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A major function of biological hydrogels (biogels) is to serve as barriers
against invading pathogens and foreign materials. This review focuses on methods
to tune the steric and adhesive barrier properties of biogels at the nanoscale.
Altering the biogel mesh spacings that lead to changes in steric obstruction allows
for gross exclusion of larger particles, but does not provide selectivity with
molecular specificity. Enabling direct binding of specific entities to the biogel
microstructure introduces specificity, yet has very limited breadth, unable to block
numerous diverse entities. In contrast, third party modulators that interact with the
biogel matrix to enable crosslinking of specific entities to the biogel mesh, and/or
facilitate agglutination of these entities, can robustly tune the barrier properties of
biogels against multiple species with molecular specificity without direct chemical
modification of the biogel or changes to its microstructure. We review here the
design requirements for developing effective third party modulators. The ability to
selectively enhance the barrier properties of biogels has important implications for
numerous applications, including prevention of infection and contraception.
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1 Introduction

Hydrogels are three-dimensional networks of polymers that are able to swell
and retain large quantities of water. We define biological hydrogels (biogels) as
hydrogels comprised of biologically derived polymers, ranging from simple
polysaccharides (e.g. agarose) to complex glycoproteins (e.g. mucins), held together
by entanglements and/or adhesive bonds between the major structural
biopolymers. These bonds can be either reversible or irreversible, including
disulfide bonds, hydrogen bonds (H-bonds), as well as ionic and hydrophobic forces
that can be influenced by factors such as ions, pH, and temperature.! For example,
alginate can reversibly gel in the presence of calcium and other divalent cations.?
Collagen I is soluble in weakly acidic solutions, but gels upon neutralization and
heating via a combination of inter-residue electrostatic and hydrophobic
interactions.3 Agarose, upon supersaturation at a temperature above its gelation
point, will gel upon cooling due to H-bonding between ester and alcohol groups.*
Silk fibroin hydrogels can be fabricated by passing an electric current through
solution and ionizing the water, forming locally acidic areas.>

Formation of irreversible, covalent chemical crosslinks may also occur
directly between matrix constituents or via addition of exogenous crosslinkers. For
instance, Schiff reactions between aldehydes from homobifunctional crosslinkers
and amines on a polymer of interest has been used to induce gelation in both silk
fibroin® and chitosan.® Carbodiimide catalyzes esterification of alginate chains, thus
forming a gel.” Hyaluronic acid (HA) grafted with dextran-tyramine conjugate can be

enzymatically crosslinked via tyramine groups with horseradish peroxidase.8 These



reversible/irreversible adhesive crosslinks, coupled with physical polymer
entanglements, are responsible for the macro-rheological (i.e. mechanical)
properties of the biogels, and prevent otherwise soluble biogel polymers from
simply dissolving in aqueous solution.

Biogels are ubiquitous in living systems. Biogels provide structural support
for tissues and mechanical signaling for cells and are crucial for complex
physiological processes such as passage of food along the GI tract, movement of
joints, and reproduction. Biogels are also increasingly used for a variety of
biomedical applications, including scaffolds for tissue replacement in severe burns
and drug delivery systems that slowly release encapsulated therapeutics. While
frequently overlooked, biogels also function as a selective barrier at the nano- to
micro- scale that are essential for many physiological processes. Mucus, for example,
lines the gut, female reproductive tract, and respiratory tract, excluding bacteria,
viruses, and potential toxins from assessing the underlying epithelium while
allowing for free exchange of essential nutrients and immune molecules.?-12
Bacterial colonies form a similar protective coating in the form of a biofilm, a
complex extracellular matrix composed of polysaccharides, proteins, DNA, and
lipids that exclude antibiotics and immune system components, thus increasing the
colony’s chances of survival.13-15> Basement membrane, a biogel composed primarily
of collagen IV and laminin, likewise protects blood vessels and internal organs from
pathogenic invasion.1® It is this selective barrier function of biogels that we focus

this review.



The penetration of proteins, viruses, motile bacteria, and nanoparticles
through biogels can be hindered in two ways: (1) steric hindrance and (2) adhesive
interactions. With steric obstruction, the spacings between structural elements of
the gel must be sufficiently small relative to the foreign entities to physically exclude
those entities based solely on their dimensions, with more effective exclusion when
the size of the entity exceeds the dimensions of the mesh spacing. Entities can also
directly bind to the structural elements of the gel, either through specific or non-
specific adhesive interactions. Adhesive barrier properties of biogels are
particularly important against entities that are too small to be slowed by steric
obstruction and entities that possess active motility apparatuses that can displace
the microstructure locally to create larger pores (e.g. sperm or bacteria with active
motility) (Figure 1). In this review, we will discuss the biochemical and structural
properties of biogels that enable their selective barrier functions, specifically
emphasizing recent work on modifying biogel barriers through engineered third-
party crosslinkers. Third-party crosslinkers flexibly and specifically extend the
principles of steric hindrance and adhesive interactions. These crosslinkers can
adhesively crosslink entities to biogel matrix via strong affinity to the foreign entity
and weak affinity with the matrix. Other third-party crosslinkers may induce
formation of aggregates, increasing the effective particle size and decreasing the flux

of foreign species that can permeate through the biogel pores.
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Figure 1. Barrier properties of hydrogels. (A) Diffusive green particles smaller than
the mesh spacings are compared to larger green particles whose diameter
approaches that of the matrix pore size, and thus are slowed by steric hindrance, as
indicated by exemplary particle traces that span much smaller distances than the
more diffusive traces of smaller nanoparticles. (B) Charged particles that are
smaller than the mesh spacings can be trapped in the biogel matrix constituents via
direct adhesion in contrast to similar sized but otherwise uncharged nanoparticles,
resulting in marked difference in their permeability through the biogel(see Section
2.2. for details). Figure is original.

2 Steric and adhesive barrier properties of biogels
2.1 Characteristics of steric obstruction

Hydrogels, by definition, have characteristic pore sizes that vary based on
polymer concentration, polymer chemistry, ionic strength, fiber thickness, and
crosslinker density. In a purely viscous fluid, smaller particles diffuse faster than
larger ones, with their mobility inversely correlated to their diameter; particles
twice as large will diffuse twice as slowly. In a biogel of given mesh size, this
difference can be particularly accentuated when the size of the larger particles is
near or larger than the pores present, even if both particles do not adhesively

interact with the biogel matrix. This is exemplified in human endotracheal mucus, in



which the diffusivities of 200 and 500 nm muco-inert nanoparticles were slowed to
a much greater extent relative to their theoretical diffusivities in water than smaller
100 nm particles; the measured mean-squared displacements of 200 and 500 nm
particles were 5- and 100-fold smaller than that of 100 nm particles at the same
time scale, despite only a 2- and 5-fold difference in diameter, respectively.1” Similar
patterns are found in porcine respiratory mucus,® human cervicovaginal mucus,19.20
mouse brain,?! breast tumor cell interstitium,?2 and basement membrane.?3

