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Abstract

Decades of research into the topic of oral nanoparticle (NP) delivery has still not provided a clear 

consensus regarding which properties produce an effective oral drug delivery system. The surface 

properties—charge and bioadhesiveness— as well as in vitro and in vivo correlation, seem to 

generate the greatest number of disagreements within the field. Herein we propose a mechanism 

underlying the in vivo behavior of NPs, which bridges the gaps between these disagreements. The 

mechanism relies on the idea of biocoating – the coating of NPs with mucus – which alters their 

surface properties, and ultimately their systemic uptake. Utilizing this mechanism, several coated 

NPs were tested in-vitro, ex-vivo and in-vivo, and biocoating was found to affect NPs size, zeta-

potential, mucosal diffusion coefficient, the extent of aggregation, and in-vivo/in-vitro/ex-vivo 

correlation. Based on these results, low molecular weight (MW) poly-lactic acid (PLA) exhibited 

a 21-fold increase in mucosal diffusion coefficient after precoating as compared to un-coated 

particles, as well as 20% less aggregation, and about 30% uptake to the blood in-vivo. These 

discoveries suggest that biocoating reduces negative NP charge which results in an enhanced 

mucosal diffusion rate, increased gastrointestinal retention time and high systemic uptake.

Graphical abstract
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1 Introduction

Oral drug delivery is the most convenient and preferred route of administration. However, 

this route of administration is not feasible for many biologics due to their high 

molecular weight (MW) and susceptibility to enzymatic degradation in the stomach and 

gastrointestinal (GI) tract. In addition, many biologics often display low penetration through 

the GI tissue. The GI tract is the main absorbent of materials into the body and its mucus is 

considered the main barrier for penetration. It creates a hydrophobic adhesive barrier, which 

is mainly attributed to its structure and lipid content, specifically phospholipids [1–3] and 

glycoproteins [4]. The GI mucus is comprised of two layers: a firmly adherent unstirred 

mucus layer adjacent to the epithelial lining, and a layer contiguous with-it containing a 

less viscous, loosely adherent mucus right above. The loosely adherent layer is >90% of the 

full thickness of the GI mucosal layer [5]. Scanning electron microscopy (SEM) imaging 

of mucus revealed a fibrous mesh structure with pores of up to 500 nm in diameter (while 

others claim 200 nm [6]) posing a physical barrier hindering and/or entrapping materials [7].

One way our group and others have tried to overcome the low bioavailability of 

pharmaceutical agents is to use polymer nanoparticles (NPs) as drug delivery vehicles [8–

13]. The hydrophilicity/hydrophobicity, charge, size, stiffness, and degree of bioadhesion 

of polymeric NPs are key factors in defining their interaction with the mucus barrier and 

subsequently their ability to penetrate it [13, 14]. Other scientists reported that polymeric 

NPs can be found in the blood post oral administration, which suggest that these NPs can 

diffuse through the mucosal layers at a faster rate than the GI mucosal rate of clearance [15, 

16]. However, knowing which properties affect the ability of NPs to penetrate mucus does 

not always translate into knowing how those properties affect the uptake. For instance, some 

studies have shown that NPs coated with polyethylene-glycol (PEG - a charge neutralizing 

non-bioadhesive polymer) have significantly higher diffusion rates in mucin than non-coated 

NPs [17, 18]. Additionally, they also report that uncoated bioadhesive NPs can become 

entrapped in the mucin [19]. This can indicate that non-bioadhesive neutral charge is 

important for mucosal penetration and delivery. However, this group did not investigate 

the cellular or systemic uptake of the two types of particles. Interestingly, other groups have 

found that while mucin precoated PEG NPs have a slower mucin diffusion rate they also 

result in much higher cellular endocytosis [20]. Several models (in vitro and in vivo) have 

been developed to predict the GI penetrative efficacy of polymeric NPs [14, 19, 21–25].
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From a broad literature review into this issue, we have found contradicting results when 

looking into the effects that surface charge and bioadhesion force have on the efficacy 

of NPs as drug delivery systems. Studies have shown that NPs whose charges have been 

neutralized with PEG coatings exhibit significantly higher diffusion rates through mucin 

than uncoated NPs [17, 18]. Conversely, Griffiths et al. [26] use DLS measurements to 

investigate mucins interaction with NPs and show that “negatively charged and hydrophilic 

nanoparticles do not exhibit interactions with mucins whereas positively charged and 

hydrophobic nanoparticles show strong interactions”. Even negatively charged gold NPs 

(initial ZP −40 mV) have demonstrated cellular uptake, and coating them with mucins 

increased their endocytosis by 250% [20]. Moreover, various papers have reported the 

enhanced uptake of positively charged NPs (e.g., chitosan) [27–29] as well as negatively 

charged NPs [6, 30, 31].

Our own research has demonstrated that the highest uptake was achieved with 

negatively charged hydrophobic NPs. This was first demonstrated with negatively charged 

polyanhydride NPs through in vivo studies which measured the systemic bioavailability of 

delivered drugs [8]. Additionally, we determined that negatively charged polystyrene (PS) 

particles’ main mechanism of cellular uptake was endocytosis with about 45% uptake post 

oral or isolated loop administration [13]. These results add to the contradictions in the 

field, especially in relation to NP charge and bioadhesion. For example, studies have shown 

that bioadhesive NPs become entrapped in mucus [19] which would seem to indicate poor 

bioavalibility. However, these studies do not investigate the in vivo effects of bioadhesion, 

whereas our group demonstrated the beneficial results of utilizing bioadhesive materials 

for oral drug delivery. For example, when polymethylmethacrylate (PMMA, negatively 

charged) NPs were coated with the bioadhesive polymer poly-butadiene-maleic anhydride-

co-L-DOPA (PBMAD also negatively charged), its total systemic uptake increased from 6% 

to 66% [12]. Additional experiments were conducted with negatively charged bioadhesive 

polymers where direct bioavailability measurements were reported [32–39].

There could be several reasons why there is not a clear consensus regarding the optimal 

charge and bioadhesiveness required for NPs used for oral drug delivery. The reasons could 

be different experimental designs, different models used to simulate in vivo environments, 

and different methods used to verify uptake. In this paper, we try to provide an explanation 

for some of the mentioned contradictions. Specifically, our aim is to utilize a theory of 

charge neutralizing mucin biocoating to address the following controversies:

What charge is beneficial for oral drug delivery? Some say NPs need to be near neutral, 

others claim NPs need to have a net positive charge (e.g. chitosan NPs, positive bioadhesive 

polymers), while others claim they need to be negative (e.g., gold NPs, negative bioadhesive 

polymers). Another topic we aim to address regarding the surface properties of NPs is 

bioadhesion. Is bioadhesion beneficial or not? Some have claimed that bioadhesive NPs “get 

stuck” in the mucosa and can’t diffuse further, while others claim that bioadhesive NPs reach 

systemic circulation.
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2 Materials and Methods

Polylactic acid (PLA, 8 kDa), poly lactic-co-glycolic acid (PLGA) (50:50) 6 and 10 kDa, 

PLGA (65:35) 6 kDa, and PLGA- ester end group (75:25, 8 kDa) were donated by Takeda 

Pharmaceuticals. Polystyrene (PS) 2.5, 45, and 125–250 kDa, PMMA (75 kDa), PLA 18 

kDa, polychromatic red PS (PCRPS, 540 nm diameter), and polyethylene glycol (PEG)-

PLGA were purchased from Polysciences Inc. Poly fumaric acid sebacic acid (P(FA:SA) 

20:80) 20:80 14.5 kDa and PBMAD (15–18 kDa) were synthesized as described previously 

[8, 40, 41]. Dichloromethane (DCM), petroleum ether (PE), ethanol, polytetrafluoroethylene 

(PTFE) membrane (0.22 μm pore size, by Flouropore™), Drierite (regular 8 mesh), heparin, 

KBr, span-80, polyvinyl alcohol (PVA), polydimethylsiloxane (PDMS), phosphate-buffered 

saline (PBS) were purchased from Fisher-Scientific. Mucin from porcine stomach Type II 

was purchased from Sigma-Aldrich and simulated intestinal fluid (SIF) without pancreatin, 

USP XXII formulation from RICCA chemical company (Arlington TX, USA).

