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Mast Cell–Biomaterial Interactions and Tissue Repair
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Tissue engineers often use biomaterials to provide structural support along with mechanical and chemical
signals to modulate the wound healing process. Biomaterials that are implanted into the body interact with a
heterogeneous and dynamic inflammatory environment that is present at the site of injury. Whether syntheti-
cally derived, naturally derived, or a combination of both, it is important to assess biomaterials for their ability
to modulate inflammation to understand their potential clinical use. One important, but underexplored cell in the
context of biomaterials is the mast cell (MC). MCs are granulocytic leukocytes that engage in a variety of
events in both the innate and adaptive immune systems. Although highly recognized for their roles in allergic
reactions, MCs play an important role in wound healing by recognizing antigens through pattern recognition
receptors and the high-affinity immunoglobulin E receptor (FceRI) and releasing granules that affect cell
recruitment, fibrosis, extracellular matrix deposition, angiogenesis, and vasculogenesis. MCs also mediate the
foreign body response, contributing to the incorporation or rejection of implants. Studies of MC–biomaterial
interactions can aid in the elucidation of MC roles during the host tissue response and tissue repair. This review
is designed for those in the tissue engineering and biomaterial fields who are interested in exploring the role
MCs may play in wound–biomaterial interactions and wound healing. With this review, we hope to inspire
more research in the MC-biomaterial space to accelerate the design and construction of optimized implants.
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Impact Statement

Mast cells (MCs) are highly specialized inflammatory cells that have crucial, but not fully understood, roles in wound
healing and tissue repair. Upon stimulation, they recognize foreign antigens and release granules that help orchestrate the
inflammatory response after tissue damage or biomaterial implantation. This review summarizes the current use of MCs in
biomaterial research along with literature from the past decade focusing on MC interactions with materials used for tissue
repair and regeneration. Studying MC–biomaterial interactions will help (i) further understand the process of inflammation
and (ii) design biomaterials and tissue-engineered constructs for optimal repair and regeneration.

Introduction

Mast cells (MCs) are immune cells that exist as
tissue-resident populations when mature and perform

important functions during normal wound healing and
during the host tissue response toward biomaterials. A dis-
tinguishable characteristic of MCs is their diverse set of
granular components that release when activated.1 These
granules influence downstream inflammatory events that act
against bacterial infection, toxin exposure, and other foreign
substances such as biomaterials. The timing, amount, and

type of granule release depend heavily on the extracellular
environment and accompanying stimuli.2 While these mech-
anisms of activation and degranulation are still being in-
vestigated, MC activity has been shown to influence wound
healing by orchestrating and participating in angiogenesis,
scar formation, and reepithelialization.3–6 Characteristics of
MCs, as well as their identifying criteria are summarized in
Figure 1.

Biomaterials represent an important tool that can help in
tissue repair and regeneration, delivering structural stabil-
ity as well as chemical and physical cues to aid in tissue

1The Joint Department of Biomedical Engineering, North Carolina State University and University of North Carolina-Chapel Hill,
Raleigh, North Carolina, USA.

2The Comparative Medicine Institute, North Carolina State University, Raleigh, North Carolina, USA.
3Department of Molecular Biomedical Sciences, College of Veterinary Medicine, North Carolina State University, Raleigh,

North Carolina, USA.

TISSUE ENGINEERING: Part B
Volume 27, Number 6, 2021
ª Mary Ann Liebert, Inc.
DOI: 10.1089/ten.teb.2020.0275

590



repair via cell–material interactions that can lead toward
biomaterial integration or rejection.7–13 When implanted,
biomaterials will interact with the dynamic cellular and
chemical environment that is present during inflammation
(Fig. 2A).14 As biomaterials may be considered foreign
bodies by the immune system and can exhibit varying
degrees of bioactivity, in vitro and in vivo testing is crucial
to predict how they will perform and ultimately guide the
appropriate tissue response. It is important to study MC
responses to biomaterials to help elucidate the roles MCs
take in tissue repair and other biological processes
(Fig. 2B).

In this review, we first explore MCs in the context of
wound healing and tissue repair, including current methods
of studying MCs as well as limitations and challenges. In the
second half, we discuss recent research that studied MC
responses toward both synthetically and naturally derived
biomaterials, which are important in tissue engineering and
regenerative medicine.

FIG. 1. A list of MC characteristics as well as general
identifying criteria. MC, mast cell. Color images are avail-
able online.

FIG. 2. (A) A simplified summary of the players during the tissue repair process and their dynamic interactions. MC
progenitors are recruited into the tissue and differentiate into mature, granulocytic MCs. Growth factors, cytokines, and
other signaling molecules released by other players in the wound healing process stimulate MCs to release their granules.
These granules help orchestrate the inflammatory process. (B) A schematic of a typical MC response to a biomaterial
designed for implantation. Color images are available online.
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MCs in Wound Healing

MCs have many roles in both the innate and adaptive
immune systems. One important factor that differentiates
MCs from other granulocytes is the expression of the high-
affinity immunoglobulin E (IgE) receptor, FceRI. Activation
of FceRI by a foreign antigen or allergen leads to the release
of chemical and lipid mediators, cytokines, and chemokines
through degranulation. This ability makes MCs a crucial cell
type for many biological processes, including wound repair.
In this section, we begin by summarizing some of the ways
MCs contribute to the phases of wound healing (also sum-
marized in Fig. 3), followed by discussions of some of the
current challenges and techniques in studying MCs in this
context.