Biogels with smaller pores inherently exert greater steric obstruction than
biogels with larger pores. It is then implicit that accurate assessment of the true
steric barrier properties of a biogel are dependent on accurate assessment of the
pore sizes present in the biogel. Unfortunately, pore sizes reported in the literature
can vary widely depending on method of measurement (Table 1), which can be
broadly classified into either static or dynamic methods. Static methods involve
obtaining static images of the biogels, using scanning electron microscopy (SEM),
transmission electron microscopy (TEM), atomic force microscopy (AFM), or
confocal microscopy (of fluorescently labeled polymers). In contrast, dynamic
methods estimate the pore sizes of biogels based on some form of diffusivity
measures, such as fluorescent recovery after photo bleaching (FRAP), fluorescent
correlation spectroscopy (FCS), multiple particle tracking (MPT), or swelling. Static
methods appear to more often yield larger pore size estimates than dynamic
methods in the literature. Erikson et al.2* reported a side-by-side comparison with
collagen I: using FRAP, they measured pore diameters that ranged from ~100 nm

(20 mg/mL collagen) to ~500 nm (2 mg/mL collagen), whereas with confocal



reflection microscopy, pore sizes in the same collagen gels appeared to be at least
three-fold larger, ranging from ~500 nm (20 mg/mL collagen) to ~1.2 pm (2
mg/mL collagen). Comparisons of hydrogel measurements between papers from the
same research groups also reveal similar patterns. For example, SEM estimated 10
um pores in a 35 mg/mL alginate CaClz gel,?° but a later paper measured pores of
just 7-17 nm in alginate gels of 30-70 mg/mL using a size exclusion chromatography
(SEC)-based method.26

The reason for the discrepancy in pore sizes measured between static vs.
dynamic methods is not well-understood. Ramanujuan et al.27 hypothesized that
unassembled polymers between pores visible by microscopic techniques may
increase the viscosity experienced by diffusing particles in the interstitial volume
space, thus altering the calculated pore size. Erikson et al.2* suggest the discrepancy
is due to the failure of two-dimensional microscopic techniques to fully characterize
the three-dimensional nature of hydrogels. Pore sizes measured can also be
influenced by the methods for preparing gels for static imaging. To process
hyaluronic hydrogels for SEM, Yang, et al.8 freeze-dried and fractured gels,
potentially introducing ice-crystals that artificially increases measured pore size, as
suggested by the ~100-fold increase in pore size compared to dynamic
measurement by Lin, et al.2° This is further complicated by the difference in
crosslinking techniques, as the former used BDDE with a drying step to crosslink,
while the latter used photocrosslinking. In contrast, Lorén, et al.,3°, used
glutaraldehyde, a crosslinker and fixative, and dehydration to prepare k-

carrageenan gels for TEM. These modifications may reduce changes to the pore size,



as reflected by the relatively small (~5-fold) increase compared to the similarly-
prepared k-carrageenan gels measured dynamically by NMR diffusometry by de
Kort, et al.31 These differences in preparation for pore size measurement do not,
however, full explain the differences measured by static vs. dynamic strategies: the
aforementioned Erikson et al.?4 study did not require additional preparation steps
when measuring pore sizes by confocal reflection microscopy (static) or by FRAP
(dynamic), yet calculated a 3-fold greater pore size by static method. Finally, it is

possible that the entities measured using dynamic methods may actually be

Biogel Measurement Conc. Pore Size Prep. Method Refs
Method (mg/mL) (diam.)
Agarose Dynamic 20 124 -206 nm  Supersaturated and cooled B2
Alginate Dynamic 30-70 7 -17 nm Added dropwise into 0.1M CaCl, 26
Static 35 10 pm Added dropwise into 0.1M CaClz 25
Chitosan Dynamic 10 3.5nm Water-swollen membrane 33
Static 10-50 25 -240 pm Water-swollen membrane e
Collagen1 Dynamic 2-20 100 - 500 nm Incubated at 37°C 24
Static 2-20 300 nm - 1.2 um Incubated at 37°C 24
Hyaluronic Dynamic 20 300-500nm  Photocrosslinked 29
acid
Static 20 50-100 um Crosslinked with 0.4-1% BDDE 28
at 40°C, then dried and
reswelled
K- Dynamic 10-50 5-7nm (lower Incubated with 200 mM NaCl 31
carrageenan limit) and 20 mM KCl
Static 2.5-30 25-95nm Incubated with 200 mM NaCl el
and 20 mM KCl

Table 1. Pore sizes of select biogels. BDDE- 1,4-butanediol diglycidyl ether.



interacting at least weakly and transiently with the matrix, therefore slowing those
entities more than would be predicted from steric obstruction alone. Ultimately, we
recommend dynamic measurements when possible to determine functional pore

size.

2.2 Adhesive barrier properties

To overcome steric obstruction, many species in nature either have evolved
to be substantially smaller than the mesh pore sizes, employ active diffusion, and/or
possess the ability to deform themselves. Motile bacteria and eukaryotic cells can
overcome the steric obstruction for a biogel by effectively squeezing through
smaller pores and/or directing motion with flagella or pseudopodia. However, when
examining the diffusion of nanoparticles in complex biogels, a general pattern
emerges: charged (both positive and negative) particles, even those markedly
smaller than the mesh spacings in the biogels, are often immobilized, whereas
neutral particles diffuse freely. Hindered mobility or complete immobilization of
charged particles is consistently observed in basement membrane,233>-38 human
cervicovaginal mucus (CVM),19:39 human respiratory mucus,? breast tumor
parenchema,?3 vitreous humor,*%4! and purified porcine gastric mucins.#? In
contrast, particles with a near-neutral zeta potential, often through grafting
polyethylene glycol (PEG) to the particles, exhibit much more rapid diffusion in the

same biogels despite similar hydrodynamic diameters to the charged particles. This



has been demonstrated in CVM,1943-45 human airway mucus,!” basement

membrane,?3 breast tumors,?3 F-actin,*¢ and fibronectin® (summarized in Table 2).

Biogel Net Charge Type of Particles Trapped Refs
F-actin Negative Negative 4
Fibronectin Negative Negative 46
Basement membrane Negative Negative, positive 35,38
Alginate Negative Negative 47
Mucus
Airway Negative Negative, positive 78
Cervicovaginal Negative Negative, positive e s
Gastrointestinal Negative Negative, positive 52

Table 2. Adhesive interactions in select biogels.

Arends et al.35> probed the mechanism of these adhesive interactions by
measuring the rate of positively charged, negatively charged, and neutral
nanoparticles in basement membrane. In a concentration-dependent manner, salts
in excess of physiological salt concentration increased the mobility of charged
particles that were otherwise immobile in basement membrane. The same group
later reported similar findings in the vitreous humor.#0 Excess salts act to shield the
charges on the nanoparticles and/or the hydrogels, preventing these charges from
interacting with each other, suggesting an electrostatic mechanism. The specific
character of these charge-charge interactions, whether ionic or charge-assisted H-
bonding, was not determined.

Attractive electrostatic forces trap more strongly than repulsive forces. In a
model of mixed positively and negatively charged dextrans, Hansing et al.>3
measured the mobility of fluorescent molecular probes with net negative charges.