2.1 Preparation of Polymeric NPs

Polymeric NPs were prepared via the Phase Inversion Nano-encapsulation (PIN) method 

[42] to produce small NPs (<400 nm) and the solvent evaporation (SE) method [43] to 

produce bigger NPs (>1000 nm). Briefly, in the PIN method, polymers were dissolved in 

DCM with or without colloidal gold (except for PBMAD where ethanol was used), at a 

concentration of 1.5% weight per volume (w/v). Next, the DCM solution was added to an 

excess of PE at a ratio of 1:100, respectively. NPs were collected using a hydrophobic PTFE 

filter (average yield >75%). In the SE method, 3 g of PS was dissolved in 15 mL of DCM 

with 0.1% span-80. Then it was added drop-wisely to a 250 mL solution of 1% PVA and 

0.75 mL of 1-Octanol while mixed at 10,000 RPM for 1 min. The mixture was then added to 

an additional 250 mL of 0.5% (w/v) PVA while stirred at 2000 RPM for 60 min. Finally, PS 

particles were collected via centrifugation (three washing cycles using DI water).

2.2 Ex Vivo Detection and Quantification of Polymeric NPs Absorbed Rats’ GI

Albino, Sprague-Dawley (SD) rats fasted for 24 h before sacrifice. Once sacrificed, the 

anterior abdomen was shaved, and an incision was made along the sternum followed 

by harvesting of the small intestine. The small intestine was divided into the duodenum, 

jejunum, and ileum sections (1:2:2 ratios respectively). To ensure proper removal of fecal 

matter residues, each section was rinsed gently with approximately 3–4 mL of PBS. Then 

each section was bisected, splayed, and cut into 4 cm sections. To investigate the effect 

of the loose mucus on polymeric NPs absorption, half of the sections (2 cm each) had 

their loose mucus removed gently before exposure while the other half was intact. Next, 

the 2 cm tissue sections were pinned to PDMS blocks and exposed for 1 h to 15 mg of 

polymeric NPs dispersed in 200 μL of 0.01 M PBS (while covered to minimize water loss) 

or just PBS solution (for control). After exposure, sections were rinsed with 3 mL of PBS 

solution to flush unabsorbed NPs and their mucous layer was collected. Then, samples were 

placed in scintillation vials, flash-frozen, and lyophilized for FTIR analysis. The polymer 

concentration in the collected mucus was determined by diluting the dry mucus with water 

and centrifuging at 10000 g for 8 min. Next, the supernatant was analyzed showing no traces 
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of the polymers. The pellet portion was flash frozen and lyophilized, then weighed and 

analyzed by FTIR.

2.3 In Vivo Detection and Quantification of Polymeric NPs Absorbed in Rats’ GI and 
Internal Organs

In vivo isolated loop (IL) experiments were performed as described by Reineke et al. [12]. 

Briefly, SD rats have first fasted for 24h before surgery. Then, rats were anesthetized, and 

their anterior abdomen was shaved and opened through an incision along the sternum. While 

under anesthesia, a region of approximately 40 cm proximally from the cecum (jejunum-

ileum region) was selected for an IL. A knot was tightly placed at one end followed by a 

second knot (≈10 cm proximally from the first knot) which was placed loosely. Then, 100 

mg/mL of polymeric NPs in PBS were injected gently into the IL and the upper knot was 

tightened. After 5 h, rats were euthanized, and their ILs and other organs (liver, kidney, 

heart) were harvested. The ILs were rinsed with 3 mL of PBS. In addition, near the IL, 

another section was harvested to serve as control tissue. ILs were cut open through an axial 

incision and the loose mucus was removed and collected. The loose mucus and samples 

were collected in pre-weighed vials, flash-frozen, and lyophilized. After lyophilization, each 

sample’s dry mass was recorded. The loose mucus was analyzed as described above for the 

ex vivo experiments.

2.4 In Vivo Detection and Quantification of Polymeric NPs in Rats’ Blood using FTIR

These experiments were conducted as described in supplemental section S2, the detection 

and quantification section, with the following additions. First, zero-time point blood samples 

were withdrawn via the tail vein to serve as the control. Blood samples were also taken 1, 2, 

3, 4, and 5 h post-exposure to the NPs, and were left at room temperature for 20 min before 

being centrifuged at 4°C, 2000g for 18 min. The supernatant (serum) was carefully separated 

from the erythrocyte pellet, flash-frozen, and lyophilized. Note that the ILs showed no 

visible polymeric particles, and they were deflated. In all repetitions (n=8), PLA 8 kDa 

(PLA8) was not detected in the collected washouts, nor in any of the blood sample time 

points except for the 5 h time point. Thus, all blood sample results presented herein are 

of the 5 h time points. A control experiment was performed to further validate the FTIR 

method. Here, instead of using polymeric NPs, 1 mL of PBS was injected into the rats’ IL. 

Samples were then taken after 1 and 5 hours to test whether any changes showed up in the 

spectrographs due to the IL experiment. The two spectrographs were identical indicating that 

changes in the spectrograph are attributed to polymers’ presence. It should be noted that in 

preliminary experiments where we analyzed whole blood or erythrocyte only samples, PLA8 

wasn’t detected. This was attributed to erythrocytes masking effect on other biomolecules 

[44, 45].

Lastly, since the ratio of dry serum mass to whole blood volume of rats was not available 

from the literature, it was measured in the following manner. The whole rat’s blood was 

collected and divided into 5 vials, each containing 1 mL of whole blood. The serum 

was separated (using a centrifuge as described above), flash-frozen, and lyophilized in 

pre-weighed vials. After lyophilization, the dry serum mass was weighed. It was found that 

the ratio of dry serum mass per 1 mL of whole blood for SD rats is 42±7 mg.
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2.5 FTIR sample preparation and Analysis

Following lyophilization (GI tissue or serum samples), samples were kept in a desiccator. 

A similar FTIR approach to the one described above for the GI tissue was applied for 

the detection of NPs in serum. More specifically, the peak at 1650 cm−1 was used as the 

serum-specific peak as it is unique to the serum while for PLA8, three peaks were assessed 

at 1750 cm−1, 1188 cm−1, and 1084 cm−1. Calibration curves were constructed for each peak 

ratio by two methods (see Figure S14). Next, 5h in vivo IL experiments were performed 

using PLA8 NPs. Figure 12 presents the spectra obtained for pure PLA8, pure serum, and a 

5h serum of a rat administered with 91 mg PLA8 NPs (see all rats’ spectra in Figure S15, 

n=8). For the full explanation of the methodology used to develop the FTIR detection and 

quantification methods, refer to section S2, specifically Figures S1–S9 and Figures S12–14.

As can be seen in the magnified area of Figure 12 (and in Figure S12 for the other rats), 

PLA8 was detected by the increase in the peak/shoulder at 1750 cm−1 (as well as the other 

two peaks). It is important to note that the Isolated Loop experiment did not alter the FTIR 

spectrums taken from control animals. Drierite is used to limit exposure to moisture until 

analyzed. Using an agate mortar and pestle, samples were ground to a fine homogeneous 

powder. Then, 1.0±0.05 mg of the ground sample was combined with 99.0±0.05 mg of 

FTIR-grade KBr and pressed into a pellet (10 metric Tons for 15 min). Before the pellet 

scans, a background scan was conducted. Absorption spectra were recorded over 32 scans 

from 400–4000 cm−1 in 1 cm−1 steps. Using Spectrum 10™ software, each spectrum was 

rubber-band baseline corrected and normalized for blood analysis using the amide peak at 

1650 cm−1 (as it was always the highest peak both in GI and blood spectra). The calibration 

curve samples (0.5–50% mass), control unexposed GI tissue, control unexposed serum and 

pure polymer spectra were also obtained in the same manner.

