
Disease, trauma and congenital defects lead to tissue 
loss and the necessity to replace missing form and func-
tion. Using materials to replace tissues dates back hun-
dreds of years, starting with wooden or bony prosthetics 
for teeth and digits1. Surgeons then — and now — were 
also creatively exploring strategies in ‘autograft’ trans-
plantation, which uses a person’s own healthy tissues to 
replace injured ones2. Advances in allotransplantation 
permitted the restoration of form and function to entire 
tissues and organs harvested from donors. However, the 
constraints of cultivating extra tissue in an individual’s 
body and the limited availability of donor tissues led 
to the advent of the field of tissue engineering. Now, 
using bio materials (with knowledge of cellular biology) 
and molecular signalling, the de novo building of organ 
and limb replacements is given the collective term of 
regenerative medicine3,4.

The three historical components of tissue engineer-
ing — cells, scaffolds and biochemical cues — are today 
often considered in isolation as a result of the techni-
cal and regulatory translational challenges of combin-
ing materials, cells and biologics into one therapeutic5. 
The cellular component of the system is the only via-
ble or living portion that secretes and builds the tissue. 
This component can be endogenous cells from the 
surrounding environment that migrate into a scaffold 

or cells recruited from distant sites: for example, bone 
marrow-derived stem cells. Exogenous cells that can be 
delivered to a patient include autologous cells, which 
are expanded in culture or prepared immediately after 
extraction, or allogeneic cells harvested from healthy 
donors. Autologous or allogeneic cells can be further cat-
egorized as stem cells (adult or embryonic) or fully dif-
ferentiated cells. The scaffold was originally considered 
to be primarily a 3D physical support for these cells to 
adhere to, proliferate, secrete extracellular matrix (ECM) 
and build tissue. However, biological cues in many forms 
can be incorporated into the scaffold to enhance cellular 
function and tissue production, which is an important 
focus of current research.

Although nearly all tissues in the body are targets 
for tissue engineering, some tissues, such as the liver, 
have a high capacity for regeneration, whereas others, 
such as cornea, lack the ability to self-repair. Cartilage 
also shows limited self-healing or self-repairing capa-
bility as a consequence of the dense and non-vascular-
ized tissue matrix, which limits the access of necessary 
nutritional supplies and stem cells. In this Review, we 
describe the effective integration of cells, scaffolds and 
biochemical cues to engineer regenerative biomaterial 
scaffolds for clinical applications, focusing on strategies 
that could speed up translation, including the minimal 
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Abstract | The field of regenerative medicine aims to replace tissues lost as a consequence of 
disease, trauma or congenital abnormalities. Biomaterials serve as scaffolds for regenerative 
medicine to deliver cells, provide biological signals and physical support, and mobilize 
endogenous cells to repair tissues. Sophisticated chemistries are used to synthesize materials 
that mimic and modulate native tissue microenvironments, to replace form and to elucidate 
structure–function relationships of cell–material interactions. The therapeutic relevance of these 
biomaterial properties can only be studied after clinical translation, whereby key parameters for 
efficacy can be defined and then used for future design. In this Review, we present the 
development and translation of biomaterials for two tissue engineering targets, cartilage and 
cornea, both of which lack the ability to self-repair. Finally, looking to the future, we discuss the 
role of the immune system in regeneration and the potential for biomaterial scaffolds to 
modulate immune signalling to create a pro-regenerative environment.
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manipulation of cells, the use of endogenous cells, 
and the simplicity in materials design and application. 
Strategies for cornea and cartilage repair and replace-
ment, in which materials have already started to make 
substantial contributions to medicine, will be discussed.

Design factors in regenerative biomaterials
There are two approaches to engineering replacement tis-
sues: in vitro cultivation and in vivo development6. In vitro 
cultivation, in simple static cultures or more complex bio-
reactors, aims to produce living tissues for transplanta-
tion that are ready for their desired biological function7,8. 
To generate functional tissues in vitro, bio materials are 
generally required as a scaffold for cell attachment and 
growth, although there are some examples of cellular 
self-organization strategies that do not use materials, 
such as cell sheets and organoids9–11. In vitro cultivation 
— in cell culture media, or involving protein growth 
factors or small molecules — requires biological signals. 
These signals, which are chemical (for example, hydro-
phobicity) or physical (for example, shape and rough-
ness) in nature, can be incorporated into the biomaterial 
scaffold to encourage tissue formation. Depending on 
the maturity of in vitro cultivated ‘tissue’, the biomaterial 
scaffold may or may not be present when the construct 
is implanted. Alternatively, the body can be used as an 
incubator for tissue development such that materials, 

cells or biological cues can be implanted alone or in com-
bination to locally stimulate tissue growth12. Although 
less controlled than in vitro culture conditions, in vivo 
incubation and development provide innumerable bio-
chemical and biophysical cues to support tissue growth. 
The traditional clinical development stretches from the 
basic materials design to in vitro testing, in vivo safety 
and efficacy studies, and finally to clinical testing (FIG. 1). 
The low probability of success and the long timelines of 
this traditional development pathway lead us to carefully 
consider how the process can be improved. Active feed-
back from clinical experience is required to understand 
the predictive capacity of in vivo studies and to deline-
ate how preclinical models differ from people. Clinical 
testing also provides the potential to gain insight into 
the design parameters that are essential for therapeutic  
efficacy, thus improving future development.

Despite the complexity and signalling found in 
the local microenvironment in vivo, it is possible to 
consider using biomaterials alone to direct the tissue 
repair process. From the translational perspective, this 
approach to build new tissues has the advantages of 
more straightforward manufacturing and less burden-
some regulatory pathways. Moreover, as biomaterials 
become more sophisticated with respect to biological 
cues, the potential for efficiently inducing in vivo tis-
sue development and directing repair without adding 
cultured cells increases13. This shift in function of bio-
material scaffolds over the past 20 years, from passive 
physical structures to biointeractive structures (FIG. 2), 
changes the expectations of their performance and 
even, to a degree, the definition of a biomaterial. At 
the same time, this creates regulatory implications as 
the material gains biological and drug-like activity as a 
primary mechanism of action.

A balance between biomaterial simplicity and com-
plexity must also be considered, because increasing scaf-
fold complexity does not always lead to increased efficacy 
in rebuilding tissues in vivo and, most importantly, in the 
clinic. We propose to move beyond developing another 
polymer system that might provide incremental improve-
ments in vitro to considering the whole in vivo system in 
which a tissue scaffold is placed. We are most interested 
in the complex crosstalk that occurs between distinct cell 
types and processes that can be influenced by materials to 
produce functional regeneration. It is clear that the design 
of biomaterials in regenerative medicine has reached a 
transformative point, where the link between in vitro engi-
neering, in vivo preclinical and clinical outcomes is tenu-
ous. New considerations, such as the relationship between 
the immune microenvironment, paracrine signalling and 
cellular recruitment, are now entering the discussion.