As the ratio of positively charged dextran to total dextran decreased, the effective
10



diffusivity of the molecular probe increased, suggesting the negatively charged
fluorescent probes were interacting primarily with the positively charged dextran.
To clarify the relative strength of attractive vs. repulsive interactions, Griffiths et
al>* investigated the interactions of porcine gastric mucins with nanoparticles.
Mucins are densely decorated with sialic acid and, as such, have a strong net
negative charge. When incubated with mucins, positively charged nanoparticles, but
not negatively or neutrally charged nanoparticles, exhibited a marked increase in
their hydrodynamic diameter as measured by dynamic light scattering, indicating
that the attractive electrostatic forces can drive surface adsorption of mucus. Not
surprisingly, nanoparticles coated with positively charged electrolytes displayed a
marked reduction in their effective diffusivity in gastrointestinal porcine mucus
compared to those with near neutral coatings of a similar diameter.>2

Interestingly, repulsive electrostatic forces can also adversely impact particle
mobility in biogels. Stylianopoulos et al.55 explored the effect of repulsive
electrostatic interactions and found that in a generic negatively charged gel at
physiologic ionic strength, repulsive forces were relevant for diffusing particles only
around very small particles, i.e. those with diameters near the Debye length. This
effect is more pronounced in solutions of lower ionic strength or with a higher fiber
volume fraction. Unsurprisingly, increased particle surface charge density from 0 to
0.1 C/m?2 decreased diffusivity, of a magnitude related to ionic strength and fiber

volume fraction.
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Less intuitively, strongly charged nanoparticles can also be trapped in
similarly charged biogels. For example, densely carboxylated polystyrene beads,
which are negatively charged, are immobile in neutralized CVM, which carries a
strong net negative charge.3950.5657 [n this instance, carboxylic acid on the beads and
sialic acids on mucins can form strong H-bonds with each other, sharing an
environmental proton, due to the stabilizing forces of their respective negative
charges, resonance, and similar pKa values.>8 The sheer number of H-bonds due to
the density of carboxylic acid groups on both beads and mucins can create high
avidity crosslinks that effectively immobilize negatively charged beads.

Hydrophobic particles are also trapped in biological hydrogels with
hydrophobic domains through hydrophobic interactions. This is perhaps best
studied in the context of oral drug absorption in the gastric mucosa. Larhed et al.>%60
has extensively studied the diffusivity of drugs ranging in lipophilicity from logK -
3.5 to logK 3.3 using a mucus-coated diffusion chamber. They found a negative
correlation between lipophilicity and diffusivity in porcine intestinal mucus,
hypothesized to be due to interactions with the hydrophobic naked protein domains
on mucins. Similarly, Groo et al.* used a Transwell chamber to demonstrate that
free paclitaxel, a notoriously hydrophobic molecule, diffuses far more slowly
through porcine intestinal mucus than in a hydrophilic, PEGylated lipid nanocarrier
form, although the latter has a much larger hydrodynamic radius. Together, these
studies indicate a role for hydrophobic interactions with the biogel matrix can also

impede permeability through biogels.

12



Finally, the native adhesive barrier properties can vary substantially due to
environmental factors such as pH. For instance, HSV2045 and HIV VLPs>0.62 are
immobile in native CVM, which has a pH of 3.5-4.0 due to lactic acid secreted from
commensal Lactobacillus bacteria, but can readily diffuse through pH-neutralized
CVM (mimicking the pH-buffering effects of alkaline semen) with mean squared
displacement about 1000 times greater than that at pH 4. Trapping is likely due to
H-bonding between sugars on mucins and sugars on glycoproteins of HIV, as more
of both are protonated at a lower pH and thus can more easily form H-bonds.

3 Tuning the barrier properties of biogels

3.1 Altering steric obstruction of biogels through changing its
microstructure

It follows that to impede the diffusion of particles by steric hindrance, one
must decrease the pore size of the hydrogel (Fig. 2). This can be done by increasing
the crosslinking density of polymers, altering pore size mechanically through
methods of forming hydrogels, and increasing the concentration of the polymer. As
discussed above, biogels require some combination of entanglement and/or
crosslinking to form an insoluble gel. Increasing the density of crosslinkers or using
more potent crosslinkers will increase the frequency of crosslinks within the gel,

thus decreasing the effective pore size.

13



Tuning Steric Hindrance

A B
o
e o /© o
o

Al
tlé}guﬁ]ed
1um
mobile

Figure 2. Tuning steric hindrance of biogels. (A) Particles that do not associate with
the matrix constituent and consequently mobile in the biogel will become
immobilized when (B) the pore size of the biogel is decreased to smaller than the
size of the particles. Figure is original.

3.1.1 Tuning crosslinking of biogels

Arends et al.3¢ examined the mobility of particles within reconstituted
murine basement membrane from the Engelbroth-Holm-Swarth sarcoma (dry mass
60% laminin, 30% collagen IV) from several sources. Corning’s Matrigel®, the
source with the highest concentration of the laminin crosslinker entactin, reduced
the diffusive fraction of 200 nm PEG nanoparticles to 0%, compared to 70-80% in
samples with the lowest concentration of entactin. Increased crosslinker density
was correlated with a 4-fold stiffer gel, markedly smaller pore sizes, and, not
surprisingly, reduced nanoparticle mobility (Figure 3). Conversely, particles and
cells can gain greater mobility when crosslinking density is reduced, such as via

photolytic degradation of the crosslinkers. Kloxin et al.®3 encapsulated cells in PEG
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diacrylate with a photodegradable crosslinker based on nitrobenzyl ether, followed
by masked flood irradiation to spatially erode a channel. Cells in or near the channel
were released and became migratory along the proscribed path due to the resultant
increase in pore size. Chemical degradation of crosslinks, exemplified by reduction
of disulfide bonds by N-acetylcysteine in airway mucus from patients with cystic
fibrosis, has a similar effect: the fraction of mobile 200 nm and 500 nm PEG-coated
nanoparticles increase by ~2- and ~6-fold, respectively.t4 Schultz and Anseth®>
found a correlation between crosslink density and rheological properties in an
enzymatic model of crosslink degradation, using MPT to probe the microrheological
properties of peptide-crosslinked PEG-norbornene hydrogels. As the ratio of matrix
metalloproteinase-degradable crosslinkers to nondegradable crosslinkers was
increased, collagenase treatment had a correspondingly greater effect on the
diffusivity of microparticle probes. Hydrogels with a nondegradable/degradable
crosslinker ratio above a critical threshold demonstrated no change in probe

diffusivity upon degradation by collagenase.
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Figure 3. Particle mobility and content of ECM proteins in foure different ECM gel
variants. (a) Exemplary trajectories of PEGylated particles with a diameter of 200
nm in the four different gels. Trajectories are shifted for clarity. (b) The content of
fibronectin, laminin, entactin and collagen type IV in the four different ECM gels is
analyzed by western blot. Figure adapted from 36,