2.6 Size and Zeta Potential Measurements

Polymeric NPs diameter and zeta potential (ZP) were determined using Zetaview® Nano 

Particle Tracking Analyzer (NTA, model PMX110, ParticleMetrix). Briefly, the instrument 

was first calibrated using ParticleMetrix 102 nm diameter NPs standard. Then, the NPs were 

suspended in DI water or 0.1% mucus solution, injected, and analyzed with ZetaView® 

software.

2.7 NPs characterization in mucous – Diffusion and clusters measurements

For both measurements, time-lapse confocal images were performed on PC red PS (PCR-

PS) NPs (540 nm) with and without mucin coating. Briefly, 0.02% of PCR-PS NPs were 

dispersed in DI water or 0.1% mucin solution for 5 min before use. Then, 20 μL of PCR-PS 

dispersion was added to 200 μL of 5% mucous solution (similar to GI mucosal layer) 

on a microscope slide and covered with micro cover glass and sealed with nail polish to 

avoid dehydration and convection. Each sample was imaged >10 times at different locations 

(minimum of 600 NPs per measurement) using Olympus FV3000 Confocal Microscope. 

Then, images were contrast-enhanced, smooth, sharpened, and made binary for the ImageJ 

analysis. Clusters were defined as particle aggregates containing at least four particles. 

The diffusion coefficient with and without mucins biocoating was analyzed using multiple 
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ParticleTracker plugin for ImageJ [46] while cluster analysis was performed using ImageJ 

the Particle Analysis function.

2.8 Statistical analysis

Statistical analysis was performed on the data. Repeated experimental results were averaged 

and presented with their respective standard deviations (SD). All experiments were repeated 

at least 3 times, see figure legends for specific numbers. Where relevant, the results were 

analyzed by Shapiro–Wilk test and then compared via student t-test. The obtained p-values 

are specified on relevant figures. All calculations were performed in Microsoft Excel 

software.

3 Results and Discussion

Throughout the years our research has primarily focused on developing better bioadhesive 

and bio-compatible polymers which will improve oral drug bioavailability. We found that 

PS – a non bio-compatible and bio-degradable polymer – demonstrated surprisingly high 

systemic uptake and moderately high bioadhesion. Our goal was to to understand the mode 

by wich PS NPs exhibited such positive results and replicate those properties with a bio-

degradable polymer. To this end, the entry of PS particles through the absorptive epithelium 

of the proximal jejunum was investigated in rats by transmission electron microscopy 

(TEM). We then customized a Fourier transform infrared spectroscopy (FTIR) method that 

is practical, efficient, cost-effective, and available to many labs to better evaluate our results. 

Using these – and other - techniques, we investigated bio-degradable polymer NPs for 

viability as possible drug delivery systems.

3.1 The absorption of PS NPs in Gi tissue by TEM

Most scientists who investigated the passage of polymer-based particles across the lumen of 

the small intestine have focused on the microfold, or membranous (M) cells located within 

the Peyer’s patches of the non-absorptive epithelium. We decided to administer NPs in situ, 

to the proximal jejunum, which does not contain (M) cells, for intervals of 5 min and 30 

min. After administration, particles with a diameter of 0.2, 0.5, and 1 μm were identified 

within the cytoplasm of absorptive cells (enterocytes) by TEM (S21–S22 and S24–S29 in 

the supplemental section). This confirmation greatly increases the potential surface area 

of the small intestine which can facilitate particle entry (for more detailed information 

regarding the TEM experiments, see section S3). Figures S23, S26 and S27 show PS NPs 

with a diameter ranging from 200 to 2000 nm, where the NPs located in the lumen seem to 

be coated with what we assume to be mucus. To assess whether other polymers can also be 

coated in vivo, we also tested PLA 8 kDa (PLA8) NPs, for full details see section S1.2 in 

the Supplements. The TEM results of these experiments show that the bio-degradable PLA8 

NPs can also be coated with mucus in vivo. See figures S30 and S31. Therefore, we set out 

to assess the possible implications of mucus coating (termed biocoating) on the oral efficacy 

of various polymeric NPs.
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3.2 Detecting and quantifying Polymeric NPs in GI Tissue Ex Vivo

To analyze the possible effects of mucin biocoating, we needed a simple method to detect 

and perhaps quantify polymer content in biological samples. To this end, several polymeric 

(PS, PLA8, PLGA, P(FA:SA) 20:80, and PBMAD) NPs were used to assess whether 

they could be detected in GI tissues, with and without mucus, using FTIR. All tested NP 

diameters were 300–400 nm. Figure 1 presents the FTIR spectrograhs obtained for PS NPs 

(blue line), pure duodenum control (black line), and extracted duodenum tissue exposed 

(with and without mucus, left, and right figures respectively, red line) to PS NPs for 1h ex 
vivo. The remaining tested polymers’ spectra and their respective analyses are presented in 

the supplementary information (SI) section (Figures S1–S5).

As can be seen in Figure 1, several peaks were clearly detected in the pure PS spectrum 

which were not detected in the control duodenum spectrum: at 540, 698, and 758 (C-H 

bending vibration), 1030, 1375, 1493, 1601, 1804, 1872, 1944, 3002, 3026 (C-H ring 

vibration), and 3588 cm−1 (aromatic stretching vibration). The duodenum exposed to PS 

NPs ex vivo (with and without mucus) contained several bonds present both in pure PS 

and pure duodenum spectra. However, there were subtle differences detected in the exposed 

duodenum samples compared to the unexposed control duodenum. The 698 cm−1 peak 

corresponds to aromatic C-H bond deformations that are characteristic of PS while the peak 

at 3002 cm−1 corresponds to absorptions from the aromatic C–H stretching vibrations. These 

peaks were detected (magnified boxes in Figure 1) in the exposed tissue samples indicating 

PS NPs penetration to the duodenum. In summary, even though there are several distinct PS 

peaks, not all of them can be used for PS detection in the duodenum. But several peaks, 

unique for PS were detected in the exposed samples, which are good indicators of PS 

presence. The same approach was applied to test whether PLA8, PLGA, P(FA:SA) 20:80, 

and PBMAD NPs (Figures S2–S5) could be detected in exposed duodenum tissue with and 

without mucus. All tested polymeric NPs were detectable in exposed duodenum with or 

without mucus.

To quantify NP uptake, we relied on Be’er-Lambert law [47]. The protocol for sample 

preparation was developed based on the suggestion in Baker et al. [44]. This approach has 

been used before for the detection and quantification of specific components in biological 

specimens such as the skin, liver, release of Nigella sativa oil, and chorioamnion membrane 

[48–51]. Our customized FTIR method is practical, efficient, cost-effective, and available 

to many labs. The method was initially utilized to quantify PS NP content in exposed GI 

tissue. The quantification of PS was based on the observed ratio of the specific PS 698 cm−1 

peak to the specific GI tissue 1545 cm−1 peak. Both peaks do not overlap, and by increasing 

the concentration of PS in dry GI tissues one can get linear calibration curves (see relevant 

spectra and calibration curve in Figures S1,6,7). This calibration curve was then used to 

quantify the penetration of PS NPs through the mucosal layer in the small intestine.

