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Self-Delivering Microstructured lota Carrageenan Spray
Inhibits Fibrosis at Multiple Length Scales

Thomas E. Robinson,* Mathieu Y. Brunet, lain Chapple, Adrian H. M. Heagerty,

Anthony D. Metcalfe, and Liam M. Grover

Fibrotic diseases account for 45% of all deaths in the developed world, and

progressive scarring conditions, such as dystrophic epidermolysis bullosa (EB),
result in a significant reduction in quality of life. There is thus a need for novel
approaches in fibrosis prevention. Herein, it is shown that iota carrageenan, a
low-cost, regulatory approved polysaccharide, is effective at preventing scarring
by inhibiting collagen fibrillogenesis, abrogating the transforming growth factor
beta 1 (TGFB1) pathway, and lubricating the epithelium. It is demonstrated that
iota carrageenan, and other anionic polysaccharides, can prevent collagen fibril
formation, a key step in scar formation. It also binds TGFp1 to prevent myofi-
broblast transdifferentiation, evidenced by a significant reduction in both tran-
scription and translation of collagen 1 and alpha smooth muscle actin. lota

carrageenan may be formulated as a microparticle suspension, to allow spraying
for even coverage on hard-to-reach anatomical sites, like the oral mucosa. This
formulation provides good lubrication, to reduce the shear forces that initiate the
progressive oral scarring in EB. This study not only provides a novel therapy for

can lead to blindness,®? and fibrosis in
other organs, including the lungs,™”
liver," and kidneys,'? can be fatal;
indeed, up to 45% of all deaths in the
developed world are caused by fibrotic
conditions.™’!

In addition to acute inciting events, such
as burns, trauma, and surgery, dermal and
mucosal scarring can also result from per-
sistent chronic vesiculobullous conditions.
Mucous membrane pemphigoid, an auto-
immune condition affecting around two
people per million per year, causes lesions
that can lead to scarring in the eyes, nose,
larynx, esophagus, genitals, and anus.'**!
Interestingly, while this condition com-
monly presents with oral mucosal lesions,
these do not typically scar; indeed, the oral

fibrosis prevention, but also demonstrates the potential of self-delivering
immunomodulatory polysaccharides as a safe, cost-effective, and stable platform,

which can be more easily translated for clinical benefit.

1. Introduction

A key role of the epithelium is to act as a barrier to the external
environment, and it is therefore vital that damage is repaired
quickly and effectively.!! To close the wound and restore this
ectodermal barrier quickly, wound healing almost always results
in a scar.””’! While many are innocuous, excessive scarring, for
example following burn injury, can cause both physical
impairment and psychosocial harm.'**” Scarring in the eye

mucosa is one of the few anatomical loca-
tions that does mnot scar in healthy
humans.™”! Notable exceptions are suffer-
ers of epidermolysis bullosa (EB), which is
a heterogenous group of genetic conditions
that lead to epithelial fragility and blister
formation with only minimal trauma.™®!
In addition to marked effects on the skin and other areas,
dystrophic EB can cause severe intraoral blistering, leading to
excessive scar formation that can progress to ankyloglossia,
microstomia, and obliteration of the oral vestibule.l"®'”) This
can further lead to difficulties maintaining sufficient nutrition
and oral hygiene, increasing risk for dental caries and periodon-
tal disease.

Because scarring is an innate component of wound healing,
which is a multistage series of overlapping phases with an
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ever-changing chemical, biological, and material environment, it
can be difficult to pinpoint a specific factor as being responsible
for pathological fibrosis. However, a key cytokine frequently
implicated in aberrant scarring is transforming growth factor
beta 1 (TGFp1). This growth factor is widely considered profi-
brotic and is present in high levels in scar tissue.'®'") TGFp1
is released primarily from platelets and, once activated, binds
to its receptors to trigger fibroblast-to-myofibroblast transdiffer-
entiation, primarily through the suppressor of mothers against
decapentaplegic (SMAD) 2/3,4 pathway (Figure 1).2%*
Myofibroblasts, characterized chiefly by alpha smooth muscle
actin (¢SMA) expression, are responsible for collagen deposition
and extracellular matrix (ECM) contraction.*”l However, while in
normal wound healing these activated cells disappear following
wound closure, in fibrosis they persist, with further ECM produc-
tion and contraction leading to additional TGFp1 release, which
in turn propagates myofibroblast transdifferentiation. Further,
TGEFp1 has a natural affinity for the ECM, leading to accumula-
tion at sites of injury.*" Thus, inhibiting TGFp1 to terminate this
positive feedback loop offers promise as a target to prevent
fibrosis. However, systemic TGFf1 inhibition causes serious
issues with cardiac valves, systemic autoimmunity, and early
death.*?% 1t is therefore vital that any TGFp1 inhibitor be
localized at the site of aberrant fibrosis. Many strategies have
been employed to target TGFP1 and prevent fibrosis, including
TGEFp1 antibodies, peptides, and receptor decoys, however few
result in positive patient outcomes.* Nonselective small mole-
cules have shown the most effective and economical anti-fibrotic
effects in vivo, though they are also more prone to side effects.*"!