The density of crosslinks can also differ based on the crosslinking efficiency
of the crosslinkers themselves. For example, the pore sizes of HA gels, composed of
polymeric disaccharides of glucuronic acid and N-acetyl glucosamine, can vary by
~30% simply by changing the crosslinker from divinely sulfone to ethylene glycol
diglycidyl ether.6¢ Likewise, chitosan, consisting of deacetylated chitin, exhibits a 2-
fold smaller mesh size, 8-fold greater crosslink density, and 6-fold stiffer gel when
ionotropically gelled with tripolyphosphate instead of pyrophosphate,

demonstrating a correlation between mesh size, crosslink density, and bulk
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rheology.®” Further methods to crosslink hydrogels have been reviewed by Ullah et
al.%8 and Akhtar et al.®®

3.1.2 Methods to form hydrogels

Porosity of gels can be tuned through methods of forming hydrogels such as
salt leaching, porogens, gas foaming, electrospinning, and freeze-drying. These
methods have been extensively reviewed elsewhere.”%71 Briefly, salt leaching,
porogens, and gas foaming all induce porosity by causing gelation to occur around a
solute or gas bubble, which is then removed by evaporation or immersing the gel in
a specific solvent. The sizes of salt crystals, porogens, and bubbles directly influence
the pore sizes. For example, Kim et al.72 used NaCl crystals in the formation of silk
fibroin scaffolds, followed by leaching of the crystals from the scaffolds, and found
the resultant pore size to be within 10% of crystal size. Freeze-drying involves
rapidly freezing a biogel and removing solvent, which also leaves behind pores. The
temperature at which this occurs affects the final pore size. In another preparation
of silk fibroin scaffolds, Mandal et al.”3 found that lower freezing temperatures are
correlated with smaller pore sizes, with a two-fold difference between gels frozen at
-20°C and those frozen at -196°C. Electrospinning is the only additive method; it
creates polymeric fibers of defined size that collectively become a porous scaffold.
Huang et al.”4 varied polymer concentration, flow rate, liquid nitrogen, needle
thickness, and temperature of collector to vary both fiber and pore diameter of
electrospun silk fibrinogen over a six-fold range. Further techniques have been

extensively reviewed by Vedadghavami et al.’> and Bajaj et al.7¢
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3.1.3 Tuning polymer concentration

Intuitively, greater amounts of polymer present in a biogel will increase
entanglements and effective crosslinks between polymer strands, and consequently,
increase steric obstruction of particles in the biogel (unless the increased polymer
concentration only results in thicker or more bundled fibers). Indeed, increasing the
concentration of F-actin by ~10-fold slowed the diffusion of 1.04 pm polystyrene
microspheres by ~10-fold.”” Similarly, in a collagen [ model, an increase in polymer
concentration from 2 mg/mL to 20 mg/mL the diffusion of 2ZMDa dextran by 3-
fold.24

Not surprisingly, selective reduction of polymer, such as by enzymatic
degradation, increases the effective mesh spacings and decreases steric hindrance of
particles in biogels. The vitreous humor of the eye is composed of a network of
fibrous collagen and HA, crosslinked by proteoglycans. Treatment with collagenase,
trypsin, and hyaluronidase all increased the pore size and nanoparticle diffusivity
within the eye, with the greatest effect achieved with collagenase, implicating the
outsized structural role of fibrous collagen compared to HA in the vitreous gel.
Magzoub et al.’8 examined the diffusion of dextrans with FRAP in tumor ECMs
before and after digestion of collagen I, decorin, or HA. While digestion of collagen I
and decorin each increased dextran diffusivity, digestion of HA actually decreased

dextran diffusivity.
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3.1.4 Stimuli-responsive steric tuning

Many of these aforementioned techniques are static in nature, requiring the
perturbation to be part of the creation of the biogel. This has led a number of
investigators to develop so-called “smart” hydrogels that can directly respond to
changes in their environment. These have gained popularity in recent decades in the
drug delivery field, with the aim of using these gels to increase compliance and fine-
tune dosing. An example application is in diabetes management, which seeks to
create a closed-loop glucose-gated insulin delivery device- an implanted hydrogel
that doses insulin depending on the available glucose in the blood. A longstanding
challenge for insulin-dependent diabetics is insulin dosing and timing. Insulin needs
vary, depending on carbohydrate consumption, health, hormones, activity level, and
pancreatic function. Thus, even the most fastidious diabetic may have difficulty
controlling their blood glucose levels during times of extreme stress or physical
illness. Li et al.”? immobilized glucose oxidase, glucose catalase, and insulin within
pH-sensitive peptide hydrogels, testing for efficacy in diabetic mice (Figure 4).
Increase in blood glucose levels led to metabolism of glucose by immobilized
oxidase and catalase, resulting in a local decrease in pH, causing the hydrogel to
swell. Upon swelling, the pores of the hydrogel increased and allowed for diffusion
of insulin out of the gel. Released insulin decreased glucose levels, and the pH within
the gel returned to physiological, shrinking the pores and retaining the remaining
insulin. Many other smart approaches to glucose-responsive delivery, including

from synthetic hydrogels and supramolecular assemblies of insulin derivatives, have
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been expertly reviewed by Webber and Anderson8? and VandenBerg and Webber.81
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Figure 4. Diagram of the glucose-mediated insulin delivery system using pH-
sensitive self-assembling peptide hydrogels. A, B and C indicate the process of the
hydrogels formation. Figure from 7°.

3.2 Direct adhesion to the biogel matrix

Electrostatic interactions are present in many naturally occurring hydrogels.
Nevertheless, creating synthetic gels that can support electrostatic-based adhesion
can be challenging. As many gels form through physical interactions that rely on the
same functional groups that mediate electrostatic interactions, altering electrostatic

properties may affect the rheological properties of the gel.
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Figure 5. Types of direct adhesion. (A) Charged (purple) particles adhere directly to
charged matrix constituents via charge-charge interactions, while uncharged
(green) particles undergo rapid diffusion in the interstitial fluid space within the
biogel. (B) Uncharged, mobile particles are trapped by crosslinkers that bind both
nanoparticle and matrix components. Figure is original.

Adhesion by electrostatic interactions is also highly non-specific. Instead of
non-specific electrostatic interactions, it is possible to tune the adhesive barrier
properties of biogels with molecular specificity to direct modifications of the biogel
matrix with ligands. This allows a discrete number of entities of interest to be
trapped, while other entities of similar size and with similar electrostatic properties
might remain mobile (Fig. 5).

One approach to overcome this problem is to modify a so-called “template”
gel, onto which functional groups of interest can be conjugated onto an
independently assembling hydrogel. Such strategies have been recently reviewed by

Acar et al.,?? Chen et al.,83 and Liu and Hudalla.84 These gels have the added benefit

of allowing, but not requiring, target specificity. A particularly elegant solution is the
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EAK16 peptides, which consist of 12-16 alternately charged (half positive and half
negative) and hydrophobic residues that spontaneously self-assemble into 3-sheet
fibrillizing hydrogels with the hydrophobic residues in the interior. To tune charge
specificity via electrostatic interactions, Gelain et al.85 used three derivations of the
RADA16 peptide to modify the surface of the formed protein scaffolds and measured
the diffusion of positively and negatively charged cytokines in each of the gels. In the
negatively charged RADA16-DGE gel, positively charged cytokines diffused at a
quarter of the rate of negatively charged cytokines. In the positively charged
RADA16-PFS gel, the negatively charged cytokines diffused at a tenth to a fifth of the
rate of positively charged cytokines.