The role of MCs in wound healing

MCs participate in all three of the classical stages of
wound healing: inflammation, proliferation, and remodel-
ing.5 MCs are directly activated by antigens and pathogens
through FceRI, as well as other pattern recognition receptors
such as toll-like, c-type lectin, NOD-like, and RIG-like re-
ceptors.15 MCs are also recruited to the site of injury and
mature in tissues from mediators released by keratinocytes,
platelets, and macrophages during the initial inflammatory

response.16–19 In turn, MCs release signals to further recruit
neutrophils, monocytes, and other immune cell types. Cel-
lular access to the wound site is facilitated by molecules and
enzymes, such as histamine and tryptase, to dilate vascula-
ture and increase capillary permeability.20,21

MCs begin the proliferative stage by continuing to release
mediators that influence fibrosis, angiogenesis, and neovas-
cularization. MC-derived histamine, tryptase, and monocyte
chemoattractant protein-1 activate fibroblasts, which in turn
release stem cell factor (SCF) to continue regulating MCs
through c-KIT (also known CD117). This is in addition to
collagen deposition and extracellular matrix (ECM) secre-
tion.22 MCs not only release products that lead to the de-
velopment of fibrosis but also continue to recruit and
activate monocytes.23 Growth factors secreted from endo-
thelial cells associated with angiogenesis attract MCs, which
release enzymes to clear damaged tissue and make room
for new growth and vascularization.24 The role of MCs in
wound healing then extends even further into the remodel-
ing phase, as MCs continue to be present and accumulate in
fibrotic capsules and during scar formation.25–28 However,
there are conflicting reports on the exact mechanisms and
influence of MCs, cultivating doubt of whether MCs play
detrimental or ameliorative roles. This research is reviewed
elsewhere.29

FIG. 3. A summary of the
ways MCs affect cells of
wound healing and their
processes during wound
healing, as well as their pos-
sible impact on biomaterials.
Color images are available
online.
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As such, more experiments are needed to clarify the
mechanisms and roles of MCs in these processes. While this
is a highly simplified summary of the role of MCs in the
wound healing process, it conveys the necessity for an in-
crease in MC studies in the context of inflammation and
biomaterials research. However, there are limitations and
challenges to studying MCs that makes elucidation difficult.

Limitations and challenges to studying MCs

Studying MCs can be particularly challenging for several
reasons. The first of these challenges is during MC isolation.
In vitro, MCs have extreme difficulties with maturation and
do not possess the same phenotypic characteristics observed
in vivo or clinically. Isolating primary MCs from their res-
ident tissues can induce phenotypic changes and/or damage
the cells.30–32 This could be due to the harshness of enzy-
matic and mechanical digestions required for cell isolation.
In addition, extremely limited numbers of cells are isolated
and are often not sufficient for MC studies. To overcome
this limitation, cell lines have been established. However,
these cell lines still differ from their in vivo expression
patterns and phenotypes. Stem cells, such as CD34+ hema-
topoietic, embryonic stem cells, or induced pluripotent stem
cells, offer a promising source of MCs,33–36 but how similar
these derived cells are to in vivo or clinical phenotypes is yet
to be fully established.

MCs differentiate from CD34+ hematopoietic stem cells
in the bone marrow, circulate throughout the bloodstream as
progenitors, but mature in tissues.37 As tissue-resident cells,
they express a large amount of transcriptional and pheno-
typic heterogeneity across different tissues, as well as within
the tissues themselves.32,38–40 This heterogeneity results in
diverse degrees of maturation, expression of proteases
and mediators, and proliferation rates. These differences
also extend between species.41,42 As such, MC-associated
diseases, such as MC tumors (MCTs), leukemias, MC ac-
tivation syndromes, and mastocytosis, also exhibit a large
amount of clinical diversity, making prognosis, identifica-
tion, and treatment even more difficult.43–46

Because of these major limitations, MC-associated dis-
eases and MCs themselves are understudied. In addition, the
use of different cell lines, cell sources, and/or animal models
present inconsistencies in MC research and poor conclusions
may be drawn based on using an inappropriate cell type
or model. However, despite the challenges, researchers are
searching for novel ways to understand MC responses to
implants and biomaterials. The second half of this review
takes a look at the last 10 years of biomaterial research that
incorporates MCs and measures their responses, but we will
first look at commonly used techniques to study MCs.

Current approaches to MC study

As primary MCs are difficult to isolate for in vitro culture
due to the reasons mentioned above, there are established
MC lines available for some species. Examples of animal
lines are the rat basophilic leukemia line RBL-2H3, derived
from peripheral blood, murine P815 mastocytoma cells, and
the canine HRMC line derived from a MCT.47,48 Human
cell lines include HMC-1, derived from the blood of a pa-
tient with MC leukemia, and LAD2, derived from aspirates
of bone marrow from a patient with MC leukemia.49,50

While they still can lack proper maturation and may not
match in vivo profiles, these cell lines offer a relatively
dependable source of MCs.

The in vitro study of MCs, regardless of MC origin,
generally revolves around the cardinal functions of MCs in a
specific physiological or pathophysiological setting. MC
numbers are increased at the sites of allergic inflammation
and increased MC recruitment and survival likely contribute
to this feature.42 In addition, MCs release both preformed
stored mediators and de novo synthesized mediators at the
sites of inflammation. The activation of MC to release me-
diators can be achieved through both IgE-dependent and
IgE-independent mechanisms, which is context dependent.