Polysaccharides are widely used to prepare biomaterial
delivery vehicles for therapeutic molecules.”>*®! While often

Fibroblast

Figure 1. Transforming growth factor beta 1 (TGFp1) induces myofibro-
blast transdifferentiation. A simplified schematic of the TGFp1 signaling
pathway. Following release and activation, TGFB1 binds to its receptors
on the fibroblast cell, triggering a phosphorylation (P) cascade culminating
in the phosphorylation of suppressor of mothers against decapentaplegic
(SMAD)2 or SMAD3. This phosphorylation leads to complexation with
SMAD4 and translocation to the nucleus, binding to gene promotors
and activating transcription of, among others, collagen 1 (COLT) and
alpha smooth muscle actin (aSMA). Not shown are pathway inhibitors,
such as SMAD?7, or alternative pathways.
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considered as inert carriers desirable only for their material
and release properties, there is increasing evidence that
many polysaccharides have inherent immunomodulatory
functions.”” " Using polysaccharides can be advantageous
because they are far more stable and more cost effective than
biologics, and many have proven low toxicity, having been used
in the food industry for decades.? Further, the microstructure
of many polysaccharides can be manipulated to form hydrogels,
microgels, and fluid gels.?* ! Creating the delivery vehicle from
the therapeutic itself allows these materials to be self-delivering,
and containing only a single, regulatory approved component
greatly eases clinical translation.

In this study, a range of common polysaccharides (shown in
Figure 2) are investigated for their ability to prevent fibrosis at
multiple length scales, including inhibiting collagen fibrillogen-
esis and TGFp1-induced myofibroblast transdifferentiation. The
most promising polysaccharide was then investigated to create a
novel self-delivering, microstructured formulation, which can be
sprayed to provide even coverage over hard-to-reach locations
such as the oral mucosa, and provide lubrication to minimize
the shear trauma that ultimately gives rise to oral scarring in EB.

2. Main

2.1. Inhibition of Collagen Fibrillogenesis

Fibrosis is the excessive laydown of ECM, primarily collagen type
1. The ability to delay or entirely prevent collagen fibril formation
has been explored as a strategy to inhibit scar formation at the
ECM level. The effect of several natural polysaccharides on col-
lagen fibrillogenesis was thus tested invitro. In the absence of
any inhibitors, collagen formed fibrils at increased temperatures,
forming a turbid gel over time (Figure 3A). However, some nat-
ural polysaccharides were able to slow down, or entirely prevent,
this process. Specifically, at concentrations above 0.00125%, gel-
lan (Figure 3B), iota carrageenan (Figure 3C), dextran sulfate
(DS) (Figure 3D), and alginate (Alg) (Figure 3E), which are all
anionic, appeared to completely inhibit fibrillogenesis.
Interestingly, methyl cellulose (MC), an uncharged polymer,
had no significant effect on collagen fibrillogenesis at any tested
concentration (Figure 3F, p > 0.05). This suggests that the nega-
tive charge carried by many of these polysaccharides is crucial to
inhibiting collagen fibrillogenesis.

The effect of the polymer concentrations that did not entirely
prevent fibrillogenesis were analyzed by comparing the time
taken to reach 95% of the plateau to that of the water only control
(38 min) (Figure 3G). Despite being able to inhibit gelation at
high concentration, gellan did not significantly slow fibrillogen-
esis below 0.000125%. At 0.000125%, iota carrageenan (123 min,
p < 0.0001) and DS (119 min, p < 0.0001 at 0.000125%, 59 min,
p <0.01 at 0.0000125%) significantly retarded collagen fibrillo-
genesis, as did Alg (79 min, p < 0.0001 at 0.000125%, 68 min,
p <0.0001 at 0.0000125%). This shows that, at low concentra-
tions, iota carrageenan and DS are the most effective, suggesting
that in addition to negative charge, the possession of sulfate
groups specifically may be important to prevent fibrillogenesis.
Interestingly, proteoglycans and glycosaminoglycans, molecules

© 2023 The Authors. Advanced NanoBiomed Research published by Wiley-VCH GmbH
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Figure 2. Structures of natural polysaccharides. The chemical structure of A) low acyl gellan, B) iota carrageenan, C) dextran sulfate, D) alginate, and

E) methyl cellulose.
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Figure 3. Anionic polymers inhibit collagen fibrillogenesis. The change in 405 nm absorbance over time of mixtures of collagen, phosphate buffered saline

(PBS) and A) water, B) gellan (G), C) iota carrageenan (1C), D) dextran sulphate (DS),

E) alginate (Alg), and F) methylcellulose (MC). An increase in

relative absorbance indicates collagen fibril formation. G) The time taken to reach 95% of the plateau value for polysaccharide concentrations that did not
completely inhibit fibrillogenesis. All figures show the mean £ SD (n=3).

implicated in directing collagen fibrillogenesis in vivo, are often
heavily sulfated.?*#)

2.2. Prevention of Myofibroblast Transdifferentiation

Myofibroblasts, the cells responsible for rapid ECM production
and contraction in fibrosis, are transdifferentiated from
fibroblasts primarily through TGFp1 signaling (Figure 1). The
ability to prevent fibroblasts from transdifferentiating into myo-
fibroblasts should thus limit the overaccumulation of collagen
associated with scarring. The ability of the polysaccharides to pre-
vent fibrosis was tested in an in vitro model of scarring, where
exposure to TGFpl-induced myofibroblast transdifferentiation.

