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Woater as the often neglected medium at the
interface between materials and biology

B. L. Dargaville® ! & D. W. Hutmacher® ™

Despite its apparent simplicity, water behaves in a complex manner and is fundamental in
controlling many physical, chemical and biological processes. The molecular mechanisms
underlying interaction of water with materials, particularly polymer networks such as
hydrogels, have received much attention in the research community. Despite this, a large gulf
still exists in applying what is known to rationalize how the molecular organization of water
on and within these materials impacts biological processes. In this perspective, we outline the
importance of water in biomaterials science as a whole and give indications for future
research directions towards emergence of a complete picture of water, materials and biology.

An exceptional molecule
ater is central to all life. Cells, whole organisms and indeed entire ecosystems are
fundamentally and completely dependent upon the presence of water. Water is the
most abundant substance on earth, making up around 70% of the earth’s surface and
65-90% of the mass of living organisms!. Hence, the importance of water in biological processes
has been receiving attention in the scientific community for well over a century®3.

Water plays an important role in all vital processes of living organisms. All facets of the
structure and function of both cells and the extracellular matrix (ECM) are centered around the
physical and chemical properties of water. Broad biological functions of water include its action
as a transport medium for nutrients and waste products, a medium for chemical reactions,
cellular osmoregulation and maintenance of cell turgidity, body temperature regulation, lubri-
cation, pH regulation and the formation of pH bulffers.

Water is a complex, structured liquid. It dissolves most biologically important molecules (the
notable exceptions being lipids and some amino acids). On the other hand, it is much more than
just a passive solvent. Water molecules participate actively as a nucleophile and/or proton donor
or acceptor in many chemical reactions in living organisms, such as photosynthesis, cellular
respiration, condensation reactions, and hydrolysis of both endogenous and foreign compounds.
In addition, over the last several decades it has become apparent that water also plays an active
role in many other aspects of the human body and its interaction with foreign substances and
surfaces?. Much of our understanding of the role of water in biological systems stems from
studies of protein and DNA in aqueous solution. Protein-ligand binding, as occurs in the
immune response for example, has been suggested to be in part determined by the energetics and
dynamics of water’. Water—at times individual molecules— facilitates enzyme catalysis and
water5 molecules strongly bound to biomolecules impart thermodynamic stabilization to the
latter>.
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Central to the chemical and physical behavior of water is its
nature as a polar molecule. The hydrogen and oxygen atoms have
vastly different electronegativities. Thus, the oxygen atom carries a
partial negative charge due to its greater attraction for the shared
electrons of the H-O covalent bond. Consequently, the two
hydrogen atoms carry a partial positive charge. The formation of
this dipole results in electrostatic attraction between H and O atoms
of adjacent water molecules, generating a type of secondary bonding
called hydrogen bonding. Hydrogen bonds are weaker than cova-
lent bonds. The hydrogen-oxygen bond dissociation energies are 21
and 464 kJmol~! for hydrogen bonds and covalent bonds,
respectively®. Therefore, within the temperature range for which
water is a liquid, hydrogen bonds are able to break and re-form in a
continuous dynamic fashion. The lifespan of a hydrogen bond in
liquid water is in the range of tens of femtoseconds to picoseconds’.
Although individual hydrogen bonds are weak, collectively they
result in the high cohesive forces of water as a substance®?.

The polar nature of water enables crucial cellular functions such as
cell membrane formation, support of the three-dimensional shape of
the DNA double helix, and it has an important role in the tertiary
structure of proteins—specifically, water enables hydrophobic inter-
actions, which are crucial to protein folding and aggregation!.
Water is a polar, protic solvent and amphoteric reagent, and has the
ability to ionize both itself and other molecules. Due to its high heat
capacity, water protects against the effects of temperature fluctuation.

There is a vast amount of literature on the behavior of water.
The picture is, as yet, far from complete and research in this area
is highly active. Entire journal issues have been devoted to the
topic of water and its properties!!. Water is unique among all
chemical substances in that it displays many anomalous and
unexpected behavior parameters. For example, water has an
unusually high boiling point for a substance composed of such
small molecules; water displays a decreased viscosity when under
pressure; it shows a maximum density at 4 °C and ice has a lower
density than liquid water. Other thermodynamic parameters,
such as specific heat (Cp), thermal expansion coefficient (ap), and
compressibility (kr), all show anomalous behavior!2. Much of the
unusual behavior of water is linked to hydrogen bonding. For
example, the high heat capacity and heat of vaporization are due
to the large energy input required to break up the hydrogen-
bonded network to allow greater molecular movement.

Pettersson et al stated that one of the central questions to the
understanding of water is ‘What are the structure and dynamics
of the hydrogen bonding network that give rise to its unique
properties?’!! The introduction of ions and interfaces further
complicates the unique properties of water and such scenarios are
less well understood than those involving bulk water!l.