Biological cues. These cues come in many forms; how-
ever, stem cells are considered to be key components in 
the regeneration process as a result of their replicative 
power and multidifferentiation capacity for both in vitro 
tissue production and in vivo endogenous stimulation14. 
Biomaterials have been engineered with physical15,16, 
chemical17,18 and biological19,20 cues to influence stem 
cell differentiation. With adult stem cells first and then 

Figure 1 | New approaches to the traditional biomaterials development pathway. 
The paradigm for materials design and translation to the clinic involves material 
formulation, followed by in vitro testing of cytocompatibility and cellular responses 
to the material, in vivo testing of engraftment, biocompatibility and desired efficacy 
in animal models, and finally translation to the clinic for testing in human patients. 
Feedback from clinical testing and animal modelling can provide important 
information on the differences between a human response to a biomaterial and that 
of the model organism, and, most importantly, insights into the key therapeutic 
mechanisms that will dictate new design parameters for more relevant in vitro 
testing. In vitro analyses can reveal mechanisms by which the material interacts with 
various cell types and can guide subsequent chemical modification and processing. 
New techniques for analysing biological responses to materials are being developed 
to increase the efficiency of translation, including in vitro and in vivo arrays for 
high-throughput screening of complex biological outputs44,173.
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Foreign body response
(1980s) The first detailed 
description of immune rejection 
of synthetic biomaterials, 
including neutrophil oxidation 
of environment and formation 
of foreign-body giant cells 

Modern cancer vaccines and 
immunotherapy
(1980s) Researchers begin to target 
tumour-specific antigens and to 
use specific proteins and peptides 
to tune the immune response to 
detecting and fighting cancer

Electrospun micro- 
and nanofibres
Electrospun fibres, 
alone or with 
hydrogels, such as 
poly(ethylene glycol) 
are used to facilitate 
the formation of 
tissue 

Wound healing and 
immunity
(1980s–1990s) 
Immune cells, especially 
macrophages, are 
observed to have a role 
in wound healing 

Hydrogels for cell 
encapsulation
Tunable hydrogels and fibrous 
scaffolds created with controlled 
biological, chemical and physical 
properties to modulate tissue 
regeneration 

M2 macrophages 
and scaffold 
remodelling
(2000s) 
Macrophages are 
found to shape the 
regenerative niche; 
alternatively 
activated 
macrophages are 
participants in the 
remodelling of 
ECM-based 
scaffolds and their 
functional tissue 
repair 

Shell implants
Blue nacre 
shell used to fix 
damaged or 
lost teeth

Synthetic joint replacement
Hip-joint replacement achieved 
with low-friction surfaces

Soft contact lenses
Poly(hydroxyethyl 
methacrylate) hydrogels 
and silicon hydrogels 
developed for soft 
contact lenses

3D printed tissues
Using 3D printers, 
precise morphology of 
scaffolds is programmed, 
including materials with 
patient-specific features

Immune cells 
and development
Beyond simple 
wound healing, 
research continues 
in immune cells and 
tissue develop-
ment. Macrophages 
are defined as key 
components in 
regenerating the 
salamander limb,
and eosinophils are 
found to be 
important regulators 
of liver and muscle 
regeneration

Biodegradable scaffolds for tissue 
engineering
Biomaterials as scaffolds are able to restore, 
repair and maintain human body tissues 

Principles of immunology 
(1700s–1800s) 
Development of germ 
theory and the first 
vaccination  

Using the immune system to fight cancer
(1890s) It is discovered that patients with 
cancer complicated by bacterial infections 
have a better prognosis. Hence, the use of 
deliberate streptococcal infections to fight 
cancer begins 

Sutures and 
stitches
Biting ants 
used to 
hold human 
tissues 
together

Synthetic biomaterials 
in ophthalmology
Intraocular lens of 
poly(methyl methacrylate) 
created for treating 
cataracts 

Metals and ceramics
(1886) Screws and plates 
used to join and fix bones 

Metals and ceramics
(1829) Metallic sutures 
tested on animal bones 

Immunology
Biomaterials

Decellularized ECM 
(1990s) Isolation of ECM from 
native tissue to serve as a 
complex biological scaffold

with the more primitive embryonic stem cells, bio-
material functionalization could be tuned to stimulate 
and enhance differentiation and to produce functional 
tissues18,21. Particularly with embryonic cells that require 
longer and more complex differentiation schemes, mat-
erials can have a central role in applications of in vitro 
culture control and differentiation, because they can inte-
grate spatial and temporal control of biological cues21,22. 
Knowledge of developmental biology and signalling 
pathways becomes important so that such cues can be 
included in the scaffold material23,24. When the required 

biological signals are unknown, high-throughput com-
binatorial screening can help to identify candidate  
molecules to incorporate into a scaffold25.

Success using biomaterials to influence cell behav-
iour was traditionally defined by the efficiency of stem 
cell differentiation in vitro26,27. However, clinical transla-
tion of adult stem cells provides an important lesson on 
the potential mismatch of preclinical design parameters 
and therapeutic mechanisms of action in vivo and in 
clinical tests28. Because stem cells (alone without bio-
materials) were tested in clinical applications, such as 

Figure 2 | Evolving view of biomaterial interactions with the immune 
system. In Neolithic times, humans used materials such as the heads of large 
ants as sutures (to treat wounds) and shells (for dental prostheses)174. Over 
time, humans adapted materials, including metals and ceramics, to fix 
skeletal injuries175. Concurrently, principles of immunology were being 
developed, including early attempts at smallpox inoculation by Chinese 
scientists in 1549 (REF. 176) and vaccination by Edward Jenner in 1796 
(REF. 177), as well as the confirmation of germ theory by Louis Pasteur in the 
late 1800s178. The first implementation of immunoengineering was 
demonstrated with the use of commensal streptococcal infections to create 
an inflammatory antitumour response179. In the 1950s and 1960s, biomedical 
researchers took strides in applying synthetic materials to ocular and 
cartilage surfaces: for example, the Boston keratoprosthesis for treating 
cataracts146, and the total knee replacement for severe arthritis and cartilage 
degradation180. In the 1980s, the onset of modern immunoengineering arose 
with cancer immunotherapy and the identification of tumour-specific 
antigens181. Around this time, James Anderson formally connected immune 
responses with biomaterials during the description of the canonical 

foreign-body response33,34. In addition to responses to biomaterials, 
immune cells were connected with wound healing and tissue damage 
around the same time182,183. As immunotherapies became more directed 
and intricate, so did the design of biomaterials, including the formation of 
nanofibres121,130,149, hydrogels for cell encapsulation184,185 and improved 
synthetics for ocular applications186. In the 1990s and 2000s, 
tissue-derived scaffolds, which were made by decellularizing native tissue 
to isolate the extracellular matrix (ECM)69,187, began to be implemented as 
degradable, natural scaffolds that did not induce the large foreign-body 
response observed with their synthetic counterparts 188. This 
anti-inflammatory immune response to ECM scaffolds was connected to a 
similar response associated with wound healing and tissue regeneration 
in lower vertebrates. Additionally, specific immune cell subpopulations, 
such as macrophages, eosinophils and T cells, were associated with tissue 
development and regeneration90–92. These advances in material 
integration and cooperation with the immune system of the patient were 
paralleled by engineering advances: for example, direct 3D printing of 
cell-laden scaffolds for the reconstruction of tissues and organs61,102.
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graft-versus-host disease, myocardial infarction and 
Crohn’s disease29, it became apparent that the primary 
mode of action of the cells was not solely differentiation 
down a particular lineage but also cellular production 
of immunomodulatory factors, stimulation of prolifer-
ation and anti-apoptotic pathways in endogenous cells, 
and modulation of scarring processes30,31. Considering 
this, the success of biomaterial application to adult stem 
cells should focus on creating culture conditions to opti-
mize the expression of these key factors and the delivery 
of cells in a desired phenotypic state. We are now start-
ing to understand the importance of biological cues in 
the context of the immune system. When implanting 
a bio material scaffold, the immune system is the first 
responder to the foreign body. The bio material can in 
turn regulate the behaviour of immune cells, which 
have large and diverse secretomes. Targeting these 
early responders to the scaffold can influence the local 
microenvironment and attract key contributors in the 
subsequent regeneration process, such as stem cells and 
vascularization.