A key feature of myofibroblasts is their increased collagen pro-
duction compared to fibroblasts. At the genetic level, exposure to
TGFp1 increased transcription of collagen 1 (COL1) twofold
(Figure 4A, negative control (NC) versus positive control (PC),
p <0.01). It was found that iota carrageenan (p < 0.0001), Alg
(p<0.01), and MC (p<0.01) significantly downregulated
COL1 compared to the PC, with iota carrageenan having the
greatest effect. Myofibroblasts are characterized primarily by
increasing aSMA expression; this form of actin gives them their
contractile ability, and indeed it was demonstrated that TGFp1

Adv. NanoBiomed Res. 2023, 2300048 23000438 (3 of 11)
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Figure 4. lota carrageenan downregulates scarring genes. Fold-change in
A) COL1, B) aSMA, C) SMAD3, and D) SMAD4 mRNA levels, as measured
by reverse transcription quantitative polymerase chain reaction (RT-qPCR),
in fibroblasts exposed for 48 h to normal culture conditions (NC), media
doped with 10ngmL™" TGFB1 (PC), and media with TGF1 plus gellan
(G), iota carrageenan (1C), DS, Alg, and MC. All figures show
mean £ SD, statistical differences calculated using a t-test with Welch'’s
correction, between each group (n=3) and PC (n=6).
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induced a 73-fold increase in aSMA gene transcription
(Figure 4B, NC vs PC, p < 0.0001). This was significantly reduced
to only a twofold increase by iota carrageenan (p < 0.0001), but
was not significantly affected by the other polymers.

Binding of TGFp1 to its type II serine/threonine receptor,
TGFpR2, activates the type I receptor TGFfR1, also termed
activin receptor-like kinase 5, to intracellularly phosphorylate
receptor-regulated SMAD proteins (R-SMADs).*?! Activated
R-SMADs, such as SMAD3, form complexes with cofactor
SMAD4 and these complexes translocate to the nucleus where
they regulate gene transcription (Figure 1). This process is key
to the TGFpl-induced signaling pathway of myofibroblast
transdifferentiation. Interestingly, exposure to TGFp1 actually
downregulated SMAD3 gene transcription (Figure 4C, NC vs.
PC, p <0.01), a finding that has been noted previously.*” Tota
carrageenan, alone of the polymers tested, significantly damp-
ened SMAD3 gene transcription further (p < 0.001). In addition
to the effect on the TGFp1 signaling pathway, this may be bene-
ficial in itself, as it has been shown that mice lacking SMAD3
show accelerated wound healing.*'! SMAD4 gene transcription
was also downregulated by iota carrageenan (Figure 4D,
1<0.01), despite TGFp1 itself not having a significant effect.

In addition to downregulating transcription of key genes, it is
important to show that this translates to the protein level, partic-
ularly for collagen 1 and aSMA. Exposure to TGFp1 for 48 h
induced extensive myofibroblast transdifferentiation, which
could be visualized through immunocytochemistry by high
aSMA expression (Figure 5A). Quantification of immunocyto-
chemistry images showed a significant increase in ®SMA protein
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expression on exposure to TGFf1 (Figure 5B, NC vs PC,
p < 0.0001); however, this was significantly reduced by iota car-
rageenan (p < 0.0001) and Alg (p < 0.01). The change in collagen
1 protein expression could not be detected through immunocy-
tochemistry quantification after 48h (NC vs PC, p > 0.05, data
not shown); however, a difference could be seen through quan-
titative picrosirius red staining (Figure 5C). This technique
showed collagen production was increased by TGFf1 signaling
(NC vs. PC, p < 0.01), but was significantly reduced by iota car-
rageenan (p < 0.01). While not statistically significant, Alg also
appeared to slightly dampen collagen production.

The ability of the polysaccharides not only to prevent, but also
to reverse the scarring response, was examined by exposing the
fibroblasts to TGFp1 for 48 h (other than NC1), then changing to
media without TGFp1 (other than PC) with the polysaccharides.
Again, exposure to TGFp1 significantly increased aSMA expres-
sion (Figure 5D, NC1 vs PC, p < 0.0001). Interestingly, exposure
to TGFp1 for 48 h then to normal, TGFp1-free media for 72h
produced the same response as exposure to TGFf1 for the full
5 days (NC2 vs PC, p > 0.05). This suggests that initiation of myo-
fibroblast transdifferentiation occurs quickly, and extended
TGFp1 exposure has no effect, or that the myofibroblasts
transdifferentiated by 48 h then produce TGFp1 themselves to
propagate the process. The latter is supported by the greater
absolute values of fluorescence intensity in the 5-day experiment
compared to the 2days for all groups exposed to TGFf1
(Figure 5B vs 5D). Further, autocrine production of TGFp1
has been observed previously in myofibroblasts, including those
from hypertrophic scars.[****! Again, iota carrageenan (p < 0.01)