The ability for MCs to release granules is a hallmark of
MC function, with mature MCs possessing more secretory
granules compared to immature MCs.51 The contents of MC
granules changes during maturation and differ according
to MC location, but generally are high in proteases, partic-
ularly tryptase and chymase.52 MC maturation is often
determined by granular composition and increases in his-
tamine, tryptase, and chymase, which can be associated with
higher responsiveness and increased intracellular [Ca2+] and
b-hexosaminidase release.53–57 For further granule identifi-
cation, MCs are detected by using toluidine blue histological
staining.58 As this staining is metachromatic, this dye stains
MCs in a range from red to deep purple, depending on the
number of anionic sites present. This staining is notably
strong in MC granules and analysis of stained MCs at high
magnification can lead to the identification of MCs under-
going degranulation. The pH of the toluidine blue solution
used can also help to differentiate between benign and ma-
lignant MC tissue.

Experimentally, MCs can be both positively and nega-
tively affected by exogenously applied compounds. Cro-
molyn, also known as disodium cromoglycate, acts as an
MC suppressor by inhibiting histamine or other inflamma-
tory chemical releases.59 Although cromolyn inhibits MCs
in some species, the mechanism and selectivity are not fully
understood, and there are doubts whether it is effective in
mice, both in vitro and in vivo.60 Compound 48/80 (C48/80)
has the opposite effect, stimulating histamine release and
promoting MC activity.61 Both of these compounds are
commonly used in studying MC response to foreign bodies
and can be used in vitro and in vivo. However, the receptors
for C48/80 as well as other charged compounds have only
been recently identified. As such, FceRI activation and
signaling have been the most studied in MC degranulation,
with C48/80 used as an IgE-independent control. Iden-
tification of the receptors for C48/80 has increased recent
interest in the role of these receptors in MC biology.
Thus, MC activation through either IgE-dependent or
IgE-independent pathways remains at the forefront. Di-
nitrophenyl IgE and other IgE antibodies can be used
experimentally to activate MC in an IgE-dependent
manner through FceRI.62

Other factors of MC biology that are studied regulate
processes not associated with degranulation, but are likely
equally important in allergic inflammation. MC numbers are
increased at the site of allergic inflammatory diseases,63 or
at the site of a wound healing response.64 Therefore, me-
diators and receptors that regulate migration, survival, and
proliferation are often studied. One example is SCF, a strong
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chemoattractant and adhesion factor that is critical for MC
survival and proliferation, and its receptor KIT.

In vivo models of studying MCs include MC-deficient
animals, especially mice with mutations with the receptor
tyrosine kinase KIT (also known as CD117).65 Some ex-
amples of these mice are the KitW/W-v and KitW-sh/W-sh

(‘‘sash’’) strains, which have different levels of MC produ-
cibility: KitW/W-v with some ability to produce MCs under
inflammation and KitW-sh/W-sh with zero ability.66,67 Other
strains have been bred with mutations to elucidate other
MC-related functions.32,68 Due to these mutations, however,
all of these strains can have secondary issues caused by their
deficiencies and data garnered from experiments with these
strains can be controversial. More recent gene-targeted mice
strains, such as Cre mice, have become state-of-the-art tools
for studying genes and pathways with MCs. As such, there
is a plethora of data associated with older MC-deficient
strains which may need to be corrected or updated with the
newer gene-targeted mice.

MC–Biomaterial Interactions

Biomaterials encompass a variety of materials, including
synthetically made, naturally derived, and/or a combination
of both. Any implanted biomaterial will interact with the
heterogeneous inflammatory environment present at the site
of injury and these interactions can differ depending on
cell type.69 Many biomaterials are tested for their ability to
modulate immune cells such as neutrophils, macrophages,
and T cells.70 However, studies of MC–biomaterial inter-
actions are lacking. As MCs have crucial roles in the innate
immune system and the foreign body response (FBR), it is
important to measure how biomaterials may modulate these
cells as well.

MCs, in addition to many other cells of the immune
system, are significantly affected by biomaterial architec-
ture, surface topography, and chemical composition. In vivo,
MCs accumulate in fibrotic capsules with evidence that they
contribute to the capsule formation themselves.29,71 As it
may be difficult for MCs to attach directly to the biomate-
rials, some researchers have bypassed this limitation by
coating the biomaterial, culturing with factors and cytokines
to enhance MC activation, or adding binding peptides to
the biomaterial to encourage attachment.56,72–74 In the fol-
lowing section, we have organized a discussion of the recent
in vitro, in vivo, and ex vivo studies that have focused on the
MC response to biomaterials by their different sources.

Synthetic biomaterials

Synthetic biomaterials allow for the control of material
and mechanical properties during the manufacturing pro-
cess. In this review, a synthetic biomaterial is defined as
material from manmade sources that are designed to interact
with the body. Some examples of these are manmade poly-
mers and plastics in the forms of meshes, nanoparticles and
fibers. Degradation rates are also tunable properties that
could be of value when selecting a biomaterial.75 The ability
to control the physical and topographical surface of bio-
materials can have an effect on MC behavior, including
adhesion, morphology, and activation. These studies have
been summarized in Table 1.

Effect of synthetic material properties and concentration
on MC response. Synthetic polymers have, in some cases,
been shown to be more conducive to MC growth when
compared to natural polymers. The cell response of bone
marrow-derived murine MCs was measured on electrospun
polydioxanone (PDO), poly-e-caprolactone (PCL), silk
scaffolds, and tissue culture plastic cultured with or without
activation by interleukin (IL)-3, SCF, IgE, and IgE with
dinitrophenol.76 While it was previously thought that MCs
only exhibited adhesion and cytokine secretion when acti-
vated, the adhesion of nonactivated MCs was reported. The
silk scaffold did not support MC adhesion or cytokine
secretion; however, activation by IgE and IgE with
dinitrophenol significantly enhanced adhesion, proliferation,
migration, and secretion for the synthetic scaffolds. This
study demonstrates the complexity of MC adhesion to bio-
materials and further supports that MCs do respond differ-
ently to varying biomaterial properties.