The interaction of water with macromolecules is important on
a number of levels, ranging from water associated with both ECM
and cellular components such as proteins!314 to water interacting
with drugs, medical devices and implants!>-17,

The concept of ‘biological water’ has gained prominence in the
recent literature. It has been variously defined as any water sur-
rounding a biomolecule; a shell of functional water surrounding a
biomolecule; to the notion of cellular water as a distinctive species
able to itself perform biological functions!8. In any event, there is no
dispute that a layer of water exists around biomolecules (and other
macromolecules), whose properties differ considerably to those of
bulk water. In this Perspective Article, we focus on the interaction of
water with biomaterials, and more specifically hydrogels, rather than
the role of water in the function of endogenous biomolecules.

Hydrogels as the key to understanding the water interface
Water’s exceptional behavior, coupled with its importance in
biological systems, has prompted generation of a large body of

work with respect to investigation of its properties in the context
of biomaterials. Hydrogels are among the most widely used
biomaterials for healthcare applications. In addition, hydrogels
have been used for applications in other fields such as agriculture,
food technology and hygiene. However, biomedical applications
represent by far the largest sector, with hydrogels being used
widely in areas including pharmaceuticals!®, diagnostics, tissue
engineering and regenerative medicine?, drug delivery?!:22,
wound dressing, biofiltration, and biosensors?>24,

A hydrogel is a three-dimensional network of crosslinked
hydrophilic polymer chains. The network can swell and hold a
large volume of water and has the integrity of a semi-solid
material. By definition, a hydrogel contains at least 10 % of its
weight or volume as water but may absorb many times its weight
in water. The high water content results in mechanical properties
similar to natural biological tissue. A distinguishing property of
hydrogels is their response to external physical and chemical
stimuli, such as temperature, pressure, pH, solvent composition,
and the presence of ions and other dissolved species. In this
respect and many others, hydrogels have the potential to closely
simulate natural biological environments.

Hydrogels can be classified according to their origin (natural,
semi-synthetic or synthetic), their ionic charge (cationic, anionic
or neutral), or the type of crosslinking involved (covalent, phy-
sical, ionic, and others).

Natural hydrogels are derived from polymers such as collagen,
gelatin, agarose, alginate, fibrin, chitosan, and hyaluronic acid?°.
Natural hydrogels have been extensively used in numerous bio-
medical applications, specifically drug delivery and tissue engi-
neering and regenerative medicine research, due to their inherent
biocompatibility, biodegradation and bioactivity, such as pro-
moting cell growth0. Synthetic hydrogels are based on polymers
or copolymers, which include poly(ethylene glycol) (PEG),
poly(vinyl alcohol) (PVA), synthetic polypeptides, poly (N-vinyl-
2-pyrrolidinone) (PVP), and poly (2-hydroxyethyl methacrylate)
(PHEMA). Synthetic hydrogels are, in general, less biocompatible
and biofunctional than natural hydrogels; however, they have
better mechanical properties and can be easily tailored to different
requirements by varying the synthesis parameters.

The overall structure of hydrogels is determined by the type of
polymer matrix, degree of crosslinking, porosity and pore struc-
ture. However, the central theme of all hydrogels is water. Many
of the physical properties of hydrogels are closely related to the
water content and organization of water both within the gel and
at the gel surface (Fig. 1). This organization in turn is dependent
upon many factors, both internal (related to the gel composition
itself) and external (related to the composition of the surrounding
environment)?7.

In the 1970s, 80s and 90s a significant amount of work was
done on characterization of water states in hydrogels, and a
discussion of this body of work appears below. However, with
increasing sophistication of hydrogel systems, both natural and
synthetic, developed for biomedical use, such fundamental
characterization has been largely neglected in recent years.

Many of the early studies were aimed at identifying the pre-
sence of different types of water present in polymer systems,
initially in natural systems such as proteins and polypeptides,
then also synthetic gels such as those composed of PVP and
methacrylate polymers. Various designations have been used for
the observed water states, including hydration water, associated
water, bound versus free water, fast versus slow water, and
freezable versus nonfreezable water. One of the first observations
was that water within polymers does not display the usual sharp,
first-order thermodynamic phase transitions seen for bulk
water?8, Thermodynamic measurements revealed the step-wise
nature of the hydration process?®. A hierarchy was established for
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Fig. 1 Graphic illustration of water content in PEGDA hydrogels. a \Water content under different swelling conditions. b Comparison of water content in
hydrogels with different PEGDA molecular weight. ¢ Comparison of water content in hydrogels with different PEGDA weight fraction. (Figure reproduced
from Yang et al, Polymers, 2021, 13 (6), 845, https://doi.org/10.3390/polym13060845).