Freudenberg et al.8¢ tackled the problem of charge-tuning hydrogels by using
a non-biological hydrogel, star-shaped PEG, as a base gel to which different
quantities of heparin and variously sulfated glycosaminoglycans could be
conjugated, tuning both the number of ionizable sulfate groups per hydrogel volume
and the charge density on the glycosaminoglycan component. Both the stiffness and
swelling degree varied less than two-fold. Basic cytokines bound to the hydrogels in
direct correlation to the number of ionizable sulfate groups per hydrogel volume,
regardless of level of sulfation. Both acidic cytokines with positively charged
heparin-binding domains and neutral cytokines bound to gels in a manner first
correlating with charge density and then the number of ionizable groups per
volume, although cytokines with heparin-binding domains bound more strongly

overall. Acidic cytokines with no heparin-binding domain did not bind to the highly
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negatively charged gels. These results are consistent with previous studies of
electrostatic-based trapping in hydrogels.

In a model of more specific adherence to the matrix, Bodenberger et al.8”
covalently incorporated lectin B from Pseudomonas aeruginosa into albumin-based
hydrogels to trap bacteria. Lectin B successfully captured a carbapenem-resistant
clinical isolate of P. aeruginosa with enough affinity that it could not be washed off
with PBS, although it could be eluted by a sugar with higher affinity for the lectin. A
similar strategy88 involving the non-covalent incorporation of lectins into a
supramolecular peptide-based hydrogel was used to analyze the glycosylation
patterns of intact glycoproteins. Lectins and fluorescence-enabling quenchers were
immobilized in specific regions on a chip; trapped glycans and glycoproteins were
added later. Lectin binding was detected by fluorescence, as binding released the
competitive fluorescent quencher. This hydrogel was used to detect the
concentration of glucose from a solution and identify the glycans present on several
complex glycoproteins.

Many groups incorporate adhesion peptide sequences into hydrogels, such as
those derived from fibronectin (RGD(S)) and laminin (IKVAV).89-93 These sequences
allow for integrin binding and have been successfully used to encourage cellular
migration and proliferation. As such, they do not enhance the barrier function of

hydrogels and are beyond the scope of this review.
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3.3 Advantages and disadvantages of tuning steric hindrance and direct
adhesion properties of biogels

Steric hindrance is a facile method to tune biogels to grossly exclude particles
based strictly on their hydrodynamic diameter. It is ubiquitous in the majority of
biogels, as exemplified by the subdiffusive behaviors of proteins, viruses, and
nanoparticles in various biogels vs. in buffer.>1.94 The total exclusion of larger
particles, and slowing of smaller particles, while non-specific, is an important
barrier feature, and can be tuned in response to external stimuli. In addition to the
ligand-sensing example discussed above, change in pH,?> application of light,63.96 and
enzymatic degradation®” have all been used to alter the steric hindrance of a biogel,
often to facilitate in vivo drug release.

As discussed above, relying on steric hindrance alone to tune barrier
properties results in only size-specific rather than molecule-specific exclusion.
Additionally, decreasing pore sizes to the extent needed for effective exclusion may
result in excess stiffening of the biogel, which in turn may impact other biological
functions such as mucus clearance or cell attachment. Branco de Cunha et al.%8
probed the effect of stiffness of an interpenetrating alginate/collagen I network on
fibroblast development and protein expression in the course of developing a wound
dressing. They found that increasing stiffness from 50 Pa to 1200 Pa by increasing
calcium crosslinking of alginate both inhibited fibroblast spreading and upregulated
expression of inflammatory cytokines. This indicates that, should a hydrogel be
designed for barrier purposes at wound sites, steric hindrance as the sole barrier

mechanism may afford limited utility.
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To block the permeation of entities that cannot be effectively slowed by
tuning the pore sizes, such as those smaller than the mesh spacing or which possess
active motility apparatuses that can displace mesh elements, harnessing adhesion to
the matrix constituents represents a promising strategy. These direct adhesions
confer molecular specificity and are useful in contexts in which selective
permeability is desired. For example, mucus must balance protection of the
underlying epithelium from pathogens and toxins with allowing exchange of
nutrients. To this end, a number of studies, reviewed by Wagner et al.,12 have
demonstrated the interaction of microbes with unique mucin glycans, specifically
preventing the penetration of both viruses and bacteria to the underlying
epithelium.

However, tuning biogels via direct adhesion requires modification of the
chemistry of the biogel itself. This is an inherently low-throughput process,
necessitating a separate polymer be created for each target entity to be
immobilized. It also prevents modification of the barrier properties of a biogel post
fabrication. A biogel’s permeability to various entities cannot be tuned in response
to novel entities, nor could extant biogels be modified without the introduction of
additional polymer. For these reasons, we believe third party modulators may be a

preferable method for tuning barrier properties of biogels.
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4 Third party modulators

Two categories of third party modulators exist: matrix-binding crosslinkers
and agglutinators (Table 3). Matrix-binding crosslinkers in hydrogels combine the
general utility of electrostatic interactions with the specificity of conjugating ligands
directly to biogels. These crosslinkers incorporate two binding elements, with the
most potent crosslinkers comprising a domain with low-affinity bonds to the biogel
matrix and a domain that form high affinity bonds with specific epitopes on foreign
species. Such matrix-binding crosslinkers can be administered before or after
gelation, do not affect the gel’s bulk rheological properties, can be administered to a
native biogel (such as mucus), and require no creation of a de novo gel. This strategy
also enables multiple entities of interest to be specifically trapped at once through

the use of a cocktail of crosslinkers (Fig. 6).

Matrix-Binding Modulators Agglutinating Modulators
Interactions with  Weak and transient Not necessary
Biogel
Interactions with  Many crosslinkers accumulate on Many crosslinkers interact with
Particles one particle many particles to induce aggregation
Mechanism for Adhesion to biogel matrix Steric obstruction by the biogel
Reduced Mobility matrix; reduced diffusivity/mobility
Requirements Requires rapid diffusion of Requires high local concentrations of
crosslinkers for efficient pathogen  foreign species; most effective
encounters against foreign species with active
motility
Example Enhancing the CVM barrier against Limiting sperm permeation of
Application sexually transmitted infections; cervical mucus for non-hormonal
facilitating rapid clearance of contraception; induction of

respiratory viruses from the lung enchained growth in the GI tract to
maintain homeostatic bacterial
populations

Refs 44,48,99-101 102-108

Table 3. Key properties of third-party modulators.
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Figure 6. Types of third party modulators. A) Matrix-binding modulators
immobilize particles through transient, weak interactions with matrix constituents.
B) Agglutinating modulators crosslink multiple particles together in clumps too
large to diffuse through the matrix, without needing to interact with the matrix
directly. Figure is original.