More recent research has started to explore the role that
MCs play in association with currently used synthetically
derived medical implants. One study investigated the role
of MCs in biomaterial integration after implanting poly-
propylene (PP) mesh into rats, a mesh commonly used in
reconstructive surgery.77 The authors observed the activities
of constitutive nitric oxide synthase (cNOS) and inducible
NO synthase (iNOS) to measure cell activation. MCs were
categorized as iNOS+ MCs or cNOS+ MCs. A peak in
cNOS+ MCs was seen first, followed by a peak in iNOS+

MCs a few days later. It appeared that the activity of iNOS+

MCs and cNOS+ MCs were connected, eliciting a NO-
mediated response. Production of cytokines and growth
factors by MCs also appeared to lead to the angiogenesis
processes and mobilize the fibroblasts to the zone of injury.

MC response was also found to be dependent on the
biomaterial concentration.56 One group prepared a nanofiber
matrix designed to activate MCs through a nonselective MC
cell membrane receptor, MRGPRX2. By conjugating the
self-assembling peptide (RADA)4 ([Ac]-RADARADARA
DARADA-CONH2) with the PAMP-12 motif (FRKKWN
KWALSR), known as a ligand for Mas-Related G Protein-
Coupled Receptor-X2 (MRGPRX2),64 they synthesized
(RADA)4-GG-(PAMP-12) ([Ac]-RADARADARADARADA-
GG-FRKKWNKWALSR-CONH2, where GG is a glycine
spacer). Matrices with >20% (RADA)4-GG-(PAMP-12) in-
duced degranulation in LAD2s. This activation was found to
be dose-dependent, with matrices of higher (RADA)4-GG-
(PAMP-12) percentage resulting in higher amounts of
degranulation.

A difference in MC response has not always been seen
between different implanted synthetic biomaterials. When
porous polyethylene (pPE) was coated in murine microvas-
cular fragments derived from adipose tissue and/or platelet-
rich plasma, there was no significant difference observed in
the accumulation of MCs between the uncoated and coated
implants in the dorsal skinfold chamber and flank models.78

The same was seen for nanosilver particles, previously shown
to have antibacterial and antifungal properties, and used in
the medical/dental field to prevent infection.79 No significant
difference was found between the MC population in ortho-
dontic brackets coated with nanosilver particles and control
groups when implanted subcutaneously in the dorsal region
of rats up to 60 days, except at 7 days where MC count was
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Table 1. Summary of the Studies Featured in This Review Using Synthetic Biomaterials

Biomaterial MC type Use of biomaterial Outcome

Electrospun PDO, PCL,
silk fibroin
scaffolds76

Murine: BMMCs BMMCs, nonactivated and
activated by IgE and IgE with
dinitrophenol were seeded
in vitro onto electrospun
scaffolds. Cell adhesion,
proliferation, and cytokine
secretion were measured.

Nonactivated BMMCs were able to
adhere to electrospun scaffolds
other than silk. Activation
increased adhesion, proliferation,
and secretion of TNF-a,
macrophage inflammatory protein-
1a, and IL-13.

PP mesh77 Rat: in vivo PP mesh was implanted on the
surface of the thorax for up to
30 days. Quantities of cNOS+

and iNOS+ MCs were measured
to quantify activation.

cNOS+ MC count peaked at day 1
while iNOS+ MC count was
highest in day 5. On day 30, MC
count was at control levels.

Conjugated nanofiber
matrix56

Human: LAD2 cell
line and ex vivo
skin

The PAMP-12 motif, which is
known to activate MCs, was
conjugated to nanofiber
matrices. These matrices were
cultured with MCs in vitro and
on human dermis ex vivo.

Matrices with PAMP-12 motif
upregulated b-hexosaminidase
release in a dose-dependent
manner in LAD2s. On human ex
vivo skin, tryptase mRNA
transcripts were higher in dermis
treated with matrices with PAMP-
12 motif than nonconjugated
matrices.

pPE78 Murine: in vivo pPE was coated with murine
microvascular fragments
derived from adipose tissue or
platelet-rich plasma.

While coated pPE promoted a
prohealing phenotype in
macrophages, there was no
difference to uncoated controls in
terms of MC number and adhesion.

Nanosilver particles79 Rat: in vivo Commercial orthodontic brackets
were coated with nanosilver
particles and implanted
subcutaneously for up to
60 days.

No difference to controls in terms
of MC count, except at day 7
where MC count was lower in
coated brackets than control
brackets.

Polystyrene film
(honeycomb-like)80

Murine: NCL-2 cell
line

MCs were cultured in vitro on
honeycomb structures made
from polystyrene films.

More clustering and formation of
multinucleated cells occurred on
structures with larger pores.

Ti discs81 Rat: RBL-2H3 cell
line

MCs were cultured in vitro on Ti
discs with and without
nanotopography.

Ti promoted faster adhesion than
glass. However, there were no
differences in b-hexosaminidase
release and vinculin expression.
MCs cultured on Ti discs with
nanotopography exhibited
increased growth and migration.