Red = COLA1

Green = aSMA

Blue = DAPI

aSMA Reversal

ns ns

ns ns

Fluorescence Intensity (-) O

1€ DS Alg MC PC

NC1 NC2 G
Treatment Group

€ DS Alg MC PC

Figure 5. lota carrageenan downregulates scarring proteins. A) Representative immunocytochemistry images of fibroblasts cultured for 48 h in normal
culture conditions (NC), media doped with 10 ng mL™" TGFB1 (positive control [PC]), and media with TGFB1 plus gellan (G), iota carrageenan (iC), DS,
Alg, and MC. B) Quantification of aSMA from immunocytochemistry images. C) Quantification of collagen laydown after 48 h of culture by picrosirius red
staining. D) Quantification of xSMA from immunocytochemistry images taken after 5 days of NC1, 5 days in media doped with 10 ngmL™" TGFB1 (PC),
2 days in TGFp1 then 3 days in normal media (NC2), or media doped with gellan (G), iota carrageenan (1C), DS, Alg, and MC. In (B) and (D), mean & SD
of >12 images, in (C), mean £ SD (n=6), all statistical differences calculated using a t-test with Welch’s correction between each group and PC.
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and Alg (p < 0.05) were able to reduce this response, though did
not drive expression down as near to the previous NC baseline as
in the prevention case (Figure 5B).

In the previous experiments (Figure 5), experimental media
(containing polysaccharides and TGFf1) was created 24h in
advance of application to cells. To examine how the polysacchar-
ides might be interacting with the system, the experimental
media was made immediately prior to application and, interest-
ingly, none of the polymers appeared to have a significant thera-
peutic effect (Figure 6A). This led to the hypothesis that the
therapeutic effect was caused by interaction between the polysac-
charides and TGFp1, rather than between the polysaccharides
and receptors on the cell. Complexation between iota carra-
geenan and TGFB1 was studied directly by measuring the colloi-
dal size of the polysaccharide and protein separately, and
combined as in the cell system (Figure 6B). Iota carrageenan
alone displayed two peaks, perhaps indicating the presence of
unaggregated (at around 9nm) and aggregated (at around
106 nm) polymers. TGFf1, meanwhile, displayed a single peak
at 164 nm. The mixed system displayed both peaks for the iota
carrageenan, as well as a third peak at 5560 nm. This suggests the
formation of large aggregates from the combination of iota car-
rageenan and TGFp1.

Iota carrageenan forming a complex with TGFf1 would
explain how it inhibits myofibroblast transdifferentiation at
the molecular level (Figure 6C). This may be by covering the

www.advnanobiomedres.com

active site on the protein that couples with the receptor on the
cell, or sterically preventing binding between the protein and
its receptor due to the size of the complex. While iota carra-
geenan was the most effective of the polysaccharides investi-
gated, this mechanism is nonspecific, and may be extended to
other polysaccharides, such as Alg, that also showed some effi-
cacy. As the mechanism of binding is most likely electrostatic,
between the positively charged protein and negatively charged
polysaccharide, this suggests why MC, an uncharged polymer,
had little effect in this study. This mechanism may also explain
why iota carrageenan and Alg appear able to impede transdiffer-
entiation once started (Figure 5D), as it can sequester the TGFf1
produced by the already transdifferentiated myofibroblasts,
breaking the positive feedback loop and preventing further
transdifferentiation.

2.3. lota Carrageenan Formulation

Iota carrageenan appears to be highly effective at preventing
fibrosis, both by inhibiting collagen fibril formation, and prevent-
ing myofibroblast transdifferentiation. Dilute solutions (0.005%)
have material properties similar to water, yielding very low reten-
tion on the oral mucosa, while concentrated solutions (0.5%)
spray poorly.**! This has been overcome previously by blending
with another polysaccharide to disrupt the bulk network.!*
Carrageenans undergo gelation by transitioning from random
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Figure 6. lota carrageenan sequesters TGFP1. A) Quantification of aSMA from immunocytochemistry images, where the polysaccharides were mixed
with the TGFf1-containing media immediately prior to application for 48 h. Statistical differences calculated with respect to PC for each condition.
B) Particle size distribution of iota carrageenan (red), TGFp1 (green), and their mixture (blue), measured in cell culture media by dynamic light scattering
(DLS). C) Schematic of the suggested mechanism by which anionic polymers inhibit TGFB1 signaling: when applied simultaneously, TGFf1 binds strongly
to its receptor before it can be sequesters by 1C, and 1C does not appear to interact with the receptor, however when premixed, 1C complexes with TGFp1,
preventing it from binding to its receptor. In (A), the mean & SD of >12 images, statistical differences calculated using a t-test with Welch’s correction
between each group and PC; in (B), mean (solid lines) £ SD (dotted lines) (n=3).
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coil structures when hot to double helices when cooled, which
then aggregate to form a bulk network.**! As polyanions, this
process is influenced by the presence of cations. It was thus
investigated whether cations, introduced under shear, could
be used to create a particulate microstructure to facilitate
improved spraying.