the strength of water interactions within proteins: water-ion >
water-water = water-polar group > water-hydrophobic group3(.
Clear evidence was compiled for the presence of hydrogen
bonding interactions between water and polymer chains in syn-
thetic polymers31-33. Tt was recognized that the behavior of water
is sensitive to many different factors, and that different techni-
ques, such as differential scanning calorimetry (DSC) and nuclear
magnetic resonance (NMR) reveal different aspects of the water
phenomena. For example, concentration, temperature,

plasticization, polymer mobility and conformation, hysteresis
effects, crosslinking and the presence of extra components such as
salts, all complicate data interpretation28,

The cumulative effort of this era resulted in the ‘three-state’
model of water in hydrogels, wherein water exists in ‘bound’,
‘intermediate’ and ‘free’ states?8343>. The bound water forms the
primary hydration shell around the hydrophilic polymer chains
and does not show freezing/melting behavior. Intermediate water
forms the secondary hydration shell and exhibits ice melting
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below 0°C due to moderately strong interactions with the poly-
mer chains. Free water does not interact with the network
structure and behaves very similarly to bulk water, freezing and
melting at around 0 °C. The relative content of the three water
states depends on many interacting factors, including overall
water content. Although only tacitly acknowledged at the time,
this creates a fascinating and complex array of possibilities in
terms of implications for the biological response to these systems.

Peppas et al carried out work on the thermodynamic interac-
tions of copolymer hydrogels with biological fluids utilizing the
Florey-Huggins thermodynamic theory, for the purpose of the
evaluation of biomaterials for different applications®37. They
developed a new method for determining the Florey interaction
parameter, x, for hydrophilic copolymers in contact with water.
The work of Peppas, as well as others, allowed prediction of
swelling characteristics and solute diffusion for hydrogels
designed for biomedical applications, having important implica-
tions for protein adsorption, mechanical properties, refractive
index, and drug diffusions.

Knowledge of the interaction with water is important from
both a biological and a material science perspective: polymer
properties depend heavily on the degree and nature of water
absorption; while cellular interactions depend both directly on
water arrangement at the molecular level and indirectly on the
properties of the hydrated polymer.

From a material science point of view, the sorption of water is
important for the design of biomaterial properties, understanding
plasticization phenomena, and understanding the interaction of
polymers with other small molecules®®. The study of water states
sheds light on the pore structure (macroporous, microporous and
nanoporous) of hydrogels since water exists in different states in
different types of pores and voids?”.

Over the last decade researchers have synthesized new
hydrogels with the emphasis on applications and advanced sys-
tems containing cells and other active components for therapeutic
use?0-42, The more fundamental research into molecular struc-
ture, water content and structure, and how this relates to func-
tionality has, for the most part, lately been forgotten. Many
hydrogels, and biomaterials in general, are lacking the level of
function necessary for successful integration into biological sys-
tems, and consequently their performance is sub-optimal4344, In
order to bridge the gap between the emergence of ‘new’ hydrogel
systems and successful extension of these to application, a sys-
tematic approach is required for the fundamental characterization
of the macromolecular interactions in an aqueous environment.

Probing the water phenomena

In order to research water in hydrogels by experimentation, it is a
condition sine qua non to build up a fundamental knowledge of
the methods involved and their theoretical interpretation, thus
assisting in the understanding of the structure and dynamics of
bound, intermediate and free water. The study of dynamic pro-
cesses such as hydrogen bonding and water states necessitates the
use of various complimentary experimental techniques. Different
methods give varying perspectives on the ‘water state’ phenom-
enon, since each gives information at different temperatures,
different spatial scales and timescales. For example, DSC shows
the presence of distinct states of water at low temperatures (in the
vicinity of 0 °C) whereas the concept of different states is less
applicable at temperatures above ambient (273 K). However,
Fourier transform infrared spectroscopy (FTIR) and thermo-
gravimetric analysis (TGA) can give information on water states
above 273 K#°, Another example of this is that NMR and ther-
mally stimulated depolarization current (TSDC) allow study
over different temperature ranges (200-280 and 90-270K,

respectively). There has been considerable debate on how to
correlate the results from the different techniques!©.

Methods, such as DSC and NMR, can be used in parallel to
gain a deeper insight into hydration and dehydration phenomena
of hydrogels. Such combining of techniques allows for a more
comprehensive analysis. For example, the parallel use of DSC and
X-ray diffraction (XRD) has been used to monitor the growth of
ice crystals during the cold crystallization process of intermediate
water in the heating cycle of hydrated biomaterials*°.

