirosh, B.; Khatib, N.; Barenholz, Y.; Nissan, A.; Rubinstein, A. Transferrin as a luminal target for negatively charged liposomes in the inflamed colonic mucosa. Mol. Pharm. 2009, 6, 1083–1091. [Google Scholar] [CrossRef] [PubMed]

	



Du, W.; Fan, Y.; Zheng, N.; He, B.; Yuan, L.; Zhang, H.; Wang, X.; Wang, J.; Zhang, X.; Zhang, Q. Transferrin receptor specific nanocarriers conjugated with functional 7peptide for oral drug delivery. Biomaterials 2013, 34, 794–806. [Google Scholar] [CrossRef] [PubMed]

	



Amet, N.; Wang, W.; Shen, W.C. Human growth hormone-transferrin fusion protein for oral delivery in hypophysectomized rats. J. Control. Release 2010, 141, 177–182. [Google Scholar] [CrossRef] [PubMed]

	



Shah, D.; Shen, W.C. Transcellular delivery of an insulin-transferrin conjugate in enterocyte-like Caco-2 cells. J. Pharm. Sci. 1996, 85, 1306–1311. [Google Scholar] [CrossRef] [PubMed]

	



Yang, D.; Liu, D.; Deng, H.; Zhang, J.; Qin, M.; Yuan, L.; Zou, X.; Shao, B.; Li, H.; Dai, W.; et al. Transferrin Functionization Elevates Transcytosis of Nanogranules across Epithelium by Triggering Polarity-Associated Transport Flow and Positive Cellular Feedback Loop. ACS Nano 2019, 13, 5058–5076. [Google Scholar] [CrossRef] [PubMed]

	



Ganugula, R.; Arora, M.; Guada, M.; Saini, P.; Kumar, M.N.R. Noncompetitive Active Transport Exploiting Intestinal Transferrin Receptors for Oral Delivery of Proteins by Tunable Nanoplatform. ACS Macro Lett. 2017, 6, 161–164. [Google Scholar] [CrossRef]

	



Pitek, A.S.; O’Connell, D.; Mahon, E.; Monopoli, M.P.; Bombelli, F.B.; Dawson, K.A. Transferrin coated nanoparticles: Study of the bionano interface in human plasma. PLoS ONE 2012, 7, e40685. [Google Scholar] [CrossRef]

	



Shi, Y.; Sun, X.; Zhang, L.; Sun, K.; Li, K.; Li, Y.; Zhang, Q. Fc-modified exenatide-loaded nanoparticles for oral delivery to improve hypoglycemic effects in mice. Sci. Rep. 2018, 8, 726. [Google Scholar] [CrossRef]

	



Pridgen, E.M.; Alexis, F.; Kuo, T.T.; Levy-Nissenbaum, E.; Karnik, R.; Blumberg, R.S.; Langer, L.; Farokhzad, O.C. Transepithelial transport of Fc-targeted nanoparticles by the neonatal fc receptor for oral delivery. Sci. Transl. Med. 2013, 5, 213ra167. [Google Scholar] [CrossRef]

	



Bird, J.L.; Simpson, R.; Vllasaliu, D.; Goddard, A.D. Neurotensin receptor 1 facilitates intracellular and transepithelial delivery of macromolecules. Eur. J. Pharm. Biopharm. 2017, 119, 300–309. [Google Scholar] [CrossRef]

	



Hashem, L.; Swedrowska, M.; Vllasaliu, D. Intestinal uptake and transport of albumin nanoparticles: Potential for oral delivery. Nanomedicine (Lond.) 2018, 13, 1255–1265. [Google Scholar] [CrossRef] [PubMed]

	



Martins, J.P.; D’Auria, R.; Liu, D.; Fontana, F.; Ferreira, M.P.; Correia, A.; Kemell, M.; Moslova, K.; Makila, K.; Salonen, J.; et al. Engineered Multifunctional Albumin-Decorated Porous Silicon Nanoparticles for FcRn Translocation of Insulin. Small 2018, 14, e1800462. [Google Scholar] [CrossRef] [PubMed]

	



Qian, Z.M.; Li, H.; Sun, H.; Ho, K. Targeted drug delivery via the transferrin receptor-mediated endocytosis pathway. Pharmacol. Rev. 2002, 54, 561–587. [Google Scholar] [CrossRef] [PubMed]