PDO73 Murine: BMMCs PDO was electrospun into
scaffolds with varying pore size
and diameter. MCs were
cultured on these scaffolds.

Stimulated MCs on PDO scaffolds of
larger pore and fibers demonstrated
downregulation of IL-6 and TNF-
a, and upregulation of VEGF.

Polyester fibers coated
with masitinib-
releasing poly(lactic-
co-glycolic acid)
microspheres82

Murine: in vivo
(MC-deficient
model)

Masitinib-releasing fibers were
subcutaneously implanted for
up to 28 days in MC-deficient
mice. Masitinib has been shown
to inhibit MC proliferation.

There was no significant difference in
FBR capsule formation of coated
vs. noncoated implants in
MC-deficient mice. However, MC-
deficient mice experienced thicker
fibrotic capsules around the coated
implants than wild type mice.

Commercial PP, PP
with poliglecaprone,
and polyester
meshes83

Murine: in vivo Meshes were implanted
subcutaneously for 14 days with
or without daily cromolyn
treatment (cromolyn is a known
MC suppressant).

Inflammation and signs of FBR were
seen in all 4 meshes, however,
cromolyn treatment downregulated
the FBR and inflammatory
response. One exception was PP
with poliglecaprone, where
cromolyn treatment did not
significantly downregulate
inflammation compared to the
saline control.

(continued)
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lower in coated brackets. These two studies further contribute
to the complexity of MC–biomaterial interactions by dem-
onstrating that MCs can show similar responses between
diverse materials.

Effect of topography/porosity of biomaterial on MC
response. The use of synthetic biomaterials allows for
increased control over physical structure and topography.
When a honeycomb-like structure made out of polystyrene
film was used to culture bone marrow-derived mouse MCs
(NCL-2 cells), attachment and proliferation were found to
increase with honeycomb hole size.80 This increase in pro-
liferation was not observed when the cells were cultured on
a flat film. The authors observed the clustering and multi-
nuclear formation of MCs inside the holes; however, very
few multinucleated cells were found on flat films or struc-
tures with small hole sizes. This study indicated that MCs
alter their shape depending on their material environment.

Nanotopography on surfaces has also provoked changes
in MC adhesion and proliferation.81 Titanium (Ti) was
shown to promote faster adhesion of rat MC line, RBL-2H3,
than glass controls. Nanotopographical etching on Ti via
H2SO4 and H2O2 enhanced cell migration and cell growth
versus titanium discs without nanotopographical changes.
While these properties were affected, b-hexosaminidase re-
lease and vinculin expression were not significantly differ-
ent than glass or to each other. These results indicate that
nanotopography may be a good strategy to influence MC
proliferation and migration when implanted.

The physical structure of the synthetic biomaterials has
also been shown to lead to a chemical response from MCs.73

Different pore and fiber diameters on a PDO scaffold were
used to determine how these changes affected murine MCs.
MCs stimulated with proinflammatory molecules, lipopoly-
saccharide, and IL-33 expressed less IL-6 and tumor ne-
crosis factor-alpha (TNF-a), which are both markers of
inflammation, on scaffolds of larger pore and fiber sizes
when compared to scaffolds of small pore and fiber sizes.
Larger pore sizes were also observed to elicit a greater re-
sponse mediated by vascular endothelial growth factor,
which is known to be important in angiogenesis and vas-
culogenesis. This study, along with the previous studies
mentioned in this section, demonstrates how the physical
structure of materials can influence the MC response.

Blocking MC activation and/or maturation with synthetic
scaffolds. Additional research has focused on blocking
MC activity using synthetic biomaterials. It was hypothe-

sized that blocking MC activity around implants could affect
the host FBR and lengthen the lifetime of sensing im-
plantable devices.82 Implants modeling these sensors were
made of polyester fibers and coated with a rapidly dissolving
polymer containing drug (mastinib)-releasing degradable
microspheres and implanted subcutaneously in MC-deficient
mice. FBR was determined based on the chronic inflam-
mation and fibrous capsule formation around the location of
the implantation. No significant differences were seen in
capsule formation between the control and drug-releasing
implants. However, when these sensors were implanted in
wild-type mice, the fibrous encapsulation around the drug-
releasing implant was found to be significantly lower. This
indicated that when the mouse is MC-deficient, the body
finds alternative pathways.

Another study incorporated cromolyn treatment while
studying the effects of material pore size on MC response.83

Meshes were made of either PP, PP with poliglecaprone,
or polyester, all with varying porosities, and implanted
subcutaneously in mice. All of these conditions were ad-
ministered with and without cromolyn treatment. Interfiber
inflammation was seen to decrease as pore size increased
and MC accumulation was apparent at the edges of mesh-
induced fibrosis and neovascularization. Overall, blocking
MC degranulation using cromolyn was shown to decrease
early inflammation and fibrosis in the publication. As noted
earlier in this review, there are doubts about the efficacy of
cromolyn treatment in mice,60 so further studies of cromo-
lyn optimization in mice, as well as in other species, are
needed before solidifying cromolyn as a solution for host-
biomaterial integration.

Synthetic biomaterial nanoparticles have also shown the
ability to inhibit MC response.55 The effect of size and
dispersion/concentration of zinc oxide (ZnO) NPs compared
to bulk (particulate) ZnO on MC degranulation and viability
was investigated. The exposure of cells to ZnO NPs was
found to inhibit both histamine and b-hexosaminidase re-
lease. This effect was determined to be inversely propor-
tional to NP size and dispersion, leading authors to conclude
that ZnO NPs may have greater potential than bulk ZnO in
the inhibition of MC-mediated allergic responses.