Table 1 outlines the experimental techniques for studying
water in hydrogels that have advanced the knowledge base, along
with some of the materials to which the techniques have been
applied. One of the most utilized methods is DSC, in its various
forms. It allows quantification of bound, intermediate and free
water within gel systems and represents a good starting point for
acquiring an overall picture of water behavior in polymeric
systems.

Although DSC is extremely functional for quantifying the
amounts of the three different states of water, it does not detect
water below certain scale threshold levels and cannot be used on
its own to construct a picture of events on the molecular and
functional group scale. Spectroscopic methods are more likely to
reveal this kind of information. 'H NMR spectroscopy is a more
sensitive and much utilized technique. 'H, 2H and 170 T, and T,
relaxation measurements are able to give much of the same
information as DSC but over a wider temperature range and can
probe a single molecular layer of bound water. 13C NMR can be
used to obtain structural information about the hydrated mac-
romolecules. This can be useful because the network structure
and dynamics of the polymer chains may have an important role
in regulating the water structure. Yet, direct information about
water cannot be obtained from this technique. Infrared spectro-
scopy allows dynamic probing of the interaction of water with
specific functional groups present on the polymer chains but
hasn’t thus far allowed quantification of the different types of
water present in hydrogels.

Recently, in situ Raman spectroscopy has been employed to
identify three distinct types of water, based on differences in their
O-H stretching vibrations, in the context of interfacial water
involved in electrochemical reactions®*’. Distinction was made
between 4-coordinated, 2-coordinated and ion-coordinated water
molecules. Similar methods could in the future be applied to
hydrogel systems to probe in detail the exact bonding arrange-
ments that lead to the different states of water observed in these
systems.

Several other less common, and therefore to a lesser extent
scientifically validated, techniques have been used by a number of
research groups to elaborate further on specific aspects of the
behavior of bound, intermediate and free water in hydrogels and
representatives of these are presented in Table 1.

Outlook

Hydrogels are of particular interest with regard to the water-
biomaterial account because the development of hydrogels for
biomedical applications represents one of the most studied areas
at the interface of material science, engineering and medicine.
The reason for their attractiveness centers around the ability of
these water-rich matrices to mimic natural tissues, both physically
and functionally (Fig. 2).

The term ‘biocompatible’ is generally used to describe materials
which are able to perform a specific biological function while
maintaining an appropriate host response. Such materials thus do
not give rise to adverse effects when in contact with biological
components such as cells, blood and tissues. Specific require-
ments of biocompatible biomaterials include the ability to resist

4 | (2022)13:4222 | https://doi.org/10.1038/s41467-022-31889-x | www.nature.com/naturecommunications


www.nature.com/naturecommunications

PERSPECTIVE

£8'78

08'6L

8/-9L

SL-EL

TL'8S

LL'oL'zy

69-99'19'85'G€'8C

59-19'8C

VYWdHAd 'YW3Hd

(VW3IH-02-V3IH)d

9V9 ‘D3d 'VAd

(VWdVYWQ-03-YIN)d
‘VvWWad
'vvd

V3IWd
YWWd

ViHLld 'VW3Hd 'V3IWd

(VWdHA

-02-YW3H)d 'VYWd
/VW3IHd 'VWWd/dAd ‘dAd
/VW3IHd 'YWO/VYW3IHd
'VW3IHd ‘WyVdINd

Ss1ay}a aso|n(|9)
‘uesoyyd

V3IWd

‘VW3Hd ‘dAd

VIWd

'Y Ad-uesonyd
‘saulweA|od ‘'D3d
VVINd 'YW3Hd ‘dAd

‘plo Aisa

S| SaIpns Jajem-[2304pAyY
104 anbiuyday siyy 3uisn
Jsow ‘s|gissod
sisAjeue aAleyuenb

-1Was /aA1jeyjenb

Ajuo ‘poyiaw 128.ipu|
‘sanbiuydey

J3y10 Y)IM UoleUIGUIOD

ul pajaidiaqul aq 01

Spasu pue [9A3| Jejndsjow
U0 uoljewIojUl 9AIZ 3,use0Q
‘Blep sy}

11} 0} S|9pOW UO 3UOp 8q 0}
Spoau YIOM 3Jow ‘pazijess
u99aq 194 jou sey anbiuydey
sy} Jo Jenuaiod |Inj ayL
‘anbiuyoay 12au1pul ue S|

'S3|ndsjow

J9)eM USMIaq SuoljeiqiA
o 3ujjdnod Aq pajedijdwod
S uoljejaudiaiu|
‘S9|nNd9jow

J91eM US3M]Sq SUOIRIGIA
Jo 8uljdnod Aq pajedijdwod
sI uoljeyaudiaqul

'sj@30.4pAy anbedo

10} 92BJNS 49INO JO SIsAjeue
0 payiWl| ‘uolewojul
9Ale}IjUENb 9AI8 Jou seoQ
Ea

J91eM UO JOU pue 31N1PNAIS
JawA|od pajespAy uo

‘ojul dpiao.d Ajuo ued D¢
‘(punogun sA punogq

'31) [apow a8ueydxs a)s
-0M} e puofaq 03 j,useop
pantasqo si uoljeindod
a3eJane-pajydiom e Ajuo
95D U2IYM Ul ‘sjedsawi}
YN UO 1sej sI 98ueyoxa
J1 491em Jjo suonendod
JusJajIp 19919p jouue)

