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1. Abstract

The development of mucoadhesive materials is of great interest and is also a major challenge.
Being adsorption sites, mucosae are suitable targets for drug delivery, but as defensive barriers
they are complex biological surfaces to interact with, mainly due to their protective mucus layer.
As such, first- and second-generation mucoadhesives focused on material-mucus interactions,
whereas the third generation of mucoadhesives introduced structural motifs that are able to
interact with the cells beneath the mucus layer. The combination of different prerequisites (water
solubility, soft gel formation at body temperature and able to interact with the mucus) in a single
molecule is easily achieved using elastin-like recombinamers (ELRs) given their multiple block
design. Moreover, we have been able to introduce a short amino-acid sequence known as T7 that
is able to bind to transferrin receptors in the epithelial cell layer. The T7 sequence enhances the
cell-binding properties of the mucoadhesive ELR (MELR), as demonstrated using a Caco-2

epithelial cell model. In vivo experiments confirmed the mucoadhesive properties found in vitro.
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2. Introduction
Since the first report concerning the use of a mucoadhesive [1], the development of bioadhesive

polymers for use as drug-delivery systems has received significant attention [2, 3], due to the
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intrinsic properties of bioadhesive devices, namely: localization of the dosage form in adsorption
tissues, close contact with the absorbing surface avoiding leakage of the drug, and, an extended
residence time, which allows a more continuous and homogeneous dosage, thereby improving

patient compliance [4].

Mucoadhesion is a specific type of bioadhesion in which at least one of the surfaces is a mucosa
[5]. Mucosa is a multilayered tissue that covers the outer surface of organs that are in contact with
the exterior. It plays a very important homeostatic role as it serves as both a door for the uptake
of substances of interest and as a defense barrier against undesired substances and microorganisms
[6]. To facilitate this defense/barrier function, goblet cells secrete mucus on the apical side of the
epithelium forming a continuous protective layer. Mucus is a natural hydrogel mainly comprising
water, salts, lipids, defense proteins and mucin [7], being the latter responsible for the viscous,

gel-like behavior of mucus [8].

First-generation mucoadhesives focused on their ability to interact and adhere to mucus.
Mucoadhesion is a very complex process that is yet to be fully understood [9]. Several theories
have been elaborated in order to explain why a material is mucoadhesive or not [10], but none of
these theories alone can explain the complete mechanism as to why a material is mucoadhesive.
Instead, mucoadhesion is described as a set of different stages, each of them characterized using
different techniques [11-15]. A second generation of mucoadhesives, still exclusively focused on
the interaction of the material with mucus, was produced by enriching materials with mucus-

interacting moieties, such as cysteines [16, 17], or bacteria-derived moieties [18].

The third generation of mucoadhesives extended the ability of the mucoadhesive to interact with
the underlying cell layer in addition to the mucus layer, thereby extending the residence time [19].
Such interactions can be specific [20] or non-specific, such as bacterial [21] and non-
immunogenic plant-derived lectins [22, 23]. Their major drawback is their non-specifically
binding to other carbohydrates present in the mucus, thereby decreasing their efficiency. Another
important issue to be assessed is the fact that, besides the flushing effect of food/drink and the

inherent dilution effect of the mucoadhesion process (the mucoadhesive dilutes as it defuses into
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the mucus), the physical properties that allow a material being mucoadhesive should be

maintained [24, 25].

The transmembrane transferrin-receptor (TfR) is a potential luminal target as it is present
throughout the gastrointestinal tract [26-30]. The T7 peptide, a seven amino-acid sequence
peptide that has been proven to efficiently and selectively bind to the TfR [31-33] but does not
interfere the endocytosis pathway itself [34], is one of them. Physiologically relevant intestinal
epithelial cell models are needed in order to characterize cell-material interactions. Of the various
intestinal endothelial models, human adenocarcinoma Caco-2 cells are particularly suitable [35]
as, when cultured under specific and well-established conditions [36], they spontaneously
differentiate, expressing several morphological and biochemical characteristics of small intestinal
enterocytes [37], including the TfR [38]. The last stage in the characterization of a mucoadhesive
material is its performance in the most realistic and adverse environment, namely in vivo, where
rats are frequently used as the in vivo model for mucoadhesive tests [39, 40]. Enteral
administration offers many advantages as it permits a time- and dose-controlled administration of

non-sterile substances.