	



Lim, C.J.; Norouziyan, F.; Shen, W.C. Accumulation of transferrin in Caco-2 cells: A possible mechanism of intestinal transferrin absorption. J. Control. Release 2007, 122, 393–398. [Google Scholar] [CrossRef] [PubMed]

	



Fowler, R.; Vllasaliu, D.; Falcone, F.H.; Garnett, M.; Smith, B.; Horsley, H.; Alexander, C.; Stolnik, S. Uptake and transport of B12-conjugated nanoparticles in airway epithelium. J. Control. Release 2013, 172, 374–381. [Google Scholar] [CrossRef]

	



Song, Y.; Shi, Y.; Zhang, L.; Hu, H.; Zhang, C.; Yin, M.; Chu, L.; Yan, X.; Zhao, M.; Zhang, X.; et al. Synthesis of CSK-DEX-PLGA Nanoparticles for the Oral Delivery of Exenatide to Improve Its Mucus Penetration and Intestinal Absorption. Mol. Pharm. 2019, 16, 518–532. [Google Scholar] [CrossRef] [PubMed]

	



Chang, J.; Paillard, A.; Passirani, C.; Morille, M.; Benoit, J.P.; Betbeder, D.; Garcion, E. Transferrin adsorption onto PLGA nanoparticles governs their interaction with biological systems from blood circulation to brain cancer cells. Pharm. Res. 2012, 29, 1495–1505. [Google Scholar] [CrossRef]

	



Bannunah, A.M.; Vllasaliu, D.; Lord, J.; Stolnik, S. Mechanisms of nanoparticle internalization and transport across an intestinal epithelial cell model: Effect of size and surface charge. Mol. Pharm. 2014, 11, 4363–4373. [Google Scholar] [CrossRef]








[image: Pharmaceutics 11 00298 g001 550]





Figure 1. Transferrin transcytosis pathway as a potential route for intestinal delivery of nanomedicines. 
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Figure 2. Hydrodynamic size of bare nanoparticles (NP) and transferrin-adsorbed systems (Tf-NP). Size was characterised by dynamic light scattering (DLS), with systems suspended in Hank’s Balanced Salt Solution (HBSS). Measurements were done at scattering angle θ = 173 and at a temperature of 25 °C. Data shown as mean ± SD. Each measurement was an average of 12 repetitions of 10 s each and repeated three times. ** denotes p < 0.01. 
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Figure 3. Uptake of transferrin-adsorbed nanoparticles (‘Tf-NP’) and bare nanoparticles (NP) by Caco-2 cells cultured on multiwell plates. Tf-NP were applied to cells at 40 μg/mL alone or just after application of 10 μg/mL soluble Tf (‘Tf-NP + Tf’). Cells were incubated with the samples at 37 °C for two hours. Cell internalisation was measured following permeabilization with Triton X-100 (1% v/v in Hank’s Balanced Salt Solution), centrifugation and measurement of nanoparticle fluorescence. Data shown as the mean ± SD (n = 3). ** and * denote p < 0.01 and p < 0.05, respectively. 
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Figure 4. Uptake of transferrin-adsorbed nanoparticles (‘Tf-NP’) and bare nanoparticles (NP) by Caco-2 cells cultured as differentiated monolayers. Tf-NP were applied to the apical side of Caco-2 monolayers at 40 μg/mL in Hank’s Balanced Salt Solution (HBSS) as biological buffer. Cells were incubated with the samples at 37 °C for two hours. Cells were permeabilised via the application of 100 μL of Triton X-100 (1% v/v in HBSS). Nanoparticles were quantified by fluorescence. Data presented as the mean ± SD (n = 3). *** denotes p < 0.001 
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Figure 5. Transport of transferrin-adsorbed nanoparticles (‘Tf-NP’) and bare nanoparticles (NP) across differentiated Caco-2 cells (cultured on inserts for three weeks). Tf-NP were applied to the apical side of Caco-2 monolayers at 40 μg/mL in Hank’s Balanced Salt Solution (HBSS) as biological buffer. Cells were incubated with the samples at 37 °C for two hours, during which sampling from the basolateral compartment was carried out periodically. Data presented as the mean ± SD (n = 3). * denotes p < 0.05. 
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