Using MC response to understand biological process-
es. Biomaterials have been used as tools to understand
mechanisms of some biological processes that involve MCs.
Studies have shown a strong connection between MC acti-
vation and the presence of fibrin. In a study by Tsai et al.,
local inflammation was induced in mice by implanting

Table 1. (Continued)

Biomaterial MC type Use of biomaterial Outcome

ZnO nanoparticles55 Rat: RBL-2H3 cell
line, and Murine:
BMMCs

NPs and bulk ZnO (particulates)
were cultured in vitro with
MCs. MC activation was
assessed through histamine and
b-hexosaminidase.

Histamine and b-hexosaminidase
release were inhibited in a dose-
dependent manner in response to
ZnO NPs vs. bulk ZnO.

BMMCs, bone marrow-derived MCs; cNOS, constitutive NOS; FBR, foreign body response; IgE, immunoglobulin E; IL-13, interleukin
13; iNOS, inducible NOS; MC, mast cell; NOS, nitric oxide synthase; NPs, nanoparticles; PCL, poly-e-caprolactone; PDO, polydioxanone;
PP, polypropylene; pPE, porous polyethylene; Ti, titanium; TNF-a, tumor necrosis factor-alpha; VEGF, vascular endothelial growth factor;
ZnO, zinc oxide.
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titanium dioxide, silicon dioxide, or polylactic acid.84 Mice
were then subcutaneously injected with MC activating C48/
80. By engineering GPRPPGGSKGC peptide probes that
bind to fibrin, the authors found increased probe accumu-
lation at implant sites with C48/80 stimulation, indicating
that MC activation led to increased fibrin. Conversely, a
decrease in probe accumulation was seen when implanted in
MC-deficient mice.

Another study used poly-l-glycolic acid films in both
wild-type and MC-deficient murine models.71 Some of these
films incorporated cromolyn and C48/80. Films treated with
C48/80 resulted in increased thickness of the fibrotic cap-
sule, a higher cell density and a higher amount of collagen I,
than controls. Films treated with cromolyn resulted in
thinner fibrotic capsules, lower cell densities and a lower
amount of collagen I, than controls. MC-deficient mice also
had thinner fibrotic capsules, lower cell density and lower
collagen I, when compared to wild type. These two studies
used biomaterials as a conduit to study the role MCs play in
the recruitment of fibrocytes in fibrotic responses.

Naturally derived biomaterials

While the mechanical, material, and manufacturing prop-
erties of synthetic materials can generally be controlled,
there are advantages to using materials derived from natural
sources. Natural biomaterials exhibit bioactivity that can
modulate processes such as inflammation.85,86 They also
tend to exhibit some degree of degradation and/or reab-
sorption.87,88 There has been a body of research that have
shown how the use of natural biomaterials promotes matu-
ration and/or activation of MCs, but as with synthetic ma-
terials, that is not always the case. Some of the studies have
been summarized in Table 2.

MC activation and/or maturation with naturally derived
biomaterials. Chitosan has been used extensively as a nat-
urally derived biomaterial that can modulate MC activation.
In vitro culture of chitosan with the RBL-2H3 line has
demonstrated a steady increase of b-hexosaminidase release
for 38–44 min after exposure.89 Chitosan sponges, prepared
with and without acid to produce globular and fibrillar
shapes, were implanted into the lumbar regions of rats. The
Kit receptor was detected sporadically in the fibrous cap-
sule only in globular chitosan, while Kit was expressed
throughout both the implant and the fibrous capsule in fi-
brillar chitosan. The presence of naphthol AS-d chloroace-
tate esterase (NASDCE), which is present in granulocytic
cells and a sign of MC activation, was higher in chitosan
than in the controls, and was located primarily in the implant
rather than the fibrous capsule.

Chitosan NPs have also been shown to promote activa-
tion.90 When chitosan NPs loaded with MC activator C48/
80 were cultured with HMC-1 cells, b-hexosaminidase re-
lease was increased when compared with NPs made by
combined chitosan and alginate, with values slightly
higher on NPs loaded with C48/80. This finding is further
corroborated with the findings in Soares et al.91 Chitosan
NPs in concentrations of 500 or 100mg/mL stimulated
b-hexosaminidase release in HMC-1 cells at the same levels
of MC activator C48/80, while chitosan NPs coated with
alginate did not stimulate similar levels. Toluidine blue

staining also revealed degranulation in HMC-1s treated
with C48/80 and chitosan NPs. These results confirmed the
activation of MCs. However, chitosan oligosaccharides
do not report the same findings.92 RBL-2H3 cells treated
with chitosan oligosaccharides that were then sensitized
with IgE antibody showed decreases in histamine release,
b-hexosaminidase release, and intracellular [Ca2+]. In ad-
dition, there was a decrease in protein and mRNA expres-
sion of all three chains (a, b, and g) of FceRI in the treated
cells.

Collagen and fibrin hydrogels have been shown to en-
hance the maturation of MC progenitors. Derakhshan et al.
developed a connective tissue-equivalent model by culturing
MC progenitors (CD133+) and dermal fibroblasts in type I
collagen gels for 6 weeks, layering the top with collagen
type IV and fibronectin at the seventh week and then seeding
human umbilical vein endothelial cells.54 The expression
of FceRI, determined by flow cytometry, was increased.
Histamine release was also observed when the cells were
stimulated via Dermatophagoides pteronyssinus allergen.
Cells also expressed increased levels of intracellular tryptase
and chymase. While expression of these proteases is not
necessarily an indicator of MC activation, increased intra-
cellular content can suggest increased granularity.