3.3 Effects of Particles Size and Small Intestine Region on GI Uptake Ex-Vivo and In-vivo

Two types of PS particles were used to assess the effects of NP size on each small intestine 

region (duodenum, jejunum, and ileum). These include the bigger particles from PS solvent 

evaporation (SE) - with an average diameter of 1541±151 nm (Fig. 2G), and the previously 
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mentioned smaller PIN PS NPs with 310±100 nm (i.e., smaller particles, Fig. 2H). Both PS 

NPs had similar polydispersity. The FTIR-based method was used to detect and quantify the 

ex-vivo and in-vivo presence of these NPs in mucus and penetration into the underlining GI 

tissue section (Fig. 2A–D).

‘Small’ PS NPs were found ex-vivo in mucus 6.4-folds more than the ‘big’ PS NPs, while 

on the underlining duodenum ‘big’ NPs were found 2.3-folds more (Fig. 2A). However, 

‘big’ NPs were detected in higher quantities both in mucus and underlining jejunum (Fig. 

2B) 8.7-folds and 5.1-folds, respectively. As for the ileum segment (Fig. 2C), no statistically 

significant difference was found between big and small PS NPs. In summary, the duodenum 

and jejunum (170±38 μm and 123±4 μm [52] respectively) exhibited greater mass-wise 

penetration of the big PS NPs, while absorption of big and small particles was similar in the 

ileum (which has the thickest mucous layer, 480±47 μm [52]).

As for the in vivo results (Fig. 2D) in the jejunal section, ‘small’ PS NPs mass penetration 

to jejunum was 2.7-folds greater than ‘big’ NPs while the latter was found ≈13-folds more 

in mucous. NPs were not detected in the IL’s lumen at the end of the experiment. NPs 

administered in vivo into an IL may end up in the IL’s lumen, GI tissue, or internally (liver, 

blood, etc.). Thus, not detecting NPs in the lumen and in small quantities in the GI tissue, 

suggests that most of the NPs were distributed in the body.

When we further analyzed the effect of mucosal thickness on ‘big’ and ‘small’ NPs GI 

uptake (Fig. 2E–F) we noticed that when the mucosal layer is >200 μm, ‘small’ NPs reach a 

maximal mass concentration in mucous while their tissue penetration increases with mucosal 

thickness. On the contrary, ‘big’ NPs reach maximal tissue penetration when the mucosal 

thickness is >200 μm while their mucous concentration keeps increasing with mucosal 

thickness. One would expect that the thinner the mucus layer is, the more NPs would be able 

to penetrate it. These unexpected results may be explained by the unique structure of the 

small intestine’s mucus. While the stomach and colon have relatively well-defined mucus 

layers, in the small intestine the mucus is discontinuous and less well-defined. Therefore, 

the tips of the intestine’s microvilli are not completely covered with mucus [53]. These gaps 

could allow for bigger particles to penetrate the mucosal layer into the underlying tissue.

Intuitively, one would expect smaller NPs to penetrate more as was observed for various 

trans-membrane/tissue such as transdermal [54], trans-tympanic [55], transbuccal[56], trans-

chorioamnion [57], and transnasal [58]. However, like our results, a study by Lai et al[17], 

found that 100 nm NPs were slower to diffuse in mucous compared to bigger NPs. In 

addition, Maisel et al.[59] found that mucoadhesive particles with varying sizes exhibit no 

significant difference in colorectal penetration while non-mucoadhesive particles showed 

a decreased penetration as particle size increased (note, PS is considered moderately 

mucoadhesive). However, bear in mind that the presented uptake is mass-wise. Since 

the same polymer (PS) was used (meaning same density), we can use the ratio of their 

respective volumes (which is equivalent to mass when multiplied by density) to the number 

of NPs. The radii ratio is about 5-folds meaning the volume ratio is ≈125-folds (it is 

proportional to R3). Hence, there are ≈125-fold smaller NP which means that—in terms of 

number of particles—the smaller NPs penetrated significantly more than the bigger NPs. 
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Considering the intestine gaps, even a few gaps entrapping bigger particles would have a 

great effect on their mass uptake compared to a small one (one big particle weighs 125 

times more than small particles). Note that this section of the IL (jejunum) used did not 

contain visible Peyer’s patches which are known to enable absorption of larger particles 

(1–10 μm)[13, 15, 60, 61]. In these tests, we discovered that even larger particles (<2 μm) 

can be taken up compared to the previously reported particle size limit (<1 μm) [62].

An additional explanation for this observation (i.e., particles 3 times larger than the observed 

mucous pore size ≈500 nm [17] reach intestinal tissues) may relate to particles interactions 

with the mucosal mesh. Since PS NPs is chemically inert to mucins (no covalent bonds 

are formed), they can only interact via noncovalent interactions. Previously it was found 

that the noncovalent interaction force a microscopic particle exerts is about 100 nN [63]. 

Sotres et al. measured the Young’s modulus of the small intestine mucosa to be between 

11 to 200 Pa [64]. Therefore, a microscopic (around 1 μm) particle would need to exert a 

force of 0.05–1 nN to stretch the mucous pores three times their original size. Therefore, it 

is very feasible that NPs can exert enough force to stretch and increase the pores diameter 

of the mucosal mesh. Moreover, Sotres et al. have also reported that reducing the medium 

pH from 7.4 to 2 resulted in a 4.7-fold increase in Young’s modulus of the small intestine 

[64]. Since the ileum (and despite the ileum having the thickest mucosal layer) is at pH≈7 

and the duodenum is at pH≈4, its mucosal layer would be the easiest to stretch. This may 

further explain why the ileum had the highest absorption of NPs (big and small) in its 

mucosal layer. Nevertheless, the variations between ex vivo and in vivo results could also be 

attributed to active transport. Previously our group and others have shown that endocythosis 

plays a crucial part in systemic uptake of NPs within the ileum as well,[12, 13, 34, 38, 65]. 

Bioadhesion, electrostatic interactions, and endocytosis all stem from surface interactions. 

Therefore, the lumen’s mucins bio-coating certainly affect NPs oral uptake as postulated 

above.

As opposed to the ex vivo results, the in vivo results presented in Figure 2D show higher 

mass absorption (2.7-folds) into the small intestine for the smaller PS NPs compared to 

the bigger particles. As for the mucus entrapment, more of the bigger PS particles were 

entrapped than smaller PS NPs (≈13-folds). These results were further corroborated by TEM 

imaging comparing the in vivo uptake of PS NPs of different sizes. Based on the TEM PS 

particles between 200–1000 nm were shown to participate in endocytosis, see supplements 

section S3 Figures S21 to S27 (lower particle size (200 micron) correlated with more visible 

particles within endocytic). Particles larger than 1 μm were not detected within enterocytes 

of the proximal jejunum and were instead shown to adhere to microvilli and the mucosal 

layers.

3.4 Effect of Mucins Biocoating on Particles Surface Properties

The surface properties of NPs are extremely important, and are often used as predictors 

for successful GI uptake. However, contradictions exist as to which properties result in 

efficient delivery systems. For example, there are many conflicting reports about the desired 

surface charge—estimated via zeta potential measurements. For example, negatively charged 

NPs might experience electrostatic repulsion from the overall negative surface charge of 
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mucins (-7.7 mV for 0.1% w/v). On the other hand, Kas et al.,[66] have suggested that 

highly positively charged (i.e., chitosan NPs) particles bind tightly to the negatively charged 

regions of mucins, thus hindering their movement within the mucus. Other in vivo studies 

demonstrated that negatively charged PS NPs can penetrate the mucosal barrier into the 

underlying GI tissue [8, 12, 13, 17, 38, 62, 67, 68]. Moreover, Bannunah et al. [69] 

reported that positively charged NPs (50 nm and 100 nm) are taken up better than negatively 

charged NP shown in Caco-2 cells (also post oral delivery [70]). Interestingly, many in 

the field know that several studies suggested that coating negatively charged particles with 

PEG neutralized their charge and increased their in vitro diffusion rate in mucin [16, 

17, 26, 71]. Additionally, Li et al [72] found that proteins with certain positive/negative 

configurations were able to more effectively penetrate a mucin barrier than those proteins 

with a single charge alone. Overall, the literature in the field suggests that both positive, 

negative, and even neutral surface charge are all beneficial—and detrimental—for oral drug 

delivery. Another controversial surface property that is highly related to surface charge, is 

bioadhesion. The most important question we aimed to address was why the results obtained 

by our group and others [8, 12, 13] indicate that bioadhesive polymers increase systemic 

uptake, while other studies claim that bioadhesiveness immobilizes NPs in the mucosal layer 

[17].