Agglutinating crosslinkers function by agglutinating or enchaining particles
into a mass too large to diffuse through matrix pores or to engage in active
mechanisms to effectively mobilize. These agglutinating crosslinkers’ potencies
depend on their polyvalency; multivalent crosslinkers like IgA or IgM are far more
potent at agglutination than bivalent IgG. The crosslinker need not interact with the

matrix, allowing more flexibility in the biogel in which it can be used.

4.1 Third party crosslinking to biogel matrix

Our group has pioneered the use of IgG antibodies as matrix-binding
crosslinkers in biological hydrogels to immobilize viruses, bacteria, and
nanoparticles. Initially, we discovered that the mobility of herpes simplex virus
(HSV) in CVM was inversely proportional to the endogenous level of anti-HSV IgG in
the CVM specimen. We showed that addition of exogenous anti-HSV IgG into CVM

with low endogenous anti-HSV IgG caused otherwise readily mobile HSV to become
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completely immobilized. Non-neutralizing, anti-HSV IgG was able to effectively
reduce vaginal Herpes transmission in mice, but protection was critically dependent
on the presence of mucus.** We have since demonstrated that IgG-mediated
trapping of HSV is consistent across the menstrual cycle and in women with diverse
vaginal microbiotal%® and that IgG- and IgM-mediated trapping can limit access to
the underlying epithelium.3° IgGs that bind Ebola virus-like particles (VLPs) also
effectively immobilized them in human airway mucus (AM) and facilitated rapid
clearance of Ebola VLPs from the mouse airway.*8 High endogenous levels of anti-
influenza antibodies are similarly correlated with low mobility of influenza VLPs in
the human AM.110 Exogenous addition of anti-LPS IgG to mouse gastrointestinal
mucus (GIM) lacking endogenous antibodies reduced the fraction of actively motile
Salmonella typhimurium, increasing their tendency to undergo hindered or diffusive
motion rather than swim in a directed fashion.102

Antibody-mediated trapping is not exclusive to mucus gels. In basement
membrane as well as biogels comprised of its principal structural component,
laminin, IgG and IgM effectively immobilized nanoparticles to the matrix. They can
also retard the migration of bacteria across the gel.38 Similar IgG- and I[gM-mediated
immobilization of nanoparticles has been found in alginate.*”

4.1.1 Physical mechanism of third party crosslinkers that adhesively
crosslink to matrices

Previous work has shown that IgG possess only very weak affinity to mucins.
This suggests matrix-binding IgG crosslinkers involve both highly specific, high-

affinity interactions between the target entity and crosslinker and low-affinity
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interactions between the crosslinker and the matrix constituents. This contrasts
with the conventional paradigm that high-affinity matrix-crosslinker bonds should
promote more potent trapping. To evaluate the role of matrix-crosslinker affinity on
trapping potency, we anchored IgG to the matrix of basement membrane via biotin-
avidin chemistries.? Instead of enhancing trapping potencies, we found that high-
affinity bonds between the crosslinker and matrix actually strongly reduced
trapping potency (Fig. 7). High affinity bonds with the matrix most likely limited the
diffusional freedom of the crosslinker, which in turn compromised the ability of the
crosslinker to quickly bind to the target entity of interest. This implies that in the
presence of high crosslinker-matrix affinity, any successful bond between the
crosslinker and target entity is limited by the diffusion of the target entity, which is
typically much slower (e.g. HIV, with a diameter ~100nm, is ~20x larger than an

IgG), leading to much slower kon and thus lower trapping potencies.
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Figure 7. Transient vs. stable anchor-matrix bonds. Diffusion of 200 nm
polyethylene glycol (PEG)-conjugated latex nanoparticles in biotinylated Matrigel®
modified with neutravidin. (A) Representative traces of nanoparticles in Matrigel®
with no added IgG (control), anti-PEG IgG (IgG), or biotinylated anti-PEG IgG (IgG-
biotin) exhibiting effective diffusivities within one SEM of the ensemble average at a
timescale of 1 s. (B) Distributions of the mean logarithms of individual particle
effective diffusivities (Deff) at a timescale of 0.2667 s. Log (Detf) values to the left of
the dashed line correspond to particles with displacements of less than 100 nm (i.e.,
roughly the particle diameter) within 0.2667 s. c Ensemble-averaged geometric
mean square displacements (<MSD>) as a function of timescale, (D) mean Deff of all
particles in each condition, and (E) fraction of mobile nanoparticles in Matrigel®
treated with different IgG. N = 4 separately prepared slides/condition with 83-237
particles tracked per slide. Error bars represent SEM. *p < 0.05 compared to control
in indicated comparisons. p values were calculated by repeated measures two-way
ANOVA in (C), with one-way ANOVA on log-transformed data in (D), and with one-
way ANOVA in (E). Reproduced with permission.®®

In contrast, crosslinkers with weak matrix-crosslinker interactions can bind
and unbind from the matrix constituent rapidly, allowing them to diffuse through

the matrix and quickly encounter, bind, and accumulate on the target entities of
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interest. When a sufficient number of crosslinkers accumulate on a pathogen,
despite continued binding/unbinding events by individual crosslinkers, at least one
pathogen-bound crosslinker will most likely remain bound to the matrix, thereby
effectively trapping the pathogen-crosslinker complex.

In good agreement with our experimental observations, Monte Carlo
simulations also confirmed that weak, transient bonds between the crosslinker and
the matrix are critical to reinforcing the biogel barrier. In a computational model of
HIV diffusing through CVM to reach epithelial cells, Chen et al. 11 showed that even
slowing the diffusion of IgG by just 20% relative to in buffer (i.e. a=0.8), which
reflects the affinity of IgG to midcycle cervical mucus,* was sufficient to reduce the
quantity of HIV virions penetrating CVM and reaching the underlying epithelium by
>90% over the course of two hours, compared to IgGs with no affinity to mucins. A
later study by Wessler et al.190 expanded on this paradigm and found that to limit
HIV diffusion through mucus, the optimal crosslinker affinity to matrix is achieved
when the diffusivity of the crosslinker is slowed by ~75% in matrix compared to in
buffer, which is comparable to the affinity between IgM antibodies and mucins.
With greater crosslinker-matrix affinity (i.e. >75% slowed in matrix than water), the
ability to trap virus actually decreased. In addition to weak affinity to the matrix,
rapid diffusivity of the crosslinker is also important to maximize the rate of
crosslinker accumulation on the entity of interest. Newby, et al.?? found that
nanoparticles need to be far larger than crosslinkers: a 20x increase in size of the

nanoparticle compared to crosslinker increases trapping efficiency ~4x. Moreover,
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crosslinkers that form weak, transient bonds with the matrix more potently
prevented the penetration of nanoparticles across the barrier than did crosslinkers
that form long-lasting, strong bonds with the matrix by an order of magnitude.