Recombinant proteinaceous materials have on-demand properties, easily tailored by their amino
acid composition. Among them, elastin-like recombinamers (ELRS) are suitable candidates for
the development of new applications. ELRS sequence is inspired by the elastomeric domains of
natural tropoelastin, and is based on the repetition of the pentapeptide (VPGXG), where X is the
guest amino acid residue and can be any natural amino acid except proline. This pentapeptide
exhibits an inverse temperature transition (ITT) characterized by a transition temperature (T)
above which these pentapeptides become water-insoluble [41]. Their block design and
recombinant origin allows us to tailor their amino-acid sequence, charge, molecular weight and
structure, thus providing a single molecule with a combination of highly specific properties
required to achieve the desired goal [42], which are not found, simultaneously, in other materials.
Moreover, their proteinaceous origin permits their elimination via natural degradation pathways

without generating harmful side products. The correct combination of blocks leads to



thermoresponsive hydrogel-forming ELR, which permits their application in liquid state,
facilitating the intimate contact with the surface to adhere, while their hydrogel-forming capacity

provides increased mechanical properties.

In this work, we have rationally designed, developed, produced and characterized what, to the
best of our knowledge, is the first thermoresponsive hydrogel-forming ELR with mucoadhesive
properties. The ELR-mucus interaction has been extensively characterized in vitro, and Caco-2
cell model has been used to investigate the interaction between the T7-MELR and the intestinal
epithelial layer [43]. Thus, its enhanced cell-interaction properties via the TfR-binding sequence,
as well as the absence of cytotoxicity were assessed in vitro; while the mucoadhesive properties

of the designed ELR were assessed in vitro and confirmed in vivo in a rat model.

3. Materials and Methods

3.1. ELR biosynthesis, purification and characterization

The ELRs used in this work were obtained using genetic-engineering techniques and Escherichia
coli biosynthesis, as described previously [44]. All restriction and modification enzymes were
purchased from Fermentas. The T7 encoding sequence was synthetized by NZYTECH (Portugal)
and incorporated into the ELR sequence at the C’ terminus using the same genetic-engineering
techniques. The correctness of the ELR gene sequences was corroborated by gene sequencing
(external service, Cenyt Support System). Hereinafter the ELR lacking the T7 sequence will be

referred to as MELR (mucoadhesive ELR) and the T7-tagged MELR as T7-MELR.

3.2. Turbidimetry

Turbidity measurements were performed at a wavelength of 650 nm and a temperature of 37°C
in ultrapure water using a Varian Cary 50 UV-Visible Spectrophotometer, equipped with a single

cell Peltier device to control the temperature, as described previously [45].

For all three particle methods (turbidimetry, Z-potential and size distribution) a 2 mg/mL mucin

suspension in ultrapure water was prepared as described in section 3.2. The average mucin



concentration of the supernatant was evaluated by freeze-drying known volumes of suspension
(at least 8 samples from different preparations), giving an average mucin concentration of
1.71+0.09 mg/mL. An equal volume of different concentrated T7-MELR solutions ranging from
0.5 to 7 mg/mL ELR was added to this mucin suspension. Thus, the mucin suspension was kept

constant at 0.85 mg/mL while the ELR concentration ranged from 0.25 to 3.5 mg/mL.

3.3. Size and Z-Potential

Dynamic light scattering (DLS) measurements (size and Z-potential) were performed using a
Zetasizer nano ZSP (Malvern Instruments) equipped with a 10mW He—Ne laser at a wavelength

of 633 nm at 37°C. Samples were prepared as described for turbidity measurements.

Each experimental point was evaluated in three independent experiments, performing four
measurements each time. The values presented are the average of these measurements and the

error is the standard deviation (SD).

3.4. Differential scanning calorimetry (DSC)

DSC experiments were performed in a METTLER TOLEDO DSC 822 with liquid nitrogen
cooler. The temperature ramp was set from 0 to 80°C at 5°C/min with an initial isothermal stage
at 0°C for 5 min. For T7-MELR measurements, 20 pL of a 100 mg/mL solution was used, while
for mucin 20 pL of a 113 mg/mL solution was used, both in ultrapure water. Ultrapure water was
used as the reference. To assess the possible influence of mucin on the thermal properties of the
T7-MELR, 20 uL of a mixture of equal volumes of a 200 mg/mL solution of T7-MELR and a
226 mg/mL mucin suspension, both in ultrapure water, was analyzed. A 113 mg/mL mucin

solution was used as reference.

3.5. Rheological measurements and mechanical properties

Rheological measurements were performed using a TA Instruments AR2000ex rheometer
equipped with a Peltier plate for controlling the temperature, using a 40 mm flat geometry, 1 Hz
and 0.2% strain and depositing 600 pL of the sample. Temperature ramps were performed from

5to 37°C, at 4°C/min.