‘paAIasqo si uonendod
a3eJane-pajydiom e Ajuo
95D U2IYM Ul ‘ajedsawi}

YN UO 1sej sI 98ueyoxa
JI J93em jo suone|ndod
JUSJajIp 12939p jouue)

"SUOIRJJUBIUOD MO|
AJSA 1B J91eM 0] BAIISUBSUI

‘0juUl [BAN}ONJIS pa|ieIep

apiAoid 01 9|qeun ‘ajes
ueds 0} aAnIsuas dway

jusique je s|a3o.ipAy

0} JueA3J3J 3q J0oU

Kew so8ueJ "dwsa} uleyad
Ul JOIABYSQ 0} BAIISUSSU|

“Jo1oweded 3uliesuidus
juepodwi ue si Ajaisuedxa
jeway] ‘uoisuedxa
|ewsy} JO Juswainsesw
ayj S! Jejowole|ip

e jJo uoled|dde uowwod vy

‘sanbiuyosy
Jayjo 0} uonewJojul
Aiejyuswi|dwod saAID

‘uonNjosaJ pue AAIISUSS
y3iH ‘senbiuyda Jayjo
awos pue YWN H, ueyy
9|gissod a3ued ‘dway Jspeo.g
‘aAIeyuenb

-IWSs ‘J3jem Jo aJnpniis
|e20| 8y} IN0ge uoljewojul
10941p {[aAs| dnoud

Jeuoiouny je 3uiqoid smoj|y

JawA|od pue
J21em Yjoq Joj |9As| dnoud
Jeuoiouny je 3uiqoid smoj|y

“(BSJ9A 3DIA
J0oU 1NQ) Jojem Aqg pejdsje
si JawAjod moy moys Aepy

‘BIpawW ainynd
||92 39 eipsw 3uljjoms
x3|dwod aiow 0} paljdde
A|geljsJ 8q ued uoneyaidisiul
ajdwis ‘uoljewoyul

[9A3] Je|NJ3jOW SBAID

‘Joineyaq diweuAp jo 3uiqoid

SMOJ|e ‘DS UeY} dAIHISUSS
2Jow S| {Jajem punoq Jo Jake|
Jejndsjow a|3uls e 8qoad ue)

‘(punoq Ajeieipswiaul

SA punoq A|3uoJis

*a1) 3ulpulqg Jo ses43sp
JUSJRYIp 9jeljusIyIp ued
'SWR)SAS pajelpAy JO MaIA
|[9A8]-0J0BW POOS B SIAID

'sainietadwal

SNOLIBA B UOI}ISUBJ} SWN|OA
J14129dS WOy J91eM JO S9)P)S
JUBJaHIp JO 9dudsaId By

‘AjoAIdadsal ‘19jem punoq,
pue 934}, JO uoljedljjuUENb
3uimolje “uarem 3uneloders
/O[S, pue }Sej, JO UoI}I1_(Q
M 0L2-06

a3ueJ "dwa) ‘s9jnJsjowoldew
JO S92B4INS 0} 9SO

J9}BM punoq Jo SolweuAp
!S9|Nd9joW d|Igow pue

punogq jo saijadouid d13d9j81Q
Jdomiau puoq

us30.4pAy jo yiBusaiis s|eanal
Spuog-H Jo Jsquinu pue
Y3uaJis ‘suoljesqin 3uiydiadis
H-0O U0 paseq jusjuod Jajepp

“JA0M}au puoq
us30.4pAy Jo yi3usuis s|eanal
‘19}eM 99J) pue d}eIpaLIalul

‘punoq jo aouasaid
Auspt ApAneyend

‘SolWweuip
pue 2in3on.s [98 Uo "oju|

(0 =@) 9seyd ajqoww!
SU} WOoJ} Uoljoel) J93eM
punog JO UOIjeWIISS SMO||Y
‘9ledsawl}
PUO3SI||ILW-PUOISOIDIW

5 08Z-00¢ 23ueds ‘dwa |
‘Jun jeadau JswA|od Jad
S9|Nd3jOW JajeMm JO Jaquunu
‘J9]eM 994 pue d}eIpawIalul
‘punoqg Ajijuenb pue 129319Q