To address these contradicting reports, we hypothesize that mucus biocoating — a 

constantly overlooked in vivo step — could be the answer. In essence, if mucin biocoating 

affects the surface properties (i.e., surface charge) of NPs, then their surface charge, 

measured in a medium without mucin would be an incorrect in-vivo representation of these 

NPs. Therefore, we set out to test if and how low concentration of mucins (mimicking GI 

lumen content) affects the surface charge and size of NPs. Moreover, comparing both the 

hydrodynamic diameter and the zeta (ƺ) potential (ZP) of polymeric NPs in DI water and a 

low concentration of mucin (0.1%) can indicate how mucin-NP interaction alters the surface 

properties of those NPs, as shown previously with silica NPs [26]. In addition, it may serve 

to further corroborate our TEM observation of mucins biocoating of NPs.

Therefore, polymeric NPs with different properties (bioadhesive, biodegradable, and 

biocompatible) were manufactured using the PIN method [42]. The size and surface charge 

of these NPs were measured in DI water and 0.1% mucin solution (Figures 4 and 5, 

respectively).

The results in Figure 4 illustrate that most of the tested polymeric NPs show an increase in 

their hydrodynamic diameter in mucin solution compared to DI water. Since these polymers 

are not known to swell in aquatic solutions (excluding PEG-PLGA), the increase in diameter 

suggests that mucin biocoats the NPs. More specifically, PBMAD NPs exhibited the greatest 

increase in size (3-folds) while P(FA:SA) 20:80 and PEG-PLGA (50:50) did not exhibit 

any statistically significant change in their diameter. This might be because NPs with PEG 

create a water interface that hinders surface interaction with mucin [17]. As for P(FA:SA) 

20:80, it could be because it undergoes rapid hydrolysis in water [73]. This increase in size 

post-exposure to mucins (0.025%) was observed to be even more intense with positively 

charged silica NPs, increasing from 40 nm to almost 1000 nm [26, 74]. Suggesting that 

mucins interact with negative, positive, and hydrophobic NPs. Our results, and others [75], 
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further support our TEM observation that mucus can biocoat NPs in the GI (Figures S30–

31).

The results presented in Figure 5 show that all the tested polymers had a negative surface 

charge in DI water, ranging from −17 to −53 mV, while in 0.1% mucin solution their charge 

was significantly reduced to the range of −7.7 to −16 mV (note that neat 0.1% mucin had 

−7.3 mV charge). This would indicate that mucin-NP interaction and biocoating “masks” 

the innate charge of the polymers, bringing them closer to neutral. PS alongside P(FA:SA) 

20:80 NPs had the least negative surface charge in mucin. The results of PS NPs could 

be attributed to reduced electrostatic repulsion to mucins as suggested previously by Cone 

et al. [16]. PLGA with different end groups (acid vs. ester end group) and PEGylated 

PLGA exhibited a substantial reduction in their surface charge. Though P(FA:SA) 20:80 

NPs size didn’t change, its surface charge did change drastically (−53 to −8 mV) indicating 

P(FA:SA) 20:80 does interact strongly with mucin. It should be noted that no correlation 

was found between the size increase of NPs and their respective surface charge decrease. 

Both observations of an increase in NP size and reduced surface charge further support our 

claim that mucins coat NPs.

The chemistry of a polymer, and its functional groups, are the sole determinants of NP 

charge in non in vivo models (such as their charge in pure water). However, their effective 

in-vivo surface charge in the GI is governed by mucin-biocoating, which is dependant 

on a NPs’ electrostatic (or hydrophobic) charge. Biocoating is attributed to mucin’s 

glycoprotein’s various molecular interactions such as hydrogen bonding and electrostatic 

interactions with a flexible array of alternating hydrophilic/hydrophobic regions [21, 66], 

explaining why it can practically interact with positive, negative, and hydrophobic NPs. This 

interaction could be specifically attributed to the complex structure of mucins which have 

both positive and negative moieties (from their protein section which is 50–90% of their 

total MW [5] and distributed charge [76]). Thus, in vitro or ex vivo assessments of particle 

surface charge should be done in the presence of a low concentration of mucins to better 

mimic and predict in vivo efficacy, not only for oral delivery but for any mucosal barrier 

(e.g., vaginal, pulmonary, buccal, etc.)

3.5 Biocoating effects on polymeric NPs in mucous

After we have established that mucin biocoating affects the in-vivo surface properties of 

polymeric NPs, we hypothesized that mucin biocoating would also affect a NP diffusion 

in mucus. We evaluated the effect of biocoating on the mucosal diffusion coefficient of 

NPs and their cluster formation in mucus. To test the effects of biocoating on diffusion we 

used PCR-PS and PS 125–250 kDa NPs (hydrophobic interactions), PLA8 NPs (electrostatic 

interactions), and PMMA NPs (mild to no interactions). Briefly, NPs were first dispersed in 

DI water (i.e., unbiocoated) or 0.1% mucins solution (i.e., biocoated) before introducing it 

into the 5% mucin gel (mimicking mucosal barrier composition [77]). Then, we measured 

the mucosal diffusion coefficient (i.e., Dm) of biocoated and unbiocoated NPs. Note, 

PS 125–250 kDa NPs were also used to assess the effect of polymer MW. From ZP 

measurements we found that the fluorescent PCRPS NPs (500 nm) were less negatively 
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charged compared to PS 125–250 NPs. The diffusion experimental results are presented in 

Table 1.

As can be seen from Table 1, the Dm of non-coated PCRPS NPs was originally 

6.8±2.9x10−8 cm2/s. Post mucin biocoating the PCRPS NPs had a mucosal diffusion 

coefficient 1.3-fold greater than the control. PS 125–250 with mucin biocoating had its 

Dm increase 5.2-folds to 1.1±0.4x10−7 cm2/s compared to the non-biocoated variant. PMMA 

NP’s Dm in 5% mucous solution was unaffected by mucins biocoating (1.9±0.2x10−10 cm2/s 

vs. 1.8±0.2x10−10 cm2/s). PLA8 NPs exhibited the highest change in Dm after biocoating, 

with a 21.3-fold increase from 3.4±1.5x10−8 cm2/s to 7.3±0.12×10−7 cm2/s. It is also 

interesting to note that PLA8 and PS 125–250 NPs had similarly high surface charges in 

water (−48 and −49.5 mV respectively, Figure 4), post mucin biocoating (−12mV and −8 

mV respectively, Figure 4), and had the highest diffusion rates in 5% mucin. Therefore, 

we may conclude that mucins biocoating affects the diffusion rate of charged NPs only 

(PLA8 and PS 125–250 vs. PMMA NPs). Moreover, when looking into PS NP diffusion, as 

compared to PCRPS diffusion, the PS NPs have a 3-fold lower in vitro diffusion rate in DI 

water. However, when comparing the two in the 5% mucin solution (more indicative of an 

in vivo environment), PS NPs have a slightly higher diffusion rate. This demonstrates the 

importance of assessing NP properties in the presence of mucin.