T7-MELR and mucin were dissolved at 100 and 113 mg/mL, respectively, in ultrapure water. The
T7-MELR plus mucin mixture was prepared by dissolving and mixing equal volumes of 200 and
226 mg/mL solutions of T7-MELR and mucin, respectively. A time course for determining
evolution of the mechanical properties of T7-MELR was performed. Thus, 100 mg/mL solutions
of T7-MELR in ultrapure water were incubated at 37°C under hermetic conditions and the
mechanical properties of the samples were measured after 3, 5, 7, 9 and 12 days at 37°C. The G’

and G’ values presented for each time point are the mean of three different samples.

3.6. Tensile measurements

Tensile measurements were performed using an Instrong Universal Testing Machine (MOD.
5.500R6025) equipped with a 0.5-50 N load head. For ELR and mucin samples, filter paper was
wetted with a 100 mg/mL solution of T7-MELR at 4°C or 113 mg/mL mucin in ultrapure water
and allowed to dry at 37°C. For tensile tests, a double-sided adhesive tape was used to keep

samples (3x3 cm) attached to the test plates.

Samples were hydrated with 200 pL of ultrapure water for 1 minute at room temperature, then
compressed (0.2 mm/min) up to 5 N of load [46], maintained during 2 minutes. The sample was
then detached at a constant speed of 0.01 mm/s [46, 47] while force and distance were recorded.

The values presented are the mean of at least five measurements and the error is the SD.

3.7.  Cell culture

Human epithelial colorectal adenocarcinoma cells (Caco-2) were purchased from ATCC
(ATCC® HTB-37), and basal medium, high glucose Dulbecco’s modified Eagle’s medium
(DMEM), fetal bovine serum (FBS), non-essential amino acids (NEAA), penicillin streptomycin
solution, trypsin-EDTA (Corning, Ref. 25-052-CV), phosphate-buffered saline (PBS) and
Dulbecco’s phosphate-buffered saline (DPBS), Trypan Blue stain 0.4%, Alexa Fluor 488
phalloidin, LIVE/DEAD® Viability/Cytotoxicity Kit, for mammalian cells, Alamar Blue® and
DAPI stain were supplied by Invitrogen. Holo-transferrin (HTT) was purchased from Sigma (Ref.

T0665). All cell culture plastic-ware and consumables were purchased from NUNC, except



inserts and 24-well plates (Transwell Permeable Supports, 6.5 mm Insert, 24-well plate, 0.4 pm

pore size polyester membrane, REF: 3470), which were purchased from Costar.

Caco-2 cells were cultured in DMEM supplemented with 10% FBS, penicillin (100 U/mL),
streptomycin (100 pg/mL) and 1% NEAA. The medium was replaced every two days and
maintained at 37 °C in a 5% CO> humidified environmental chamber. Cells were harvested with
Trypsin-EDTA enzymatic treatment at 80% confluence and cell counts were evaluated using a
standard Trypan Blue exclusion assay. Caco-2 cells passage 43-45 were utilized in all cell-culture

experiments.

3.7.1. Cell-binding assays

Intestinal epithelial interaction tests were carried out over differentiated Caco-2 cell monolayers.
Cell differentiation was carried out following the protocol described by Hubatasch et al. [36]. The
integrity of the cell monolayer was assessed by actin staining with phalloidin [48] (See Supporting
Information). Binding assays were performed as follows: after cell differentiation, cells were co-
incubated with FITC-modified MELR and T7-MELR (See Supporting Information) dissolved in
complete medium at 1 or 5 mg/mL for 30 or 120 minutes. The medium was then removed and the
samples washed three times with DPBS at 37°C. The adhered MELR or T7-MELR were
quantified using a microtiter plate reader by measuring the fluorescence associated with the FITC

(Ex. 490 nm, Em. 525 nm, Cutoff 515 nm).

3.7.2. Competitive binding assays

To determine non-specific binding, human HTf was used as T7-MELR competitor for TfR
binding. Briefly, after Caco-2 differentiation, cells were incubated with HTf (2 mg/mL, 25 uM)
dissolved in complete medium for 120 minutes, then the medium was removed and FITC-
modified T7-MELR and MELR (5 mg/mL, 43uM) with 2 mg/mL of HTf solution was incubated
for 120 min. Cells treated only with HTT and untreated cells were used as controls. Subsequently,
samples were washed three times with DPBS at 37°C in order to remove unbound ELR. T7-

MELR and MELR quantification was performed using a microtiter plate reader. Three



independent experiments were performed with at least three repetitions for each experimental

point.

3.8. Statistical analysis

The influence of ELRs on cell viability and the interaction efficacy with mucin, as well as in vitro
experimental results, were analyzed using a Student’s t-test analysis of variance for paired
samples, with a significance level (a) of 0.05. All treatment-related effects and measurements
were considered to be statistically significant if p was less than 0.05. All data were analyzed using

Sigma Plot 12 (Systat Software Inc.). *: p value of 0.05; **: p value of 0.01; ***: p value of 0.001.