Biocompatibility. As biomaterials become sophisti-
cated and integrate more complex biological signals, the 
concept of biocompatibility has evolved. Artificial hip 
implants and contact lenses are examples in orthopae-
dics and ophthalmology that have been used by millions 
of people since the mid-twentieth century. The metals 
and plastics that usually form these medical devices rep-
resent a historical view of biocompatibility, in which the 
material is passive and hardly interacts with surrounding 
tissue. Long-term use of synthetic implants can induce 
the formation of metal- or plastic-wear particles that 
may cause an inflammatory response that necessitates 
revision surgery32.

In the 1980s, James Anderson performed landmark  
studies that investigated the cellular and immune 
response to these passive materials33,34. More specifically, 
these studies applied a biomaterial implant cage system 
in rats, showing the acute and long-term inflammatory 
response to synthetic biomaterials and, hence, provid-
ing the basis for defining the foreign-body reaction to 
the biomaterials35–38. This work also emphasized the 
importance of macrophages in the chronic inflamma-
tory response and their fusion to form foreign-body 
giant cells, the hallmark of the foreign-body reaction. 
Since these studies, our understanding of cell–material 
interactions has grown, and biomaterials have started 
to ‘reach out’ to the surrounding tissues and become 
biointeractive. An example is the addition of minerals 
to the stem of hip implants to promote bone ingrowth 
and, hence, to anchor and prevent movement39. Current 
thinking has now moved from desiring a thin fibrous 
capsule around an implant to favouring a seamless inter-
face with surrounding tissue that could permit cellular 
migration into the biomaterial.

The local tissue environment has an important role in 
the immune response to a foreign antigen. For example, 
infections in the skin, heart and eye elicit very differ-
ent immune responses. These tissue-specific responses 
are a result of many factors, including the phenotype of 

resident innate immune cells and the various receptors 
they express, the connection of the tissue to systemic 
factors (vascularity) and the ECM environment. As 
biomaterial scaffolds are a type of synthetic ECM, the 
body’s response to a biomaterial not only depends on 
the physical properties of the biomaterial — for exam-
ple, mechanical or architectural changes — but also 
on the local tissue environment. In other words, a bio-
material can induce varying responses based solely on 
tissue type and the location in which it is placed40. We 
observed this phenomenon in the clinical testing of a 
hydrogel for soft-tissue reconstruction41. Soft-tissue 
damage is accompanied by the loss of tissue volume, 
which can be corrected by subcutaneous administration 
of biomaterials to fill the void left by the initial trauma or 
tissue removal. The translation of a composite biosyn-
thetic material for soft-tissue-volume filling highlights 
the challenge of predicting the clinical compatibility 
of interactive materials in preclinical models and the 
importance of location or tissue-specific responses40–43. 

Hydrogels composed of synthetic poly(ethylene glycol)  
(PEG) and doped with linear and crosslinked hyaluronic 
acid were injected into the abdominal subcutaneous 
space and crosslinked in situ using light41. The injections 
were performed 3 months before scheduled abdomino-
plasty, providing the unique opportunity for studying 
the local response to the biomaterial in humans. It was 
noted that the response to the implant varied depending 
on whether dermis, muscle or adipose tissue was adja-
cent to the implant, and, in addition, responses varied for 
different regions of the same implant. To further explore 
this concept, an array of tissue ECM spots was developed 
on which various cell types could be cultured and bio-
logical responses could be screened44. Combined with the 
proteomic profiles of each tissue, the approaches of gene 
ontology and systems biology can be applied to probe 
both mechanisms of local environmental influences and 
key factors in the therapeutic function of tissue-derived 
materials. Additional tissue and ECM arrays are being 
developed to model behaviour in vitro and to tease out 
mechanisms of repair45. If materials are to be designed to 
integrate with the body, the local context of the scaffold 
must be considered with respect to biocompatibility and 
also in terms of functional efficacy in regeneration.

Biomaterial scaffolds. Sophisticated biomaterial micro-
environments have been synthesized in vitro to eluci-
date structure–function relationships between cells and 
materials. Synthetic polymers are useful for creating 
highly controlled cellular environments because struc-
ture and biological substitution can be tightly regu-
lated13,17,18,46. Synthetic (and biological) materials can be 
further categorized into hydrogels and solid-like materi-
als (such as non-water-soluble polymers) that are formu-
lated into fibres47,48, sponges49 or sheets50. In the case of 
synthetic hydrogels, such as PEG and polyacrylamides, 
mechanical properties (such as elastic and loss moduli) 
can be manipulated by simple changes in the crosslink-
ing density that affect stem cell differentiation and 
phenotype18,51. The integration of biological signals in 
hydrogels has been accomplished by the simple mixing 
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or doping of biopolymers, such as collagen or Matrigel, 
into the scaffold or even the cell-secreted ECM52,53. This 
mixing process does not take advantage of the chemical 
specificity of synthetics, and, as a result, several chemi-
cal functionalization strategies are available to covalently 
attach biologics or modify common biopolymers54,55. For 
example, hyaluronic acid hydrogels with a cell adhesive 
peptide (RGD) and a matrix-metalloproteinase-degra-
dable peptide were created to probe how the cell–matrix 
interaction, through cell spreading and matrix degra-
dability, regulates stem cell differentiation into specific 
lineages55. Recently, light-modulated hyaluronic acid 
hydrogels were used to facilitate the study of cell–ECM 
interactions in a high-throughput setup56.

Physical properties of ‘solid’ materials can be manipu-
lated to influence cell behaviour by generating nanostruc-
tures such as fibres that can be aligned to further direct 
cells in the cases of nerve guidance tubes57,58 and ligament 
structures59,60. 3D bioprinting introduces another dimen-
sion in the manipulation of scaffold and tissue architec-
ture61–63. In addition to these physical properties, many 
synthetic scaffolds incorporate a biological element in 
the form of peptides, proteoglycans, proteins and com-
plex mixtures. To avoid the need for multiple complex 
synthesis steps and hence increase the accessibility of 
the scaffold materials, click chemistry strategies have 
been developed to functionalize mat erials with signals 
such as cell adhesion peptides64,65. Even simple chemi-
cal functionalities, such as alcohols, acids, phosphates 
and amines, on synthetic polymers can influence bio-
logical responses, including stem cell differentiation17,18. 
Moreover, small molecules66–68 that can modulate cell 
behaviour open the door to embedding and delivering 
these signals that are complementary to the provision of 
protein and peptide-based cytokines, chemokines and 
growth factor options that are less stable.

Tissue-derived scaffolds. Instructing tissue develop-
ment is complex and, as a result, the community has 
become increasingly interested in tissue-derived scaf-
folds rather than building new tissues from ‘the ground 
up’. The tissue ECM is itself a complex scaffold that is 
embedded with instructive signals that affect repair and 
regeneration. In fact, tissues and organs from animal 
and human sources have been used as a tool for recon-
struction for centuries. The bladder, small intestine, 
submucosa, bone and dermis are examples of tissues 
with a long history of clinical use, and many other 
sources are being studied preclinically69–71. To engineer 
tissues and organs into transplantable materials, they 
are processed to kill cells and remove as much cellular 
debris as possible (namely, decellularization)69. Each 
unique tissue in the body presents different challenges 
in the removal of cells, and animal tissue introduces the 
added need to remove antigens that can cause rejection. 
The more extensively a tissue is processed, the more the 
physical and chemical composition change. The more 
minimal the processing of a tissue, the better it will 
serve as a scaffold for new tissue growth. Thus, a conun-
drum is presented in balancing minimal manipulation  
with biocompatibility.