Without the addition of cations, 0.5% iota carrageenan solu-
tion was elastically dominated at all frequencies tested (G'>G”,
Figure 7A). This showed that the polymers formed a bulk net-
work capable of storing energy, and indicates bulk double-helix
aggregation. Interestingly, the addition of high concentrations
(0.5 M) of either NaCl (Figure 7B) or CaCl, (Figure 7C) to the
solution prior to cooling under shear (NaCl-H and CaCl,-H,
respectively) did not appear to alter this network structure, as
the oscillatory rheological profiles appear similar. This also
seems to be the case for NaCl added under shear to the iota car-
rageenan solution when cool (NaCl-C, Figure 7D). Only CaCl,,
added to the cold solution under shear (CaCl,—-C), appreciably
altered the rheological profile, lowering both the elastic and vis-
cous moduli (Figure 7E). This decreased stiffness suggests inter-
ruption of the bulk network structure, and indeed the phase
angle is appreciably higher (data not shown) for CaCl,-C, sug-
gesting that less energy can be stored in the system.

A similar trend was seen in the viscosity profile. Iota carra-
geenan solution was found to be shear thinning, with a high vis-
cosity (100 Pass) at low shear stress, which dropped almost four
orders of magnitude at high shear stress (Figure 7F). The addi-
tion of sodium, either when hot (NaCl-H) or cold (NaCl-C), did
not appreciably change this profile, and the addition of calcium
when hot (CaCl,—H) appeared only to slightly reduce the
stress required for shear thinning, but did not change the upper
or lower viscosity thresholds. However, when added cold
(CaCl,—C), calcium slightly reduced the low stress viscosity,
but notably reduced the onset of shear thinning to a much lower
stress value. This is likely because, rather than breaking the dou-
ble-helix aggregates apart, which requires large forces, the shear
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thinning in this system represents the disentanglement of indi-
vidual particles, which requires notably less stress.

The microstructure of each formulation was assessed through
light microscopy. In the absence of added cations (Figure 8A),
NaCl-H (Figure 8B), CaCl,-H (Figure 8C), or NaCl-C
(Figure 8D), no appreciable microstructure was visible. However,
for CaCl,-C, a distinct microstructure was visible that appeared
as small aggregates on the order of 1-10 pm in size (Figure 8E).
At the macroscale, this microstructure was observable by a sig-
nificant increase in turbidity (Figure 8F, p < 0.001). This is indic-
ative of the formation of large aggregates (observed in Figure 8E),
a phenomenon previously observed in gellan, which also gels by
formation and aggregation of double helices, at high calcium
concentrations.*?! In iota carrageenan, increasing the calcium
concentration above a critical value has been shown to increase
the local heterogeneity and lead to phase separation.!*”! Further,
at comparable concentrations of both calcium and polymer used
in this study, iota carrageenan has been shown to precipitate.!*”)
Here, by constantly mixing during this process, the precipitate
has been blended in to yield the observed particulate microstruc-
ture. The high ionic forces that cause precipitation may prevent
the polymers from rearranging, as they would in a “weak” gel
conformation, from the formed microstructure. However,
because the polymers in the precipitated areas are less swollen,
and thus have a smaller hydrodynamic volume, polymer—solvent
and polymer—polymer interactions are reduced, leading to
slightly lower viscosity and moduli.

It is interesting that CaCl, causes this drastic change in micro-
structure, and thus material properties, only when added once
the iota carrageenan is cold. It is well known that iota carra-
geenan has a higher affinity for divalent cations, such as calcium,
than monovalent ones, such as sodium, and that divalent cations
result in stronger, if still technically “weak,” gels.[***” It has been
suggested that monovalent cations elicit intramolecular interac-
tions only, increasing attraction within double helices rather than
between them.**° This may explain why NaCl formulations
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Figure 7. Rheological characterization of iota carrageenan formulations. Frequency sweeps of A) 0.5% iota carrageenan solution, 0.5% iota carrageenan
solution mixed while hot with B) sodium (NaCl-H) and C) calcium (CaCl,-H), then cooled down under shear, and 0.5% iota carrageenan solution mixed
following cooling with D) sodium (NaCl-C) and E) calcium (CaCl,—C). F) Shear stress ramps of these formulations. All figures show mean 4 SD (n = 3).
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Figure 8. Structuring iota carrageenan with cations. Microscopy images of A) 0.5% iota carrageenan solution, 0.5% iota carrageenan solution mixed while
hot with B) sodium (NaCl-H) and C) calcium (CaCl,—H), then cooled under shear, and 0.5% iota carrageenan solution mixed following cooling with
D) sodium (NaCl) and E) calcium (CaCl,—C). F) Turbidity of each formulation, measured through its light absorbance; in F) mean £ SD (n = 3), statistical
differences calculated using a t-test with Welch’s correction between each group and CaCl,-C.