3.9. Invivo experiments

The in vivo experimental protocol was approved by the University of Valladolid Ethics
Committee. The experiment was conducted in accordance with national guidelines for animal
care, as set out in RD 1201/2005, on the protection of animals used for experimental and other
scientific purposes, which transposes and implements European Directive 86/609/CEE. For the
in vivo assay, rats (Rattus norvegicus) weighing 250-300 g were provided by the University of

Valladolid animal facility.

A steel, round-ended gavage (Hardvardapparatus, ST2 34-0317 Dosing Cannula, 75 mm, 16 G,
Straight) coupled to a 1 mL syringe was used for enteral administration of 300 pL of a 100 mg/mL
solution of FITC-modified T7-MELR in PBS to rats fed ad libitum. The animals were then
randomly distributed into three groups, and sacrificed at 3, 5 and 7 hours post-administration. As
a negative control, 300 pL of PBS was administered to 3 rats, which were euthanized after 3
hours. Rats were euthanized with CO; and their gastrointestinal tract was extracted and divided
into seven different sections: stomach, small intestine (subdivided into 4 equal segments), gut and
large intestine. Each section was opened and the contents extracted and weighed. Samples, with
their luminal side exposed, were incubated in 5 mL PBS under orbital agitation overnight at 4°C
in order to dissociate the attached FITC-T7-MELR. The fluorescence of the washing solution was

then measured using a microplate reader (SpectraMax M2e Multimode Microplate Reader, with



SoftMax Software, Molecular Devices; excitation wavelength: 490 nm; emission wavelength:

525 nm).

4. Results and discussion

4.1. ELR design and synthesis

The ELRs were designed with two main features in mind: first, an ability to self-gel in response
to a temperature increase, and second, an ability to interact with the mucous layer covering the
gastrointestinal mucosa. Moreover, a more complex MELR including a tagged TfR-binding
sequence designed to interact with the epithelial cell layer beneath the mucus (T7-MELR; Figure
1) was constructed. Each feature is related to different functional regions, all of which can be
included in a single molecule thanks to the genetically engineered origin of the MELRs. The
thermoresponsive hydrogel-forming region itself comprises three smaller blocks: 2 of which form
an physical hydrogel at body temperature (E50160) [49]; and a third block named SILK, which
stands for the amino acid sequence (GAGAGS)1y, is included in order to stabilize the hydrogel
formed via the formation of B-sheets [50]. The mucin interacting region, (VPGKG)144, includes a
lysine as the guest amino acid, which confers properties that are essential for its intended use:
first, its high T [51, 52], ensures that this block is completely water-soluble and remains in an
extended and flexible conformation [53], which is essential for the ELR-mucin interaction to
occur [54]; second, its high molecular weight is beneficial for the physical entanglement with
mucin chains [55, 56]; and third, lysines are positively charged at pH<10.5, which permits an
electrostatic interaction with the negatively charged mucin [14, 57]. A TfR-binding sequence has
been included at the C’ terminus, flanking this mucin interacting region, via a flexible glycine
linker (GGGGGG-HAIYPRH; T7). Purity, correctness of the sequence, molecular weight and
thermal properties were extensively characterized. The overall results showed a high purity and

appropriate composition for both materials (See Supporting information).
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Figure 1. Schematic representation of (A) the T7-MELR and (B) the MELR. The different functional regions are
highlighted.

4.2. Thermoresponsiveness of the T7-MELR

DSC is a suitable technigue to characterize the thermosresponsiveness of ELRS, providing values
for the T and latent heat of transition [58]. The T; of the T7-MELR in ultrapure water at pH 7.3
was found to be 19.3 °C, with a latent heat transition of -5.62 J-g (Figure 2). These findings are
consistent with previous studies [51] of ELRs in which the thermoresponsive block bears
isoleucine as the guest amino acid. Further studies of the thermal properties of the MELR and T7-

MELR at different pH values can be found in the supporting information (SFigure8).
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Figure 2. Transition temperature obtained by DSC measurements of T7-MELR alone at 100 mg/mL (red), mucin at
113 mg/mL (green) and T7-MELR plus mucin in a 1:1.13 ratio, with 100 mg/mL of the ELR (blue).