One aspect of tissue-derived materials that concerns 
both materials scientists and regulatory agencies is the 
difficulty in understanding the composition (chemical 
and structural) of tissue-derived materials and thus 
what components are responsible for the therapeutic 
efficacy. Proteomics research is moving towards a better 
understanding of the tissue ECM composition72–74; how-
ever, questions still remain related to the basic under-
standing of tissue ECM. This gap in knowledge makes 
manufacturing consistency, whether from animal or 
human tissue sources, a challenge, particularly with 
respect to release criteria to ensure therapeutic efficacy. 
Nevertheless, these materials have been successfully 
implanted in millions of patients, have a strong safety 
record, and appear to promote tissue repair and recon-
struction. As researchers continue to attempt to under-
stand the mechanisms of action for these scaffolds44, the 
role of the immune system and the specific nature of 
the immune responses are becoming a primary focus 
of investigation. An overview of basic immune popu-
lations is shown in BOX 1. Furthermore, ECM-derived 
materials are now being integrated with synthetic mate-
rials, such as hydrogels, and are being sculpted with 3D 
printing strategies75; combining ECM with synthetics 
increases biocompatibility and cellular ingrowth in all 
of these cases76.

Acellular scaffolds implanted in tissue defects with-
out cells are quickly invaded by endogenous cells that 
ultimately support tissue repair. However, it is not clear 
which cell types are attracted into the materials and 
which cells are responsible for tissue development. With 
a better understanding of how cells respond to mate-
rials, scaffolds can be designed to target specific cell 
types and optimize tissue regeneration even in synthetic 
materials. Early studies of biocompatibility showed 
that macro phage involvement is a key element in the 
long-term response to polymer biomaterials33,34,77,78. 
Traditionally ascribed roles in pro-inflammatory host 
defence processes, macrophages were thought of as 
protectors attempting (unsuccessfully) to remove 
biomaterials upon implantation, leading to frustrated 
phagocytosis, foreign-body giant cell formation and 
fibrotic capsule growth. By contrast, degradable biolog-
ically derived materials also recruited massive numbers 
of macrophages, but without developing a mature for-
eign-body reaction, which is characterized by the early 
infiltration of neutrophils followed by macrophages and 
frequently occurs with synthetic materials.

The concept of macrophage polarization states (or 
phenotypes) provides the framework for characteriz-
ing their diverse responses. Macrophage polarization 
was described as an extension of the T helper 1 (TH1)/
TH2 paradigm in T helper cells, in which, depending on 
their stimulus, macrophages can take a classical (M1) or 
alternative (M2) phenotype79. Further in vitro studies 
characterized the transcriptional and functional differ-
ences between these macrophage polarization states80. 
Macrophage phenotype correlated with tissue-specific 
host remodelling of biological materials, and less fibro-
sis — more specifically a greater ratio of M2/M1 polar-
ized macrophages — was found at sites of injury. Now, 
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both synthetic and biological materials are constructed 
with macrophage modulation in mind81,82. However, it 
is important to note that immune polarization is a com-
plex continuum and that immune cells cannot be easily 
classified into distinct phenotypes83.

Conventionally, biomaterials researchers have pre-
ferred to categorize immune polarization into distinct 
states, such as M1 and M2 macrophages. A conse-
quence of the diverse repertoire of challenges an organ-
ism may face is the need for a flexible response, and 
thus a simple M1 or M2 categorization is inherently 
incomplete. Instead of viewing immune polarization 
as a binary scale, with certain states being considered 
‘good’ or ‘bad’ for regeneration, the immune response 
in wound healing and regeneration must be viewed as 
a delicately choreographed spatiotemporal pattern to 
yield successful tissue development84,85. This reflects the 
variability of macrophage phenotypes observed under 
many circumstances of resolution of immune responses, 
in which expression profiles and function do not fit a 
stereo typed polarization. A response that is appropriate 
for skin healing and regeneration may not be appropriate 
for ocular tissue or musculature, and the material must 
reflect these needs as opposed to only promoting a single 
immune phenotype86,87. Furthermore, the temporal pat-
tern of the immune cells and their phenotypes is critical 
for the orchestration of the response and healing pro-
cess. Similar to the early consideration of biomaterials- 
directed stem cell differentiation, materials can now be 
designed to target and manipulate the complex pattern 
of the immune response.

The immune system in repair and regeneration
Concurrent with research on the immunomodulatory 
role of tissue-derived materials, developmental and cell 
biologists are starting to probe the role of the immune 
system in repair and regeneration, thus creating a con-
nection between the fields of regenerative materials, 
developmental biology and immunology (FIG. 3). In this 
section, we discuss the immune system in the context of 
bio materials-mediated fibrotic responses, followed by a 
focus on macro phages and their role in scaffold remod-
elling and tissue regeneration in interactive biological 
scaffolds.

From the perspective of developmental biology, cells 
of both the innate and adaptive immune system have a 
role in the regeneration process. Immune cells signal 
through various secreted and cell surface proteins that 
define and dictate polarization phenotype, permit com-
munication between the different immune cell types, 
and influence tissue development and regeneration 
by stimulating the surrounding stem and progenitor 
cells. More specifically, type 1 immune polarization, 
which is a pro-inflammatory phenotype, is driven by 
TH1 cells from the adaptive immune system. TH1 cells 
are maintained by interleukin-12 (IL-12) and produce 
interferon-γ (IFNγ) as their canonical cytokine. They 
also produce M1 macrophages from the innate immune 
system expressing nitric oxide synthase (iNOS; also 
known as NOS2) and tumour necrosis factor (TNF) 
in response to the stimulation of Toll-like receptors 
(TLRs) or other intracellular pattern recognition recep-
tors, together with IFNγ produced by TH1 cells. TH1 
and M1 responses are key elements to viral and intra-
cellular bacterial infections, many of which can infect  
macrophages themselves. 

Type 2 immune polarization, which is important in 
the response to multicellular parasites and wound heal-
ing, is characterized by TH2 cells expressing cytokines 
such as IL-4 and IL-13, and M2 macrophages driven by 
these cytokines. M2 macrophages repair tissue destruc-
tion caused by the immune response to tissue infection 
and produce epidermal growth factor receptor (EGFR) 
ligands, vascular endothelial growth factors (VEGFs), 
transforming growth factor-β (TGFβ) and secrete spe-
cific pleiotropic mediators such as the cysteine-rich pro-
tein FIZZ1 (also known as resistin-like-α)83,88,89. M1 and 
M2 macrophage polarization can occur independently 
of T-cell responses but is strongly enhanced by TH1 and 
TH2 involvement, respectively. The two cell types often 
work synergistically, with macrophages receiving early 
signals from the environment and pathogens that cause 
a small M1 or M2 polarization, presenting antigens to 
and further inducing T cells towards the corresponding 
TH1 or TH2 lineage, which can in turn promote a more 
robust M1 and M2 phenotype in a feedforward loop. 
The initial priming of naive T cells requires dendritic 
cells, which can also polarize T cells towards TH1 or 
TH2 differentiation depending on their production of 
selected cytokines (more specifically, IL-12 for TH1).