did not produce a notable microstructure, as the interhelical
aggregation was not affected. Conversely, divalent cations are
able to bridge neighboring double-helix structures, promoting
such interhelical aggregation.®'l However, it has been suggested
that intramolecular bridges may form preferentially to intermo-
lecular ones.*? 1t is thus hypothesized that, when added while
the polymers are in a random coil formation in hot solution, cal-
cium is bound to form intramolecular bridges during double-
helix formation on cooling, and is therefore less available for
interhelix aggregation. Conversely, when added after double-
helix formation, the added calcium is available to form interhel-
ical bridges, and aggregate the microstructure to such an extent
that phase separation is induced. This would explain the marked
differences between the formulations containing the same com-

ponents, in the same concentrations, where only the formulation
method differs.

2.4. Formulation Sprayability and Lubrication

Spray delivery is a convenient way to provide an even layer of
material to difficult-to-reach anatomical locations, such as the
nasal and oral mucosa. By forming a microstructure and discre-
tizing the polymers into small particles, such formulations may
spray more readily than a bulk network. In dilute systems, where
the polymers do not overlap and thus act as discrete particles,
spray area was high (Figure 9A). Interestingly, even in this sys-
tem, the addition of cations appeared to slightly increase spray
area, though not significantly. This may be due to charge screen-
ing allowing increased intramolecular interaction, effectively
decreasing particle size. In the concentrated system, iota carra-
geenan solution sprayed poorly, as previously noted, because the
bulk polymer network cannot be disrupted sufficiently during the
short spraying time.**! Interestingly, even the formulations that
did not alter the oscillatory or shear rheology, nor induce a visible
microstructure, significantly increased the spray area
(Figure 9B); approximately a fourfold increase for NaCl-H
(p<0.01), a twofold increase for CaCl,-H (p <0.05), and a
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fivefold increase for NaCl-C (p < 0.001). It has been noted pre-
viously that, despite altering the polymer conformation, iota car-
rageenan is rheologically insensitive to cations.*®) This provides
further evidence that that sprayability is not necessarily related to
theological properties in structured fluids.**! However, with an
18-fold increase in spray area (p < 0.01), the CaCl,~C formulation
had the same spray coverage as the dilute solutions. This shows
that creating discrete microparticles, rather than the continuous
entangled network seen in concentrated polymer solutions, is par-
amount for sprayability (Figure 9C).

A final consideration is prevention of the initial stimulus
that initiates the fibrotic cascade. In dystrophic EB, for example,
minimal shear trauma can lead to progressive blistering, ulcera-
tion, and subsequent scarring, including on the internal mucosa.
If shear trauma can be minimized by lubricating the oral
mucosa, this may allow normal eating and oral hygiene,
without leading to progressive scarring. The lubricating action
of the formulations was thus investigated. The dilute system
was a poor lubricant, displaying a reduction in friction only at
high speeds, while both concentrated systems reduced the coef-
ficient of friction at much lower speeds (Figure 9D).
Interestingly, the microstructured system was significantly more
lubricating than the iota carrageenan alone in solution at low
speeds (Figure 9E, p < 0.01). At high speeds, the lubrication
ability of both concentrated systems was similar, though both
significantly reduced friction compared to the dilute system
(p < 0.05).

3. Conclusions

All anionic polysaccharides tested, but not neutrally charged MC,
were able to prevent or inhibit collagen fibrillogenesis, depend-
ing on concentration. In an in vitro model of fibrosis, many of the
anionic polysaccharides had some effect, but iota carrageenan
alone significantly downregulated COL1, aSMA, SMAD3, and
SMAD4 gene transcription, as well as COL1 and aSMA protein
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Figure 9. Spray and lubrication of iota carrageenan formulations. Spray coverage of formulations of A) 0.005% and B) 0.5% iota carrageenan, with a
representative image of each distribution. C) Schematic showing the mechanism by which microstructuring a continuous entangled network into discrete
particles leads to large increases in spray area. D) Friction curves for various formulations. E) Comparison of the coefficient of friction at 0.1 and 10 mm
s~".In (A) and (B), mean % SD (n = 3), statistical differences calculated using a t-test with Welch’s correction between each group and H,0O; in D), mean
(solid line) = SD (dotted lines) (n=3); in E) mean + SD statistical differences calculated using a t-test with Welch'’s correction.

expression. This is likely due to iota carrageenan forming a com-
plex with TGFp1, preventing it from binding to cell receptors to
initiate myofibroblast transdifferentiation. lota carrageenan can
be microstructured by adding calcium, but only when cold fol-
lowing double-helix formation. This microstructured formula-
tion can be sprayed for high surface coverage, and provides a
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lubricating effect. By preventing myofibroblast transdifferentia-
tion at the molecular/cell level, inhibiting collagen laydown
at the ECM level, and lubricating to limit shear-induced
trauma at the macro level, iota carrageenan could present a
promising new therapy to prevent the persistent oral scarring
seen in EB.
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4. Experimental Section

Materials: All water used was MilliQ type 1 deionized water unless
otherwise stated. Collagen (type 1, rat tail) was purchased from
Corning. Gellan (low acyl) was purchased from Kelcogel. lota carrageenan
(commercial grade), DS (sodium salt from Leuconostoc spp., for molecular
biology), Alg (BioReagent grade), MC, bovine serum albumin (BSA), sirius
red, picric acid solution, acetic acid, sodium hydroxide, sodium chloride,
and calcium chloride dihydrate were purchased from Sigma. TGFp1
(human recombinant) was purchased from ProteinTech. Phosphate buff-
ered saline (PBS), Dulbecco’s Modified Eagle’'s Medium (DMEM), fetal
bovine serum (FBS), penicillin, and streptomycin were purchased from
Gibco.