While analyzing the diffusion experiments, it was evident that clusters of NPs had formed 

(excluded from calculations for all samples). This is to be expected since mucin biocoating 

affects the charge of NPs and it is well-known that surface charge affects the stability of 

suspensions [26]. Understanding cluster formation is important for GI uptake since clusters 

diffuse slower (and may even “get stuck”). On the other hand, clusters may result in a 

decreased burst release (which is a major limitation for drug delivery vehicles [73, 74, 

78]). Moreover, NP aggregation was found to affect the fate, persistence, toxicity, and 

cellular uptake of NPs [71]. Therefore, we quantified the cluster formation of biocoated and 

uncoated NPs (Figure 6). Clusters were defined as aggregates larger than four times the 

diameter of the respective NPs.

The results show that biocoated PLA8 NPs had 20% fewer aggregates in 5% mucin 

compared to unbiocoated NPs. Biocoated PCRPS NPs exhibited 20% more clusters 

compared to unbiocoated NPs in a 5% mucin. Surprisingly, both PS 125–250 and PMMA 

NPs cluster formation was not affected by mucin biocoating. This effect may also be used 

to explain differences in efficacies of NPs in in-vitro vs. in-vivo experiments. Based on the 

observations of the effects that mucin biocoating has on NP mucosal diffusion, we believe 

that future studies analyzing in vitro oral NP delivery systems need to take into account 

mucin biocoating when designing and analyzing the efficacy of of oral delivery NPs.

3.6 Detection and Quantification of NPs in Blood

Having shown the possible benefits of mucin biocoating on NP delivery systems (i.e., 

enhanced diffusion & fewer aggregates), we set out to analyze their affects on systemic 

uptake (i.e., traversing the GI barrier). For systemic uptake to occur, NPs need to diffuse 

through the mucosal layer faster than the GI mucosal clearance rate [16]. Bioadhesive 

particles have been suggested to improve residence time and uptake. However, their 

Mathiowitz et al. Page 14

Small. Author manuscript; available in PMC 2023 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



oral delivery efficacy was controversial. Some have reported that bioadhesive NPs would 

get trapped in the mucosal layer and subsequently be cleared [17]. On the other hand, 

Reineke et al. reported that the total systemic uptake of PMMA NPs coated with the 

highly bioadhesive PBMAD increased from 6% to 66% [13]. In addition the bioavailability 

of the encapsulated active pharmaceutical ingredient (API) (e.g., insulin and dicumarol 

[8, 18]) was also shown to improve when delivered with bioadhesive polymers. Since 

many bioadhesive NPs have high negative ZP (due to their multiple carboxylic groups), 

it was hypothesized that negative charge may also predict bioadhesiveness. However, no 

correlation was found between bioadhesiveness and ZP in DI water nor 0.1% mucins 

solution (see Figure S11). Nevertheless, we hypothesized that a particle with a high surface 

charge (|ZP|>40 mV in water and nearly neutralized after mucin biocoating) and enhanced 

bioadhesion force would be beneficial for oral delivery. We postulate that the combined 

effect of enhanced mucosal diffusion and retention time would provide NPs with sufficient 

time and velocity to diffuse through the mucousal layer and reach systemic uptake. We had 

already evaluated several polymer NPs in the past, and knew that PMMA NPs have low 

uptake [12] while PS NPs have high uptake [13], and as such we decided to evaluate PLA8 

as a biodegradable alternative to PS in-vivo. PLA8 was chosen with the mentioned criteria 

in mind: ZP reduction from −48 to −12 mV with ~1800 mN/cm2 bioadhesive force. PLA8 

NPs also exhibited the highest increase in Dm and decrease in cluster formation after mucins 

biocoating. Moreover, PLA is biodegradable and biocompatible, Unlike PMMA and PS, 

thus more relevant to oral drug delivery. Accordingly, the FTIR-based method was further 

customized to detect and quantify PLA8 content in blood. Table 2 presents the calculated 

bioavailability (BA) of PLA8 NPs after in vivo IL experiments (for all rats, n=8).

First, it should be noted that PLA8 wasn’t detected in whole blood or the erythrocyte 

portion. This was expected as it was previously reported that spectra obtained with 

erythrocytes may mask the spectra of other biomolecules [44, 45]. However, we were able 

to detect PLA8 in the serum portion of blood samples taken after 5h. PLA8 NPs were 

not detected in earlier time point samples. PLA8 NPs exhibited impressive bioavailability 

(BA) (except for rat #2) of over 30% (35±6.9%). Moreover, PLA8 NPs were also detected 

in the liver, lungs, and spleen (SI section 2.7 and Fig. S15). The relatively high negative 

charge in DI water of PLA8 (−48 mV) is attributed to its low molecular weight (MW) 

resulting in a higher percentage of acid end groups exposed on the NP surface. In addition, 

it may also explain why PLA8 possesses a relatively high bioadhesive force, resembling 

P(FASA) (see Figure S11). This similarity might relate to their interactions with mucin. 

Mucins, which are the main ingredient of mucus, are fibers with long glycosylated and 

highly hydrophilic domains, separated by hydrophobic regions, creating a flexible array 

of alternating hydrophilic and hydrophobic regions as well as hydrogen bonding with 

the surface of nanospheres [22]. Thus, PS NPs may interact with mucin via hydrophobic 

interactions while PLA8 and PBMAD do so via electrostatic interactions. These results 

could be further explained with the following recent study. Lamson et al. found that silica 

NPs <200 nm with a negative charge of −40 to −60 mV induced tight junction openings in 

Caco-2 cells (the first line predominant cells in the GI) [79]. Interestingly, they also reported 

achieving ≈30% bioavailability for insulin using their negative silica NPs. Additionally, 

silica also possesses enhanced bioadhesion as was shown herein [80]. Our and Lamson et al. 
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results support the hypothesis that a particle with a high surface charge (|ZP|>40 mV) and 

significant bioadhesion force would be beneficial for oral delivery.

3.7 Extended Discussion and Proposed Mechanism on the Effects of Mucins Biocoating

Interestingly, we found several reports in the literature where NPs with near-neutral surface 

charge exhibited enhanced oral uptake, albeit explained differently. For example, studies 

using PEGylation of negatively charged NPs claim that it renders them ‘mucus-inert’ thus 

creating mucus penetrating particles (MPPs) [17]. In these studies, when the particles 

reached ‘almost neutral surface charge’, they were defined to have “sufficient” PEG-coating 

[17, 19, 59, 81, 82]. In addition, Liu et al used N-(2-hydroxypropyl) methacrylamide 

copolymer (pHPMA) derivative to coat positively charged chitosan NPs which increased 

their uptake [83]. They showed that pHPMA coating neutralized the surface charge of 

chitosan NPs from +30 mV to a slightly negative charge of −3.35 mV [83]. Based on these 

reports and our results, we propose a general explanation to these observations. We argue 

that the type of interaction (hydrophobic/electrostatic) of NPs with mucins is less important 

than their effective surface charge post mucins exposure. Nearly neutral precoated NPs (e.g., 

PEG, pHPMA, etc.) will not be affected by mucins biocoating. Thus, mucins do not affect 

their in-vivo mucosal diffusion properties. However, charged NPs—negatively and positively

—are shown to be affected by lumen’s mucins, effectively reducing their surface charge. In 

turn, this effective surface charge post biocoating is the determining factor of their in-vivo 
mucosal properties.