Not all naturally derived biomaterials have the ability to
promote maturation or activation of MC responses. One
example of this is commercial hyaluronan and gelatin hy-
drogel coatings on glass used to culture the rat MC line
RBL-2H3.93 MCs spread out on hydrogel-coated glass,
maintaining a round and spherical morphology. Attributing
this morphology to possibly interrupted focal adhesion as-
sembly and cytoskeleton formation, the authors further
observed histological staining for a-vinculin and a-tubulin,
two cytoskeleton adaptor proteins. They additionally found
that a-vinculin was not distributed throughout the cytoplasm
and was pooled at the bottom of the cells. After antigen
stimulation, phosphorylation of focal adhesion kinase was
decreased in MCs on hydrogels, but not paxillin, which is
found in focal adhesions. Stimulated degranulation in MCs
was inhibited on the hydrogel coating by showing a decrease
in b-hexosaminidase release. These results indicate that
biomaterial composition can affect MC focal adhesion for-
mation.

Studying MC–biomaterial interactions to understand bio-
logical processes. In addition to the response of MCs to
biomaterials, in vivo models with biomaterials have been
used to elucidate the roles of MCs in tissue repair. In an
effort to assess the formation of vascular networks and find
the best approach for restoring local vascularization,
bioengineered tissues, composed of chitosan scaffolds, were
created and enriched with MCs and/or platelet-rich plasma
in vivo.94 Generally, ischemia causes a reduction in capillary
density and the number of large vessels while increasing
the number of small vessels. Also, a reduced gastrocnemius
muscle fiber diameter and capillary-to-muscle fiber ratio are
generally observed. The incorporation of MCs in the chit-
osan was seen to significantly increase capillary density as
well as increase the mean number of large blood vessels
when compared to the other treatment groups. This chitosan
and MC treatment significantly increased muscle fiber di-
ameter and capillary-to-muscle fiber ratio in gastrocnemius
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Table 2. Summary of the Studies Featured in This Review Using Natural and Hybrid Biomaterials

Biomaterial MC type Use of biomaterial Outcome

Chitosan coating on
TCP and
sponges89

Rat: RBL-2H3 cell line
and in vivo

MCs were plated on chitosan-
coated TCP. Chitosan sponges,
treated with and without acid,
were implanted subcutaneously
into the lumbar regions of rats
in vivo for 7 days.

In vitro, chitosan increased
b-hexosaminidase release.
In vivo, histological staining
showed MC markers such as Kit
and NASDCE found in
throughout the fibrous capsules
that developed in response to
implanted chitosan.

Chitosan and
chitosan/alginate
NPs90

Human: HMC-1 cell
line

NPs prepared from chitosan and
chitosan/alginate were loaded
with C48/80 and cultured
in vitro with MCs.

In vitro b-hexosaminidase release
on chitosan NPs with and
without C48/80 was increased
vs. chitosan/alginate NPs and
C48/80 alone.

Chitosan and
chitosan/alginate
nanoparticles91

Human: HMC-1 cell
line

NPs prepared from chitosan and
chitosan/alginate and cultured
in vitro with HMC-1 cells.

b-Hexosaminidase release was
increased in MCs cultured with
chitosan only NPs and C48/80
alone vs. chitosan/alginate NPs.
Toluidine blue staining gave
evidence of degranulation.

COS92 Rat: RBL-2H3 cell line COS were cultured in vitro for 1 h
with MCs, which were
sensitized via dinitrophenyl-
specific IgE overnight then
stimulated via dinitrophenyl-
bovine serum albumin for 1 h.

Histamine and b-hexosaminidase
release as well as intracellular
[Ca2+] were downregulated
when in culture with COS.
Protein and mRNA expression of
all three chains (a, b and g) of
FceRI, were also downregulated.

Collagen and
fibrinogen
connective tissue
model54

Human: CD133+

progenitors from
peripheral blood

MC progenitors cocultured with
fibroblasts in a collagen matrix
for 6 weeks. A collagen/
fibronectin coating was applied
on top at the seventh week and
endothelial cells were seeded a
week later. This model
represented connective tissue
with a capillary wall (CTEM).

MC progenitors in the CTEM
demonstrated signs of
maturation through
CD117(KIT), FceRI, chymase
and tryptase expression. These
now matured MCs also released
histamine in response to
Dermatophagoides
pteronyssinus allergen.

Hyaluronan and
gelatin93

Rat: RBL-2H3 cell line Hyaluronan and gelatin coatings
were used to culture MCs on
glass or TCP. MCs were also
antigen-stimulated before
measuring intracellular [Ca2+],
b-hexosaminidase release, and
paxillin and FAK
phosphorylation.

MCs cultured on hydrogel-coated
glass exhibit a round
morphology compared to
spreading out on glass only.
Depending on the type of
antigen stimulation,
degranulation and intracellular
[Ca2+] were suppressed in MCs
on hydrogel coating. FAK
phosphorylation was also
suppressed on hydrogel coatings.

PCL/chitosan NPs57 Human: HMC-1 cell
line; murine: in vivo

NPs were cultured with MCs
in vitro for 45 min. NPs with a
hepatitis B surface antigen
(HBsAG) were subcutaneously
injected into mice to test
whether they would cause an
elevation in IgE.