4.3. T7-MELR gel formation

The ability to form hydrogels in response to temperature ensures an increased mechanical stability
of the material when placed inside the human body. As can be seen from Figure 3A, an increase
in the temperature of T7-MELR solution leads to the formation of a hydrogel with an elastic

modulus of 215 Pa and a loss modulus of 45.3 Pa. These mechanical properties arise from the
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physical crosslinking of the thermoresponsive block [49], although it is a transient gel state and
the mechanical properties decrease drastically with time [59]. Subsequently, the silk motifs start
to physically crosslink via the formation of B-sheets. In order to assess the effect of the silk motifs,
a time course was performed to determine the evolution of the mechanical properties of T7-
MELR. As can be seen in Figure 3C, the gel state, which has very low elastic and loss moduli, is
recovered after incubation for 3 days at 37°C. As the incubation time is extended, both the elastic
and loss moduli increase, reaching a plateau value of 98.8 Pa for the elastic modulus and 25.8 Pa

for the loss modulus after incubation for 12 days.
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Figure 3. Gelation in response to temperature of (A) T7-MELR alone at 100 mg/mL in ultrapure water and (B) T7-
MELR and mucin mixture at an ELR:mucin weight ratio 1:1.13. (C) Rheological analysis of a 100 mg/mL T7-MELR
solution in ultrapure water at 37°C for different times. The elastic modulus (G’) is plotted in black and the storage
modulus (G”’) in red.

Soft hydrogels favor the interaction with (bio)surfaces as they are easily deformable, thereby
adapting to the surface’s topography and increasing the contact area [60]. Thus, these mechanical

properties are beneficial for the intended use of the T7-MELR.

4.4, T7-MELR mucin interaction

4.4.1. Turbidimetry

Turbidity measurements provide a fast and simple measurement of the interactions between
mucoadhesive materials and mucin, as interactions between the material and mucin lead to
differently sized aggregates at different material proportions, thus affecting the absorbance of the
resulting suspension [61]. As seen in Figure 4A, mucin exhibits an absorbance of 0.08 (a.u.).

Increasing the concentration of T7-MELR has a negligible effect until 0.5 mg/mL, concentration
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from which the turbidity rapidly increases with increasing amounts of T7-MELR, reaching a
maximum at 0.75 mg/mL, to rapidly decrease again at higher concentrations. This behavior has
been observed previously for other mucoadhesive polymers [57, 62, 63]. Changes in solution
turbidity occur due to the formation of different mucin-particle aggregates in the presence of
different amounts of T7-MELR. As a control, turbidity measurements were performed with
increasing T7-MELR concentrations (Figure 4A, in red). As can be seen, an increase in T7-MELR
concentration has a minor effect on turbidity, thus meaning that the turbidity profile observed in
the T7-MELR-mucin mixtures is directly related to the interaction between them, exhibiting
different turbidity values as result of the differences in aggregate size. SEM images (see
Supporting Information) show that the macroscopic structures formed when T7-MELR and mucin
are mixed are different to those obtained with each component separately, thus indicating that the

materials interact.

4.4.2. Size and Z-Potential

4.4.2.1. Particle size

The mean particle size of mucin and mixtures thereof with increasing amounts of T7-MELR were
measured (Figure 4C). Mucin particles have a relatively small diameter as aggregates were
precipitated during sample preparation. Mucin particle suspension exhibits an average particle

size of about 280 nm, with a polydispersity index (Pdl) of 0.25 (Figure 4D).

Concentrations below 0.613 mg/mL have little effect on particle size and Pdl. Above this
concentration, the size and Pdl start to increase rapidly up to a maximum at 0.75 mg/mL of T7-
MELR. Higher concentrations result in an opposite effect, with Z-size and Pdl decreasing to a
minimum at 1 mg/mL T7-MELR. Further increases in the T7-MELR concentration stabilize the

size at around 200 nm but increase Pdl up to 0.4.

4.4.2.2. Z-Potential

Charge interactions play a key role as they are one of the first interactions to arise once the
materials come into contact and serve to stabilize the system. The Z-potential of mucin particle
suspensions containing increasing amounts of mucoadhesive serves to characterize the surface
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charge exchange between the components. The Z-potential of the pure mucin suspension was
found to be -23.6 mV (Figure 4B), in good accordance with values found in literature [54, 64,
65]. Increasing the amount of T7-MELR increases this negative Z-potential, reaching positive
values at 0.75 mg/mL, which suggests that, above this concentration, mucin particles start to be

completely covered by the T7-MELR.