As with a response to a foreign body, such as a 
pathogen, the immune system recognizes and polar-
izes its response to biomaterials that are used in tissue 

Box 1 | The immune system

The immune system comprises both innate and adaptive compartments. The innate 
immune system responds quickly to a danger signal, is nonspecific and is mediated 
by polymorphonuclear cells (such as neutrophils, basophils and eosinophils), 
macrophages and dendritic cells. These cells kill and phagocytose pathogens or 
debris from wounding, then educate the adaptive immune system to form a specific 
response to the challenge that is presented. The adaptive immune system 
comprises cellular, T cell-mediated immunity and humoral, B cell-mediated 
immunity. B cells secrete antibodies that can target pathogens for degradation. 
T cells can secrete cytokines that affect innate and adaptive immune cells. All cells 
of the immune system integrate signals from the surrounding environment to 
ensure that the response that is created is appropriate for the local tissue 
microenvironment. The response can be polarized to different categories of 
phenotypes by signals from the environment and secreted messengers; a T helper 1 
(TH1) response is associated with intracellular bacterial infections, a TH17 response 
induces secretion of antimicrobial peptides and defends against extracellular 
bacteria, a TH2 response is catered towards multicellular parasites and has a role in 
wound healing, and a regulatory T (Treg) cell response is a general immuno-inhibitory 
response that prevents overactivation of any of the other immune polarizations.
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engineering and regenerative medicine. For example, 
macrophages are responsible for ECM remodelling and 
debris clearance, but they also secrete chemotactic sig-
nals that act to recruit other immune cells and act on 
surrounding parenchymal cells, including stem cells, 
to influence repair. Ablation of macrophages from the 
limb bud of a salamander using clodronate liposomes 
inhibits normal limb regeneration90. Even after the for-
mation of a blastema in a later-stage regenerating limb, 
depletion of macrophages results in severely hindered 
limb growth and differentiation, and is accompanied by 
drastic changes in the immune microenvironment of the 
limb bud and increased collagen deposition.

The critical role of immune signals is exemplified 
in recent research on muscle repair. For example, the 
immune signalling protein IL-4 was required in murine 
muscle repair after cardiotoxin damage91. The IL-4 
in this model was primarily secreted by eosinophils 

followed by monocytes. In the Il4ra-knockout mouse, 
muscle regeneration is severely inhibited, and mus-
cle precursors are shifted to a pro-adipogenic state, 
which induces ectopic adipogenesis in the wound 
site. Additionally, in a volumetric muscle loss model, 
researchers have demonstrated a reliance on signals 
from the adaptive immune system, specifically TH2 
cells, to determine the regenerative fate of ECM scaf-
folds92. As previously described, an M2 macrophage 
phenotype was associated with an improved outcome 
of the remodelling of ECM scaffolds. Without TH2 
cells present, the macrophages lose their pro-regen-
erative phenotype, which is also associated with IL-4 
signalling, thereby defining them as pro-regenerative 
M(IL-4) macrophages. IL-4, specifically mediated by 
TH2 cells, was a critical determinant in fibro/adipogenic 
lineage commitment and biomaterial-mediated muscle 
regeneration.

Figure 3 | Regenerative immunology and the associated role of biomaterials. Signals associated with injury (and the 
implantation of a scaffold) first bring innate immune cells to the region and activate local cells; this is followed by 
activation and polarization of adaptive immune cells. Depending on the phenotype of these immune cells, their 
interaction with other cell types, such as stem cells, and cues from the local microenvironment (including the biomaterial 
scaffold), either tissue resembling the original host tissue or more fibrous scar tissue can form. Formation of a 
pro-regenerative immune microenvironment supports the development of proper replacement tissue; however, 
unbalanced activation of the immune response can produce fibrosis or damaging inflammation.
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In the same way that IL-4 has been associated with 
myotube fusion and the formation of a more mature 
muscle tissue, it can also promote the formation of fused 
macrophages or foreign-body giant cells93. In this case, 
the immune signal that is an important positive signal 
for mature muscle formation has a negative effect on 
responses to non-degradable biomaterials. Studies in 
cardiac muscle repair also shed light on the complex-
ity of the immune system and its impact on healing, 
whereby specific immune cell recruitment and activa-
tion lead to either successful healing or inflammatory 
pathologies 94. Neutrophil infiltration, a common early 
innate immune response, is associated with a poor 
prognosis in cardiac tissue healing. Several categories of 
monocytes, which follow the neutrophils, were defined 
on the basis of their roles in cardiac tissue healing and 
regeneration. Tissue-resident monocytes are thought to 
be crucial for the clearing of dead cell debris and remod-
elling of the wounded cardiac tissue without triggering 
a large inflammatory response. However, these cells are 
also associated with autoimmune disease, highlighting 
the delicate balance that must be navigated.

The regenerative outcomes of both local and sys-
temic immune profiles are now also being considered at 
the clinical level. For example, macrophages, T cells and 
B cells were found to be required for bone repair95,96, but 
differentiated CD8+ T cells negatively correlated with 
repair97. At the systemic level, specific blood immune 
signatures were correlated with fast or delayed surgical 
recovery98. In summary, the application of a bioma-
terial will increase the number and type of immune 

cells that migrate to a traumatic wound or injury site.  
The recruitment of these immune cells also relies on 
the tissue location in which the material is implanted, 
the presence or absence of trauma, and the physical and 
biological properties of the biomaterial present (FIG. 3). 
The biomaterial scaffold and surrounding tissue creates 
a scaffold immune microenvironment, which is char-
acterized by the induction of immune polarization and 
activation towards different phenotypes (such as TH1 
and TH2 cells) and the secretion of related cytokines. 
These immune cells can then influence the recruitment 
and/or differentiation of stem and progenitor cells in 
the scaffold, ultimately determining the regenerative 
outcome. We term this process biomaterials-directed 
regenerative immunology.

Translational biomaterials
Although in vitro and preclinical models can provide 
important information on safety and some insight 
into efficacy, combining this learning with the anal-
ysis of clinical trials provides a more comprehensive 
picture of relevant design parameters to optimize 
repair and regeneration in humans (FIG. 1). Highly 
controlled structure–function studies can give insight 
into cell–biomaterial responses and are necessary for 
the field99,100; however, the correlation of these results 
with therapeutic efficacy is far from clear, and the con-
nection of in vitro and small animal preclinical model 
outcomes and their prediction of regeneration in people 
are uncharted. Clinical examples of regenerative bio-
material applications help to underscore the challenge 

Figure 4 | Native cartilage structure and target tissues for engineering. Trauma or diseases, such as osteoarthritis, 
lead to the loss of cartilage that lines the surface of articulating joints. Treatment for cartilage damage can target the 
surface (cartilage/fluid interface) and/or the stromal tissue (bulk cartilage) to replace the lubrication and biomechanical 
load-bearing functions, respectively. The cartilage surface has molecules that can interact specifically with the synovial 
fluid, such as lubricin, lipids and hyaluronic acid. The bulk articular cartilage, which primarily comprises type II collagen 
and aggrecans, is avascular, with chondrocytes interspersed in the dense extracellular matrix.
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in defining mechanisms of action, design parameters 
and the importance of integrating translational expe-
rience in future materials development. In this section, 
we introduce translational biomaterials in the fields of 
orthopaedics and ophthalmology, focusing on cartilage 
and cornea tissue regeneration. Although seemingly 
disparate fields and tissues, there are actually several 
similarities in the structure and regenerative challenges 
(FIGS 4–7). Both the articular cartilage and the cornea 
are avascular tissues that have a dense, highly organ-
ized ECM, with cells interspersed at a relatively low 
density (FIG. 4,5). The complex organization of the ECM 
is responsible for the mechanical properties and spe-
cific functions (a protective clear cornea and low-fric-
tion cartilage) of the tissues. Both tissues suffer from 
an inability to self-repair and the predilection to form 
troublesome scarring when damaged, which reduces 
vision in the cornea and creates a weak fibrocartilage 
in the cartilage, thus impairing function. Interestingly, 
synthetic materials have a long history in the fields of 
orthopaedics and ophthalmology, which may serve 
as a barrier to the development of new and different 
materials for therapeutic or regenerative approaches for 
reconstruction. By comparison, fields with no existing 
materials options have been able to leapfrog develop-
ment and test biological materials early: for example, 
for the replacement of trachea101,102.