MCs cultured with NPs increased
in vitro b-hexosaminidase
release in a dose-dependent
manner. IgE levels in mice
injected with HBsAg-NPs
remained low, while rising IgG
titers to levels comparable to
commercial levels.

poly(DL-lactide-
co-glycolide/
chitosan NPs96

Rat: RBL-2H3 cell line;
murine: PMCs and
in vivo (anaphylaxis
model)

NPs made with and without
chitosan were cultures in vitro
with MCs.

NPs made with chitosan had higher
uptake levels than NPs without
chitosan. NPs, both with and
without chitosan suppressed
histamine release. Serum
histamine levels in vivo were
decreased with NPs with
chitosan vs. NPs alone.

(continued)
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muscles when compared with the other treatments. Overall,
the authors concluded that incorporating MCs within a
chitosan scaffold for bioengineered tissues could be very
important and applicable in therapeutic angiogenesis.

Another ischemic in vivo model was used with alginate/
gelatin three-dimensional scaffolds. The goal was to find a
proper method for improvement of the ischemic condition in
the rat hind limb and also observe the effectiveness of cell
engraftment with alginate/gelatin three-dimensional scaf-
folds.95 Three different groups were used. The first was the
ischemia group where the femoral artery was removed after
ligation. The second was a scaffold group where a hydrogel
scaffold was added to the site of the transected femoral
artery, and in the third group, MCs were added in addition to
the hydrogel scaffold. The average number of blood capil-
laries and the average number of medium and large blood
vessels was significantly higher in the MC group than in the
other conditions. The application of MCs can be seen as a
new approach for therapeutic angiogenesis under ischemic
conditions. A partial possible explanation is the effect of the
chemical mediators secreted from MCs, which may en-
courage vascular development.

Hybrid biomaterials

Bioengineers have also combined both synthetic materials
with naturally derived materials to capitalize on the strengths
of both types. Just as chitosan is used on its own, it has also
been combined with synthetic materials to create a hybrid.
One example is combined PCL with chitosan, making MC-
activating nanoparticles.57 The goal of this in vitro study
was to combine both materials to make an adjuvant for the
hepatitis B surface antigen. These PCL/chitosan nano-
particles promoted MC activation through b-hexosaminidase
release and when administered through the subcutaneous
route, these NPs could induce high specific IgG antibody
titers without increasing IgE titers. The specific antibody
titers induced were found to be dose-dependent allowing for
control of intensity of immune response. Chitosan has also
been combined with poly(DL-lactide-co-glycolide).96 These
NPs were cocultured with rat RBL-2H3 cells and murine
peritoneal MCs. The NPs modified with chitosan were more
readily taken up by the cells, but once the NPs became
saturated, they were exocytosed. At this stage, b-
hexosaminidase and histamine release decreased. Serum
histamine levels found in vivo were decreased in mice
treated with NPs with chitosan than poly(DL-lactide-co-
glycolide) NPs alone. These studies demonstrate the use of

hybrid materials to modulate MCs and more studies are
needed to further explore the potential of hybrid biomate-
rials to modulate MC responses.

Future Directions

In addition to studying MC responses to biomaterials, there
is a need to incorporate MCs in tissue engineering models
to determine how MCs can influence biological processes.
Currently, there are limited studies that use tissue-engineered
models and therapeutics with MCs. Mammalian inflamma-
tion is a dynamic response characterized by an intricate net-
work of cells, cytokines, and signaling pathways. Modeling
some, let alone all, of these aspects, is extremely difficult and
represents a significant limitation in the use of immune cells
in tissue-engineered models. However, including MCs in
tissue-engineered models can help elucidate some aspects of
inflammation and replace less accurate models.

There are also other immunomodulatory biomaterials that
are important to consider. One of these is the ECM derived
from porcine tissues that have been decellularized and have
little to no cellular content. They also possess many of the
advantages of naturally derived biomaterials. These bio-
materials have been extensively tested using macrophages
and T cells and how these cells are influenced to promote
healing, regeneration, and a shift toward less inflammatory
environment.97–99 Our group has recently looked at MC vi-
ability and maturation in vitro with porcine dermis-derived
ECM hydrogels.100 It was found that the LAD2 cell line
exhibits good cell viability, higher rates of metabolism, and
upregulation of cKIT and IgE receptor chains of FceRI at
7 days. As studies looking at MC modulation are currently
limited, future experiments can look at other markers of cell
viability and maturation, enhancing our understanding of
these unique biomaterials and helping us further harness
local inflammatory environments.

Conclusions

In this review, we have highlighted the complex role that
MCs play during the physiological response to biomaterials
used for tissue repair and wound healing. We have also
reviewed the interactions that these MCs have with bio-
materials, both synthetically and naturally derived. While
more optimization and studies of MCs are necessary to fully
understand the inflammatory mechanisms, it is worthwhile
to use biomaterials as a way to elucidate these processes and
predict clinical MC responses.

Table 2. (Continued)

Biomaterial MC type Use of biomaterial Outcome

Decellularized
dermis ECM
hydrogels100

Human: LAD2 cell line LAD2 cells were cultured in vitro
in porcine-derived dermis ECM
hydrogels for up to 7 days.

Upregulated metabolic activity
and gene expression of all
three chains of FceRI was
found at 7 days when compared
to a commercial collagen
control.

C48/80, compound 48/80; COS, chitosan oligosaccharides; CTEM, connective tissue-equivalent matrix; ECM, extracellular matrix;
FAK, focal adhesion kinase; HBsAg, hepatitis B surface antigen; TCP, tissue culture plastic; NASDCE, naphthol AS-d chloroacetate
esterase; PMCs, peritoneal mast cells.
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