‘Jiun jeadal JswA|od Jad
S9|NddjOW Ja3eMm JO Jaquinu
‘uonjezi||eysAid |ewsaylost
pue SuOI}ISue} [eLISY) WO
J9}BM 93} pue d)eIpaLISlUl
‘punog Ajijuenb pue 329319Q

Aippwole|iq

(v9L) sishjeue
JlJBWIARISOWIBY |

(2As.L) waund
uonjeziejodap

pajejnwis Ajjeway |

Ado2s043oads uewey

Adoosouydads
(1) patesu|

NN Dg|

YN uoisnyip (94d)
jualpesd paly asind H,

(S)uswainsesw
uoljexelad <] puet])
YN Hz pue H,

osd

S9JUB9)9Y

paipn}s s|a304pAH

sadejueapesiq

sa3ejuenpy

3|qeulejqo uonewoju|

anbiuyoay

*s|9804pAy ul Jajem jo 3je)s ayy SuiApnis 1o} d|qejieAe sanbjuyday ay} jo awos | 3jqeL

| (2022)13:4222 | https://doi.org/10.1038/541467-022-31889-x | www.nature.com/naturecommunications


www.nature.com/naturecommunications
www.nature.com/naturecommunications

PERSPECTIVE

16-68'6L'6€"LT

88'L8

98's8'9Y

v8'e8

£8'78

V3IWd ‘Ueeo
‘INAd 'WVdINd 'VAd

934 ‘s|e80.4pAy
aplieydoesA|od

V3INd ‘'VIWIHd
'VYvYWad

V3INd
‘YWdHAd

VWdHAd 'YW3IHd

"PoA|OS
9Q 0} UleWaJ ey} Sanss|
||13S @J4e pajesausd si 1y}
ejep A10303fed} Jo junowe

93ny sy} Sunwisuely
pue BuLI0}S Ul SANJIIP
's|00} sisAjeue paziwndo
SS®| Yyonwl ‘spiepueis
oAljeuaSaIdal Jo dyoeq

‘(3)] Buiynsas

S} Ul SuoIje||I2S0

0] pea| Ued SI0149 |e213SIIe)IS
pue uoljesunJy nq

‘(1)1 198 03 ‘ulewop awin
Sy} 0] pawWIOjsuUeI]} g ued
1eY} suonouny [9pow Yypm
|eusis SNIO painsesw sy}
}} 0} |ensn sI 31 OS ‘urewop
Aousnbauy ueyy Jayjes

awi 8y Ul sI Juswiiadxe
SNIO e wouy paiinbal
uonewuojul ay] ‘uado

11 st SN3O o Aouspdiye
SAle[a4 Jo uonsanb sy
‘uoneaidiajul

91e21|dWwod pue 4ndd0 ued
Kejiano dead ‘suoljds|yel
9|3ue-y31y aJe a4ay) a49Yypa
'x3|dwod 8q ued suiayjed
s1 Buixapul ‘a1nonis
aul|[eIsAId D11JBWOS!

-uou e si a|dwes ayj J|
‘lerdnid

s| sa|dwes jo uoljesedasd
Jadoud ‘snosusdowoy

pue aseyd 9|3uls aq snw
ojdwes ay] ‘suonejwi| sey
pue anbiuyday isije1dads v

'plo AJoA S| S3IpNIS Jajem
-1280.4pAy Joj anbiuydey
siy} Suisn aunjedsll| 10N

‘plo AiaA

S| SaIpnis Js1em-|a304pAyY
10} anbiuyoay siyy 3uisn
aJnjessy| 1sow ‘a|qissod
sisAleue aAleUEND
-1Was /aAle)jenb

Ajuo ‘poyraw 128.1pu|

'sdiysuonjeas
U0I12UNy-03-24N32NI3S
Je|Nd8|oWoJeW puesiapun
0} AjaA1}d9)4e pasn aq ued
ey} anbjuyday ainjew e ojul
POA|OAS 9ABY SUOIRINWIS
SOIWeUAp JejndsjoN
“(duinayl

puog-H jo a8ueJ ay})
9|edSaWI} pUOIIS OuRU 0}
021d uo sjuans aqoud ued |
‘piemiojydiess

pue |NJSS92NS suoneNWis
S2IWeUAp Jejndsjow
|eaisse|d pue 3uLia}eds
U0JINdU USIM]Sq UOSLIedwod
Soyew uoljoesaqul jo adAy
108.1p siy| 'sa1dodsoJ3dads
J9Y)0 ISOW 10} 9Sed 3y} S!
YoIym ‘solweuAp Jesjdnu ayy
0} SU0.}23|9 ay} Jo asuodsal
9y} Suunseaw ueyy Jayjed
‘Iajanu dIWoje Jo uoljow