Next, we aimed to provide theoretical calculations regarding the proposed general 

mechanism to elucidate the effects of mucins biocoating and bioadhesion on the oral 

delivery of polymeric NPs. For successful oral uptake, NPs need to diffuse through the 

mucosal layer faster than the GI mucosal clearence rate [16], thus an adequate balance 

between residence time and diffusion rate is required. Bioadhesion is one approach used to 

increase residence time in the GI [32–39, 78, 84]. The importance of residence time could be 

demonstrated via equation 1 describing the mean squared displacement of a particle:

< x2 > = 4 · Dm·t Equation 1

where <x2> is the mean-square displacement and t is time and Dm is the diffusion 

coefficient. As a result, one can calculate the theoretical minimal diffusion coefficient 

required for a NP to diffuse through the mucosal layer.

For example, the average residence time in the small intestine of rodents is 2.6–3.3 h and 

the thickness of their jejunal mucosal layer is ≈120 μm (encompassing 90% of their small 

intestine) [85]. Therefore, based on these properties and equation 1, it could be calculated 

that a Dm of 2.5–3.0×10−9 cm2/s should suffice to diffuse across rodents’ mucosal layer. 

The same calculation could be applied to the human small intestine where the residence 

is 3.1–8 h for fasted and 3–6 h for fed humans [86]. Human mucosal jejunum thickness 

ranges from 300 to 400 μm[87]. Thus, for humans, the Dm should be in the range of 3.7–

13.9×10−9 cm2/s. These values are like the calculated values for rodents, suggesting that 

rodents are a good animal model for evaluating GI uptake. Interestingly, both PS and PLA8 

NPs which exhibited significant systemic uptake in rats have a greater Dm—post mucins 
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biocoating—than theoretically required (Dm=1.1±0.4×10−07 cm2/s and Dm=7.3±0.12×10−7 

cm2/s, respectively) NPs. This indicates that simply measuring the diffusion coefficient in 

mucus post mucins biocoating is a good in vitro model and predictor of successful oral 

uptake of polymeric NPs. On the other hand, the pig’s mucosal layer of the small intestine 

is merely 26–31 μm[88] while the residence time in their small intestine ranges vastly from 

2 to 33 days[89, 90]. Even if we assume only 50h of residence time in pig’s intestines, the 

calculated required Dm to diffuse its mucosal layer would be 9.4–12.5×10−12 cm2/s. This 

value is two to three orders of magnitude smaller (and even more so if we assume 33 days) 

than the required value for humans and rodents. It means that even a “slow” NP with a Dm 

value lower than 3.7–13.9×10−9 cm2/s would still perform well in pig’s intestines. Hence, 

pigs are not a good animal model for evaluating oral delivery systems. Nevertheless, other 

animal models should be considered for other evaluations. For example, dogs and humans 

have similar stomach morphology; pigs and humans have similar colon morphology; the 

intestinal microflora of rabbits is similar to humans[91]. In conclusion, these calculations 

further emphasize the importance of measuring the correct Dm of NPs (i.e., post mucins 

biocoating). In addition, since the mucous layer is considered a membrane, the mucus 

permeability coefficient (Pm) is better suited to describe penetration through a membrane. 

Pm can be used to quantify the rate at which a molecule crosses a membrane (e.g., mucous). 

Pm is defined in equation 2:

Pm = Dm*Kp
ℎ Equation 2

where Kp is the partitioning coefficient between the medium and mucosal layer, and h is 

the mucosal thickness. As can be seen from equation 2, a lower Kp directly affects the 

permeability through a membrane. Since bioadhesion measures the affinity of a material 

to the mucosal layer, bioadhesion correlates with Kp. Therefore, high bioadhesion may 

potentially increase the number of NPs that adsorb to the mucosal membrane. Since 

bioadhesion increases the residence time (t) and partitioning into the mucosal membrane 

(Kp) but can get aggregated/stuck in the mucosal layer [19], bioadhesives (e.g., PBMAD) are 

better used as coating and not as the core material. However, degradable bioadhesives such 

as P(FA:SA) 20:80 NPs (as shown with insulin [38]) could be used as core polymers since 

their diameter decreases in the GI which in turn increases its diffusion.

Therefore, NPs with low bioadhesion may inherently be limited in their oral uptake. For 

example, even though inert NPs (e.g., PEGylated) have increased Dm, it may not be 

sufficient for successful GI uptake due to its inertness, suggesting low Kp. If materials 

cannot absorb to the mucosal membrane in sufficient amounts, then its uptake will be limited 

by its reduced absorption into mucus and not by its Dm. In summary, we propose the 

following steps in NPs GI uptake (chronologically): NPs biocoating (affecting NPs size and 

ZP), absorption to the mucosal layer (governed by bioadhesion force), diffusion through the 

mucosal layer (affected by NPs ZP), and GI epithelial cells uptake (see discussion in SI 

Section 2.4 about optimal NPs size, shape, and stiffness for Caco-2 cells). Thus, NPs ZP 

should be slightly negative (near-neutral) post biocoating (for improved Dm) with relatively 

good affinity (Kp) to mucous for effective GI uptake.
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Lastly, regarding the mucosal layer thickness, age and gender should also be considered. 

For example, Trbojević-Stanković et al. [87] found that the mucosal layer thickness changes 

with age and gender, from jejunal mucosal layer thickness of 280 vs 420 μm for adult males 

and females to 220 and 260 μm for elderly males and females, respectively.

Particle size is not the only parameter to affect uptake in cells. For example, Win and 

Feng [92] showed that PLGA NPs coated with PVA or vitamin E TPGS increased uptake 

into Caco-2 cells 4–6 folds compared to naked PS NPs with a similar diameter (≈200 

nm). Another factor is particle stiffness. A recent review by Anselmo and Mitragotri found 

mixed results regarding the effect of particle stiffness, though most of the studies claim 

that “harder” particles are being taken up more than “softer” particles [93]. However, the 

stiffness evaluated in these studies ranged from 1.3 kPa to 1·107 kPa, thus making softer and 

harder particles—relative terms. For example, one ex vivo study used a 4300 kPa particle 

as the “soft” particle compared to the harder particle with 1·107 kPa. On the other hand, 

another ex vivo study used 1.3 kPa and 15 kPa as soft and hard particles. Therefore, soft 

and hard terminology is relative which makes it hard to come to a decisive conclusion 

whether “harder” or “softer” particles result in higher uptake. The stiffness of PS NPs was 

investigated by Guo et al. [94] where the stiffness of PS NPs was shown to increase as the 

particle size decreased (from 2 to 8 GPa for the 1000 and 50 nm, respectively). This change 

could explain some of the conflicting reports where larger particles (< 1 μm) were absorbed 

into the GI ex vivo more than smaller particles [17, 92]. Interestingly, Guo et al. found that 

50 nm penetrated Caco-2 cells the least (6%), while 100, 200, and 500 nm PS NPs were 

taken up 2-folds more. The results of Guo et al. [94] and Win and Feng [92] were combined 

in Figure S10 to gain further insights. In summary, we suggest that harder/softer terminology 

should not be used. Instead, stating the specific stiffness with enhanced uptake for a specific 

cell culture/tissue should be used. For Caco-2 cells which are more relevant for oral drug 

delivery, the optimal stiffness seems to be 3–7 GPa (with a particle size of 200–600 nm).