Similarities extend beyond the ECM to the somewhat 
immune-privileged nature of the tissues and to cells that 
inhabit cartilage and cornea tissue — more specifically, 
chondrocytes and keratocytes. These cells are generally 

considered to be quiescent or to have low metabolic 
activity, and tend towards a fibroblastic phenotype when 
activated or isolated in culture103,104. Furthermore, these 
tissues live in complex, interconnected environments — 
the articular joint and the ocular surface — that must 
be taken into account during therapeutic interventions. 
Ultimately, several biological and structural attributes 
converge to make articular cartilage and cornea tissues 
particularly challenging to regenerate. In the following 
sections, we review some approaches for regenerative 
materials design and cover the few examples of clinical 
experiences.

Regenerative materials for cartilage repair
Articular cartilage lines the surfaces of moving joints in 
the body, with the primary physical function of providing  
a low-friction surface for painless movement (FIG. 4). The 
loss of cartilage is associated with osteoarthritis and leads 
to pain and morbidity that affects millions of people, and 
its effect will continue to grow with the ageing popula-
tion, making cartilage repair a valuable clinical target. 
The unique ECM structure of type II collagen and com-
plex aggregating proteoglycans provide the tensile and 
compressive properties, respectively, with the crosslinked 
collagen fibres entrapping the hydrophilic proteoglycans. 
Until recently, the shear low-friction characteristics of the 
tissue were largely overlooked105. However, the surface of 
healthy articular cartilage contains proteins and a phys-
ical structure that interacts synergistically with compo-
nents of the synovial fluid, which lubricates the surface to 
reduce friction in shear movements106. Thus, regenerative 

Figure 5 | Native cornea structure and target tissues for engineering. The human cornea is a complex tissue 
composed of several layers. Tissue engineered corneas mostly target the anterior parts, including the corneal 
epithelium and the stroma. The epithelium provides protection from the environment and supports lubrication of the 
eye. The stromal tissue is composed of highly organized collagen lamellar structures. This organization provides the 
cornea with its strength and clarity. Ideally, tissue engineered corneas would have similar strength and clarity to the 
stromal tissue and allow rapid re-epithelialization of the surface.
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strategies and materials should promote recapitulation 
of both the cartilage tissue surface and bulk properties. 
Following the development paradigm of FIG. 1, the first 
phase of biomaterial application to cartilage encompasses 
in vitro cultivation and the evaluation of cartilage growth 
in the scaffold using either chondrocytes or mesenchy-
mal stem cells50,107. The second phase of scaffold testing 
encompasses preclinical animal models, including small 
animal (rodent), rabbit and larger animal (goat or sheep) 
models108,109. The lack of predictive preclinical models 
has hampered the field; therefore, the feedback from 
clinical translation is crucial for better scaffold design in 
the future.

Articular cartilage function can be efficiently re  placed 
clinically by artificial plastic and metal implants that 
first gained traction in the 1960s110. In fact, this history 
of successful clinical use may have actually hindered the 
development and translation of more biological materials 
or strategies. These artificial implants have a limited life-
time, are subject to wear-particle formation and associated 
inflammation and do not completely replicate normal 
joint function, leading physicians and patients to search 
for alternatives. To this end, in the 1980s, autologous 
chondrocyte transplantation (ACI) was developed111,112. 
In this procedure, chondrocytes are isolated from a 
biopsy taken from the patient after which the cells are 
expanded in culture before re-injection into the cartilage 
defect. Although some patients, particularly of a younger 
age, benefit from ACI, clinical studies that compare this 
process with microfracture — a process that involves 
the stimulation of the underlying bone marrow — have 
shown more equivocal results with little added benefit in 
healing113,114. These disappointing cell therapy results may 
be explained by the fibroblastic shift of the chondrocyte 
cells in vitro103, challenges in maintaining cell viability and 
localization in the defect, which all combine to impede 
their ability to produce high-quality cartilage. The ACI 
approach also does not consider the importance of other 
cell types in the cartilage healing process.

Biomaterials can address some of the challenges in 
restoring cartilage and, ultimately, articular joint func-
tion (FIG. 6). When rebuilding cartilage tissue structure 
and function, the clinical need can be broadly categorized 
into two areas: replacing the bulk mechanical load-bear-
ing function and providing a low-friction surface for 
painless movement. Thus, treatment modalities can be 
categorized into tissue and biomaterial surface modifi-
cations that enable interactions with components of the 
synovial fluid and increase lubrication (FIG. 6a); the devel-
opment of biomaterials that mimic the bulk mechani-
cal properties of native cartilage tissue (FIG. 6b); and the 
design of materials that modulate the wound healing 
process and promote new tissue development (FIG. 6c).

In normal tissue, the cartilage surface is organized 
with the ECM proteins aligned parallel to the surface 
and includes proteins such as lubricin, which binds 
hyaluronic acid in the synovial fluid. This interaction 
of the cartilage tissue surface with the synovial fluid 
creates a synergy that results in low-friction movement 
and lubrication. This lubrication is lost with tissue 
damage and arthritis, and is not found in repair tissue. 

Enhancing lubrication of the articular surface can be 
addressed by modifying the synovial fluid compart-
ment or the cartilage surface that interfaces with the 
synovial fluid. Polymeric supplementation of the syno-
vial fluid compartment focuses on biopolymers, such as 
hyaluronic acid, charged polymers and large molecular 
brush structures. As these molecules will ideally work 
at the tissue interface to enhance lubrication, they can 
be covalently immobilized to cartilage. Recombinant 
lubricin proteins, and their mimics, are bound to the 
surface layer of cartilage and serve to interface with 
hyaluronic acid in the synovial fluid so that the lubricat-
ing polymer is fixed in the position needed to enhance 
lubrication. This native interface can be recreated with 
synthetic polymers that bind non-covalently to the tissue  
and synovial components using peptides115–118.

As cartilage is a largely avascular tissue with limited 
growth capabilities, biomaterials targeting bulk tissue 
engineering have been an important goal for regener-
ative medicine therapeutics. Several bio material scaf-
folds have been designed to enhance the chondrocyte 
cell delivery described earlier along with stem cell 
delivery. For example, chondrocytes were cultured 
on biosynthetic membranes to help to maintain cell 
pheno type during culture and to improve transplanta-
tion efficiency in a defect114. Cells have also been deliv-
ered in synthetic hollow microspheres119, and clinical 
studies have even used a biosynthetic adhesive to target 
and maintain cells in a desired location120. Cells can 
also be cultured on 3D scaffolds, in which case, they 
proliferate less but start to secrete ECM components 
(such as collagens and proteoglycans) and rebuild 
cartilage tissue121. The primary therapeutic challenge 
with cartilage engineered in vitro is integration of the 
new tissue with native host tissue. Several integration 
strategies and adhesive materials have been developed 
to bridge this gap122. As an alternative, the interface of 
the engineered tissue and scaffold can be degraded to 
stimulate healing and integration with the host tissue 
in vivo. Polymeric biological adhesives can also provide 
both a physical bridge and biological cues to support  
tissue growth at the cartilage interface114,123.