The previously observed turbidity and size profile (Figure 4A and C) can be explained in terms
of aggregation/non-aggregation of the mucin particles as result of electrostatic interactions, as
seen by Z-potential measurements. At concentrations below 0.65 mg/mL mucoadhesive binds to
mucin particles, increasing Z-potential but not turbidity nor mean particle size; above this
concentrations, there is enough T7-MELR to start bridging mucin particles, further increasing Z-
potential and highly increasing turbidity and mean particle size. It appears that mucin particles
are bridged rather than being completely covered as the Z-potential remains negative. The positive
charge mucin particles exhibit at 0.75 mg/mL and above (Figure 4B) hinders them to aggregate,

lowering suspensions turbidity and mean particle size.
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Figure 4. (A) Turbidity profiles for solutions of increasing T7-MELR concentration (red line) and the same solutions
in the presence of 0.85 mg/mL mucin suspension (black) at 650 nm. (B) Z-Potential measurements of a 0.85 mg/mL
suspension of mucin with increasing amounts of T7-MELR. (C) The graph shows the variation in the size (nm) of the
mucin particle suspension with increasing amounts of T7-MELR. (D) Variation in the polydispersity index (Pdl) of the
mucin suspension with increasing amounts of T7-MELR.
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The good concordance in terms of the concentration at which trends for the different
measurements (turbidity, size and Z-potential) change is worth mentioning. For turbidity and
particle-size measurements, the aggregates start to decrease in size above 0.75 mg/mL (i.e. at a
1:1.13 T7-MELR to mucin proportion), which is the concentration at which mucin particles’ Z-
potential changes from negative to positive (Figure 4B). The 1:1.13 T7-MELR to mucin
proportion was considered as the ratio at which interactions maximize. Next step was to test the

effect of mucin, at this proportion, over the previously measured properties of the T7-MELR.

4.4.3. Differential scanning calorimetry (DSC)

The thermal properties of the T7-MELR-mucin mixture, in a 1:1.13 T7-MELR to mucin ratio
were measured by DSC (Figure 2) and the T and latent heat of transition compared to those for
the individual components (100 mg/mL for the MELR and 113 mg/mL for mucin). The T; of the
mixture was found to be 17.79°C, with a latent heat of transition of -5.26 J-g%, very similar to that
of the T7-MELR at 100 mg/mL. A 113 mg/mL mucin solution in ultrapure water shows no
observable thermal transitions in the temperature range studied (Figure 2). Thus, the transition
observed for the T7-MELR mixture with mucin is exclusively due to the ELR. The reduction in
T for the mixture might be due to a “salting out” effect of the mucin over the T7-MELR. Mucins
are large molecules with great affinity towards water molecules, which compete with the T7-
MELR for its hydration, thus, disrupting the water clathrates that hydrate the recombinamer.
Interestingly, although the transition of the mixture is less pronounced than that of the T7-MELR
alone, it extends over a wider range of temperatures, reaching virtually the same latent heat of

fusion.

4.4.4. Rheological measurements: mechanical properties

Figure 3B shows the evolution of the elastic modulus (G’) and the storage modulus (G’’) for the
T7-MELR-mucin mixture, at a proportion T7-MELR to mucin of 1:1.13. As can be seen, the
system is, once again, temperature-responsive (G’ and G’ are temperature-dependent) and the
system is able to form soft hydrogels, as can be seen from the crossover of G” with G, although

this occurs at different temperatures and with different values when compared with the T7-MELR
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alone. For the T7-MELR, the crossover takes place at 28.0°C and at 101 Pa while for the-T7-
MELR-mucin mixture it takes place at 21.2°C and 147 Pa. Such results confirm the salting-out
effect of the mucin observed by DSC (Figure 2) and that the interaction with mucin does not
hinder the thermogelling properties of the T7-MELR. These findings are consistent with the
block-design of the T7-MELR, where each property is codified in different blocks, whose

properties coexist but do not interfere with each other.

445, Tensile measurements

Although the previous characterization techniques provide evidence regarding the mucin-
interacting capacity of the T7-MELR designed herein, they do not offer a quantifiable value of
the strength of this interaction. In order to quantify the adhesion properties of the designed T7-
MELR, tensile measurements were performed, quantifying both the maximum detachment force
(MDF) and the work of adhesion (WA). To determine the MDF and WA of the T7-MELR-mucin
system, three different control of experiments (ELR-ELR, ELR-FILTER and MUCIN-MUCIN)
were analyzed in order to exclude artifacts resulting from the breakage cohesive forces of any of

the components.

As seen in Figure 5, the MDF and WA for ELR-ELRs show the highest values, thus indicating
the strong internal cohesive forces of the T7-MELR hydrogel. For the MUCIN-MUCIN the MDF
values were also higher than for the ELR-MUCIN system, thus indicating, as in the case of the
ELR-ELR, that mucin is sufficiently cohesive to not interfere in the measurements. T7-MELR
was also tested against plain filter paper (ELR-FILTER). The low MDF and WA values for ELR-
FILTER indicate that the T7-MELR does not interact strongly with the underlying surface when
brought into contact. Finally, we measured the MDF and WA for the ELR-MUCIN system. As
can be seen from the figure, the MDF for the ELR-MUCIN system is lower than those for ELR-
ELR and MUCIN-MUCIN, thus indicating that the system detaches at the interface of the T7-
MELR and mucin. It is also noticeable that the MDF and the WA for the ELR-MUCIN system
are much higher than the MDF for ELR-FILTER, thus indicating the specificity of the interaction

towards mucin. The WA for ELR-MUCIN was found to be 600 pJ, a higher value than those
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found in the literature for other mucoadhesives [66], although comparison of results should be

done carefully, as the experimental setup greatly influences results [67].
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Figure 5. Maximum detachment force and work of adhesion for different test conditions.