4.1.2 Molecular mechanism of transient crosslinker-matrix interactions

As part of the initial discovery that anti-HSV IgG traps HSV in CVM, Wang et
al** identified the component on IgG that mediated the interactions with mucins. A
F(ab)2 construct, produced by removal of Fc by pepsin digest, completely abrogated
trapping. Deglycosylation of the two conserved Fc glycosylation sites at Asn297 with
PNGase F also similarly abrogated the trapping potencies of IgG (Fig. 6). This led to
the conclusion that Fc glycans are integral to IgG-mediated trapping in

cervicovaginal mucus.
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Figure 8. Deglycosylation of IgG abrogates trapping of HSV in CVM. (A) Fc removal
from anti-HSV1, confirmed by SDS-PAGE. (B) Deglycosylation of anti-HSV1,
confirmed by lectin-ELISA. (C) Effective diffusivity of HSV1 in the CVM treated with
intact, Fc-removed, and deglycosylated IgG. Reproduced with permission.44

Motivated by studies with various mucus secretions, we explored whether
IgG and IgM could also facilitate trapping in other biogels, and discovered that both
mediated effective trapping of virus-sized nanoparticles in Matrigel® as well as

matrix comprised of laminin/entactin.38 Notably, IgM antibodies have 51 potential
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glycosylation sites. Of these, 31 are glycosylated with complex glycans terminated in
galactose or sialic acid and are 80% occupied. The remaining 20 are glycosylated
with oligomannose and are 17% or 100% glycosylated, depending on location.111
We deglycosylated IgG with PNGase F and IgM with a cocktail of endoglycosidases
and found a reduction in trapping. Again, we concluded that glycans on antibodies
are necessary for this crosslinking to occur.

The weak, transient, polyvalent immobilization induced by third party
crosslinkers indicates H-bonding as the likely driving force behind this interaction.
As deglycosylation of antibodies negates all trapping, we believe this H-bonding
involves glycans. Hydroxyl, carboxylic acid, and N-acetyl groups on glycans are all
capable, to varying ability, of participating in H- bonding. Charged groups, such as
carboxylic acid at pH 7, produce stronger bonding, whereas neutral groups, such as
hydroxyl, produce much weaker bonding. IgG glycans are often terminated in N-
acetylglucosamine or galactose, but less frequently sialic acid. Their ability to
mediate trapping in alginate, but not agarose, similarly to the differential ability of
desialylated IgM to mediate trapping in alginate only, suggests that terminal
galactose or small quantities of N-acetlyglyucosamine forms bonds insufficient to
trap particles. Fully sialylated IgM, which possess 16-20 sialic acid groups/Ab, has
an abundance of carboxylic acid and N-acetyl groups to participate in H- bonding. In
alginate, carboxylic acid provided by the biogel can interact with the abundant
remaining hydroxyl groups, compensating for the loss of carboxylic acid and N-

acetyl groups on the IgM. Agarose provides only hydroxyl groups for interaction,
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and hydroxyl-hydroxyl, or even hydroxyl-N-acetyl, H-bonds are not particularly
strong compared to charge-assisted carboxylic acid-hydroxyl or carboxylic acid-
carboxylate H-bonds.112

4.2 Harnessing agglutination to enhance steric obstruction with molecular
specificity

Immune exclusion describes the ability for polyvalent antibodies such as sIgA
and IgM to agglomerate many pathogens together. This creates a clump that is
either too large to diffuse through mucus and/or is unable to swim in a coordinated
fashion towards any particular direction. Antibody need not interact with the matrix
to induce agglutinates. Agglomerated pathogen complexes, similar to pathogens that
are crosslinked to mucins, are quickly eliminated by natural mucosal clearance
mechanisms, such as ciliary beating in the respiratory mucosa or peristalsis in the
intestinal mucosa.l13 Immune exclusion has long been proposed as the mechanism
by which sIgA protects the mucosal epithelial from bacteria.108

4.2.1 Third-party modulators that induce agglutination

Sperm, self-propelled by vigorously beating flagella, must swim through
mucus to fertilize the egg. In the 1970s and 1980s, Kremer and Jager discovered the
“shaking sperm” phenomenon in infertile couples: sperm that appeared as large
aggregates too large to passively diffuse through the pores of cervical mucus and
unable to undergo any coordinated motion due to head-to-head configurations of
spermatozoa but which shook in place as the sperm were otherwise active.105 The
shaking phenomenon was associated with high titers of anti-sperm IgG, sIgA, and/or

IgM antibodies in either semen or mucus.104-106.114 [ndeed, agglutinating anti-sperm
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antibodies administered to rabbit CVM effectively agglutinated sperm in vivo and
reduced fertility to almost 0% in a dose-dependent manner.11>

Agglutination is critically dependent on the concentration of the target entity,
as these entities must be colliding with each other with sufficient frequencies in
order for agglutinates to form, and such collisions must occur over time scales
substantially shorter than for the entity to actually permeate through the biogel. For
instance, HIV virions generally only experience up to one or two collisions over a
12-hour period at concentrations similar to those found in semen of acutely infected
males, which possess by far the highest viral titers.116 This pattern is true of other
viruses and non-motile bacteria that are commonly transmitted vaginally:
appreciable collisions simply do not occur even at concentrations equal to the
maximal titers present in semen from acutely infected individuals. In these
instances, it is unlikely that agglutination would be an effective barrier mechanism.
Collision frequency increases with greater mobility: at the same concentration, a
swimming bacterium is much more likely to encounter another bacterium than a
non-motile bacterium that could only undergo Brownian diffusion. However, even
with the typical bacterial load in the GI tract, the collisions between bacteria may be
relatively limited.103

4.2.2 Crosslinkers that facilitate enchained growth

Classical agglutination describes distinct bodies colliding and becoming
bound together and requires a high density of pathogen (>108 colony forming units

[CFU]/gram). However, typical infections occur with far lower concentrations (10°-
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107 CFU/g). Moor et al.198 addressed this discrepancy with a mouse model of oral

vaccination against S. typhimurium to demonstrate enchained growth as a function

of sIgA (Figure 9). Specifically, mice were orally vaccinated with an inactivated

strain of S. typhimurium and challenged with wild type S. typhimurium possessing

different fluorophores. Bacteria from vaccinated mice were densely coated with

specific sIgA and formed large, unicolor clumps, implying each clump originated

from an individual bacterial cell. The authors therefore proposed enchained growth

as the dominant mechanism of inducing bacterial aggregation vs. agglutination, in

which sIgA bound to the mother cell crosslinks daughter cells, resulting in a chain of

linked cells. This results in an immobile mass of bacterial cells that cannot permeate

through mucus and limits bacterial growth via quorum sensing.
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Figure 9. Enchained growth is a protective mechanism in nontyphoidal
salmonellosis. a, Density-dependence of agglutination. b-g, Mock- (PBS) or PA-S.Tm-
vaccinated (vacc.) mice were pretreated with streptomycin, infected (10> CFU,
indicated strain, by gavage) and analysed 18 h later. Pathogen loads in mLN (CFU)
(b) or epithelium and lamina propria (microscopy) (c). d, Faecal lipocalin-2 (LCN2).
e, [gA-coating of wild-type S. Typhimurium (S.TmWT) (caecum content;). f, g, S.
Typhimurium clumping in caecum lumen (frozen sections; scale bar, 10 um; mean *
s.d.). h, Faecal S.TmWT. NS, not significant (repeat-measures ANOVA). i-k, PA-S.Tm-
vaccinated mice were challenged with a 1:1-mix of mCherry- and GPF-tagged S.Tmatt
(10>CFU). Images of live caecal content (3-8 h after infection). i, Representative
images (5 h after infection). j, Clump clonality plotted against luminal CFU density (n
= 13). k, Confocal microscopy quantification of clumping from mice infected with
105 CFU S.Tmat (blue circles, n = 13) or S.TmattAfliGHI (black circles, n = 7) and 1010
CFU S.Tmator 109 PFA-fixed S.Tmat (magenta circles, n = 12). Lines show robust
fittings of the enchained growth/agglutination model, green area represents
parameter space where less than 1% luminal S.Tm are planktonic. Dashed line,
detection limit; grey-shaded areas, background levels. Unless otherwise stated,
statistics are the results of two-tailed Mann-Whitney U-tests. Horizontal lines
represent median. Figure from 108,