Delivering cells, with or without the use of biomate-
rials, is costly and difficult. Thus, translational research 
has shifted from cell therapies to cell–biomaterial com-
bination therapies and, finally, to materials alone. From 
a design perspective, materials that mimic the physical 
properties of cartilage tissue are a logical starting point. 
Biomaterial scaffolds have been designed to mechan-
ically match native cartilage tissue using nanofibres 
and moulded microsphere building blocks, along with 
techniques of fabric weaving and 3D printing. These 
mechanically robust materials are implanted alone or 
can be seeded with cells (FIG. 6b). Alternatively, from a 
biological perspective, softer materials support chondro-
genic differentiation of stem cells, whereas stiffer materials 
support osteogenic differentiation51 and fibroblastic scar 
growth. As a result, instead of mimicking mature cartilage 
properties, the material should be soft to create an envi-
ronment reminiscent of early development that supports 
chondrogenesis. Hydrogels — water insoluble crosslinked 
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Figure 6 | Surface modifications and tissue engineering of bulk cartilage. a | Surface modification targets the 
surface of the cartilage/fluid interface and the constituents of synovial fluid. Hyaluronic acid injections are used clinically 
today to lubricate joints, and enhancements to target and bind hyaluronic acid to the tissue surface (mimicking the 
function of lubricin) using synthetic binding complexes are under development118. By modelling the lubrication chemistry 
of the joint, researchers have been able to describe the interactions between charged molecules and water that create 
the unique low-friction tissue surface106. Recombinant proteins189,190 and synthetic mimics115,116 have thus been designed to 
recreate the native tissue/synovial fluid interface. b | Biomaterials can be formulated into different physical forms, such as 
nanofibres121, microspheres119, woven scaffolds48 and intricate 3D printed materials63, to mimic cartilage properties and to 
support cell seeding and the development of bulk cartilage. c | Softer hydrogel materials, including proteoglycans127, 
fibrinogen46,129, synthetic peptides191 and chitosan124, provide an alternative approach to cartilage repair by working to 
activate endogenous stem cells after procedures, such as microfracture or combination, with intra-operative biologics  
to promote wound healing. PAA, poly(acrylic acid); PEG, poly(ethylene glycol).
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hydrophilic polymers — are soft materials that can serve 
as a scaffold for cartilage repair and can even be organized 
into more complex multilayer gels124. Several hydrogel 
formulations have progressed to clinical testing for fill-
ing cartilage defects, including PEG hydrogels in combi-
nation with a tissue adhesive125,126, chondroitin sulfate127, 
chitosan128, PEG–fibrinogen129 and hyaluronic acid54. 
These hydrogels are applied without cells and implanted 
in conjunction with microfracture surgery that induces 
bleeding and mobilizes endogenous cells. Although each 
material has purported advantages in stimulating carti-
lage production in preclinical studies, significant differ-
ences in clinical performance are not known at this time. 
In contrast to the in vitro studies that evaluate cartilage 
growth in these hydrogels, when in combination with 
microfracture in the defect, these scaffolds increase the 
mechanical stability of the blood clot and modulate cell 
behaviours, such as increasing the number of cells and 
biologics that are trapped in the defect.

Moreover, the chemical structure of the hydrogel 
can influence the inhibition of fibroblasts and, ulti-
mately, reduce scar formation in the defect while sup-
porting cartilage development. Hydrogel chemistries 
that have been investigated primarily in vitro include 
self-assembling peptides: for example, a hydrophobic 
and hydrophilic alternating amino acid sequence in 
KLD-12 (REF. 130), TGFβ binding peptide, HSNGLPL131 
and multidomain self-assembly peptides crosslinked 
through multivalent drugs130. Stiffer scaffold materials, 
including examples that replicate the overall strength 
of the mature tissue or, at a more detailed level, the col-
lagen fibrillar organization, have also been engineered 
and tested in animal models108,132 (TABLE 1).

Regenerative materials in ophthalmology
The application of artificial materials in the eye dates back 
to the mid-twentieth century133. Although the consist-
ent use of materials in the eye impedes, to a degree, the 
development of new biointeractive materials and regen-
erative strategies, it remains an active area of research. 
Contact lenses and intraocular lenses have a successful 
track record for correcting refractive error and enabling 

cataract replacement, respectively, using polyacrylates134 
and silicone135,136. There are many examples of commer-
cially available implants and devices used in ophthalmol-
ogy that incorporate a biomaterial137,138 (TABLE 2). Despite 
the observed compatibility of the materials, research today 
is focusing on designing materials with biomimetic prop-
erties to address the challenges of contact lens discomfort 
and diseases such as dry eye. By mimicking or incorporat-
ing elements of the healthy ocular surface or tear film, the 
contact lens can be more interactive with the surrounding 
environment. In the lens, proliferation of capsular cells 
can reduce clarity and impede vision139; therefore, enhanc-
ing compatibility and guiding the surrounding lens cap-
sule repair process using biointeractive materials would 
reduce potential adverse events. In the back of the eye, 
biomaterials have been exploited for delivery of retinal 
progenitor cells140 and for the drug delivery of vascular 
inhibitors to prevent macular degeneration141.

One of the more challenging objectives for bio materials  
and tissue engineering research is engineering cornea 
tissue, which serves as ‘the window of the eye’. Collagen 
is the primary component of the cornea; however, its 
careful organization into fibrils and orthogonal lamellae 
creates a transparent tissue unlike any other collagenous 
tissue in the body (FIG. 5). In developed countries, trans-
plantation remains a successful clinical choice when the 
cornea fails, but acute, long-term chronic rejection can 
occur, and in most developing countries there is a severe 
shortage of donor tissue142. Moreover, several disease 
scenarios preclude cornea transplantation and repairing 
the tissue is the preferred route in trauma cases. The cor-
nea has three layers: the corneal epithelium, the stroma, 
which comprises most of the tissue volume, and the 
cornea endothelium. Biomaterials in the form of mem-
branes and hydrogels have been developed as cell culture 
substrates and implantation vehicles for cells to replace 
the epithelial layer; limbal stem cells, oral mucosa cells 
and corneal epithelial cells have all been tested to repair 
the ocular surface143,144.

For decades, purely synthetic cornea replace ments  
were synthesized using various combinations of 
poly(2-hydroxyethyl methacrylate) and other acrylics 

Table 1 | Selected examples of commercially available clinical products for cartilage repair

Clinical product Company Material treatment technology

CartiCel Genzyme Collagen membranes

ChondroGide Geistlich Collagen bilayer

BioSeed-C Biotissue PLGA–polydioxane–fibrin

HyloFast Anika Hyaluronic acid

MACI Genzyme Collagen scaffold

Maix Matricel Collagen–elastin

NeoCart Histogenix Collagen

Novocart 3D Tetec Collagen–chondroitin sulfate

Chondron Sewon CellOnTech Fibrin

CaReS Arthro Kinetics Collagen

deNovo NT Zimmer Natural cartilage tissue

PLGA, poly(lactic-co-glycolic acid).
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in different physical forms145, such as the ‘Boston kera-
toprosthesis’ composed of poly(methyl methacrylate)146. 
However, the unique immune environment of the cornea 
can frequently cause a melting process in which the stro-
mal tissue dissolves and the synthetic implant is extruded 
from the eye. More recently, biological and biomimetic 
strategies are looking to provide a regenerative scaffold 
and wound healing option for the cornea147, such as using 
structural protein membranes148 and nanofibres of syn-
thetic peptides149 (FIG. 7). Although the cornea does not 
have to withstand the physical forces required of articular 
cartilage, it has the unique requirement of clarity.