45, Caco-2 binding and competition assay

45.1. Caco-2 binding assays
Is essential that any material intended to be in contact with a biological tissue is neither cytotoxic

nor affects cell behavior. Along the different time-points tested, Alamar-Blue reduction levels
demonstrated the normal metabolic activity of Caco-2 cells treated with different concentrations
of both ELRs, finding no statistical differences with untreated cells. Being assessed the non-
cytotoxic effects of both, the MELR and the T7-MELR (see Supporting Information), next step
was to assess its cell binding properties. Our design included a TfR-binding sequence that might
increase the amount of bounded MELR given its ability to interact with the layer of epithelial
cells beneath the mucus. Quantification of the attached MELRs was done via chemical

modification with FITC (See Supporting Information).

As shown in Figure 6A, the amount of MELR adhered to the Caco-2 monolayer varies with time
and concentration. In one hand, at the lowest concentration tested (1 mg/mL), the amount of
material adhered after incubation for 120 minutes increases by a factor of 1.5 for the MELR and
by a factor of 1.4 for the T7-MELR with respect to the amount adhered at 30 minutes. At 5 mg/mL,
the amount of attached mucoadhesive increases by a factor of 1.6 for the MELR and 1.7 for the

T7-MELR. In the other hand, for the shortest time tested (30 minutes), the amount of MELR
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attached to the Caco-2 monolayer after exposure to the 5 mg/mL solution is 2.3-fold greater than
for the 1 mg/mL solution, with this value increasing to 3.3 for the T7-MELR. Upon exposure for
120 minutes, this factor increases by 2.5-fold for the MELR and 4-fold for the T7-MELR. Thus,
FITC fluorescence showed a clear time- and concentration-dependence for both MELRs, with

more MELR being attached at higher concentration and the longer the exposure.
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Figure 6. (A) FITC fluorescence intensities measured in the cell-binding assays. Cells were co-incubated for 30 minutes
and 120 minutes. The fluorescence measured for untreated cells was used as negative control. (B) Competition assay
with T7-MELR and HTf. When needed, cells were incubated for 120 min with a 2 mg/mL HTf solution in complete
media. After HTf treatment, incubation with ELRs and ELRs+HTf was carried out for 120 minutes at 5 mg/mL (43 uM)
for ELRs and 2 mg/mL (25 puM) for HTf, dissolved in complete medium.

In addition to the concentration- and time-dependence, results show that more MELR is retained
when the T7 amino-acid sequence is present. This increase is also time- and concentration-
dependent, as can be seen in Figure 6A. For a concentration of 1 mg/mL, there is no significant
difference between the MELRs with and without T7 at any incubation time, whereas at a
concentration of 5 mg/mL there is a marked increase in the amount of MELR retained. Upon
incubation for 30 minutes, the presence of the T7 amino-acid sequence increases the amount of

MELR retained twofold, with this value increasing to 2.1-fold after 120 minutes.

45.2. Caco-2 competitive binding assays
The previous results suggested an active role of the T7 sequence in increasing the amount of T7-

MELR that remains attached to the Caco-2 monolayer. In order to confirm such result, we
performed a competition assay with HTT, which has a marked affinity for TfR. As such, we used
a HTf concentration of 2 mg/mL (25 uM), much higher than its Kd (107-10°M) [68, 69], to ensure

that all TfRs are saturated with HTT.
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It can be seen from Figure 6B the amount of T7-MELR retained decreases drastically in the
presence of HTT, reaching values of the order of those obtained for MELR, whereas the presence
of HTTf did not influence the amount of MELR bounded to the Caco-2 monolayer. These results
indicate, first, the active role of the T7 sequence in increasing the amount of MELR attached to
the Caco-2 monolayer, which is a well-accepted model of the enterocytes underlying the mucus
[70], and second, the non-interference between the mucus interacting tail and HTf. Fluorescence
microscopy images (SFigurel6) show the same results in a qualitative manner. Thus, the amount
of FITC fluorescence is similar in those cells treated with MELR and those treated first with HTf
(SFigurel6, A-B), whereas it is markedly increased when cells are treated with the T7-MELR

(SFigurels6, C-D).