Collagen Fibrillogenesis: All reagents were refrigerated at 4 °C before and
throughout this protocol, to prevent fibrillogenesis occurring prior to incu-
bation. Collagen was diluted from its initial concentration (3.71 mg mL™")
to 0.8 mgmL ™' with deionized water. Polymer solutions were made by
dissolving in deionized water at 0.5 w/v%, and concentrations of 0.005,
0.0005, and 0.00005 w/v% were made by serial dilution. 150 pL of 1x
PBS was placed to each well of a 96 well plate, and 75 pL of polymer solu-
tion was added, and mixed thoroughly by pipette mixing. Then, 75 pL of
0.8 mgmL™" collagen solution was added to each well, and was mixed
thoroughly by pipette mixing, taking care to avoid the formation of bub-
bles. The plate was then placed in a plate reader (Spark, Tecan), which was
preheated to 30°C, and the 405nm absorbance was read over 6h.
The data was normalized by dividing through by the initial absorbance
value, and then analyzed by fitting an exponential plateau plus dead-time
equation
A(t) = Amax - (Amax - Ao)e(_k<t_td)) (1)
where A(t) (=) is the normalized 405 nm absorbance as a function of time,
Amax (=) is the plateau value at infinite time, Ay (—) is the initial value (set
to 1 as data is normalized), k (min~") is a rate constant, t is the experiment
time (min), and tq is the dead time (min). This model was then used to
find the time at which the absorbance reached 95% of the plateau value, by
rearranging Equation (1)

1 0.05A
bosys = td — ;'“ (ﬁ) @)
max

Cell Culture: Human dermal fibroblasts were purchased from
Sigma. Adherent 2D cultures were maintained in high-glucose DMEM
supplemented with 10% FBS, 2mM L-glutamine, 100U mL™" penicillin,
and 0.1 mgmL~"' streptomycin under 5% CO, at 37 °C. For experiments,
this medium with 1% FBS was used to minimize the effects of unknown
cytokines in the serum. When used, TGFP1 was added directly to the
media. To introduce polysaccharides, autoclaved solutions were made
up a concentration on 0.1 wv'% to supplement the DMEM at a 1 in
20 dilution, to achieve a final concentration of 0.005%.

Gene Expression: To ensure sufficient RNA harvest, cells were seeded in
6-well plates at a density of 150 000 cells per well, and allowed to settle for
72 h in DMEM with 10% FBS. Media was then changed to 1% FBS for 24 h
to allow the cells to acclimatize. Experimental media, which was prepared
24 h in advance, was then applied for 48 h: NC was a replacement of 1%
FBS DMEM; PC was 1% FBS DMEM plus 10 ng mL™' TGFf1; the other
experimental medias were 1% FBS DMEM plus 10 ngmL™' TGFB1 and
0.005% gellan (G), iota carrageenan (1C), DS, Alg, or MC.

Cells were then lysed and RNA extracted using an RNEasy mini kit
(Qiagen), and the purity checked by ensuring the 260/280 absorbance
ratio was >2, before converting to cDNA using a high-capacity cDNA
reverse transcription kit (Applied Biosystems), following the manufac-
turer’s instructions. Gene expression analysis was performed on each
sample for COL1, aSMA, SMAD3, SMAD4, and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) (housekeeper), using an SYBR green
(Applied Biosystems)-based RT-qPCR, with QuantiTect primer assays
(Qiagen) and an AriaMx Real-Time PCR system (Agilent Technologies).
qRT-PCR data were analyzed using the Delta—Delta Ct method as
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described previously®? with the NC samples used as the calibrator and

GAPDH as the endogenous control gene. Relative quantification values
are presented as fold changes in gene expression relative to the control
group, which was normalized to one.

Protein Expression: Cells were seeded in 8-well chamber slides at a
density of 5000 cells per well, and allowed to settle for 72 h in DMEM with
10% FBS. Media was replaced with 1% FBS for 24 h to allow the cells to
acclimatize. For 2-day experiments (data presented in Figure 5A-C), the
experimental media was prepared 24 h in advance, and then applied for
48 h; experimental media are described earlier. For 2-day experiments
assessing the inhibition mechanism (data presented in Figure 4A), the
same procedure was followed, but the experimental media was prepared
immediately prior to application. For 5-day experiments (data presented in
Figure 3D), group NC1 was treated with 1% FBS DMEM, and all other
experimental groups were treated with 1% FBS DMEM plus 10 ng mL™"
TGFp1, for 48 h. The media was then changed again: groups NC1 and NC2
had 1% FBS DMEM, group PC had 1% FBS DMEM plus 10 ngmL™"
TGFB1, and the remaining groups had 1% FBS DMEM plus 0.005% of
their respective polymer. These conditions were retained for 72 h, with
a change of media at 48 h.