The most clinically advanced biological scaffold 
implant in development is a crosslinked collagen mem-
brane. Although collagenous materials are generally 
opaque, these cornea mimetic collagen membranes 
were rendered clear by optimization of the collagen 
concentration and crosslinking conditions. These 
scaffolds have been used to make in vitro cornea tis-
sues and have been implanted in an acellular form in 
large animals150–152. This scaffold was then translated to 
clinical testing, in which it remained stably integrated 
with native tissue and restored tear film, nerve regen-
eration, and touch sensitivity and vision in six patients 
over 24 months post-surgery153. However, the collagen 
in these implants has a lower density and is not organ-
ized into fibrillar lamellae as it is in the native tissue, 
and, as a result, the implants do not have the mechan-
ical strength necessary for direct suturing, which led 
to practical challenges in clinical testing. Vitrification 
— water evaporation at a controlled temperature and 
humidity — applied to collagen hydrogels can increase 
the fibrillar organization to enhance mechanical prop-
erties and promote cornea stromal keratocyte pheno-
type maintenance154. Materials development for the 

cornea continues with the goal of creating a transpar-
ent implant that has adequate mechanical strength for 
implantation. Copolymers of collagen and proteoglycan 
additives are being investigated in combination with 
the collagen scaffolds to mimic the native tissue more 
closely. In addition, the organization of collagen using 
its biophysical properties and molecular crowding can 
be used to create thin collagen membranes with lamel-
lae similar to those of the native cornea, albeit much 
thinner than the native tissue155.

Other materials that are being considered for cornea 
scaffolds include silk and the traditional degradable 
polyesters156, some of which are being organized into 
orthogonal sheets to mimic the native tissue. Tissue-
derived materials, which were described earlier, are in 
clinical use today in the field of ophthalmology, includ-
ing amniotic membrane and acellular human- and 
animal-derived cornea tissue157,158, and conjunctiva tis-
sue159. In contrast to synthetic biomaterials that rebuild 
the native structure from a ‘bottom-up’ perspective, 
tissue-derived materials take a ‘top-down’ approach 
to benefit from the existing complex, the native tis-
sue structures and the biological benefits of the ECM. 
The processing of full-thickness cornea tissue through 
decellularization is also being explored as an option to 
produce the implant strength and matrix organization 
complexity needed for proper cornea function160,161.

Future perspectives
Discoveries in cell and developmental biology that 
define key immune mediators of repair and regeneration 
can be considered in the design of biomaterial scaffolds 
that modulate the immune response: a concept emerg-
ing as biomaterials-directed regenerative immunology. 
Materials that target the immune system have, to date, 

Table 2 | Selected examples of commercially available ocular biomaterial products

Ocular component Clinical products Company Material treatment technology

Cornea Boston Keratoprosthesis Massachusetts Eye 
and Ear

PMMA

AlphaCor  
(formely Chirila KPro)

PHEMA

Auro K Pro Aurolab PMMA

BioKop I FCI, Rantigny, France PDMS–fluorocarbon–PVP

AcrySof Alcon (now Novartis) Poly(phenyl ethyl acrylate-co-phenyl 
methacrylate) crosslinked with butanediol

Intraocular lenses Tecnis Abbott PDMS and polyacrylates

Crystalens AO, Akreos, 
Trulign and SoftPort AO

Bausch & Lomb PDMS and polyacrylates

Bioinfinity CooperVision Silicon

Contact lenses Accuve Johnson & Johnson Silicon

Biotrue Bausch & Lomb PHEMA and PVP

PureVision Bausch & Lomb Silicon and PVP

AirOptix Alcon Silicon

Ocular sealant ReSure Ocular Therapeutix PEG

PDMS, poly(dimethylsiloxane); PEG, poly(ethylene glycol); PHEMA, poly(2-hydroxyethyl methacrylate); PMMA, poly(methyl methacrylate); 
PVP, poly(vinyl pyrrolidone).
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been primarily in the form of nano- and microparticles 
for applications in cancer immunology and vaccines. 
For example, nanoparticles are targeting and stimulating 
CD8+ cytotoxic T lymphocytes to enhance tumour and 
cancer cell clearance162,163. Polymeric nanoparticles are 
engineered to contain both the antigen of interest as well 
as co-stimulatory molecules to fully activate an immune 
response. These particles are ingested and processed by 
antigen-presenting cells (APCs), such as dendritic cells 
and macrophages, and then APCs present the anti-
gen on major histocompatibility complexes to cognate  
T cell receptors. These targeting strategies are also being 

applied to vaccine development and tolerogenic treat-
ments for autoimmune disease164–166. Materials are used 
to engineer completely synthetic APCs167,168, and through 
careful analysis, the optimal shape and size for efficient 
T cell activation was determined.

On a larger scale, polymer implants are also work-
ing to educate the immune system in a similar man-
ner169,170. Macroscale therapeutic biomaterial implants 
are currently in clinical testing171. These subcutaneously 
implanted biodegradable wafers are formulated to con-
tain tumour lysate as a source of tumour antigen together 
with granulocyte–macrophage colony-stimulating factor 

Figure 7 | Corneal tissue engineering. a | Biomaterial membranes are a vehicle to culture and deliver cells for 
rebuilding the surface of the cornea. For example, epithelial cell sheets are created on synthetic materials192; fibrin 
glue supports the culture and delivery of limbal epithelial stem cells to the surface of the cornea144; and organized 
collagen membranes produced through vitrification (a controlled drying process) of collagen gels contain 
nanostructured collagen that supports a differentiated cell phenotype154,193. b | Bulk stromal replacement and tissue 
engineering is performed with both synthetic194 and biological153 hydrogels. These synthetic hydrogels are made of 
polymers such as poly(methyl methacrylate)135, whereas the biological hydrogels are largely derived from the 
manipulation of collagen. Collagen-based hydrogels can be synthesized from fibrillar collagen via chemical 
crosslinking151, molecular crowding155, vitrification154 or by the processing of a full native cornea by 
decellularization160,161. Transmission electron micrographs of the control (third row; left image) and a full-thickness- 
processed cornea following decellurization (middle image) are shown. A porcine cornea after decellularization and 
dehydration with sucrose is shown (right image). Part a (first row) is from REF. 192, Nature Publishing Group. Part a 
(second row) is reprinted with permission from REF. 144, Massachusetts Medical Society. Part a (third row; middle 
panel) is reproduced with permission from REF. 154; permission conveyed through Copyright Clearance Center, Inc. 
Part a (third row; right panel) is reproduced with permission from REF. 193, Wiley. Part b (first row; synthetic hydrogel) 
is courtesy of J. Chodosh, Harvard Medical School, USA. Part b (first row; biological hydrogel) is adapted with 
permission from REF. 153, AAAS. Part b (second row) is reproduced with permission from REF. 155, Elsevier. Part b 
(third row; left and middle panels) is reproduced with permission from REF. 161; the publisher for this copyrighted 
material is Mary Ann Liebert, Inc. Part b (third row, right panel) is reproduced with permission from REF. 160, Public 
Library of Science. publishers.
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