sy} 3uiqouad ul snbiun s

‘s|eLajew
jusuodwod-13nw 1o}
Ajle1oadss ‘suoljisuesy aseyd
JO uI3uo ay) 3ululwislep
404 9|qenjea HSd-dYX
pa|dnod ‘aunjonuis a3uel
-}Joys Jo sisAjeue 1o} |njasn
'Salpns

|930.4pAy-ia1eM 24NNy

404 2Uads 8y} 3ulyas snyy
‘sp|al} Jo AyoLieA e ul paidde
u9aq sey pue sousulwid

ul umoJ3 sey anbiuyodsy

oy} ‘seseyd sjdiynw
Uxa swajsAs 1o} [njasn
‘uonnquisip (UsBolpAY)
J9)BM By} Jojul Ued suo
yoiym wouy Apadoud pood
K4an e 2q p|noys A}IAI3ONpUOd
|ea14329]9 ‘Ajjusnbasuo)
'SJUBWIBJR [edIWRYD Jofew
JBY30 S Yons SI0}oej Uayjo
0] SAI}ISUISUI pUE JUSIUOD
us3o.pAy 03 aAnIsuas Ajy3iy
SI AJIAI3ONPUOD |BD1109|3

lreJpAy
‘sojweuAp Sulpuoq usdoipAy
‘UoISNyIp pue AJjIqow JajeAA

JawAjod pue Jsjem yjoq
Ul ‘suojoud Jo SjuaIdIYe0d
UOISNYIP BIA J91EM JO $91BIS

‘uoljew.oy |eysAid
921 Jo sadA) ‘spuoq H jo
(Y13ua43s 9ouay pue) yi3us

‘aseyd Jojem
JO 24N12NJIS Y1IM JURISUOD
21129[3Ip JO UONe[R4I0D)

'S9]e]S JDJBM JUDIBYIP
0} 3ulpuodsa1i0d sauoz
1oUnSIp 9394y} SMOYS JUS3U0D
J9}BM SNSJIaA AJIAI}ONPUOD
214123ds 10} A349UD UOIRANDY

3uijepow
Je|ndajow [es13940ay |

(SN3D) Bunieneds
uoJinau dlisee-isen)

(@yx) uonoeiip Ael-x

uolexe|al 214329|31Q

AJIA13ONpU0d J1y123dg

SadudJ249Y

paipn}s s|oSoapAH

sadejuenpesiq

sadejueApy

9|qeurejqo uonewoju|

anbiuydoy

(panunuod) | djqel

| (2022)13:4222 | https://doi.org/10.1038/s41467-022-31889-x | www.nature.com/naturecommunications


www.nature.com/naturecommunications

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-022-31889-x

PERSPECTIVE

a y, val t:“-

=R

oM Poly-Di-serine (PSer)

~ 500 2800 Synthesis of poly-f-homoserine
'é o 0 moisture sensitive H
E HN " X
2 400 o 1) iniator, LMMOS, THE & r\r{
- ———— -
i 300 NH, © 48% yleld over 5 steps L e oH .
OTn (B-HS)
§ 200 Synthesis of poly-DL-serine o
% 5 j\ moisture insensitive
= 100 >L pheenyt chioroformate 0/\'*0" 1, Initiator, DMAZ \
0 =10 <0.1 NaHCO,, THFM,0, 12n ) 2)CF,COON EY,SiH
B-HS P-L-Ser PSer NH, 93% yield T
c 0 (PSef)
20 e
%‘ 15 " © Reduced synthetic steps
Open-vessel
..g 10 \%n ~ MONOMOr O Increased yield
5 synthesis
g ok - — O Easy scale-up
. r—
: 5 © Moisture insensitive reactions
g
= 10 PSer
200 220 240 260 16.2 9. 53% yield © Highly water soluble
W (n’n) 3% .
e
\.L;r = unplamalm
e

20 wi% (200 mg/mL)
D

|+

PEG hydrogel
Obvious FBR

PSer hydrogel
Ant-FBR

Fig. 2 Examples of ‘synthesis to application’ of hydrogels. a Design of poly-biL-serine (PSer) from L-serine and p-serine. The high L-serine content in silk
sericin and the high level of p-serine in the human body as an important neurotransmitter altogether inspired the design of anti-FBR material PSer. b Water
solubility of poly-p-homoserine (B-HS) (about 10 mg/mL), poly-L-serine (P-L-Ser) (<0.1 mg/mL due to its B-sheet folding) and PSer (>500 mg/mL).