For immunocytochemical analysis, cells were washed with PBS, fixed
with 10% formalin at ambient temperature for 10 min, and then washed
again with PBS. Cells were blocked with 0.1% triton X-100, 3% BSA in PBS,
for 30 min. Antibodies were made up in 0.5% Tween 20, 3% BSA in PBS.
Primary antibodies for collagen 1 (polyclonal rabbit, Abcam) and aSMA
(monoclonal mouse, Sigma) were made up 1 in 200, and added to
each well for 1 h. Secondary antibodies (594 goat anti-rabbit and 488 goat
anti-mouse, Alexa Fluor, Invitrogen) were made up 1 in 500 and, following
PBS washing, added up each well for 1h, protecting from light. Finally,
each well was washed with PBS, DAPI was added for 10 min to stain
nuclei, and wells were washed again before the chamber was removed
and a cover slip applied to the slides. Cells were imaged using an Evos
M5000 fluorescent microscope equipped with a dark box, ensuring the
same camera settings for every image. Fluorescence intensity quantifica-
tion was carried out in Image), thresholding to remove all areas not
containing cells, then assessing the average intensity of the remaining
area.

For picrosirius red staining, cells were washed with PBS, then fixed in
methanol overnight at —20 °C. Wells were washed with PBS again, then
stained with picrosirius red (0.1% sirius red in saturated picric acid) at
ambient temperature for 1h. Wells were then washed with 0.1% acetic
acid five times to remove nonspecifically bound stain. The collagen-bound
stain was then eluted with 0.1 m NaOH, and the absorbance of the eluent
was read at 540 nm in a plate reader (Spark, Tecan).

Dynamic Light Scattering: To replicate the conditions in the cell experi-
ments as far as possible, DMEM (without phenol red indicator as this may
interfere with measurement) was used as the dispersant medium. TGFp1
was dispersed at a concentration of 0.0005 g L™ (500 ng mL™") to achieve
a measurable concentration. 1C was prepared as in the cell experiments
mentioned earlier, and added to the DMEM with and without TGFp1.
Samples were made 24 h before measurement, to replicate conditions
in the cell experiments. Particle size was measured by dynamic light
scattering (DLS), using a Zetasizer (Nano ZS, Malvern).

lota Carrageenan Formulation: Stock iota carrageenan solution was
made by dissolving at a concentration 0.555w/v% in deionized water
at 80°C, which was diluted 100-fold for the stock dilute solution.
Sodium chloride and calcium chloride solutions were made at a concen-
tration of 5 m in volumetric flasks. To prepare formulations, 45 mL of stock
solution was stirred at 1200 rpm, and 5 mL of water or salt solution was
added (resulting in final concentrations of 0.5% or 0.005% iota carra-
geenan, and 0.5M salt, where added). For “hot mixes,” denoted “H,”
the salt was added while the iota carrageenan solution was still at
80 °C, and was then stirred for 30 min until cool. For “cold mixes,” denoted
“C,” the iota carrageenan was allowed to cool down to room temperature,
and then the salt solution was added under stirring.

Light Microscopy: A drop of each formulation was placed on a
microscope slide, covered with a glass cover slip, and imaged using a light
microscope (Evos XL Core).
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Turbidity: 1 mL of formulation was syringed into a 48-well plate, and the
absorbance at 350 nm was measured using a plate reader (Spark, Tecan).

Rheology: Rheological characterization was carried out on a Kinexus
Ultra+ (Netzsch), at 25°C. For dilute samples (0.005%), a double-gap
geometry was used to maximize contact area, and for concentrated
samples (0.5%), a parallel plate geometry with a 1 mm gap. Oscillatory
tests were carried out at a strain of 0.5%, derived from an amplitude
sweep. Stress ramps were carried out from 0.01 to 100 Pa, over 10 min.

Sprayability: Formulations were mixed with 0.001% rhodamine 6 G for
visualization, and then loaded into a standard hand-pump spray bottle.
The pump was primed, and then sprayed vertically downward onto A5
paper from a distance of 5 cm. Once dried, the paper was imaged using
a fluorescent scanner (iBright 1500, Invitrogen), and images were loaded
in Image), cropped, thresholded, and particle analysis carried out to assess
the percentage area of the cropped square, which was then converted to a
real surface area.

Tribology: Lubrication was assessed using a three-ball tribological
attachment for the rheometer, with silicone elastomer (Sylgard 184,
Dow) used as the lower surface. Formulation was added so as to cover
the lower surface. A normal force of 1 N was employed, and tests were
carried out at 25°C. The upper geometry was accelerated from 0.1 to
10mm s~
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