4.6. Invivo assay

Confirmed in vitro the mucoadhesive properties of T7-MELR, in vivo experiments were
performed. In vivo experiments are essential, as there is no in vitro model capable of mimicking
the complexity of a living being. The use of fed rats is not casual given the more realistic situation
it represents, especially considering the fact that fasting conditions might lead to an
overestimation of the mucoadhesive properties, as the flushing and dilution effect exerted by food
and water is not taken into consideration. Secondly, the fact that it takes about 8 to 12 hours [71]
(or even longer [72]) to completely empty the GIT, which may be detrimental to animal welfare.

Finally, GIT mobility is affected in fasting animals [73].
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Figure 7. Food (black line) and FITC (blue line) transit profile at (A) 3, (B) 5 and (C) 7 hours post administration of
the T7-MELR, along the different GIT sections (sections 1 to 7). 1’ stands for stomach food content. Red line stands
for the fluorescence found in the control rats.
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Taking advantage of the thermoresponsiviness of the T7-MELR it was gavage in liquid state (at
4 °C), and let to jellify in the stomach of the rat as it is heated above its T:. As can be seen in
Figure 7, T7-MELR transit exhibits a different profile to that for food. Differences may arise
because of several factors. The initial burst release from the stomach throughout the
gastrointestinal tract appears to be due to the flushing and dilution effect of water ingested after
the administration of T7-MELR as it is ahead of the food. Interestingly, once food has been
emptied from the different GIT sections, a marked amount of T7-MELR is still found. This
finding suggests that, although diluted by water uptake, T7-MELR is able to withstand the

flushing effect of food and remains attached to the GIT walls.

5. Conclusions

Current strategies for improving mucosal drug delivery focus on mucoadhesion and on interacting
with the underlying epithelial cells by way of specific receptor binding sequences, which extend
the residence time while keeping the drug-delivery material in close contact with the absorbing

surface.

In this work, we have designed, bioproduced, purified and characterized two thermoresponsive
hydrogel-forming ELRs with mucoadhesive properties. Rheological measurements showed that
a soft hydrogel, which is beneficial for interaction with the mucus, is eventually formed [74, 75].
Mucoadhesive properties have been studied from the point of view of different mucoadhesion
theories using a variety of techniques that corroborate our working hypothesis, namely that the
addition of a high molecular weight, hydrophilic and positively charged tail to a thermogelling
structure allows the ELR to efficiently interact with the mucus. Moreover, we have produced an
improved version that is able to interact with the gastrointestinal epithelium underlying the mucus,

thereby combining the advantages of both types of interactions in a single molecule.

With regard to our results, inclusion of the TfR-binding motif (T7 sequence) in the MELR
molecule has improved, up to four fold, the ability of the designed MELR to interact with the
epithelial cells underlying the mucus in a Caco-2 cell model without negatively affecting its

biocompatibility. This cell-material interaction serves as a mechanism to increase the amount of
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material that remains attached to the epithelial monolayer, thereby prolonging the residence time
and increasing the amount of drug exposed to the mucosa. Mucoadhesive properties were further
corroborated in an in vivo rat model in which the transit of the T7-MELR was compared with that
of food. The slower transit of the mucoadhesive compared with food was associated with its

mucoadhesive properties.

The amino-acid composition of these MELRs is resistant to unspecific proteolysis [76] and, also,
the T7-MELR presented in this manuscript if forming an hydrogel under the tested conditions,
which further difficult its degradation [77], extending its residence time. Nevertheless, with time,
as a proteinaceous material it is, it would end up being totally degraded in the gastrointestinal
tract, whereas its amino-acid composition ensures non-toxic degradation products. Due to the
delayed degradation of the T7-MELR, as well as for the rapid turnover rate of the TfR of few
minutes, we do expect the T7-MELR to be internalized carrying the drug prior to its degradation.
The study of the uptake of a model drug carried by the T7-MELR is beyond the scope of this
manuscript, focused in the demonstration of the mucoadhesive and cell-binding properties of the

T7-MELR.

In conclusion, with this work, we have set the molecular basis and interactions necessary for an
ELR to adhere via multiple processes to mucosae, a tissue widely found in human body, extending
its residence time and thus the time of exposure to the delivered drug. The mucoadhesive and cell-
binding properties, together with the intrinsic properties of ELRs (i.e. being thermoresponsive
and solft-gel forming), integrated in a single molecule, make this material a good candidate for
interacting with mucosa. Future work will focus in the delivery of a model drug into the GIT as
well as the search of the application of these materials to other mucosae, such as eyes or the

respiratory mucosa, searching to develop improved drug delivery systems.
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