Crosslinks between sIgA and enchained bacteria are not permanent due to
natural unbinding rates and shear stresses produced by the mixing required for
efficient digestion. Bansept et al.197 modeled the effect of crosslink time and
bacterial replication rates on concentration of free bacteria and cluster sizes. They
included models accounting for bacterial escape and loss due to excretion, fixed
bacterial replication time vs. rate, independent linear chains after breaking of
chains, and force-dependent breaking rates. In all models, a general pattern
emerged: bacteria growing at slower rates (i.e. commensal, non-pathogenic
bacteria) than the rate of linkage breaking existed mostly as free bacteria, while
rapidly dividing bacteria (i.e. pathogenic or dysbiotic bacteria) replicating much
faster than linkage breaking formed immobile clusters. This implies that

crosslinkers that facilitate enchained growth would be most effective against rapidly
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dividing bacteria, regardless of the bacterial concentration, but less so against low
titers of bacteria that divide slowly.

4.3 Advantages and disadvantages of tuning biogels using third party
modulators

The primary advantages of utilizing third-party crosslinkers are their
abilities to mediate selective trapping of specific pathogens without broadly
perturbing other properties of the biogels. The weak crosslinker-matrix affinity
allows for flexibility in addition of crosslinkers, ensuring quick and uniform
distribution of the crosslinkers within a biogel, as we had previously observed with
topical passive immunization of the vagina with IgG. In the production of any
synthetic biogels, crosslinkers can also be incorporated before gelation to ensure
even more uniform mixing.

The weak crosslinker-matrix affinity prevents saturation of binding sites on
matrix constituents and consequently, greatly increases the ability to
simultaneously trap a diverse array of foreign particles. To demonstrate this, we
treated Matrigel® with 1:100 ratio of anti-PEG and anti-biotin antibodies. The
presence of excess anti-biotin IgG did not interfere with the ability of anti-PEG
antibody to trap PEGylated nanoparticles.38 This underscores the ability to quickly
and easily tune the barrier properties of biogels that cannot be accomplished by
modifying the biochemistry of a biogel matrix.

Matrix-binding crosslinkers must accumulate on foreign particles in
sufficient quantity to mediate trapping. This implies that they could be saturated

with high concentrations of foreign particles. One method to overcome the limit is to
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utilize third-party, polyvalent agglutinating modulators that can induce formation of
aggregates. Agglutination is most effective when particles have a high frequency of
collision, either due to a high concentration of from inherent active motility. If the
target is replicative, polyvalent antibodies may also induce a non-classical form of
aggregation through enchained growth.

The greatest strength with using third-party modulators to modulate the
biogel barrier is also its primary disadvantage: the specificities conferred by the
crosslinker imply that we are only able to enhance the barrier against a finite
number of species that were identified a priori. Given the diversity of foreign
entities to which a biogel may be exposed, methods that can enable exclusion
strictly based on size or charge may turn out to be more practical.

5 Conclusion

Given biogels’ multifaceted functions, having diverse methods to modulate
their barrier properties (as summarized in Table 4) is essential for realizing the full
range of their potential applications. While there is a longstanding history of tuning
the pore sizes of a biogel as well as the composition of the biogel matrix to enhance
the steric and adhesive barrier properties of biogels, the use of third-party
modulators to tune biogel barrier is a recently emerged strategy with the potential
to greatly increase the flexibility, ease and throughput. For instance, it is now
possible to directly tune the barrier properties of mucus lining exposed tissues in
the body against foreign pathogens simply by dosing pathogen-specific antibodies to

mucosal surfaces, without the need to otherwise alter the physical and biochemical
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properties of mucus that may lead to adverse health consequences. Likewise, such

third-party modulators may improve retention of cells within a hydrogel for various

tissue engineering and cell therapy applications.87.117

Advantages

Disadvantages

Steric Hindrance

Adhesive Interactions

Third-Party Modulators

Required component of any
barrier strategy

Capable of boardly excluding all
species based solely on size

Somewhat specific

Can be engineered into de novo
biogels for improved specificity

Most specific

Multiple species can be trapped
simultaneously

Tuning does not alter biogel
structure

Can be added to biogel before or
after gelation

Tuning frequently alters gel
rheology

Excess tuning may overly exclude
particles

No molecular specificity

Tuning methods may alter
physical properties of gel

Engineering to incorporate
specificity is inherently low-
throughput

Requires knowledge of foreign
species to be trapped, with
modulators that possess specific
affinity to those species

Agglutinating modulators may
have limited potency when
foreign species are present at
very low concentration

Specific matrix affinity required
for matrix-binding crosslinkers;
may require tuning of matrix-
binding domain for biogel
compatibility

Table 4. Summary of advantages and disadvantages of methods to tune barrier
properties of biological hydrogels.

When developing gels for biomedical applications, there are likely stringent

requirements for both their rheological properties as well as chemical composition.

Generally, applied biogels should mimic the stiffness and viscosity of surrounding

tissues to prevent unwanted cellular response due to aberrant mechanical signaling.

Most biogels must also allow for selective permeation of essential nutrients and

cells. Such requirements may restrict the ability to tune the nanoscale and
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microscale barrier properties of biogels based on steric hindrance and/or direct
adhesive interactions alone. The use of third-party modulators avoid these pitfalls,
and may provide important flexibility to tune biogels with molecular specificity in
these instances.

To tune biogels with third-party modulators, one must have prior knowledge
of the foreign species of interest at the molecular level in order to bind the foreign
species. The type of modulators also depend on specific applications: agglomerating
modulators are inherently more potently at limiting permeation of actively motile,
larger species present at high local concentrations, best exemplified by rapidly
dividing bacteria or sperm. Matrix-interacting third-party modulators are more
effective at limiting transport of smaller species that undergo Brownian diffusion,
such as viruses. Depending on the precise application, the challenge may involve
sustaining effective concentrations of these modulators within a biogel over time.

Finally, the use of third-party modulators to tune biogels as a field is still in
its infancy. This strategy can be coupled with methods to tune the steric obstruction
and/or adhesive properties of biogels to further enhance the range of potential
applications. Likewise, incorporating stimuli-responsive elements will likely further

expand the range of applications.
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