4 Conclusion

In this research project, we focused on a key step in oral drug delivery, which we 

termed mucus biocoating, which affects NP size, surface charge, diffusion coefficient, 

aggregation, and ultimately their oral uptake potency. Mucus biocoating occurs naturally 

when mucoadhesive particles enter the lumen of the samall intestine in vivo, forming a 

mucus corona around the NPs. Mucus biocoating was validated directly (visually via TEM), 

and indirectly via its effects on polymeric NPs properties such as their: effective surface 

charge, size, diffusion, and clusters formation in mucus. We found biocoating with mucin 

reduces (and for some neutralizes) the surface charge of NPs, increases their hydrodynamic 

size (due to mucin coating), and may increase their diffusion coefficient and decrease their 

cluster formation. We therefore advise that surface charge of NPs should be measured after 

exposure to a low concentration of mucins in ex-vivo and in-vitro experiments, to better 

simulate the in-vivo envioroment. Based on these results and published literature, we were 

able to propose a pathway for NP diffusion through the mucosal layer and ultimate uptake 

via endocytosis. The pathway consists of these stages: biocoating (primarily by mucus), 

absorption to the mucosal layer (extent determined by Kp), diffusion through it, and lastly 

GI cell uptake. We were able to create negatively charged NPs which show an increased 

Mathiowitz et al. Page 18

Small. Author manuscript; available in PMC 2023 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



diffusion rate post mucin coating (x21 increase in Dm) by using a low MW PLA (Mw 

8 kDa). These NPs achieved over 30% uptake in the isolated loop in-vivo experiments, 

suggesting that low MW polysters with acid end groups possess a higher potential for oral 

drug delivery. Our group had previously utilized polystyrene NPs as model delivery systems 

due to their stability and high uptake capabilities, but these results show that low MW PLA 

(Mw 8 kDa) could serve as a viable bio-degradable alternative for future experiments.

Moreover, we have shown that taking mucus biocoating into account may explain various 

controversies in the field. Specifically, the controversies surrounding what surface charge is 

better for oral drug delivery; whether bioadhesion is beneficial or detrimental to oral drug 

delivery; and why non-in vivo oral delivery models poorly correlate with in vivo models. 

In terms of preferred charge, we show that both negatively and positively charged NPs 

could be potent oral drug delivery carriers, in addition to neutral NPs. In theory, a neutral 

charge seems to be preffered, however, achieving this neutral charge could be achieved via 

precoating (e.g., PEGylation) or with mucin biocoating of charged NPs. In addition, our 

theory explains the contraversies regarding in-vivo bioadhesive particle aggregation within 

the mucosal layer. We show that aggregation is likely to occur when charged bioadhesive 

particles are coated together, as is the case in most in-vivo environments - resulting in 

lower diffusion rates and uptake. However, we also show that individual pre-coating of 

said particles greatly reduces aggregation, increasing their diffusion coefficients in mucin 

solutions, and potentially improving their uptake efficacy. Moreover, we have shown through 

our calculations a possible additional advantage of bioadhesion which is an increased Kp. 

Lastly, we show that in vitro/ex vivo correlation to in vivo results could be greatly improved 

by taking biocoating into account, thus hopefully reducing the number of animals used. 

Based on theoretical calculations and the physiological properties of rodents, pigs, and 

humans, we were able to determine a suitable animal model for oral delivery. The results of 

these calculations show that NP diffusion through the rodents’ GI mucosal layer is similar to 

that of humans. Pigs are not suitable models due to their thinner GI mucosal layer and longer 

GI residence time, which could result in misleadingly high uptake results.

Our research found that size and surface charge play an important role in determining NP 

uptake via the oral route. We propose a theory of charge neutralizing mucus biocoating 

which helps explain some of the controversies in the field and shows how charged 

bioadhesive NPs can be used as viable oral drug delivery systems. Thus, we believe that 

this work can greatly increase the number and diversity of polymers chosen for oral drug 

delivery systems.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1 - 
FTIR spectra of pure PS NPs (light blue), pure unexposed duodenum (black), and exposed 

duodenum ex vivo to PS NPs (red) for 1h. The left image’s tissue was with mucus while 

the right image shows tissue where the mucus was removed before exposure. Each spectrum 

was baseline corrected before analysis. Spectra were generated over 32 scans from 400–

4000 cm−1 with 1 cm−1 steps.

Mathiowitz et al. Page 24

Small. Author manuscript; available in PMC 2023 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2: 
‘Big’ and ‘small’ PS NPs penetration into GI segments and the respective mucus of rats 

post 1h exposure in vitro; (A-C) Duodenum, Jejunum, and Ileum, respectively; (D) in vivo 

penetration into jejunum and mucus of rats post 5h exposure. ‘Small’ (E) and ‘big’ (F) PS 

NPs entrapment post 1h ex vivo in mucous (triangles) and its underlying tissue (circles) vs. 

mucous thickness. G-H SEM micrographs of ‘big’ and ‘small’ PS NPs, respectively. Values 

represent means (n≥3) ± SD (* p value<0.05).
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Figure 3: 
Transmission electron micrographs revealing 2000 nm polystyrene particles within the 

lumen five minutes after receiving a slurry of the particles. The right panel reveals a single 

2 μm bead adhering to the microvilli. The magnification (from left to right) is 3,000Å~ and 

12,000Å~, respectively, and the scale bars measure 4 μm and 1 μm in length, respectively. 

Please take note of the dark corona surrounding the beads (indicated by the white arrows) 

which we believe to be mucus biocoating.
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Figure 4: 
Hydrodynamic diameter (volumetric average) measurements of different polymeric NPs in 

0.1% mucin (red bars) and DI water (blue bars). Mean (n≥3) ± SD (* p< 0.1; ** p< 0.05; 

*** p < 0.005, **** p < 0.0005).
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Figure 5: 
ZP measurements of different polymeric NPs in 0.1% mucin (red bars) and DI water (blue 

bars). Mean (n≥3) ± SD (* p< 0.1; ** p< 0.05; *** p < 0.005, **** p < 0.0005).
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Figure 6: 
Detected clusters of polymeric (PLA8, PCR-PS, PS 125–250 and PMMA) NPs in 5% mucin 

solution. Top panels show the clusters detected when the NPs were first dispersed in DI 

water while bottom panels show the clusters detected when the NPs were first dispersed in 

0.1% mucin solution.
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Table 1:

In vitro diffusion coefficient (Dm) of mucin biocoated and unbiocoated PMMA, PCRPS, PS 125–250 kDa, and 

PLA8 polymeric NPs in a 5% mucous gel.

Polymer Type Dm in 5% Mucin non-biocoated (cm2/s)
Dm in 5% mucin, biocoated with 0.1% Mucins 

(cm2/s)
Enhancement (folds)

PMMA 1.9±0.2×10−10 1.8±0.2×10−10 0.9

PCRPS 6.8±2.9×10−08 8.8±3.4×10−08 1.3

PS 125–250 2.2±0.5×10−08 1.1±0.4×10−07 5.2

PLA8 3.4±1.5×10−08 7.3±0.1×10−07 21.3
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Table 2:

Rats’ gender, weight, and PLA8 NP bioavailability (BA) post 5h in vivo ILs as calculated by calibration 

methods #1 (subtraction) and #2 (division). F/M - Female/Male rat.

Rat Weight (g) PLA8 
Dosage (mg)

Blood 
volume 
(mL)

Dry serum 
mass (mg)**

Method #1 – Subtraction 
average

Method #2 – Division 
average

% in serum BA (%) % in serum BA (%)

#1-F 367 91 20.9 878±152 3.7±1.6 36±16 5.3±3.4 51±33

#2-F 270 77 15.4 646±112 NA NA NA NA

#3-M 450 67 25.7 1077±186 2.6±0.9 42±14 2.6±1.5 43±25

#4-M 510 75 29.1 1221±211 2.1±0.9 35±14 2.1±1.5 34±24

#5-M 766 85 26.0* 1094±189 6.6±1.2 85±16 3.5±0.5 45±7

#6-M 580 167 33.1 1388±240 2.6±1.3 22±11 2.1±1.4 18±12

#7-M 433 147 24.7 1036±179 5.0±1.6 35±11 3.0±1.7 21±12

#8-M 541 145 30.8 1294±224 2.0±0.6 17±6 1.8±0.9 16±8
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