¢ Circular dichroism spectrum of PSer. d Synthesis of B-HS and PSer. LIHMDS Lithium hexamethyldisilazide, DMAc dimethylacetamide. e Photographs of
poly-pL-serine diacrylamide (PSerDA) that was well dissolved at a concentration of 20 wt% and was used to prepare PSer hydrogels by photo-crosslinking
in the presence of 0.1% photoinitiator (Irgacure 2959). f PSer hydrogels and PEG hydrogels implanted subcutaneously into C57/BL6 mice induced low FBR
and obvious FBR respectively (Figure reproduced from Zhang et al. Nat. Commun. 12, 5327 (2021), https://doi.org/10.1038/s41467-021-25581-9).

protein adsorption and cell adhesion, lack of immunogenicity,
and being mechanically matched to the host tissue.

The in-depth mechanisms underlying blood and biocompat-
ibility and the overall host response to biomaterials have not been
clearly elucidated. However, there have been many attempts in
this direction and it appears that the physicochemical properties
of hydration water play an important role*8->0. The blood com-
patibility of many natural and synthetic polymers has been closely

linked to the presence of intermediate water, which appears to
prevent direct contact between blood cells, proteins and the
material surface®l. In particular, NMR spectroscopic studies have
shown that intermediate water bound to the polymer chains
prevents protein adsorption*3. Other studies have also correlated
the presence of hydration water with anti-fouling properties®233.
Highly hydrated polymers exhibit resistance to non-specific
protein adsorption®, and changes in hydration due to
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Fig. 3 Number of biomedically-relevant journal articles published on hydrogel swelling since 2000 (blue bars) compared to the number of those same
papers that mention PBS (orange bars). Inset: The same data presented on a logarithmic scale to enable easier visualization. Source of data: Web of
Science. See Supplementary Information for details of the method used to conduct the search.

copolymerization with hydrophobic monomers or increases in
temperature®>°0, for example, thus lead to a reduction of non-
fouling properties.

Attempts have been made to correlate polymer side-chain
mobility, subsequent water mobility and biocompatibility from the
viewpoint of protein adsorption®”->8, It was found that the flex-
ibility of both polymer (PMEA>PTHFA>PHEMA) and bound
water was directly related to the discovery creating of a marker for
biocompatibility, TAT (thrombin-antithrombin III complex)?S.

As many research groups develop new and more sophisticated
hydrogel systems®>%0 for biomedical applications, with promi-
nence being given to advanced approaches incorporating cells
and other active components, the link between translational and
fundamental research into the role played by different water
states in material end-function is more important than ever.

As described in the preceding sections, the molecular
mechanisms underlying the interactions of water molecules with
biomaterials, specifically polymer networks such as hydrogels,
have been well-studied and although there is much still to be
learned, progress has been achieved in understanding these pro-
cesses. However, a significant gap still exists when it comes to
applying this knowledge to rationalize the way in which the
molecular organization of water on the surface and within bio-
materials affects their in vitro and/or in vivo biocompatibility.

Biotherapeutic environments are complex and consist not only
of tissue, implant and water, but also a multitude of other
molecules and species in the cellular and extracellular space.
Another layer of the puzzle that warrants consideration concerns
the presence of these species (which include metabolites, elec-
trolytes and other osmolytes) and their influence on the inter-
action of water with hydrogel macromolecules and the
subsequent biological response. While it has been anticipated that
they will affect the properties of water, exactly how this occurs has
been controversial and there is a distinct lack of research con-
sidering this problem. Most researchers traditionally frame their
experimental models against a pure water setting (Fig. 3). Clearly,
the biological relevance of such an approach is limited.

Figure 3 displays the number of papers in the biomedical lit-
erature, published since 2000, that have studied hydrogel swelling,
compared to the number of those same papers that use PBS as the
swelling medium. ‘PBS’ was chosen as a search term in order to

represent those studies that have considered more physiologically
relevant swelling media than pure water. Although it can be
conceded that this data excludes a number of studies which utilize
other more complex osmotic and biologically relevant fluids, the
number of such studies is very small compared to those that use
PBS, and their omission does not alter the overall trend shown.
Indeed, a closer perusal of the studies that do not involve PBS
reveals that most of them do in fact use pure water as the swelling
medium.

The rapidly emerging design space of hydrogels with controlled
physical, chemical and biological properties represent a great
opportunity for future research. We propose that future strategies
in this area should involve pairing what is known from the early
fundamental research on water in hydrogels with the more recent
work on the role of water in biological systems and applying this
to the characterization of newly developed hydrogel systems.
Detailed studies in this direction will not only enable filling of
some of the knowledge gaps that exist hitherto, but will also enable
the development of a more systematic approach for hydrogel
characterization. Only in this way will a more complete scientific
framework of biocompatibility, water and materials emerge. This
may indeed require the development of new experimental and
theoretical techniques to further probe the dynamics of this topic
and answer the many questions that remain regarding the big
picture of water in biomaterial science as a whole.

Received: 1 January 2022; Accepted: 1 July 2022;
Published online: 21 July 2022
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